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Abstract. Infrared absorptionspectraofMgOandNiOmicrocrystalsdepositedondielearic 
and metallic substrates have been measured. With a metallic substrate the main absorption 
maximum occurred at a lower frequency than with a dielectric substrate. These effects are 
also calculated using the model of a small sphere near a substrate. An interpretation of the 
experimental results in terms of the model calculations is presented 

1. Introduction 

The infrared absorption spectra of ionic microcrystals are dominated by surface phonon 
resonances. The absorption frequencies can be calculated exactly for isolated crystallites 
of various shapes [l-31. However, optical experiments on microcrystals are usually 
performed on specimens containing a large number of particles which are not well 
separated and which are deposited on a substrate. While the effects of inter-particle 
interaction on the absorption spectrum have been the subject of many investigations 
[4-91, the subject of particle-substrate interaction has not been explored in detail. A 
method for calculating the absorption spectrum of a spherical crystallite above a sub- 
strate has recently been presented [lo]. Calculations based on this method indicate that 
the most prominent effect caused by the presence of the substrate is the shift of the main 
absorption peak to the low-frequency side. Also, the spectrum is affected by a metallic 
substrate much more than by a dielectric substrate. To our knowledge, these theoretical 
predictions have not yet been verified experimentally. We present here the results of 
infrared absorption measurements on, firstly, MgO microcrystals having a well defined 
shape and size and, secondly, irregularly shaped NiO microcrystals. In both cases we 
compare the spectra obtained with dielectric and metallic substrates. The experimental 
method and results are described in section 2. The results of theoretical calculations for 
spherical MgO crystallites in the presence of similar substrates are presented in section 
3. The interpretation of the experimental MgO data in terms of the theoretical results is 
discussed in section 4. 

2. Experimental details 

In order to observe the substrate effect, the microcrystal layers which are deposited 
on the metallic and dielectric substrates have to be sufficiently thin, i.e. quasi-two- 
dimensional. Inside a vacuum chamber, high-purity magnesium Bakes were set on a 
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Figurr 1. Measured absorption spectra of MgO 
microuystals above a KRS-5 substrate (-) 
and above an aluminium subsirate (- - -). 

Figure 2. Measured absorption spectra of NiO 
microcrystals above a KRS-5 substrate (-) 
andaboveanaluminiumsubstrate(---). 

Nichrome heater. Two optically flat substrates, a KRSJ (45.7% TlBr-54.3% TU) disc 
and an aluminium evaporated mirror, and grids for electron microscopy were placed in 
a container separated by a shutter. The chamber was pumped out to 100 Torr and then 
sealedoff. MgO smoke was produced by burning the magnesium flakes slowly by electric 
heating. Afterseveral minutes theshutteroverthe substratesand thegridswasremoved, 
allowing MgO microcrystals to accumulate for several hours. The MgO microcrystal 
layers were examined under an electron microscope. The crystallites were found to be 
cubes with an average dimension of 370tf, dispersed quasi-two-dimensionally. 

The reflectivity at near to normal incidence of the microcrystal-covered substrates 
was measured using a double-beam grating spectrophotometer. From the measured 
reflectivity we determined the absorption A using the method described in [ll]. 

The infrared absorption spectra thus obtained are shown in figure 1. The full and 
broken curves show the absorption of the MgO microcrystals on KRS-5 and aluminium 
substrates, respectively. It can be seen that the main absorption maximum shifts by A = 
14 cm-' towards low frequencies when we change from a dielectricsubstrate to a metallic 
substrate. 

We note that no absorption peak appears at the transverse optical frequency oT = 
401 cm-'. This indicates that we have succeeded in reducing the effects of clustering. In 
previous experimental investigations, in which MgO cube-shaped microcrystals were 
produced by burning magnesium ribbons in air and collecting the smoke on a substrate 
[12,13], a strong absorption peak appeared at up This was attributed to the formation 
of chain-like clusters. Our new method of slow burning in low-pressure air eliminates 
this aggregation feature. We have found that, when the thickness of the microcrystal 
layer is increased, the absorption peak at oT does indeed appear, and at the same time 
the main absorption structure becomes insensitive to the dielectric constant of the 
substrate. Thus, the quasi-two-dimensional dispersion of the crystallites is essential for 
observingthe effectsofthe substrateon the absorptionspectrum. For specimensobeying 
this thicknessrestriction thereproducibilityofthespectraisgood, with A = 14 2 cm-'. 
Also, electron microscopy examination of the samples indicates that the density and 
orientations of the deposited microcrystals do not depend on the substrate material. 
Thus the shift of the main absorption band is due to the different electromagnetic 
properties of the two substrates. 
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Figure 3. Calculated absorption cross section (in 
units of the geometric c m s  section) of a small 
MgO sphere above a KRS9 substrate (-) 
andaboveametallicsubstrate(- - -)forD/R = 
1.2. 

FigureQ.Sameasfigure2, butforDIR= 1.1. 

We have observed a qualitatively similar effect with NiO microcrystals deposited on 
KRSJandmetalsubstrates(figure2). Forametallicsubstratethemainabsorptionband 
was lower in frequency by about 20 cm-' compared with that observed with a K R S S  
substrate. The NiO crystallites were, however, highly irregular in shape, 

3. Calculations 

We now restrict the discussion to the MgO case, in which the crystallites were cube 
shaped. In the absence of atheory forthe opticalpropertiesof acube-shapedmicrocrystal 
near a substrate, we have performed calculations for a MgO sphere near a substrate. 
The interpretation of the experimental results in terms of these calculations, taking the 
differences in geometry into account, will be presented in section 4. The absorption 
spectrum of a small spherical crystallite near a dielectric or metallic substrate can be 
calculated exactly using the technique presented in [IO]. This method, which is based on 
developing the potentials in terms of harmonic functions in bispherical coordinates, is 
valid in the electrostatic limit, i.e. for microcrystals which are much smaller than the 
wavelength of the incident radiation. The microcrystals used in the present experiment 
are only 370 8, in size and are well within this limit. 

We have employed this theory to calculate the absorption cross section at normal 
incidence of a small MgO sphere above a KRS-5 substrate and above a metal substrate. 
The sphere radius was chosen so that the volume of the sphere is equal to that of a370 8, 
sue cube. Of course, the measured absorption will also be proportional to the density 
of the microcrystals, which is not known. However, our aim here is to interpret the 
structure of the spectrum and we do not attempt to calculate the absolute value of the 
absorption. For the optical constants of MgO the experimental data due to Jasperse etnl 
[14] have beenemployed. Examplesofcalculatedspectra for two different microcrystal- 
substrate distances are shown. Figure 3 is for D / R  = 1.2, and figure 4 is for D/R = 1.1, 
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FigureS. Calculated absorption crosssection of a 
free small MgO sphere. 
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Figure 6. Calculated dependence of the shift 
wD - W. on DIR. 

whereD isthedistancefromthespherecentre tothesubstrateandRisthesphereradius. 
Forcomparison, weshowthespectrumcalculatedforafreesphereinfigure5. It isfound 
that the presence of the substrate causes the main absorption peak to shift towards low 
frequencies. This shift increases with decreasing sphere-substrate separation, and it is 
larger for the metallic substrate than for the dielectric substrate. Let wD and wM denote 
the frequencies of the main absorption peaks for the dielectric and metallic substrate 
cases, respectively. Their separation A = oD - wM increases with decreasing distance 
from the substrate. The calculated dependence of A on D / R  is shown in figure 6. 

4. Discussion 

In our MgO microcrystal specimens the distance between the cubes and the substrate is 
not uniform but is distributed about some average value. We cannot measure this 
average distance directly, but we can estimate it indirectly from theobservedabsorption 
spectra, using the following two plausible assumptions. 

(i) For a given microcrystal-substrate separation the shift of the absorption peak 
towards low frequencies is the same for a sphere and a cube. 

(ii) The average distance between the crystallites and the substrate is the same for 
the KRSJ and the Al substrates. 

From the experimental spectra (figure 1) we find that the separation A between the 
absorption maxima observed in the dielectric and the metallic substrate cases is 14 cm-’. 
From thetheoreticalcurveforasphere (figure6),wefindthat thisvalueof Acorresponds 
to D / R  = 1.094. Thus, the average distance between the cube centresand the substrate 
is (370/2) x 1.094 = 202 A, and the average cube-substrate distance is 17 A. 

The experimental data for cubes (figure 1) differ from the spectra calculated for 
spheres (figures 3 and 4) in peak position as well as in lieshape. These differences will 
now be discussed and interpreted. 
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4.1. Peakposition 

The absorption frequency wF of a small spherical crystallite in air is given by &'(aF) = 
-2, where E' is the real part of the frequency-dependent dielectric constant of the sphere 
material [l]. A small cube-shaped microcrystal has a number of absorption peaks, the 
dominant one occurring at a frequency w, given by ~ ' ( w , )  = -3.68 [2]. For MgO these 
frequencies are oF = 611 cn-' and w, = 566cm-', respectively. For a sphere near a 
substrate the absorption band will occur below wF. For a cube near a substrate the 
absorption band should appear below U,. The experimentally observed structure (figure 
1) is indeed in this frequency range. 

4.2. Lineshape 

The observed absorption band is much broader than that calculated for a sphere. This 
is because the calculated spectrum applies to a single sphere above a substrate, whereas 
the measured spectrum was obtained with a specimen containing a large number of 
microcrystals. The broadening of the absorption line due to the interaction between the 
particles has often been observed experimentally and also discussed theoretically 
[1,4-9]. Inter-particle interaction inevitably occurs even in the quasi-two-dimensional 
arrangement of the crystallites achieved in our experiment. The calculations presented 
here suggest that the microcrystal-substrate interaction provides an additional broad- 
ening mechanism. This occurs because of the dependence of the peak position on the 
crystallite-substrate distance, and the fact that in the experimentalspecimen there exists 
a distribution of distances. 
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