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The fundamentals of the anomalous X-ray scattering (AXS) method and its potential power have been
described with some selected examples by making available the local chemical environment around a specific
element as a function of radial distance in multi-component oxide materials. The usefulness of this rela-
tively new method using the anomalous dispersion effect of X-rays was also given by the results of surface
structural analysis' of nanometer-sized zinc ferrite particles.
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1. INTRODUCTION

There is a vast amount of research on new materials going on today and a clear
understanding of the physical and chemical properties of these new materials is known to depend
heavily upon their structural characterization at a microscopic level.” The development of
disordered materials such as amorphous metallic alloys and oxide glasses stimulates current
interest in this rapidly growing field, because they show some interesting electronic, magnetic,
mechanical and chemical properties. In contrast to crystalline materials, the atomic
arrangement in disordered materials is not periodic and the novelty of their properties should be
attributed to this particular non-periodicity.

The near neighbor atomic correlations of the individual chemical constituents or the local
chemical environments around a specific element is essentially required for describing the quan-
titative structure in multi-component systems of interest. For this purpose, several techniques
have been employed and the Anomalous X-ray Scattering (hereafter to be referred to as. AXS)
method by applying the so-called anomalous dispersion effect near the absorption edge of a
constituent element has recently received much attention, because the availability of synchrotron
radiation source has greatly improved both acquisition and quality of the AXS data over those
obtainable using conventional X-ray source.'?

The main purpose of this paper is to present an extended introductory treatise on the novel
application of AXS method to structural characterization of oxide materials.
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2. FUNDAMENTALS OF THE AXS METHOD

When the incident energy of X-rays is tuned to the close vicinity of the K- or L-shell
absorption edge of a constituent, the scattering intensity shows the distinct energy dependence
due to the anomalous dispersion effect. Physically, this can be attributed to the resonance effect
in which the oscillations of the corresponding K- or L-shell electrons closely connected to the
scattering of X.-réys are strongly disturbed.?

In the vicinity of the absorption edge, where the anomalous dispersion effect is notable, the

atomic scattering factor f in practice should be used in the following form.

FQE)=fQ)+f (E)+if"(E) (1)

where Q is the wave vector given by 4zsin §/A, @ is a half of the scattering angle and A is the
wavelength. The f° term is the normal atomic scattering factor for radiation at energy far from
any absorption edge. f and f” are the real and imaginary components of the anomalous
dispersion, respectively. These dispersion terms strictly depend upon both the energy E and the
wave vector Q. However, in practice, the Q-dependence appears insignificant.’) Thus, the
variation of f* and f” with Q is generally ignored in Eq. (1).

The typical features of the energy dependence of " and f” is illustrated in Fig. 1 using iron as
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Fig. 1. Schematic diagram for anomalous dispersion factors of iron near the Fe
K-absorption edge.
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an example. The cbmponent of f' exists on either side of the absorption edge and the monotonic
energy dependence is detected in the lower energy side, although the oscillations at higher energy
side are observed due to the particular near edge phenomena such as XANES and EXAFS.*%
Such oscillatory profile of f” and the significant fluorescent radiation at the higher energy side of
the edge frequently prevent us from obtaining sufficiently reliable structural information. Thus
the lower energy side of the absorption edge is usually employed for structural characterization of
materials by the AXS method. It is also noted that the anomalous dispersion factors
experimentally determined®” show a reasonable agreement with the theoretical values by the
Cromer-Liberman scheme® which is probably the best method for a wide energy region.

Since the characteristic absorption edges of various elements are separated by, at least,
several hundred eV, the change in scattering intensity can be made with sufficient atomic
sensitivity by the anomalous dispersion effect arising from the energy variation of about 200300
eV, even for two elements of nearly the same atomic number. For example, the combination of
Fe Kf3 radiation with Mo K& or Fe Ka radiation enables us to provide a detectable difference in
scattering intensity from an iron and nickel mixture. The radiation with an energy of 7.11keV,
closer to the absorption edge of the iron atom, can offer more advantage by increasing an
appreciable difference in the atomic scattering factor.

Let us consider AXS measurements in the lower energy side of the absorption edge of a
certain constituent, for example the element A. Since the imaginary component of f " is quite
small and almost constant at this energy region, the detected variation in intensity can be
attributed to only to the change of the real component of f* for the element A. Then, the
following equation providing the reduced environmental interference function for the element 4 is

readily obtained for a multi-component systems ;”

_ Un(Q—{(E))— Un(Q) — i)

4Q calfamr —fae) W(Q)
[, & Relfim(Q+Sm(Q], sin(Q)
- fo 4m2J§1 w(Q) (P47~ poj) or dr (2)
with )
MQ= 2 oRelfer (Q+£iz2(Q) 3)

where (Q) the coherent scattering intensity in electron unit per atom (absolute intensity), ¢; and
J; the atomic fraction and X-ray atomic scattering factor of element j, respectively. m is the
number of the elements in the system, p4; the number density function of element j around
element 4, and pq; the average number density for the element j. “Re” indicates the real part of
the value in the parentheses. The subscripts E1 and E1 represent the incident energies. The
summation in the above equation indicates the sum over the constituents of a sample. The
environmental RDF for the element 4 can be determined by Fourier transformation of the
environmental interference function, QA4i(Q);

4 p4(r) =4’y +2—7: f :QAi( Q) sin 0rdQ 4)

These equations suggest that an environmental structure around a specific element can be

estimated by measuring the energy dependence of the scattering intensity near the absorption
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edge of a chosen element without complete separation into individual partial structural
functions.? This method is frequently referred to as the energy derivative technique.
Even if the incident energy for AXS measurements is set below the absorption edge, some
fluorescent radiations, which mainly originate form the tail of the band pass and the higher
harmonic diffraction of the monochromator crystal, are sometimes significantly detected. It
should be noted that the correction of such a fluorescent component form the observed AXS
intensity is crucial in order to get sufficiently reliable data. The principle of the correction
procedure for a fluorescent component is as follows. The energy resolution of a solid state
detector is sufficient to separate K& component from the scattered photons. "On the other hand,
the K3 component overlapping with the scattered photons can be numerically subtracted in the
data reduction process coupled with the measured intensity of Ka during the course of the

10)

experiment and the intensity ratio of Kf3/Kea. It may be noticed that such ratio is almost

independent of the excitation energy as theoretically predicted.

3. SELECTED EXAMPLES OF STRUCTURAL STUDY OF DISORDERED MATERIALS

Germanate (GeOy) glass is believed to have an atomic structure similar to a silicate (Si0y)
glass, although there have been rather little structural investigations. Therefore, the AXS
method was applied to the GeO; glass at the Ge K-absorption edge. The environmental
structure around Ge was carefully determined and also compared to the conventional X-ray
diffraction results with Mo Ka radiation. This measurement is also oriented towards the
understanding of the usefulness of the AXS method.

Fig. 2 shows the intensity profiles of GeO;, glass measured at two energies of 10.805 and
11.080 keV below the Ge K-absorption edge (11.103keV) and their difference is given at the top

of this figure.'?)  Intensities of the second and third peaks relative to the first peak increase in the
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Fig. 2. Differential intensity profile of GeO; glass (top) obtained from the
. intensity data set (bottom) measured at energies of 10.805 (solid) and
11.080 (dotted) keV.'"
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Fig. 3. Environmental RDF for Ge (top) and ordinary RDF (bottom) of
GeOy glass.”) .

differential profile. Taking account of the fact that the atomic correlations around a Ge atom are
emphasized in the differential curve, we can imagine that the second and third peaks are more
strongly attributed to the local atomic configurations around Ge than the first peak. The
environmental radial distribution function (RDF) for Ge estimated using Eq. (4) is illustrated in
Fig.3 together with the ordinary RDF. Comparing these two profiles, it is readily found that the
peak caused by the O-O pairs is disappears in the environmental RDF for Ge. This strongly
supports that the present AXS measurements work well. The distances and coordination
numbers obtained in this AXS measurement clearly indicate that each Ge is surrounded by four
oxygens with a Ge-O distance of 0.175nm.. Thus, it is reasonably said that the GeO,
tetrahedron is a fundamental local unit structure in germanate glass. The number of Ge around
Ge is four and the six coordination of O-O pairs is obtained form the ordinary RDF data. Then,
each oxygen located at the corner of the tetrahedron is likely to be bonded with two Ge, so that
the network structure formed by the tetrahedra joined at their cormers is quite feasible.
Using the Ge-Ge and Ge-O distances in the present work, the Ge-O-Ge bond angle is
estimated to be about 132°. Incidentally the bond angle in the a-quartz-type GeO; crystal is
130°. Therefore, it is imagined that packing of the GeOs tetrahedra might be similar to that
found in the crystalline modification of GeOs as seen in the structural model of SiO, glass.lz)
The binary GeOs-PyOs5 glass system is interesting; because of a change in environment

13-16) , 4

around Ge with increasing PoOs content. There have been some conflicting results
" such disagreement may be due to the difficulty in determining the structural information of Ge-O
pairs in this binary system using the spectroscopic data alone. Then, the environmental
structural information around Ge, namely whether Ge atoms prefer tetrahedral sites coordinated
by four oxygen atoms or octahedral sites by six oxygen atoms, is strongly required. This
promopted us to use the AXS method.!”

The interference functions Qi(Q) of three GeOq-P2Os glass samples obtained by Mo Ka
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radiation are shown in Fig. 4. The ordinary RDFs calculated from these interference functions
are illustrated in Fig. 5. It may be suggested that the ordinary RDFs contain six partial
correlations of Ge-O, P-O, Ge-P, O-O, Ge-Ge and P-P pairs. From the ionic radius of the
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Fig. 4. The interference functions Qi(Q) of the GeO2-P2O5 glasses obtained by
Mo Ka radiation.'”
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Fig. 5." The ordinary RDFs of the GeO.-P2Os5 glasses, calculated from the
interference function of Fig. 4.'”
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constituent elements, the first peak around 0.18 nm may be allocated to the mixed correlations of
the Ge-O and P-O pairs. However, the distances of tetrahedrally coordinated P-O (0.150 nm)
and Ge-O (0.175 nm) pairs are so close that the ordinary RDF analysis is difficult to separate the
information of these two atomic pairs. Then, the use of the AXS method reduces.such difficulty

by providing the environmental structure around a specific element.
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Fig. 6. Environmental interference functions Q4i(Q) for Ge of the
GeOy-P20O5 glasscs.”)

The scattering intensity profiles of each sample were measured at two energies near the Ge
K-absorption edge in order to obtain the environmental (differential) interference functions
Q4i(Q) and their RDFs, and the results are shown in Figs. 6 and 7, respectively. The
environmental functions contain only three partial information on Ge-O ,Ge-P and Ge-Ge pairs.
For this reason, the first peak at about 0.18 nm in the environmental RDFs is the Ge-O
correlation because the P-O correlations are not included. The peaks around 0.24nm are
considered to be due to statistical fluctuations and enhancements of the Ge-O and Ge-Ge pair
correlations. For convenience, the calculated values for Ge-O and Ge-Ge pairs are given by
dotted lines using the case of 0.90Ge020.10P; 05 glass as an example. The coordination number
of Ge-O pairs can be estimated from the corresponding peak area with the assumption that the
peak shape is Gaussian. The results are summarized in Table 1 together with the information of
pure GeO, glass.“)

The distance of the Ge-O pairs and the coordination number of oxygen atoms clearly
increase with P9Os content. These AXS data are consistent with the results obtained by
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Fig. 7. Environmental RDFs of the GeOy-POs5 glasses. Dotted lines of
0.90Ge030.10P;05 glass are an example of calculation using
correlations of Ge-O and Ge-Ge pairs.'”

Table 1. Comparison of the distance (r) and coordiantion number
(N) for the Ge-O pairs of three GeOo-PoOs glasses
determined by the AXS method.'”

AXS measurement

Chemical composition Ge-O Density (Mg/m®)
r (nm) N (atom)

GeO, 0.175 4.1 3.64
0.90GeO2- 0.10P;05 0.175 3.9 361
0.82GeOg - 0.18P;05 0.177 5.1 3.59
0.72GeQO; - 0.28P,05 0.182 5.3 3.55

r: £0.002, N: +0.4

infrared absorption'® and Raman spectroscopy'®) and the variations of the molar refractivity,
molar volume and thermal expansion coefficient.'® Therefore, we can interpret the increase in
the oxygen coordination number around Ge is attributed to the mixed state of the octahedral and
tetrahedral coordinations of Ge in GeOg-P2Os glass system. A detailed structural model of
GeOgy-Py0;5 glass has not been established yet. Nevertheless the present AXS analysis suggests
the change of the coordinated oxygen atoms around Ge in this glass system induced by the
addition of the PoO5 component.

Refinement of the structural parameters in near neighbor region, in addition to the nearest-

neighbor correlation, is quite useful for further discussion of the atomic scale structure of
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Continuous distribution

Fig. 8. Schematic representation for the structural model of a
disordered oxide system.

disordered materials. For .this purpose, the least-squares variational method proposed by
Narten'® enables us to provide one way when applying to both the ordinary interference function
Qi(Q) and the environmental interference function QAi(Q). The essential idea of Narten’s
approach is based on the characteristic structural features of oxide glasses and melts exemplified
by the contrast between the narrow distribution of local ordering in the shorter distance region
and a complete loss of positional correlations in the longer distance one. In other words, the
average number of element £ around an element i, Ny is separated by an average distance, r; and
its distribution may be described by a discrete Gaussian like distribution with a mean-square
variation of 2b;. On the other hand, the distribution for higher order correlations is
approximately expressed by a continuous distribution with an average number density of a
system. Schematic structural description for this case is given in Fig. 8. These concepts may

be represented using the following equation with respect to the interference function.
m
. Jife N .
Q=2 2737 = “ exp (—43Q") sin (Qr)

N
Ju f Qr'a cos {QF 4p) —sin (Q 4g)
+3 Ecacﬂ—zexm apQ) b3 (%)
a=ip=1 " () Q
The quantities of 7'4g and &'4p correspond to the mean and the variance of the boundary

'819) 1t may be noted that the first and second terms of Eq. (5)

region which need not-be sharp.
represent the discrete Gaussian-like distributions and a continuous distribution with an average
number density in the higher order correlations, respectively. In practice, the structural
parameters are determined by estimating the interference function using the. least-squares
calculation of Eq. (5) so as to reproduce the experimental interference function. The
environmental interference function can also be readily calculated by taking the difference of the
calculated ordinary coherent scattering intensity similarly estimated at the two energies in the

AXS measurements and compared with the experimental AXS data. Thus, it would rather be

(294)



Structural Characterization of Oxide Materials by AXS Method

4.-0; - T 1 T 1 —T

Interference Functions
N
o o

Ordinary & Environmental

—4q0 L 1 1 1 1 1
(o] 30 60 80 120 150 180

0/ nm™!

Fig. 9. Comparison of the calculated interference functions with the
experimental data for GeOs glass using the least-squares variational
method.””

Table 2. Structural parameters of the near neighbor corrlations for

GeO, glass and a-quartz-type GeOy crystal. ™
Density (Mg /m®) Glassy GeOo a—quartz;t%?e GeQOsy
Pairs r (am) N (atom) r (nm) TN (atom)

Ge-O 0.173 4.1 0.174 40
Ge-O 0.365 4.1 0.348 6.0
Ge-O 0411 9.8 0.428 14.0
Ge-O' 0.488 3.4* 0.479 4.0
Ge-O 0.541 6.0* 0.540 7.0
Ge-Ge 0.317 4.1 0.315 4.0
Ge-Ge 0.453 3.9 0.447 6.0
Ge-Ge 0.497 4.0 0.499 6.0
Ge-Ge 0.535 5.1% 0.539 6.0
0-0 0.277 6.4 0.284 6.0
0-0 0.330 5.1% 0.337 6.0
0-0 0.434 3.4* 0.412 4.0
0-0 0.495 13.6* 0.507 16.0

*) fixed
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stressed here, that the resolution of the structural parameters can be improved at the reasonable
level by the least-squares variational method when applying to not only Qi(Q) but also Q4i(Q).

Figure 9 shows a comparison of the calculated interference functions with the experimental
data using the case of GeO; glass and the resultant structural parameters are summarized in
Table 2 together with the values of a-quartz-type GeOy crystal.”® These experimental results
again supports that packing of the GeOy tetrahedra is very similar to that found in the modifica-

2)

tion of GeOyq crystal structure, as has been suggested for SiO, glass.1 It would be interesting to

give an another example obtained by this method.
A number of interesting materials have been prepared by sol-gel method. Zirconium oxide

is included in this category and the thermal decomposition of amorphous ZrO, formed from

21,22) 23,24)

zirconium alkoxides and zirconium salts are known to produce a metastable tetragonal

ZrOy (#-ZrOy), in addition to monoclinic ZrOy (m-ZrOg) which is actually stable under about

1,273 K. However, the formation of #ZrOy at low temperature is not revealed yet. For

2027) proposed that the stabilization of ¢-

23)

example, Cypres et al.>> and other two research groups

ZrQy is attributed to various anionic impurities such as OH", whereas Garvie™’ and some other

21,28)

persons suggested that it should be rather related to the particle size effect. The stabi-
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Fig. 10. (Top) Interference function Qi(Q) of amorphous ZrO, obtained
from the intensity measurement at the energy of 17.698keV.
(Bottom) Environmental interference functions QAi(Q) for zirconium
of amorphous ZrOs obtained from the intensity data measured at the
Zr K-absorption edge.’®
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lization of +ZrQOs may  be explained by the similarity of local ordering structure between
amorphous and +Zr0y.%?¥  This implies that the structure of amorphous ZrOy holds the key
to give the conclusive remark regarding its particular crystallization behavior by low temperature
heating. Recently, the AXS method has been applied to obtain the atomic structure of
hydrolytic condensed zirconium oxide at longer distance as well as the structure in the nearest-
neighbor region including the structural similarity between amorphous ZrO; and crystalline
Zr02.%”  The results are as follows.

Two scattering intensity profiles were measured at the energies close to the Zr K-absorption
edge and the resultant environmental interference function QA4i(Q) of hydrolytic condensed
zirconium oxide is given in Fig. 10. The ordinary interference function Qi(Q) estimated from the
diffraction data of single energy of 17.698 keV is also illustrated in this figure for comparison.

The profiles of these interference functions consist of the first peak at about 22 nm ™! followed
by a number of peaks, which indicate a considerable fraction of local ordering unit structures exist
in this glass structures although their distribution appears to be no long range ordering. These
features contrast to the case of metallic glasses, where the rapid damping of interference function
is clearly observed. The environmental and ordinary RDFs calculated from the interference
functions are shown in Fig. 11.

The ordinary RDF corresponds to the sum of three partial RDFs of Zr-O,Zr-Zr and O-O.
From the information of ionic radii of the constituent elements, the first peak around 0.22 nm and

0.34 nm can be suggested to be Zr-O and Zr-Zr paits, respectively. It is worth mentioning in
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Fig. 11. Ordinary and environmental RDFs calculated from the interference
functions of Fig. 10°%.
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the ordinary RDF that the Zr-Zr pair around 0.34 nm is well coincident with the atomic pairs
characterized by the m-ZrO; structure. Therefore, the fundamental local structure of the
present amorphous ZrQO, sample seems to be rather closer to that of m-ZrOy than #~ZrOs.
Structural parameters of Zr-O and Zr-Zr pairs are likely to be obtained. However, the definite
and precise information of the local atomic arrangements of amorphous ZrOs cannot be
determined as a unique solution from the present ordinary RDF data alone. This is particularly
true in the higher order correlations, because more than two kinds of atomic pairs usually overlap
at longer distances.

As shown in Fig. 11, the structural features observed: in the environmental RDF for Zr is
essentially similar to those of ordinary RDF of amorphous ZrO, although the environmental
RDF includes only the atomic correlations of Zr-O and Zr-Zr pairs. This is mainly due to the
reason that the contribution of O-O pairs to the ordinary RDF is not so significant.
Neverthéless, it is noticed that the correlation of Zr-Zr pairs in the environmental RDF is rather
distinct at the distance of 0.34 nm, compared with that of the ordinary RDF. When such
valuable different nature observed in the environmental RDF determined by the AXS measure-
ments is coupled with the ordinary RDF data, the resolution of the structural parameters for Zr-
O and Zr-Zr pairs can be improved even in the higher order correlations when using the least-
squares variational method. ‘

The present analysis qualitatively suggests that the structural features of amorphous ZrO,
are rather close to those of m-ZrOy than #-ZrOs structure. Then, at the first step, the 22%
random vacancy m-ZrO; structure model based on the density measurements was applied for
explaining the experimental RDF data. However, the converged structural parameters could

not reproduce the experimental RDFs, particularly the RDF data in the distance of 0.37 nm,

Table 3. Structural parameters of the near neighbor correlations for amorphous ZrOg.*”

Density (Mg /m®) Amz:‘%lous Mor51f>7c41'inic Tetga‘lsggnal
Pairs r (nm) N (atom) r (nm) N (atom) r (nm) N (atom)

Zr-O 0.214 5.8 0.216 7.0 0.226 8.0
Zr-O 0.395 2.3 0.385 8.0 }
Zr-O 0.427 5.4 0.444 12.0 0413 12.0
Zr-0 0465 63 0.448 12.0
Zr-O 0.495 4.1 0.490 8.0
Zr-Zr 0.341 44 0.347 7.0
Zr-Zr 0.371 1.6 0.366 12.0
Zr-Zr 0.398 2.5 0.415 3.0
Zr-Zr 0.449 14 0.456 1.0
Zr-Zr 0.509 2l 0.524 60 0.519 6.0
0-0 0.265 6.0
0-0 0.296 74% 0.285 9.5
0-0 0.344 8.0
0-0 0.398 7.4% 0.394 9.5
0-0 ‘ 0.439 12.0
0-0 - 0.486 4.3*% 0.474 5.5

*) fixed
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which corresponds to the first Zr-Zr pairs in #-ZrOj structure. It should also be kept in mind
that the atomic configurations of amorphous ZrO; are not exactly identical to those of m-ZrOj.
Then, the random vacancy model coupled with both #-ZrO; and m-ZrOj structures was
employed at the second step as initial parameters. After several iterations, the converged
interference functions drawn with dotted lines in Fig. 10 were obtained. The resultant
structural parameters are summarized in Table 3 together with the crystalline zirconium

oxides.?132

For convenience, the interatomic distances obtained by the present analysis are
given by the arrows in Fig. 11.*")  Since that the variations of 7 and N depend upon the initial
structural model, the parameters in Table 3 should be read as not unique but possible solution

with respect to the structure of amorphous ZrOs.

Fig. 12. Schematic diagrams of the atomic structure of amorphous ZrO.z 50)

The present results quantitatively indicate that the fundamental local ordering unit of
amorphous ZrOs is octahedrally coordinated zirconium and its distance is 0.214nm. = About the
first neighboring Zr-Zr pairs, a zirconium is surrounded by about four zirconiums at about 0.34
nm forming a particular structural unit. ~With these facts, a three-dimensional structural model
illustrated in Fig. 12 is proposed as one of the possible amorphous structures by considering the
simple geometrical factors. This model indicates that the zirconium octahedra link each other
with sharing four edges of coordination polyhedra.

The present results also indicate that the progress of the hydrolysis condensation process
makes the structure of monomeric alkoxide more dense, so as to increase of the shared edge
number of coordination polyhedra and that Falculatéd shared edge length in both structural
model of about 0.26 nm is rather shorter than the estimated edge length of the regular zirconium
octahedron. Consequently, the very distorted feature of zirconium octahedra is suggested in the
structure of amorphous ZrO;. Murase et al.2® reported that the crystallization behavior of
amorphous ZrOs produced by sol-gel method strongly depends on the conditions of sample
preparation. Therefore, it is rather difficult to determine which mechanism is actually
significant in the formation of +ZrOy from amorphous ZrO,. Nevertheless, the present results,
at least, provide that it is quite unrealistic to identify the local ordering structure of amorphous
ZrOs to be responsible for the formation of #-ZrQy as frequently discussed in the previous works.
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Fig. 13. Comparison of scattering intensities of 4 nm zinc ferrite particles and
the bulk sample.*

4. SURFACE STRUCTURAL ANALYSIS OF NANOMETER-SIZED PARTICLES

Various reactions occur on the surface of materials and then there is an increasing need for
the information of surface structure. On the other hand, nanometer-sized particles appear to
indicate some peculiar features distinct from those in the bulk, because of the large fraction of the
surface atoms. For example, the nanometer-sized zinc ferrite particles show an extremely large
magnetization compared to the value reported for the bulk.*® In order to explain such
characteristic property, the atomic structure of their surface is strongly required. The AXS
method is one way to obtain the information of surface structure of nanometei-sized particles.

The scattering intensity profile for zinc ferrite (crystal-line) particles with an average size of

) A scattering intensity from nanometer-

4nm is compared with that of the bulk in Fig. 13.
sized particles is extremely broadened because of their small particle size.

The scattering intensity for crystalline particles with a certain size may be calculated using

the following simple equation based on Warren’s approach :**)
S & sin (Qr;)
IQ= 2 2. ffrexp (—2M)— ©)
j=lk=1 Qrit

where N is the total number of atoms in a crystalline particle, f; the X-ray atomic scattering factor
of the element j and M the Debye-Waller temperature factor. The Debye-Waller factor of zinc
ferrite particles were computed from the Debye temperature (630 K), which was estimated from
those of ZnO (600 K) and FeyOs (660 K). It would be mentioned here, that the contribution of
the interparticle interference was excluded in this calculation, because it has been shown to give a
significant contribution only in the small angle region.’®

A scattering intensity calculated form inner -atoms of the 4nm zinc ferrite particles is
compared with the experimental intensity data in Fig. 14. The disagreement is clearly detected.
It may be added that the calculated peak intensities become closer to the experimental ones when

choosing a smaller average particle size. However, the relatively large background intensity
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Fig. 14. Comparison of the observed intensity with the intensity calculated
from particles without considering surface atoms.*®

cannot be reproduced by simply changing the particlé size. Thus, another model is required for
explaining the experimental data of nanometer-sized zinc ferrite particles.

The difference between two scattering intensities of calculation and experiment, is given in
the top of Fig. 14 and it represents scattering intensity from monolayer surface atoms of these
particles.

This difference profile shows an amorphous-like intensity pattern consisting of the broad first
peak at about 25nm ™! and the second and third ‘broader and weaker peaks at about 40 and
65nm~'. Similarity to the amorphous zinc ferrite®”) is readily confirmed in the results of Fig. 15

(a)
25t
-
g
5 of
~
~
25
SR )
Al
0—
=25 1 | 1 ] 1 | 1 | 1
0 20 40 60 80 100

Q0 / nm™?
Fig. 15. Interference functions of (a) monolayer surface atoms and (b)
amorphous zinc ferrite film.3**”
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Fig. 16. AXS profiles of 4 nm zinc ferrite particles at Zn and Fe K-absorption
edges.>®

representing by the interference function form, although there are difference in detail.  This
suggests that monolayer surface atoms form rather an amorphous-like atomic structure than the
zinc ferrite crystalline structure inside the particle.

In order to check this point, the AXS measurements were recently made at the Fe and Zn K-
absorption edges®” and the results are shown in Fig. 16. The details of the structure of the
surface atoms in zinc ferrite particles cannot be revealed yet, so that the total scattering intensity
in Fig. 13 and the AXS intensities in Fig. 16 were calculated by substituting the scattering
intensity of the amorphous zinc ferrite for the intensity due to the surface atoms. This
corresponds to the assumption that atoms at the surface are randomly displaced against atoms
inside the particle and then the average phase shift between atoms at the surface and inside the
particle in every direction around the particle becomes zero. The calculated intensities are
compared with the experimental data in Fig. 17. Although the boundary between the surface
and bulk components is sharp in the present model, a gradual change from the glass-like structure
to the crystal might be more plausible. Nevertheless, it may not be overemphasized that good
agreement is found including the back-ground intensities as well as for the peak intensities in
three cases. For this reason, the presence of the amorphous-like structure on the surface is

considered to be, at least in a sense of the necessary condition, at best for explaining the scattering
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Fig. 17. The observed and calculated intensities (a) obtained by the ordinary

X-ray diffraction and differential intensities obtained by the AXS
measurements below (b) Zn and (c) Fe K-absorption edges.*”

intensities for the nanometer-sized zinc ferrite particles by reproducing the three independent-

scattering intensity profiles as shown in Fig. 17.

5. CONCLUDING REMARKS

A number of techniques of X-rays, neutrons and others have been widely used for structural
characterization of various materials. Each technique has, of course, its own advantages and
disadvantages. However, as shown in this paper with some selected examples, the potential
capability of the AXS method has been clearly demonstrated and this relatively new method is
very promising for structural characterization of both crystalline and disordered materials by
providing answers for questions unsolved by conventional techniques.” For most of the elements,
the change in the real component of the anomalous dispersion factor f” is typically 15~25% of
the normal atomic scattering factor f° at the K absorption edge and it appears to be a
substantially larger value (over 50%) at the L absorption edge. Thus, the AXS method coupled
with the intense white X-ray source (synchrotron radiation) is no longer a novel technique. Itis
rather one of the most reliable and powerful tools for structural characterization of various

materials in a variety of states.
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