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Extended Fine Structure in X-Ray Absorption Spectra of Certain Perovskites
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In this paper we attempt to test the validity of the short-range-order (SRO) and the long-
range-order (LRO) theories of the extended fine structure (EFS) in x-ray absorption spectra.
This is done by comparing the EFS’s of Ti, Ca, Zr, and Sr in the perovoskitelike compounds
SrTiO;, CaTiOj, SrZrO;, and CaZrOjz. The regularities which have been anticipated from
SRO or LRO theories have not been observed. We are thus led to suggest that models are
required other than those which have been used to explain the EFS.

I. INTRODUCTION

There is as yet no acceptable explanation of the
extended fine structure (EFS) in x-ray absorption
spectra. At present, two basically different theo-
ries attempt to explain this effect. Thelong-range-
order (LRO) theory, introduced by Kronig,® attri-
butes the EFS in crystals to the band structure of
electronic energy levels. Qualitatively, this view
correctly accounts for the relative displacements
of the EFS extrema in crystallographically similar
metals as well as for the similarity of EFS for the
K edges of the components of certain binary com-
pounds. 2

Other experimental results are not easily re-
conciled with an LRO picture. The difficulty for
an LRO-based theory of EFS is evidenced by the
occasionally limited range of EFS (in some cases
50 eV or less®) and the more than occasional dis-
similarities in the EFS for two elements in a com-
pound. The latter becomes especially evident in
this work. As may be inferred from the absence
of any profile calculations in the literature, mod-
els of this class do not easily yield to quantitative
treatment.

The other point of view, the short-range-order
(SRO) theory,* is that the EFS exists primarily
because the near neighbors of the absorbing atom
influence the transition probability of the photo-
ejected electron. Many features of the EFS which
are believed to be capable of distinguishing be-
tween the two views are, on closer inspection,
common to both. (For example, the dependence of
the location of the characteristic absorption ex-
trema on the inverse square of the dimensions of
the cell is shared by SRO and LRO. Indeed this
would follow even if the fine structure were due to
recoil of the core electrons plus nucleus.) Quali-
tative successes for the SRO picture are found in
the similarity of spectra in crystalline and amor-
phous phases, and in the component spectra of
certain binaries.

Qualitative difficulties for a typical SRO-type
description can be found in the spectra of polyatom-
ic molecules, where this description should be ap-
plicable without reservation. It appears that in
some cases® this expectation is realized, while in
others® it is not. On the other hand, the SRO pic-
ture is readily quantified and has enjoyed semi-
quantitative agreement with experiment in a num-
ber of pure metals, albeit with the aid of some
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relatively free adjustments of the scattering phase-
shifts.

We have sought to test the SRO versus LRO ques-
tion on a qualitative level in order to avoid ques-
tions arising from the degree of such approxima-
tions as are necessarily involved in the quantitative
treatment of either model. To this end, we have
recorded the EFS of the K-absorption edges of
Sr, Ca, Zr, and Ti in SrTiO;, SrZr0O,;, CaTiO,,
and CaZrO;. All the data were obtained at room
temperature. At this temperature SrTiO; has a
perfect perovskite structure, and the other mate-
rials approximate this structure’ so closely that
in comparing the absorption curves in this family
of structurally similar ABO; compounds no allow-
ance has to be made for their deviation from the
perovskite structure. If LRO were responsible
for the EFS, then the A spectrum would tend to be
similar to the B spectrum in the same compound.
In contrast, the SRO theory predicts similarity
between all the A spectra as well as similarity be-
tween all the B spectra. In our opinion, neither
alternative is supported by the data which are
presented below.

II. EXPERIMENTAL

Samples were prepared from fine powders pre-
cipitated into a plastic matrix; slow evaporation
yielded reasonably homogeneous samples. The
absorption curve of Sr in SrTiO; was obtained also
with a single-crystal absorber. The uniformity of
thickness of the powdered samples was tested by
taking x-ray transmission photographs, and by
comparing the absorption curves taken in samples
of different thickness. In addition, the EFS of Sr
in SrTiO; was obtained, using a powdered sample
(effective thickness of 15 u) and comparing it with
the EFS from a single-crystal absorber approxi-
mately 100 u thick. All the powdered samples
showed identical EFS, within the limits of the ex-
perimental error; the amplitudes of the EFS of Sr
from the powdered sample were about 15% lower
than those obtained from the single-crystal ab-
sorber.

The absorption curves of Sr and Zr were taken
with a double-crystal spectrometer® set in a mis-
matched minus position, certain features of which
are described in the following paragraphs. Silicon
crystals were used in the spectrometer, the first
crystal reflecting from a {220} plane, the second
from a {111} plane. This arrangement yielded a
full width at half-maximum for the MoK, line of
7 sec of arc, corresponding to 7.5 eV,

We call attention to the utility of this unequal
crystal minus position to obtain reduced resolving
powers, using a particular crystal species with a
concomitant gain in counting rate. The resolving
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power of any diffraction arrangement is directly
proportional to the dispersion and inversely pro-
portional to the diffraction width, There is limited
freedom regarding width afforded by choice of a
diffraction plane. Extreme mismatching ap-
proaches the normal (1, +1) double-crystal posi-
tion in both resolving power and consequent lack
of intensity. Close matching of the crystals in a
dispersion canceling arrangement allows trading
off of superfluous resolving power for intensity.
Continuum radiation was obtained from a Mo
target, sealed-off diffraction tube, operated at 40
kV and 20 mA. Radiation passed through the mo-
nochromator was detected by a 1-mm-thick Nal
scintillation counter. This was followed by con-
ventional single-channel pulse-height analysis and
scaling circuitry. FEach absorption curve was ob-
tained by counting point-by-point, with and with-
out the absorber, alternately. The absorption
curves of Zr in CaZrO, and the Sr curves in SrTiO,
were taken by recording 8000 counts and 17000
counts with and without the absorber, respective-
ly. The absorption curve of Zr in SrZrO; was
taken by recording only 4000 counts with the ab-
sorber because of the high Sr absorption in this re-
gion. The energy difference between successive
points is 1-2 eV, as is shown in Figs. 1 and 2.
The absorption curves of Ti and Ca were taken,
using an evacuated double-crystal spectrometer?®
operating in the (1, +1) position. Silicon crystals
were used, the reflecting planes being {111}. The
source of continuum radiation was a gold anode
operated at 15 kV and 60 mA. The dispersed beam
was detected by an argon-methane flow counter op-
erated at approximately one-half of atmospheric
pressure. Each absorption curve was taken by
scanning the investigated region in steps of 1 eV
without the absorber and with the absorber; each
curve was determined by counting approximately
10000 counts without the absorber, and 10 000
4000 counts with it, depending on the absorption of
the other components in the sample. Several
curves were taken for each absorption edge to
check the reproducibility. No corrections were
made for background or for the spectrometer win-
dow. On the scale of the figures these would be
barely visible.

III. RESULTS AND DISCUSSION

The absorption curves in the EFS region of Sr
and Ca are shown in Fig. 1, these of Zr and Ti in
Fig. 2. The abscissa represents the energy of
the x rays. The zero of the abscissa is chosen
separately for each element near its apparent ab-
sorption edge, but the same zero was taken in the
absorption curves of the same element in its two
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FIG. 1. EFS of the K edges of Ca and Sr found in the titanate and zirconate of each. Note that zero on the ordinate
scale is considerably and variously suppressed to clarify the region of EFS.

compounds. The ordinate is proportional to the
absorption coefficient. Figures 1 and 2 have ordi-
nate zero suppression to permit a relatively clear
delineation of the variation of absorption coeffi-
cient in the region of EFS., Figure 3, on the other
hand, shows the edges themselves in such a way
as to indicate relative “chemical shifts” and to
show the strong Kossel structure found in some
cases.

There is no way to distinguish unambiguously
between the Kossel and the extended structures.
We shall assume here that the absorption maxima
appearing below 40 eV belong to the Kossel struc-
ture. We base this assumption on the width of the
low-energy maxima. The positions of the first
few absorption maxima are given in Table I. The

numbers represent the positions of the maxima as
they appear in Fig. 3. The widths of these absorp-
tion maxima are not given in the table, since owing
to their overlap it is not possible to determine
them. However, Fig. 3 shows that below 45 eV
the maxima in the absorption curves of Sr in
SrTiOz, of Ca in CaTiO; and of CaZrO; are very
narrow in comparison with the maxima at higher
energies. In fact, their width is smaller than the
width deduced from the SRO theory [Eq. (1)]. Not-
ing that absorption maxima of the Kossel structure
are narrower than the EFS maxima, and the fact
that the absorption curve of Sr in SrZrO; levels

off at 45+2 eV, we attribute the absorption maxima
appearing in Fig. 1 below 40 eV to the Kossel
structure. There is no observed Kossel structure
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on the Sr absorption curve in SrZr0O;. This is not
understood, but the structure might be smeared
out by the nonuniform stresses in the SrZrO; crys-
tal on the sites of the Sr atoms. Similar arguments
make us believe that the narrow absorption maxima
on the Ti absorption curves (i.e., the maxima up
to 40 eV in Fig. 3) and the first absorption maxima
on the Zr absorption curves belong to the Kossel
structure. The large extent of the Kossel struc-
ture in this case is probably due to the high ioni-
city of the Ti and Zr atoms in these perovskites.
We now show that our results are not compatible
with the LRO theory. The LRO theory predicts
that in each of the investigated ABO; compounds
the EFS of the A atoms is similar to that of the B
atoms. The number of the EFS extrema and their
relative positions on the absorption curves of the
A’s and B’s must be the same. Differences be-
tween the EFS at the K-absorption edges of the A
atoms and those of the B atoms may appear, due
to two effects: (i) The crystal potential at the
sites of the A and B atoms are different, and (ii)
the A and B atoms have different ionicities. Both
effects, however, influence neither the number of
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the EFS extrema nor their relative positions on
the absorption curves, which are determined en-
tirely by the band structure in the ABO; com-
pound. Comparison of the respective absorption
curves, presented on Figs. 1 and 2, shows that
the expected similarity is not realized.

Another point is to be made: According to the
Kronig theory the EFS in a given compound depends
by and large on the width of the forbidden-energy
regions in the crystals. Their width is closely re-
lated to the corresponding crystal-structure fac-
tors.!® The crystal-structure factors in SrTiO,
are considerably different from those in CaTiO,.
This is due to the large differences between the
atomic scattering factors of Sr and Ca. Therefore,
we should expect the EFS of Sr in SrTiO; and the
EFS of Ca in CaTiO; to be different. Comparison
of the respective curves reveals that, contrary to
expectation, there is a pronounced similarity in
their EFS. We note also that the ionic charge of
Sr in SrTiO, is 1. 85, ! while that on Ca in CaTiO,
is 1.0.% As was pointed out above, this shows
that the ionic charge on an atom does not seriously
affect the EFS, All these considerations strongly
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FIG. 2. EFS of the K edges of Ti and Zr as found in the titanates and zirconates of Ca and Sr. Ordinate zeroes are
suppressed for clarity of the EFS.
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suggest that the Kronig theory of the EFS is basi-
cally inadequate.

In the following we shall attempt to discuss our
results on the basis of the SRO picture. In the
framework of the SRO theory the fluctuating part
of the K-absorption coefficient AT(E) is given, ap-
proximately, by the following expression:

AT(E)=23; A; (E) sin(2Kr; + 2n,) , (1)
where

Ai(E)=f_: V,; (x) cos2Kx dx.

In this equation E is the energy of the photoelectron,
K is the corresponding pseudomomentum, 7; is the
radius of the 7th-coordination sphere. 7, is the
phase shift due to the field of the absorbing atom
for the partial way =1, V,;(x) is the average po-
tential (over a sphere centered at the absorbing
atom) of the atoms of the ith coordination sphere.
This expression for A, (E) is valid for crystals and
molecules with centers of symmetry, and thus ob-
viously for cubic lattices. Equation (1) was de-
rived for metallic crystals? by assuming that the
potential of the absorbing atom is screened by the

Initial absorption structures for all edges studied.

conduction electrons. In this case, 7, is constant
everywhere outside the absorbing atom and de-
termined only by the energy E of the photoejected
electron. In ionic crystals such screening does
not exist, causing a different dependence of the
1,(E) curve.

In the derivation of Eq. (1), the potential of the
atoms belonging to one coordination sphere is av-
eraged over this sphere. Therefore, the accuracy
of the averaging approximation improves as the
number of atoms of one element situated on the co-
ordination sphere increases. In the compounds
which we investigated, the different atoms are sit-
uated at nonequivalent sites. The oxygens occupy
the (n+%, p+%, 0) positions, the divalent atoms
occupy the (n, p, 1) positions, and the quadrivalent
atoms occupy the (z+3, p+3, [+%) positions.
Therefore, each coordination sphere holds only
one kind of atom. In addition, the coordination
number is high so that the above described approxi-
mation inherent in Eq. (1) is good.

The relevant features of the absorption curves
of the investigated compounds in the EFS region
can be summarized as follows: The positions of
the observed extrema of Sr and Ca, with the ex-
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ception of the maxima at 75eV (Fig. 1), and of Ti
and Zr, with the exception of the absorption max-
ima at 52 eV (Fig. 2), are nearly coincident. The
extent of the fluctuations in the different absorption
curves varies greatly. For Sr in SrTiO; it is as
high as 300 eV, while there are no observable
fluctuations in the absorption curve of Sr in
SrTiO,. The fluctuations in the other absorption
curves have intermediate ranges.

The SRO theory attributes the difference in the
EFS in metals and insulators to the screening of
the ionic potential by the conduction electrons in
the metals. In contrast, in insulators the ionic
charge produces a long-range field which causes
the phase shifts 7, to change even at large distances
from the absorbing atom. Therefore, in the insu-
lators n,=7, (E, e, 7;), where e is the ionic charge
on the absorbing atom. Thus the relative positions
of the extrema must depend on the ionic charge on
the absorbing atom. In addition, the phase shift
also depends strongly on the atomic number. Such
dependence is not apparent in the materials which
we investigated. Figure 1 shows that the separa-
tions of the successive EFS absorption extrema in
the absorption curves of Sr in SrTiO; and of Ca in
CaTiO; are nearly the same, although the charges
in these compounds on the Sr and Ca atoms are
+1.85 ' and + 1.0, !2 respectively. It is also worth
noting that the extent of the EFS of Sr in SrTiO; is
larger than that of Ca in CaTiO,;. According to the
SRO theory, we would expect an opposite effect due
to the higher charge in the Sr atom.

SrZrO; has a distorted perovskite lattice. Its
tolerance factor is t=0.91.'® The high value of the
tolerance factor and the small splitting of the dif-
fraction lines indicate that the distortion is not
larger than that in CaTiO, (¢=0. 89) and in CaZrO,
(t=0.84). Therefore, the absence of the EFS of
Sr in SrZrO; cannot be attributed to the displace-
ments of the atoms from their corresponding pe-
rovskite sites.

No phase transitions have been reported in
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SrZrO;; therefore, no unusually high-amplitude
lattice vibrations are present to wash out the EFS.
The absorption curve of Zr taken with the same
sample is not flat (Fig. 2), which demonstrates
that the sample quality is adequate to observe such
structure. It was noted that the absence of the
Kossel structure in the Sr absorption curve of
SrZrO; might be attributed to a very strong defor-
mation of the crystal field, at the site of the Sr
atom. Such deformation cannot account for the ab-
sence of the EFS, since no EFS is observed in the
Ca absorption curve in CaZrO;, which shows a
very pronounced Kossel structure. We are led,
therefore, to attribute the absence of the EFS of
Sr in SrZrO; and of Ca in CaZrO, to the fundamen-
tal aspects of the mechanism underlying the EFS.

The integrand in Eq. (1) involves the potential
at the site of the scattering atom. Therefore, on
the basis of the SRO theory, it seems plausible to
expect a higher contribution to the EFS from the
Zr atoms in SrZrQO;, than from the Ti atoms in
SrTiO,;. This is contrary to observations.

We note that in the EFS region the separation be-
tween successive absorption maxima for Sr in
SrTiO4 are approximately the same as those be-
tween the corresponding absorption maxima for
Ca in CaTiO, (Fig. 1). A similar situation exists
also with respect to the absorption curves of Ti in
SrTiO; and Zr in CaZrO, (Fig. 2). As discussed
below, this is contrary to what one would expect
from the SRO model. In the SRO model the equal
separations between the corresponding absorption
maxima would imply identical phase shifts. Thus,
according to this model the phase shifts 7,(E, e, 7;)
are the same for the Sr and Ca atoms, as well as
for the Zr and Ti atoms. It has been noted above
that the phase shifts depend upon the atomic num-
bers. In the case of short-range fields, as in met-
als, 7,(E) is approximately proportional to vZ.
Within the electronic shells the electrostatic field
acting on the photoelectron is similar in ionic crys-
tals and in metals because the conduction electrons

TABLE I. Positions of low-energy absorption maxima of Sr, Ca, Ti, and Zr in SrTiO;, SrZrO;, CaTiO3, and CaZrOg.?

Absorbing
element Sample Positions of low-energy maxima in eV as given in Figs. 1 and 2P

Sr SrTiOg 8.5+1 22,51 39.5zx1 44.5+2 551
Sr SrZrOs;
Ca CaTiO, 1+£0.5 9+£0.5 221 39+1 44.5+2 55+2
Ca CaZrOg 8+0.5 20+1
Ti SrTiOg -7+0.5 -2+0.5 7+1.5 17+1.,5 21.5+1.,5 28=+*1 40+1 50+2
Ti CaTiOg -7+0.5 -2.5%£0.5 8+1 171 231 37+2 52.5+2
Zr SrZrOg 29+2
Zr CaZrO; 24+£2

2Entries are arranged so as to emphasize numerical correspondence noted in various compounds of the same element.
PIndicated uncertainties are intended to reflect estimates of over-all error.
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hardly penetrate the electronic shells. Therefore,
we may approximate the phase shifts in ionic
crystals at a distance 7 outside the absorbing atom
by n,(E, e, ») =1, (E) +n; (E, e, 7), where n;(E) is
proportional to vZ and 7,(E, e, 7) depends on the
ionic charge of the absorbing atom. We would then
expect different phase shifts in Sr and Ca, as well
as in Zr and Ti atoms.

IV. CONCULSIONS

Neither of the EFS theories discussed here can
account for even the “gross” characteristics of the
absorption spectra in the investigated perovskites.
The Kronig theory is definitely rejected owing to
the similarity of the Ti K-absorption curves in
SrTiO; and CaTiO;. The SRO theory also seems
to be inadequate., However, our results are not
as conclusive with respect to this theory as they
are with respect to the Kronig theory. The equal
separation of the successive maxima can be ex-
plained by assuming that in the relevant energy in-
terval the first derivatives of the phase shifts with

respect to the energy of the photoelectron are
equal. Neither calculations of the phase shifts nor
their independent experimental determinations are
available for the compounds which we investigated.
However, the required dependence of the phase
shifts on energy in an energy region of the order of
200 eV is generally not expected from the theory,
Nevertheless, it is not completely out of the ques-
tion. The absence of the EFS in Sr and Ca in
SrZrO,; and CaZrO;, respectively, would here be
attributed to destructive interference of the scat-
tered photoelectron wave function over all the in-
vestigated energy region. Again it is highly im-
probable that this will happen over a 200-eV inter-
val. We also note that there is a difference in the
literature between the definitions of the ionic
charges on the Sr atom in SrTiO; and the Ca atom
in CaTiO; (Refs. 11 and 12), which limits the
meaningfulness of the comparison. The inability
of the existing theories to conform to the observed
EFS suggests that it is desirable to look for rather
different mechanisms to explain this effect.

*Present address: Department of Physics, Technion,
Haifa, Israel.

'R. De L. Kronig, Z. Physik 75, 191 (1932).

M. Ikashi, Sci. Rept. (Osaka Univ.) 8, 55 (1957).

3S. T. Stephenson, Phys. Rev. 58, 873 (1950).

“A. 1. Kozlenkov, Izv. Akad. Nauk SSSR, Ser. Fiz.
25, 951 (1961).

D. Mott, Phys. Rev. 144, 94 (1966).

®R. E. Lavilla and R. D. Deslattes, J. Chem. Phys.
44, 4399 (1966).

"References to the structures may be found in J. D. H.
Donnay and G. Donnay, Crystal Data, Detevminative
Tables, 2nd ed. (American Crystallographic Associa-

tion, New York, 1963).

8R. D. Deslattes, Rev. Sci. Instr. 38, 815 (1967).

’R. D. Deslattes, Rev. Sci. Instr. 38, 616 (1967).

R, A. Smith, Wave Mechanics of Crystillane Solids
(Chapman and Hall, London, 1961), Chap. 5.

A, H. Kahn and A. J. Leyendecker, Phys. Rev.
135, A1321 (1964).

12A . T, Shuvaev and V. F. Demechin, Izv. Akad.
Nauk SSSR Ser. Fiz. 25, 992 (1961).

13F, Iona and G. Shirane, Fervoelectric Crystals
(Pergamon, New York, 1962), p. 219.

14N, F. Mott and H. S. W. Massey The Theory of
Atomic Collisions (Claredon, Oxford, 1965), 3rd. ed.



