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Abstract A Mossbauer diffractometer has been developed by using 3’Fe nuclear reso-
nant scattering apparatus at SPring-8 BL11XU in order to obtain a crystal-site-selective
Mossbauer spectrum. A 6-260 goniometer was newly installed between the nuclear
monochromator and a detector. From a single crystal Fe304 mounted on the goniometer, the
111, 222, and 220 reflected y-rays were used to collect the diffraction spectra at room tem-
perature. The intensity ratio of the two subspectra, corresponding to A- and B-site Fe ions,
changes notably according to the reflection index. The diffraction spectrum is composed of
a major absorption spectrum and a minor emission spectrum. The former is given by the y-
ray due to the electron scattering and nuclear absorption, whereas the latter is given by the
y-ray due to the nuclear resonant scattering. Interference effects between these two y-rays
are also seen as line broadenings, asymmetric line shapes, and slope of the base lines. These
features can be successfully expressed by a Fano function. We consider that the emission
spectrum due to the nuclear resonant scattering represents crystal-site-selective Mossbauer
spectrum.
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1 Introduction

S7TFe Mossbauer spectroscopy is a local and dynamic probe having observation time of
1078 s and energy resolution of 10~ eV, which provides not only the electronic state
of Fe, but also the magnetic structure and local crystallographic structure around Fe. In
many materials containing multi-Fe-sites, their Mossbauer spectra are composed of super-
position of the corresponding subspectra. This often makes it difficult to analyze precisely
the spectrum and to obtain precise Mdossbauer parameters. On the other hand, diffrac-
tion measurements, such as X-ray and neutron diffraction, provide information on each
crystallographic site, because their intensities are given by the structure factor of con-
stituent atoms. The combination of both techniques, i.e., Mossbauer diffraction, enables
us to deduce a specific spectrum only corresponding to the crystallographic site of inter-
est. There have been reported several Mossbauer diffraction studies conducted by using a
radioactive source [1-5], but the incident y-ray seems not to have enough parallelity and
intensity in order to obtain a site-selective spectrum in a practical collecting time. At SPring-
8 BL11XU, 37Fe nuclear resonant scattering apparatus is in operation. The y-ray emitted
from the 3’FeBO3 nuclear monochromator has high parallelity (angular divergence within
3”) and high brightness (10° times of an usual radioactive source). With Doppler modulation
of the nuclear monochromator, we can obtain energy domain Mdssbauer spectrum (syn-
chrotron Mossbauer spectroscopy) [6, 7]. This apparatus is very suitable for the Mossbauer
diffraction.

In the present research, we have developed the Mdossbauer diffractometer by installing
a 0-260 goniometer between the nuclear monochromator and a detector. Specific spectra by
using selected y -ray reflections were measured for a typical multi-Fe-sites compound, mag-
netite (Fe304). Magnetite has a cubic inverse-spinel structure (space group Fd3m, lattice
constant @ = 8.396 A at room temperature) with Fe>* ions on the A-site (8a) and equal
number of Fe?tand Fe3* ions on the B-site (16d). We have obtained an evidence for the
crystal-site-selective Mossbauer spectrum.

2 Experiments

The ’Fe nuclear resonant scattering apparatus at SPring-8 BL11XU was used to develop
the Mossbauer diffractometer. The schematic view of the experimental setup is illus-
trated in Fig. 1. An undulator radiation is first introduced to a liquid-nitrogen-cooled
Si(111) double-crystal monochromator followed by a nested high-resolution monochroma-
tor (HRM) consisting of asymmetric Si(511) and asymmetric Si(975) channel-cut crystals.
The o-polarized X-ray beam with the energy of 14.4 keV is incident on the (111) plane of
a single crystal STFeBO3 (nuclear monochromator). The nuclear monochromator, with an
application of a transverse magnetic field of 150 QOe, is kept at 350 K. The 7 -polarized sin-
gle line y-ray (wave length A = 0.8603 A) with line-width of 15.4 neV is emitted from the
crystal. The beam size is 1.6 mm (horizontal) x 0.4 mm (vertical) and the angular diver-
gence is 3.0”. Doppler modulation of the nuclear monochromator gives an energy domain
Mossbauer spectrum. Usually, the measurements are conducted in transmission geometry
[6, 7]. In the present investigation, a 6-20 goniometer, where a measured specimen is to
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Fig. 1 Schematic view of the experimental setup at Spring-8 BL11XU. k, and h : unit magnetic field vec-
tors of the incident (o -polarized) and diffracted (7 -polarized) radiations at >’ FeBOj3 nuclear monochromator,
respectively. Bex: external field (150 Oe). Nal : scintillation detector

be mounted, is newly installed between the nuclear monochromator and a Nal scintilla-
tion detector. Thus a specific spectrum arising only from a selected diffraction point can
be measured, which will represent crystal-site-selective Mossbauer spectrum. Details of the
experimental setup are presented in ref. [8].

Single crystal specimens of Fe3Oy4 fabricated by a floating zone melting method (FZ) in
a controlled oxygen pressure were used for the measurements. A (111) or (110) plane disc
with approximately 5 mm diameter and 1 mm thickness was mounted on the goniometer.
Three different reflected y-rays, 111, 222, and 220 reflections, were used to collect the
spectra at room temperature. The collecting time for the measurements using these three
reflections were 13, 9.5, and 14 hours, respectively. The Doppler velocity was calibrated
in usual transmission geometry (without the goniometer) by using 3’Fe metal foil at room
temperature.

3 Results and discussions

In Fig. 2a, the rocking curve of the 111 reflection is shown. The Bragg angle is approxi-
mately 5.1°and the peak width (FWHM) is approximately 0.11°. The Mdéssbauer diffraction
spectrum collected by using only this reflected y-ray is shown in Fig. 2b. The spectrum is
composed of two subspectra that originate from the A- and B-site Fe ions. Hereafter, we
term them the A- and B-site spectra, respectively. Those of the 222 and 220 reflections are
shown in Figs. 3a,b and 4a,b, respectively. The Bragg angles of the 222 and 220 reflec-
tions are approximately 10.2°and 8.3°, respectively. It is clearly seen that the spectral shape
differs each other. Especially, the ratio of the A- and B-site spectra,/a:/g, changes notably
depending on the reflection index. That is, Ia:/p for the 111, 222, and 220 reflections are
approximately 1:1.5, 1:0.95, and 1:2.5, respectively [see Table 1]. This is an evidence of
the crystal-site-selective Mossbauer spectrum. The reflected y -ray consists of that scattered
by the electrons of the atoms at the diffraction point (non-resonant y-ray) and that scat-
tered by the nuclei after the resonance (resonant y -ray). The former, combined with nuclear
absorption, gives a major absorption spectrum, whereas the latter gives a minor emission
spectrum. Hereafter, we call these two y-rays the electron scattering and the nuclear reso-
nant scattering, respectively, for short. The scattering amplitude of each y-ray determines
the total spectral shape. For example, in an extreme case of a grazing angle incidence where
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Fig. 2 a Rocking curve of the 111 reflection of Fe304 and (b) Mossbauer diffraction spectrum collected by
using the 111 reflected y-ray at room temperature

the nuclear resonant scattering is negligible, purely absorption spectrum is observed [9].
Broadening of the absorption lines, asymmetric line shapes, and slope of the base lines
are also recognized. These are results of the interference effect between y -rays due to the
electron scattering and that due to the nuclear resonant scattering. Since the non-resonant
and resonant y-rays coexist on the same reflection path according to the Bragg condition,
the interference effect is caused by the quantum effect. The interference effect is espe-
cially notable in the 111 reflection spectra, where the first-lines of the A- and B-site spectra
overlap remarkably. This may be because both A- and B-site spectra have both scattering
components in the case of the 111 reflection [see Table 2] and, in addition, the spectra
shapes have opposite asymmetry (constructive and destructive interferences). In such cases,
the spectra should be analyzed by using the dynamical theory of diffraction. But in this
experiment where the crystallinity of the specimen is not so perfect as seen in rather broad
rocking curves of the reflection peaks [see Figs. 2a, 3a, and 4a], a Fano function,
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Fig. 3 a Rocking curve of the 222 reflection of Fe304 and (b) Mossbauer diffraction spectrum collected by
using the 222 reflected y-ray at room temperature

can be used for the line shapes to analyze the spectra. Here ¢, v, vg, and W represent Fano’s
asymmetric parameter, Doppler velocity, peak position, and line width, respectively. We
can successfully analyze the spectra as shown by the smooth curves in Figs. 2b, 3b, and
4b. The absorption line intensity ratios of the sextets are approximately 3:2.5:1:1:2.5:3 for
all the three spectra. Although there are four magnetic domains caused by the four [111]
magnetic easy axes, slight enhancement of the 2nd-5th line (Am = O transition) intensities
is recognized. This indicates that the magnetic moments prefer to lie in the sample plane.
The resultant Mossbauer parameters, i.e., isomer shift IS, hyperfine field Hys, quadrupole
shift g, and outermost line width W, are listed in Table 1. The values are well consistent
with those measured in usual transmission geometry by using a radioactive source [10].
Note that the line widths are still rather broad, which may be related to the broad rocking
curves of the reflection peaks.

Here we discuss the intensity ratio of the A- and B-site spectra in relation to the reflection
index. As we mentioned, the reflection spectra are composed of the major absorption spectra
due to the electron scattering combined with nuclear absorption and the minor emission
spectra due to the nuclear resonant scattering. We consider that the reflected y-ray due to
the electron scattering does not reveal information of the nuclei at the diffraction point, but
just gives usual transmission spectrum during the diffraction path through the specimen.
Therefore the intensity ratio of the A- and B-spectra due to the electron scattering, lea:/cB,
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Fig. 4 a Rocking curve of the 220 reflection of Fe304 and (b) Mossbauer diffraction spectrum collected by
using the 220 reflected y-ray at room temperature

Table 1 Mossbauer parameters of Fe304 at room temperature measured in the diffraction geometry: isomer
shift IS, hyperfine field Hy, quadrupole shift £4, and outermost line width W

Reflection Site IS (mm/s) Hye (T) &q (mm/s) W (mm/s) R (%)
111 A 0.28(2) 49.2(1) 0 0.70(2) 40(2)
B 0.65(2) 46.2(1) —0.02(2) 0.80(2) 60(2)
222 A 0.28(2) 49.2(1) 0 0.70(2) 51(2)
B 0.64(2) 46.1(2) —0.02(2) 0.70(2) 49(2)
220 A 0.25(2) 49.4(2) 0 0.60(2) 29(2)
B 0.64(2) 45.8(2) —0.01(2) 0.60(2) 71(2)

The quadrupole shift is defined as &g = (As6-A12)/4, where A;; represents splitting between i-th and j-th

absorption lines

should be equal to the crystallographic occupancy of Fe ions, ideally 1:2 in a thin absorber
case, regardless of the reflection index. In this experiment, since the penetration depth of
the y-ray is about 10 pum, the transmission path in the specimen is ranging from 100 to
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Table 2 The phase factor in the structure factor of the nuclear resonant scattering, _ exp[i(k; — ko) - 1,1,
P

of A- and B-sites for the 111, 222, and 220 reflections of Fe304

Reflection Phase factor of the A-site Phase factor of the B-site |Foal|%:| Fap |
111 4(1-i) 42(-1+i) 1:2
222 0 —16i 0:1
220 8 0 1:0

The ratio of squared value of the structure factor of A- and B-site Fe, |F; wal2:| Fap %, is also indicated. Note
that the recoilless fractions of the A- and B-site Fe ions are assumed to be the same

200 pm, which causes the saturation effect for the strong absorption lines. We suppose that
ratios I.a:l.p are approximately 1:1.5 for all the three diffraction spectra (the same ratio
obtained for the 111 reflection spectrum). On the other hand, the nuclear resonant scattering
can be examined by the structure factor expressed as

Fy o Y expli(ki — ko) - 1] Py, 2
P

where ko, ki, and r, represent incident wave vector, reflected wave vector, and posi-
tion vector of p-nucleus, respectively [11]. P, is a polarization factor determined by the
unit vectors of the magnetic field of reflected and incident y-rays, and the unit vector of
hyperfine field at the nucleus. The polarization factors of the A- and B-site Fe ions are
the same, since Fe3O4 has a collinear ferrimagnetic structure. The phase factors of (2),
> expli(k; — Ko) - r,], for the A- and B-sites are calculated as indicated in Table 2 for the

lpl 1, 222, and 220 reflections. The scattered y-ray intensity is usually proportional to the
squared value of the structure factor. Assuming that the recoilless fractions of the A- and
B-site Fe ions are the same, the ratios of the squared structure factors of the A- and B-site
Fe, |FnA|2:|FnB|2, are 1:2, 0:1, and 1:0, respectively, for the 111, 222, and 220 reflections.
This means that the nuclear resonant scattering spectra for the 222 and 220 reflections con-
sist of only B- and A-site spectrum, respectively. Thus the absorption intensity of the B-site
spectrum in the 222 reflection spectrum and that of the A-site spectrum in the 220 reflec-
tion spectrum are reduced by the emission spectra due to the nuclear resonant scattering.
For the 111 reflection spectrum, the absorption intensity ratio of the A- and B-site spectra
is affected little by the nuclear resonant scattering, since |F oAl Fagl? is 1:2 (equal to the
crystallographic occupancy).

Therefore, in order to obtain the crystal-site-selective Mdssbauer spectrum, only the
nuclear resonant scattering should be extracted. In other words, the electron scattering
should be cut off. The structure factor of the electron scattering is expressed as

Feoc Y foexpli (ki — ko) - ry] Pe, 3)

with the atomic scattering factor f;,, of v-element and polarization factor P.. When the
incident y-ray is w-polarized as in the case of this experiment,

P = cos 205, (@))
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where 6p denotes the Bragg angle. Thus selecting the reflection with 6g ~ 45°, we can
suppress the electron scattering, and at the same time we can suppress the interference
effect. For this purpose we have two options:

1. Use of the reflection index of the sample having g =~ 45°, e.g., the 888 reflection of
FC304 (9]3 = 45.20).

2. Installation of a polarization analyzer between the sample and the counter. As an ana-
lyzer crystal, Si(840) plane is suitable (fg = 45.1°). The analyzer will cut off the
electron scattering regardless of any reflection index of the sample.

We are planning to develop further the Mdssbauer diffractometer by using these two options.
In any case, the sample should be better prepared by using enriched 37 Fe in order to obtain
a well-resolved emission spectrum.

4 Summary

We have developed the Mdssbauer diffractometer by using >’Fe nuclear resonant scatter-
ing apparatus at SPring-8 BL11XU in order to obtain a crystal-site-selective Mossbauer
spectrum. The 6-26 goniometer was newly installed between the nuclear monochromator
and the detector. The (111) or (110) plane disc of Fe3O4 was mounted on the goniome-
ter and the 111, 222, and 220 reflected y-rays were used to collect the diffraction spectra
at room temperature. The intensity ratio of A- and B-spectra changes notably according to
the reflection index. That is, 1:1.5, 1:0.95, and 1:2.5 for the 111, 222, and 220 reflections,
respectively. The spectra consist of the contribution from the electron scattering combined
with nuclear absorption (gives the major absorption spectrum) and the contribution from
the nuclear resonant scattering (gives the minor emission spectrum). Interference effects
between the y-rays due to the electron scattering and that due to the nuclear resonant scat-
tering were also seen as line broadenings, asymmetric line shapes, and slope of the base
lines. These features can be successfully expressed by a Fano function. We consider that the
emission spectrum due to the nuclear resonant scattering represents a crystal-site-selective
Mossbauer spectrum. We are planning to develop further the Mossbauer diffractometer that
can cut off the electron scattering.
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