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M. A. ANDREEVA, R. N. KUZ’MIN

HYPERFINE STRUCTURE OF BRAGG MAX-
IMA IN MÖSSBAUEROGRAPHY
(Presented by Academician N. V. Belov, 9 IX 1968)

A remarkable feature of the Mössbauer effect is that the energy width of the
nuclear gamma-resonance line is comparable with the magnitude of the splitting
of nuclear levels in intracrystalline fields. Therefore, in resonance absorption
spectra the hyperfine structure (h.f.s.) of the lines is resolved. From the distance
between the components one can determine the magnitude 𝐻eff of the magnetic
field at the nucleus or the magnitude of the electric-field gradient (e.f.g.), when
the nuclear moments 𝜇nucl and 𝑄 are known, and also in some cases determine
the angle between 𝐻eff and the axis of the axially symmetric e.f.g. tensor.
The h.f.s. of resonance spectra may be rather complicated, for example if a
superposition appears of several h.f.s.’s corresponding to nuclei with different
atomic surroundings. The shape of the h.f.s. is also affected by the anisotropy
of the Lamb—Mössbauer factor (1), the asymmetry of quadrupole splitting (2,3),
and relaxation processes (4,5). The ratios between transition intensities depend
on the angle between the direction of absorption and the direction of 𝐻eff; for
the 3/2 → 1/2 transition of a completely split “magnetic spectrum”with 6
components, their intensities are in the ratio 3 ∶ 0 ∶ 1 ∶ 1 ∶ 0 ∶ 3 along the
magnetic axis and 3 ∶ 4 ∶ 1 in the perpendicular direction. For a polycrystalline
or multidomain sample, averaging the angular dependences of the components
gives the ratio 3 ∶ 2 ∶ 1. Studies of the angular dependence of h.f.s. components
are usually carried out on plates of single crystals cut in certain directions.

From a study of the diffraction of resonance gamma quanta one can obtain not
only all the information indicated above, but also extract fundamentally new
data concerning the atomic and magnetic structure of crystals. The possibilities
of Mössbauerography in determining scattering phases have been considered in
works (6−8). Bragg maxima may have a hyperfine structure; here it is evident
that the energy spectrum of the diffraction peak is exactly the same as in the case
of absorption, since it is determined by the splitting of the ground and excited
levels of the nucleus in the effective fields and by the selection rules. The ratio
between the intensities of the individual components of the spectrum, however,
proves in the case of scattering to be more contrasted and more sensitive to the
direction of the field. As an example, one may cite how the intensity ratio of
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the 6 components of the magnetic spectrum in the Bragg maximum for Fe57

changes depending on the direction of 𝐻eff in a single-domain crystal. If the
scattering angle 2𝜃 ∼ 90∘, then when the angle of 𝐻eff with the normal to
the reflecting plane 𝜒 changes from 90 to 0∘, the ratio between the intensities
changes respectively from 9 ∶ 16 ∶ 1 ∶ 1 ∶ 16 ∶ 9 to 9 ∶ 2 ∶ 1 ∶ 1 ∶ 2 ∶ 9, 𝜑 = 90∘, and
with a change of the angle 𝜑 (see Fig. 1) for fixed 𝜒 = 45∘ it becomes equal to
9 ∶ 0 ∶ 1 ∶ 1 ∶ 0 ∶ 9 for 𝜑 = 0∘ and 9 ∶ 5.8 ∶ 1 ∶ 1 ∶ 5.8 ∶ 1 for 𝜑 = 90∘. For small
scattering angles the ratio almost does not change with an azimuthal change in
the direction of 𝐻eff, but depends strongly on the angle of 𝐻eff with the normal
to the reflecting plane. The study of the energy spectrum of one reflec-

⋯does not give complete information on the direction of Heff, but an analysis of
the spectra for 2–3 reflections can completely determine the orientation of Heff
(𝑎 means 𝜇at) relative to the reflecting plane (with an accuracy up to ±). It is
noteworthy that the ratio of the spectral intensities is not affected by 𝑓 ′(𝜗)—
the probability of the Mössbauer effect (and other factors connected with the
scattering geometry, the shape of the specimen, etc.).

If the angular resolution of the detector does not make it possible to separate
individual Bragg maxima, especially at large scattering angles, then the ratio of
the intensities of the components turns out to be different; for example, in the
case when Heff ⟂ k1, k2 (𝜒 = 90∘, 𝜑 = 90∘), for all scattering angles the ratio
becomes 1.8 ∶ 4 ∶ 1 instead of 9 ∶ 16 ∶ 1 for the Bragg maximum.

In studying diffraction from a single crystal containing only nuclei with one
value of the field Heff, the study of the h.f.s. in a Bragg reflection gives no
new information about the direction of the intracrystalline fields relative to the
reflecting plane in comparison with registration with a broad beam.

Fig. 1

In the case of a polycrystal, the h.f.s. of the spectrum recorded with a broad
beam is the result of averaging the h.f.s. over arbitrary directions of Heff, which
gives the ratio 3 ∶ 2 ∶ 1, varying only weakly with the change of scattering
angle. With collimation of the beam and isolation of the Bragg reflection in
scattering from a polycrystal, we again obtain complete information on the
direction of Heff in the crystal, since each reflection receives a contribution from
microcrystallites (assumed to be single-domain) having a definite orientation
of the crystallographic axes, which also determines the angle of Heff with the
normal to the reflecting plane.

𝜒 90∘ 45 0∘

2𝜃 = 10∘ 9 ∶ 2.5 ∶ 1 9 ∶ 9.2 ∶ 1 9 ∶ 15.5 ∶ 1
2𝜃 = 40∘ 9 ∶ 4.1 ∶ 1 9 ∶ 5.2 ∶ 1 9 ∶ 10 ∶ 1

Unfortunately, in the case of a polycrystal it is necessary to take into account
the influence of the anisotropy of the probability of the Mössbauer effect 𝑓(𝜃)
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and 𝑓 ′(𝜃).
Analogous arguments are applicable to the case of quadrupole interaction for
determining the e.f.g., as well as the asymmetry parameter 𝜂. Of greater interest
is the case when the crystal contains nuclei with different Heff in magnitude
and direction. However, if the splitting of the levels of all resonant nuclei in
the unit cell differs substantially, so that the overlap of the resonance energies
is insignificant, then each component of the spectrum will manifest itself in
the diffraction peak independently of the others, and the ratio between the
intensities is determined by the relative directions of “its own”fields. In this
case, from the h.f.s. one can obtain information on the magnitude and direction
of two or more fields, as before.

In the case of overlapping resonances of different nuclei, the study of the h.f.s. of
the Bragg peak must be begun with the construction of the structure amplitude,
since now the h.f.s. will not be, in contrast to the case of absorption and
incoherent scattering, a simple superposition of elementary h.f.s. The intensity
of resonant scattering in the direction of a diffraction maximum will correspond
to the addition of the amplitudes 𝑓𝑀𝑗, and not of the intensities, with the
corresponding geometrical factor. The 𝑓𝑀𝑗 may be elliptically polarized in the
case of the presence of a magnetic field.

Then

𝐹ℎ𝑘𝑙 = ∑
𝑗

𝑓𝑀𝑗
(k1H𝑗eff, k2, 𝐸𝑗) 𝑒2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)

(for simplicity, the contribution of Rayleigh scattering to 𝐹ℎ𝑘𝑙 is not consid-
ered), and the ratio between the intensities of the components in the h.f.s. of
the diffraction peak can provide information on the spatial distribution of dif-
ferently oriented fields. The dependence of 𝑓𝑀𝑗

on the magnitude and direction
of the field may lead to the appearance of magnetic maxima whose h.f.s. is not
distorted by interference with Rayleigh scattering.

Table 1

Compound
Space
group 𝑇𝑁 , ∘K

Magnetic
reflec-
tions
ℎ𝑘𝑙 2𝜃

Rayleigh
reflec-
tions
ℎ𝑘𝑙 2𝜃

FeO 𝑂6
ℎ—𝐹𝑚3𝑚 198 1

2
1
2

1
2 9∘58′ 1 1 1 20∘

FeO 𝑂6
ℎ—𝐹𝑚3𝑚 198 1 0 0 11∘24′ 2 0 0 23∘46′

FeO 𝑂6
ℎ—𝐹𝑚3𝑚 198 1 1 0 16∘18′

FeO 𝑂6
ℎ—𝐹𝑚3𝑚 198 3

2
1
2

1
2 19∘6′

𝛼-
Fe2O3

𝐷6
3𝑑—𝑅 ̄3𝑐 250 1 1 1 10∘50′ 1 1 0 13∘24′
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Compound
Space
group 𝑇𝑁 , ∘K

Magnetic
reflec-
tions
ℎ𝑘𝑙 2𝜃

Rayleigh
reflec-
tions
ℎ𝑘𝑙 2𝜃

𝛼-
Fe2O3

𝐷6
3𝑑—𝑅 ̄3𝑐 675 1 0 0 11∘50′ 2 0 0 24∘

FeSn 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 373 0 0 1

2 5∘16′ 100 +
001

10∘40′

FeSn 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 373 1 0 1

2 12∘4′ 1 0 1 14∘50′

FeSn 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 373 0 0 3

2 16∘6′ 1 1 0 18∘18′

FeSn 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 373 1 1 1

2 18∘58′ 200 +
111

20∘58′

FeSn 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 373 0 0 2 21∘26′

FeGe 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 411 0 0 1

2 6∘ 1 0 0 11∘58′

FeGe 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 411 1 0 1

2 12∘54′ 0 0 1 12∘10′

FeGe 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 411 1 1 1

2 20∘44′ 1 0 1 16∘40′

FeGe 𝐷1
6ℎ—𝑝6/𝑚𝑚𝑚 411 1 0 3

2 21∘38′ 1 1 0 21∘48′

FeCO3 𝐷6
3𝑑—𝑅 ̄3𝑐 35 1 1 1 9∘38′ 1 1 0 14∘4′

FeCO3 𝐷6
3𝑑—𝑅 ̄3𝑐 35 1 0 0 12∘30′

ErFeO3 𝐷6
3𝑑—𝑅 ̄3𝑐 620 0 1 1 11∘2′ 0 0 2 13∘6′

ErFeO3 𝐷6
3𝑑—𝑅 ̄3𝑐 43 1 0 1 11∘30′

Note. The angles were calculated for the wavelength of the Mössbauer transi-
tion of Fe57, equal to 0.86 Å, with an accuracy of up to 6′.

Let us give possible nuclear reflections in which there is no contribution from
Rayleigh scattering for some antiferromagnets (Table 1). The appearance of
these reflections is connected with the magnetic ordering of atoms. The ra-
tio between the intensities of the magnetic components in antiferromagnetic
superstructure reflections, irrespective of the field direction, turns out to be
9 ∶ 0 ∶ 1 ∶ 1 ∶ 0 ∶ 9.

The authors express their gratitude to G. S. Zhdanov for discussion of the work.
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