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First Attempt to Observe Velocity Moments in
Mossbauer Spectra Measured with Synchrotron Radiation
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We present the application of velocity moment analysis to Mdssbauer spectra of single-crystal FeB using
synchrotron radiation at BL11XU (SPring-8). This method enables the separation of magnetic dipole
and electric quadrupole interactions by analysing first- and second-order velocity moments, independent
of nuclear properties. Measurements on FeB single crystals demonstrate the feasibility of this approach,
despite challenges from thickness effects.

topics: synchrotron Mossbauer source (SMS), iron monoboride FeB, intensity tensor, velocity moments

(2025)

1. Introduction

It was demonstrated in [1] that with just a few
measurements of a single crystal with a single-site
absorber at various orientations of the wave vector
relative to the sample, magnetic dipole and electric
quadrupole interactions can be separated, and their
orientations determined with respect to the sample
frame. This approach was made possible by the use
of velocity moments, which depend solely on hyper-
fine fields acting on the nucleus [2], unlike absorp-
tion line amplitudes, which depend also on nuclear
properties.

The concept described in [1] was not realised in
practice. The main difficulty in transmission exper-
iments with a radioactive source is the low counting
rate, which limits the possibility of measuring mul-
tiple sample orientations. In contrast, a synchrotron
source offers a collimated high flux of photons, and
energy domain setups [3, 4] and serve as an ideal
tool for the measurement of velocity moments.

The significance of this method lies in its capabil-
ity to disentangle electric quadrupole and magnetic
dipole interactions, even when both are present
simultaneously. Due to the tensorial character of
the velocity moments, the first moment can be rep-
resented in the form of a polar diagram to visu-
alize the orientation of the electric field gradient,
whereas the second moment is sensitive to mag-
netic interactions. When measurements are con-
ducted at various sample orientations using unpo-
larized radiation, this methodology allows for the
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separate imaging of these interactions. Moreover,
the use of circularly polarized radiation enables the
determination of the sign of the hyperfine magnetic
field. In the ideal case of a single-site absorber, both
the orientation of the electric field gradient tensor
and the direction of the hyperfine magnetic field can
be determined with respect to the crystallographic
axes.

Iron—boron-based compounds have recently at-
tracted considerable attention due to their in-
triguing magnetic properties. Recent theoretical in-
vestigations, employing density functional theory
(DFT), have offered new insights into the magnetic
anisotropy of FeB and related systems. In particu-
lar, studies on (FeCo)2B alloys [5] and boron-doped
FeCo thin films [6] have emphasized the influence
of band structure and dopant-induced modifications
on magnetic anisotropy, thereby reinforcing the po-
tential of FeB-based materials for technological ap-
plications. Surface magnetic anisotropy phenomena
in FeBO3 have also been explored using crystal
field models [7], while recent experimental efforts
have systematically characterized spin—orbit inter-
actions in FeCoB nanomagnets [8]. To the best of
our knowledge, the canted ferromagnetic order in
FeB, as originally proposed by Bunzel et al. [9],
has not yet been verified through neutron diffrac-
tion measurements.

In this study, we demonstrate the applicability of
the velocity moments formalism to single crystals
and report the first measurements carried out at the
BL11XU beamline at SPring-8 on a single crystal of
5TFe and B.
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2. Theoretical framework

The n-th velocity moment W, of the single-site
spectrum measured with unpolarized radiation is

defined as

Here, A; denotes the amplitude and v; the position
of the i-th absorption line. The explicit form of the
moments of the spectra was given in [2]. They are
constructed from the hyperfine magnetic field B,
the electric field gradient V, the unit vector ~ par-
allel to the wave vector of the incident photon, and
the isomer shift .

In the present analysis, the focus is only on the
first and second moments
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Here, @ is the nuclear quadrupole moment, e is the
elementary charge (positive value), gy is the nuclear
g-factor for spin I, puy is the nuclear magneton,
Ey is the energy difference between nuclear states,
and c is the speed of light.

The essence of (2)—(5) is that the spectra, ex-
pressed in terms of velocity moments as functions of
the orientation of the photon wave vector, reveal the
pure tensorial characteristics of the hyperfine inter-
actions, independent of explicit nuclear transition
probabilities. The use of unpolarized gamma radi-
ation, which effectively averages over photon po-
larizations, further simplifies the resulting expres-
sions. In practice, spectra often contain multiple

sites, each with its own 4, limiting the applicabil-
ity of (2) and (3).

3. Velocity moments and multicomponent
Méssbauer spectrum of single crystal

We propose applying (2) and (3) to components
extracted from multicomponent spectra. The spec-
trum is fitted using octets (full Hamiltonian compo-
nents), as offered in standard Mossbauer packages,
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and each component can be analyzed separately
with the isomer shift set to zero. This eliminates
terms containing ¢, making the first velocity mo-
ment dependent only on the electric field gradient,
while the second moment reflects magnetic texture
along with contributions independent of wave vector
orientation. The last term in (3) equals 1 A%, where
A is the absorption line separation for B = 0. The
proposed isomer shift treatment enables the sepa-
ration of electric quadrupole and magnetic dipole
interactions, revealing the tensor properties of each
Mossbauer subspectrum.

In single crystals, applying the velocity moment
formalism is less straightforward because crystal
symmetries create a range of local electric field gra-
dient orientations. Instead of « -V -+, one observes
the symmetry-averaged form ~ - V* . 4, where V*
represents the average of R; VRT over symmetry
operations R;.

4. Experimental setup

The experiments were performed at BL11XU of
SPring-8, Japan, using unpolarized 14.4 keV Moss-
bauer + rays produced by a synchrotron Moss-
bauer source [3]. A diamond phase plate close to
the Bragg condition was used as a depolarizer [10].
The source bandwidth was 3.41, where [y is the
natural linewidth of the 5“Fe nucleus [10]. The
~-ray beam was vertically focused by a Kirkpatrick—
Baez mirror. At the focusing position, the vertical
and horizontal beam sizes were approximately 30
and 60 pum, respectively. This beam was intro-
duced into the measurement chamber mounted on
a 4-axis stage. Additionally, an external magnetic
field of 127 kA/m was applied to the crystal to
suppress the domain structure and to ensure uni-
form magnetization within the sample. The trans-
mission Mdssbauer spectroscopy spectra were mea-
sured using an Nal scintillation detector. The count
rate with the sample inserted was approximately
1500-4500 cps. The Doppler velocity scale was cali-
brated in the usual transmission geometry by using
a 57Fe metal foil at room temperature.

5. Sample

The single crystals of FeB were synthesized by
melting metallic iron enriched to approximately
95% in the 5"Fe isotope and boron in an arc fur-
nace. The bulk samples were annealed, crushed, and
crystal grains ranging in size from 20 to 500 pm
were selected. The quality of the single crystals
was evaluated using X-ray diffraction performed
on an Oxford Diffraction SuperNova dual source
diffractometer with a monochromatic MoK,
X-ray source (A = 0.70930 A). Data collection and
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Fig. 2. Two examples from the series of Mossbauer
spectra of FeB single crystal. (a) Spectrum is fitted
with a single component. (b) Spectrum includes an
18% contribution from a low-field component along-
side the dominant one.

processing were carried out using the CrysAlisPro
software [11]. The crystal structures were solved by
direct methods using SHELXT and refined with
SHELXL [12], based on the independent atom
model, indicating an orthorhombic Pnma structure
(no. 62 space group). The grain was rigidly glued
to the X-ray holder needle, and its orientation was
measured by Laue diffraction (see Fig. 1).

6. Results

Twenty-three spectra were collected, and two ex-
amples are shown in Fig. 2. Transmission integral
fitting was used in the analysis [13, 14]. The sig-
nificant thickness effect hinders the straightforward
interpretation of the hyperfine structure. We per-
formed simulations for the ellipsoidal sample shape
with extreme dimensions obtained from optical mi-
croscopy (Fig. 1a). After including the beam sizes
(30 pm and 60 pm) and the beam direction, the es-
timated thicknesses for the measurements (Table I)
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(a) Oriented single crystal grain of FeB enriched in the 5"Fe isotope and (b, ¢, d) Laue spots in the

ranged between 1020 and 2200. The thickness dis-
tribution was between 10 and 115. Therefore, we
attempted to use known parameters of FeB spec-
tra. The spectra of single-crystal and polycrystalline
FeB, each consisting of a single sextet, were pre-
sented in [15] and [9], respectively, while spectra
of polycrystalline samples presented in [16] and [2]
show an additional magnetic component, inter-
preted as the influence of substitutional boron [16].

As the fraction of the additional component is
unknown, the spectra were analyzed assuming its
contribution to be 0%, 18%, or 26% of the spec-
tral area. When performing the fits, we assumed
that for the main FeB component, one obtains
V.. = —0.459 mm/s and the asymmetry parameter
is 7 = 0.46, consistent with the spectra presented
in [2]. The orientation of the hyperfine interactions
with respect to the wave vector and the thickness
parameter were fitted to the spectra.

Although the quality of the fits shown in Fig. 2
is rather good, the extracted values of the veloc-
ity moments W; and W, were influenced by large
uncertainties due to the aforementioned thickness
effects. Numerical values are presented in Table I.
The uncertainties associated with W7 and W5 were
estimated based on the analysis of independent ex-
periments performed with identical sample orienta-
tion relative to the photon wave vector.

7. Discussion

Since FeB crystallizes in the Pnma space group
(no. 62), the electric field gradient (EFG) tensor V
at the Fe site has arbitrary orientation and trans-
forms under the symmetry operations: (x,y,z2),
(—x,—y, 2), (—z,y,—2), (x, —y, —2), and their com-
positions with inversion.

Let the corresponding rotation matrices be de-
noted by R; (i = 1,...,4). A direct calculation

shows that the averaged tensor
* 1 4 T
V= Zizl R; VR? (7)

is diagonal when expressed in the principal axes of
the Pnma space group.
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TABLE I

Experimentally obtained values of the velocity moments W7 and Wa (columns 4 and 7), along with a comparison
to fitted site-averaged values (columns 5 and 8) related to the green surface in Fig. 3 and the red curve in Fig. 4,
respectively. The Cartesian coordinates of the « vector in the sample frame, shown schematically in Fig. 1, are
presented in columns 1-3. The data in columns 4 and 5 correspond to Fig. 3, while the data in columns 6-8 refer

to Fig. 4.
W1 £ 0.015 Witn ¢ Wy £0.11 Woth
o " " fram /s] [mm/s] | [deg] | [mm?/s’] [tam® /s?]
1 2 3 4 5 6 7 8
1 0.494 —0.752 0.436 0.094 0.089 —30 2.28 2.73
2 0.984 —0.102 —0.144 0.081 0.087 30 2.33 2.73
3 0.95 0.111 —0.291 0.065 0.082 45 2.35 2.541
4 0.494 —0.752 0.436 0.062 0.089 —-30 2.36 2.73
5 0.755 —0.599 0.267 0.096 0.092 —10 2.63 2.221
6 0.926 —-0.373 0.065 0.099 0.092 10 2.40 2.221
7 0.984 —0.102 —0.144 0.089 0.087 30 2.15 2.73
8 0.95 0.111 —0.291 0.066 0.082 45 2.33 2.541
9 0.257 —0.808 0.53 0.099 0.085 —45 2.37 2.541
10 0.494 —0.752 0.436 0.083 0.089 -30 2.43 2.73
11 0.984 —0.102 —0.144 0.081 0.087 30 2.27 2.73
12 0.95 0.111 —0.291 0.084 0.082 45 2.19 2.541
13 0.257 —0.808 0.53 0.091 0.085 —45 2.38 2.541
14 0.494 —0.752 0.436 0.11 0.089 —-30 2.26 2.73
15 0.755 —0.599 0.267 0.108 0.092 —-10 2.26 2.221
16 0.926 —-0.373 0.065 0.109 0.092 10 2.32 2.221
17 0.984 —0.102 —0.144 0.103 0.087 30 2.43 2.73
18 0.95 0.111 —0.291 0.104 0.082 45 2.28 2.541
19 0.853 —0.493 0.169 0.099 0.093 0 2.41 1.999
20 0.525 —0.692 0.495 0.102 0.083 — — —
21 0.701 —0.643 0.309 0.08 0.092 — — —
22 0.237 —0.685 0.689 0.075 0.066 — — —
23 0.525 —0.692 0.495 0.095 0.083 — - —

A method for reconstructing the averaged ten-
sor V* from experimental data is proposed. Since
the EFG is a traceless second-order tensor, it surely
contains both positive and negative components,
which complicates its direct representation using
polar plots — unlike, for example, the inertia or
diffusion tensors, which form ellipsoids. To circum-
vent this, the following quantity is considered for
plotting

vV ey T (V- V), (8)

which is a strictly positive function of the unit vec-
tor . According to (1), with a sufficient number
of measurements performed for various orientations
of the wave vector -, this representation reflects
the shape of V*, as illustrated by the green surface
in Fig. 3.
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In the present experiment, the available dataset is
limited and exhibits considerable dispersion. There-
fore, the surface shown in Fig. 3 corresponds to a fit
based on the values reported in Table I (column 5),
under the assumption of orthorhombic symmetry
and alignment of the principal axes of V* with the
crystallographic directions.

In the ferromagnetic state, FeB exhibits two mag-
netically easy axes within the ab plane [17]. In the
measurement shown in Fig. 4, the external magnetic
field was applied partially along the hard ¢ direc-
tion. Since the saturation field in the easy plane is
approximately 160 kA /m [17], full magnetic satu-
ration of the crystal is not expected. Despite this,
the experimental data show strong dispersion, and
W5 does not exhibit a systematic dependence on
the angle ¢. Consequently, although W5 could, in
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Fig. 3. Comparison of the experimentally deter-
mined first velocity moment with theoretical ex-
pectations. The green surface represents the the-
oretical avy - V* - o values. The distance from any
point p on this surface to the origin O is equal to
(ay-V*-~y+5)/8, where ~y is a unit vector along Op,
and s = a4/ Tr[V?] = 0.582 mm/s ensures positivity.
Arrows indicate the incident photon wave vector di-
rections, with arrowhead distances from O given by
W1 + s, where Wi is the measured value (Table I,
column 4). Red arrows denote W7 + s exceeding
theoretical values, while blue arrows indicate lower
values. The orientation of the FeB unit cell frame
is shown by a thick line. The radially oriented error
bar, shown at the head of the arrow closest to the
a edge of the unit cell, is representative and applies
uniformly to all arrowheads.

principle, provide insight into the crystal’s magnetic
state, the present measurements do not allow for
such a determination.

The obtained results exhibit significant disper-
sion. Ideally, the arrowheads in Fig. 3 should lie
on a single surface (e.g. the green one), and the
black points in Fig. 4 should align along a single
curve. The strong dispersion remains not fully un-
derstood. One likely contributing factor is the ef-
fect of absorber thickness, which can broaden and
distort the spectral lines. Variations in thickness
across different regions of the single crystal pre-
sumably contribute to this effect, leading to an un-
accounted distribution of thicknesses in the anal-
ysis. For future work, a detailed explanation of
the mechanism of the effect of thickness and a
quantitative simulation of the data variability are
essential.

Attempts to use smaller single crystals were hin-
dered by the beam size, which exceeded the crystal
dimensions, resulting in poor spectral statistics. Ad-
ditionally, fitting with different contributions (0%,
18%, 26%) of the second, low-field component did
not improve the regularity of the velocity moments.
To evaluate the sensitivity of the velocity moments
to such compositional variations, a Monte Carlo
analysis is required.
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Fig. 4. Comparison of the experimentally deter-
mined second velocity moment with theoretical ex-
pectations. The red curve represents the theoretical
b1(B - ~)? values, with red arrow lengths given by
b1 (B - )? 4 const, where ~ is a unit vector along
the arrow. The green curve represents the constant
value const = baB” + 5 a® Tr[V?]. Black points
mark the incident photon wave vector directions,
with their distances from the origin corresponding
to the measured W> values (Table I, column 7). The
blue arrow indicates the direction of the applied ex-
ternal magnetic field. The radially oriented error
bar, shown for a single data point, is representative
and applies uniformly to all data points.

Future experiments are expected to yield re-
liable results by using precisely enriched °7Fe
single-crystal absorbers with optimized thickness,
in combination with a microfocus synchrotron beam
delivering a smaller spot size.

8. Conclusions

The extension of the velocity moments formalism,
originally introduced for a single-site system, to sin-
gle crystals with characteristic symmetries and mul-
ticomponent spectra has been demonstrated. The
first and second velocity moments of a subspectrum
reflect its tensor properties and enable the separa-
tion of magnetic dipole and electric quadrupole in-
teractions. The first moment reflects crystal symme-
try, while the second moment captures the angular
distribution of the hyperfine magnetic field, which
is closely linked to macroscopic magnetization. We
have demonstrated how to separate magnetic dipole
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and electric quadrupole contributions in the case of
mixed interactions from spectra of a crystal showing
the presence of several orientations of local environ-
ments related to crystal symmetries. Unfortunately,
the experimental precision of this first attempt was
not fully satisfactory.

Future work will focus on the preparation of sam-
ples with a smaller effective thickness and enhanced
uniformity to improve spectral resolution.
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