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Refinement of magnetic domains in FeTbGe2O7
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Antiferromagnetic polycrystalline FeTbGe2O7 compound presents an ordered magnetic phase when its temperature decreases below the
Néel temperature TN = 42 K. By mean of Rietveld refinement of collected neutron diffraction data, the broadened part of the magnetic peaks
was modeled in order to analyze the effect of average size of magnetic domains on the evolution of magnetic structure with temperature.
The rise of the magnetic structure was found to be sensitive to the shortening of distances along theb-axis between the magnetic atoms
located in thebc-sheets of the layered structure. When the magnetic structure is generated, chains along theb-axis of Tb3+-Tb3+ atoms are
antiferromagnetically coupled. At the same time, ferromagnetic coupling along thec-axis between Tb3+-Fe3+ atoms located in contiguous
chains, couples all the chains along a sheet in the layered structure. The three-dimensional magnetic structure is reached by the ferromagnetic
coupling between the set of sheets parallel tobc in the layered structure. A correlation between the size of the magnetic domain and the reach
of the saturation value for the magnetic moment for Fe3+ is suggested. The magnetic reflections appear below 42 K and were modelled
independently from those reflections coming from the crystal structure ignoring the effect of magnetostriction.
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El compuesto policristalino FeTbGe2O7 antiferromagńetico presenta una estructura magnética cuando su temperatura desciende por debajo
de la temperatura de Néel TN = 42 K. Por medio del refinamiento Rietveld de los datos de difracción de neutrones, se modeló el ensan-
chamiento de las reflexiones magnéticas con el fin de analizar el efecto del tamaño medio de los dominios magnéticos y la evolucíon de la
estructura magńetica con la temperatura. Se encontró que el desarrollo de la estructura magnética es sensible al acortamiento de distancias
a lo largo del ejeb de átomos magńeticos situados sobre planos paralelos abc en la estructura laminar. Cuando se genera la estructura
magńetica, se forman cadenas deátomos Tb3+-Tb3+ a lo largo del ejeb que se acoplan antiferromagneticamente. A su vez, se establece
un acoplamiento ferromagnético a lo largo del ejec entreátomos Tb3+-Fe3+ que se sit́uan en cadenas contiguas en todas las cadenas que
forman una hoja en la estructura laminar. La estructura magnética tridimensional se logra por el acoplamiento ferromagnético entre el con-
junto de hojas paralelas abc en la estructura en capas. Se sugiere una correlación entre el tamãno del dominio magńetico y el alcance del
valor de saturación para el momento magnético de Fe3+. Las reflexiones magnéticas que aparecen por debajo de 42 K pudieron modelarse
independientemente de las reflexiones procedentes de la estructura cristalina, ignorando el efecto de la magnetostricción.

Descriptores: Thortveitita; nanofase; antiferromagnetismo; diffracción de neutrones.

PACS: 61.05.F-; 61.46.-w; 75.47.Lx; 75.50.Ea

1. Introduction

Although originally conceived for dealing with nuclear and
magnetic structures, in which a set of parameters are refined
following a least squares procedure [1], the Rietveld method
has also been successfully applied for microstructural analy-
sis, which typically includes crystallite size and micro strain
effects [2,3]. This analysis takes advantage on the way that
the microstructural effects contribute to the broadened peak
shapes obtained from the X-ray or neutron powder diffrac-
tion data [4,5]. For conventional refinements, the well-known
pseudo-Voigt function (a linear combination between a gaus-
sian and a lorentzian function) is the most typical mathemat-
ical function that gives the best fit to the shapes of the Bragg
peaks obtained from X-ray or neutron powder diffraction ex-
periments. In such cases, each peak has a full width at half-
maximum (FWHM) given by the Caglioti, Paoletti and Ricci
formula [6]

FWHM2 = u tan2 θ + v tan θ + w (1)

whereu, v andw are the refinable parameters which have
no physical meaning under the scope of a microstructural
model (i.e. crystallite size, lattice distortions, etc.). At first
instance, the solely refinement of the profile parametersu, v
andw is enough to successfully reach a detailed structural
information (crystallographic or magnetic). Thompson, Cox
and Hastings [2] reported a modified pseudo Voigt function
in which the maximum physically significant information on
the sample microstructure, is performed by a correct convo-
lution of instrumental function with intrinsic profile function
(both considered Voigtians). In the FULLPROF program for
Rietveld refinements [7], the modified pseudo Voigt function
has gaussian (FWHMG) and lorentzian (FWHML) compo-
nents of FWHM which have the expressions
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FWHM2
G = [u + (1− ζ)2D2

ST ] tan2 θ

+ v tan θ + w +
IG

cos2 θ

FWHML = [χ + ζDST ] tan θ +
y + F

cos θ

When an instrumental resolution function is given [7] thev
andw parameters are fixed to zero and the remaining param-
eters in the previous formula,u, x have a meaning in terms of
strain; ory, IG in terms of size. DST and F are functions de-
fined according to specific models for anisotropic strain and
size contributions respectively which include additional re-
finable parameters. They parameter provides a size value
〈S〉 given by 180kλ/(πy); wherek is the FWHM - integral
breath ratio, which is2/π for a lorentzian. With such value
for k, 〈S〉 represents the volume averaged crystallite diameter
in all directions.

For the case of magnetic reflections, if the broadening of
the diffraction peaks is considered entirely due to the inter-
action of the neutron spin with the magnetic moments of the
atoms constituting a magnetic structure, then the mean size of
magnetic domains in the sample can be estimated, which al-
lows to obtain relevant information concerning the magnetic
microstructure of the sample under study.

A case of magnetic structure has been reported for the
layered compound FeTbGe2O7 [8] as well as its crystal struc-
ture, which is described as belonging to the monoclinic sys-
tem with space group P21/m (No. 11). This structure is re-
lated with that of mineral thortveitite, ScxY1−xSi2O7, whose
symmetry is described by the space group C2/m (No. 12).
Its arrangement can be explained as follows: Sc3+ and Y3+

cations are at the centre of an octahedron and share sta-
tistically the same and unique crystallographic position for
these atoms. This kind of octahedra is disposed forming a
honeycomb-like arrangement along theab planes. In turn,
these ScO6/YO6 octahedral layers are held together by sheets
of isolated diorthogroups Si2O7 constituted by two tetra-
hedra sharing a common vertex (the bridging oxygen, in
which the Si-O-Si angle is 180◦). In the crystal structure of
FeTbGe2O7, the bridging oxygen is distorted in such a way
that lies enough closer of a Tb3+ cation, becoming part of
its coordination sphere. Thereby the Tb3+ cation changes its
coordination with oxygen from 6 to 7. Consequently, the Ge-
O-Ge angle is not 180◦, and the unique crystallographic posi-
tion for Tb3+/Fe3+ cations splits into two independent crys-
tallographic positions: one for Tb3+ (seven-coordinated) and
the other for Fe3+ (six-coordinated); the symmetry is now de-
scribed by the space group P21/m [8]. The magnetic structure
reported for FeTbGe2O7 shows a simultaneous three dimen-
sional antiferromagnetic ordering on Fe and Tb sublattices at
42 K, the Ńeel temperature [8]. The reported magnetic struc-
ture lacks detailed information concerning the behaviour of

the magnetic moment components of the involved atoms as
the cell parameters changes into the temperature range stud-
ied. The aim of this work is to carry out a careful description
in terms of the evolution of the magnetic microstructure, -the
mean size of magnetic domains in the sample-, the cell pa-
rameters (the crystal structure distortion) and magnetic mo-
ment components along the crystallographic base vectors as
temperature changes from 1.7 and 200 K by Rietveld refine-
ment of the neutron diffraction data.

2. Experimental

FeTbGe2O7 was prepared as described in Ref. 8 and its neu-
tron powder diffraction patterns (NPD) were collected on the
high flux and medium resolution D1B powder diffractometer
at Institut Laue - Langevin, Grenoble. On about 10 g of sam-
ple was introduced in a cylindrical vanadium can which was
held in a liquid helium cryostat for measurements at low tem-
peratures from 1.7 to 200 K using a neutron beam with 2.52Å
wavelength. The neutron powder diffraction patterns (NDP)
were approximately collected each 1 K in 5 min within an-
gular range15 ≤ 2θ ≤ 85◦ on intensity counts collected in a
3He multidetector.

Rietveld method implemented in FULLPROF pro-
gram [7] was used to refine the magnetic structure on each
NPD pattern using the pseudo Voigt function modified by
Thompson, Cox and Hastings. The refinement began with
the 1.7 K NPD pattern in such a way that the results obtained
in this first refinement were used as starting parameters to
refine the next NPD. The successive refinements were car-
ried out with this procedure taking into account the presence
of two phases: one due to the crystal structure contribution,
and the other due to the magnetic contribution. These re-
finements finished at 42 K NPD when there are very weak
magnetic peaks not suitable for a refinement. This first set
of refinements were used to perform the analysis of the mean
size of magnetic domains in the sample, the cell parameters
(the crystal structure distortion) as well as the magnetic mo-
ment components along the crystallographic base vectors at
temperatures below 42 K.

In the next successive refinements until 200 K only the
crystal structure contribution to the observed Bragg peaks
was considered. These set of refinements were used to ob-
tain the variation of the cell parameters from above 42 K until
200 K.

The background was fitted using a refinable quadratic
polynomial function in 2θ. The magnetic form factors for
Tb and Fe were taken from those reported by Brown [9].

3. Results and Discussion

Figure 1 displays the variation of lattice parameters with tem-
perature from 1.7 to 200 K. The first graph (Fig. 1a), shows
an almost constant comportment for lattice parametera on
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FIGURE 1. Thermal variation ona, b, c andβ lattice parameters.

FIGURE 2. Ferromagnetic coupling between parallelbc planes
along thea-axis.

the range below 25 K and after 42 K, varying suddenly
around the Ńeel temperature. On their turn,b andβ parame-
ters (Figs. 1b and 1d) show approximately a linear behaviour;
while c parameter practically keeps constant all the tempera-

FIGURE 3. Magnetic moments of Fe3+ and Tb3+ lying ferromag-
netically coupled alongc axis on bc planes while antiferromagnetic
couplings between Fe3+-Fe3+ and Tb3+-Tb3+ alongb axis are ly-
ing also on bc planes at 1.7 K temperature.

ture range (Fig. 1c). These very important structural changes
are not clearly observed in Ref. 8, since the information re-
ported in the paper, only covers a temperature range from 2 to
60 K: the graphs reported in the reference show a practically
constant variation with temperature for all the parameters; the
only exception is thea parameter, which changes its constant

Rev. Mex. Fis.61 (2015) 432–436



REFINEMENT OF MAGNETIC DOMAINS IN FeTbGe2O7 435

FIGURE 4. Thermal evolution of the ordered magnetic moments of Fe3+ and Tb3+ in FeTbGe2O7: (a) magnetic moment moduli; (b)
magnetic moment component along [100] direction; (c) magnetic moment component along [001] direction; (d)Φ is the angle between the
magnetic moment and the [001] direction.

FIGURE 5. Volume averaged on magnetic domain crystallite diam-
eter mag〈Smag〉 as function of temperature.

its constant behaviour to increase approximately after 30 K.
In general, these observations suggest that as the magnetic

structure is destroyed, the sheets forming the layered struc-
ture, suddenly moves away one to another along thea-axis
with a shear displacement along [001] direction giving rise to
an abrupt change of thea-parameter around the Néel temper-
ature (Fig. 2). The shear effect agrees with the linear increase
of the monoclinic angleβ.

The magnetic structure of FeTbGe2O7 compound shows
a simultaneous three-dimensional antiferromagnetic ordering
on Fe and Tb sublattices at 42 K, the Néel temperature [8]
(Figs. 2 and 3). At 1.7 K the magnetic moments reported in
Ref. 8 for Fe3+ and Tb3+ are 3.91(7) and 7.98(8)µB (Bohr
magnetons) respectively, and lies ferromagnetically coupled
along c axis onbc planes (Fig. 3). In the refinements re-
ported here (taking into account the microstructural effects
of the magnetic domains), we have obtained 4.08(7) and
8.50(8)µB (Bohr magnetons) for the magnetic moments of
Fe3+ and Tb3+ respectively at 2.8 K temperature. Couplings
between Fe3+-Fe3+ and Tb3+-Tb3+ are antiferromagnetic
alongb axis onbc planes; and occurs in pairs in case of Fe-Fe
interactions (Fig. 3). On the other hand, coupling between
parallelbc planes was found to be ferromagnetic along thea-
axis with relatively small components ina direction (Fig. 2).
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The variations of the magnetic moments for Fe3+ and
Tb3+ cations with temperature along the main crystallo-
graphic directions have been examined in order to relate them
with the corresponding changes measured for the unit cell
parameters with temperature. Variations of the magnetic mo-
ment moduli with temperature for Fe3+ and Tb3+ are pre-
sented in Fig. 4a. Below 25 K the magnetic moment moduli
for Fe3+ atoms show a saturation effect, whereas for Tb3+

the saturation is observed below 8 K. The corresponding
components of the magnetic moments along [100] and [001]
directions are displayed in Figs. 4b and 4c respectively; the
angle between the magnetic moment and thec-axis (ϕ) as
function of temperature appears in Fig. 4d. Both magnetic
moments for Fe3+ and Tb3+ have a major components along
the c-axis, whose values becomes larger as temperature in-
creases and reaches a saturation limit close to the Néel tem-
perature. Sinceϕ angle tends linearly to zero with tempera-
ture for Fe3+ and is approximately constant for Tb3+, there is
a remarkable strong tendency for alignment of the magnetic
moment for Fe3+ towardsc-axis in comparison with that for
Tb3+.

When the arrangement of magnetic moments is presented
below 42 K, the distance alongb-axis involved in the antifer-
romagnetic couplings is almost constant. Below 42 K, we
could not observed significative changes in the interatomic
distances for Fe3+-Fe3+, Tb3+-Fe3+, or Tb3+-Tb3+, ob-
tained from the diffractograms measured at temperatures in
the range lower than 42 K. These results agree with the ap-
proximately constancy behaviour ofb andc parameters below
42 K. This last fact allow us to ignore the effect of broadening
by magnetostriction of the magnetic Bragg peaks measured in
the neutron difractograms below 42 K. Then we could con-
sider that the broadening of the diffraction peaks was entirely
due to the interaction of neutron spins with the magnetic or-
dering in the several planes of the material. Above 42 K,
when there is no magnetic structure, a linear variation ofb-
parameter was shown by the sample, whilec-parameter was
kept constant from 1.7 to 200 K (Fig. 1c). The interatomic
distances involved to give the magnetic interactions appear
along planes parallel to thebc plane;i.e. the relevant changes

in the atomic coordinates related with the magnetic interac-
tions for the magnetic atoms arey andz.

The refinement of isotropic particle size broadeningy, in
case of magnetic peaks, allows us to determinate the “volume
averaged on magnetic domain crystallite diameter”〈Smag〉.
The last could be interpreted as the maximum effective dis-
tance at which magnetic ordering is reached forming a do-
main. The plot of〈Smag〉 versus temperature is show in Fig. 5.
It can be seen that below 25 K,〈Smag〉 is almost constant and
close to 300 nm, while the magnetic moment moduli of Fe3+

cations are also constant and near to its saturation value of
4 µB in this temperature range.

4. Conclusions

As coordinatey exhibit more significative changes thanz for
the magnetic atoms in the sheet when the sample reaches the
Néel temperature as temperature is decreased, the rise of the
magnetic structure could be considered basically sensitive
to the shortening of distances along theb-axis between the
magnetic atoms located in thebc-sheets of the layered struc-
ture. Along theb-axis, chains of antiferromagnetically cou-
pled Tb3+-Tb3+ atoms are formed and linked one to another
by ferromagnetically coupled Tb3+-Fe3+-Tb3+ atoms along
thec-axis. It can be suggested a correlation between the size
of the magnetic domain and the reach of the saturation value
for the magnetic moment for Fe3+. Below 42 K, magnetic re-
flections appear and were modelled independently from those
reflections coming from the crystal structure by the modi-
fied pseudo Voigt function and ignoring the effect of magne-
tostriction. By this way, we are able to estimate the behaviour
of the mean size of magnetic domains in the sample in the
cited temperature range and improve the results obtained for
the magnetic structure and its change with temperature.
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7. J. Rodŕıguez Carvajal 1990 “FULLPROF: A Program for
Rietveld Refinement and Pattern Matching Analysis”, Ab-
stracts of the Satellite Meeting on Powder Diffraction of the
XV Congress of the International Union of Crystallography,
Toulouse, France, (1990) p. 127.

8. C. Cascales, L. Bucio, E. Gutiérrez-Puebla, I. Rasines, and
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