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Abstract. The magnetic structure of the compounds Pr6Fe13Si and Nd6Fe13Au has been studied
by powder neutron diffraction. The magnetic structures are very similar, revealing the same
collinear antiferromagnetic ordering of the Fe (four) and the R (two) sublattices associated with
the wavevectorq = (001) and anIP type magnetic lattice with anticentring translation. The
moments of all sublattices located in (xy0) layers and sandwiched between successive Si (Au)
layers perpendicular toz at z = −0.25, 0.25, are confined to the same direction within the (xy0)
plane. They change their direction collectively when going to the next Au (Si) layers atz = 0.25,
0.75, thus producing antiferromagnetic ordering within all eight sublattices. At 1.5 K, the rare earth
moments in Nd6Fe13Au are equal to 3.4(2)µB for Nd1 and 2.5(1)µB for Nd2. In Pr6Fe13Si the
two Pr sites have almost the same moment of 2.8(1)µB at 1.5 K. The average ordered Fe moment
value is lower in Pr6Fe13Si (1.57µB/Fe atom) than in Nd6Fe13Au (2.3µB/Fe atom).

1. Introduction

Rare earth compounds of the type R6Fe13X are formed by combining light rare earths with
X≡Cu, Ag, Au, Si or Sn. These compounds crystallize in the tetragonal Nd6Fe13Si structure
[1, 2] of space groupI4/mcm as an ordered variant of the La6Co11Ga3 structure [3]. There are
two rare earth sites, R1 (8f) and R2 (16l) and four Fe sites, Fe1 (4d), Fe2 (16k), Fe3 (16l1) and
Fe4 (16l2). The magnetic properties of the R6Fe13X compounds were studied by numerous
authors [2, 4–12].

In several investigations it was found that magnetic ordering is characterized by a Néel-type
transition at temperatures around 400 K [9–12] which was also confirmed by Mössbauer
spectroscopy [7, 10]. The absence of a spontaneous magnetization of any significance at
4.2 K suggests that the magnetic structure consists of an antiferromagnetically ordered rare
earth sublattice and an antiferromagnetically ordered Fe sublattice [9, 11]. For the compounds
Pr6Fe13Ag and Pr6Fe13Au this was recently confirmed by neutron diffraction [8]. In fact, we
found that the magnetic ordering of these two compounds displays a collinear antiferromagnetic
ordering associated with the wavevectorq = (001), corresponding to anIP magnetic lattice
with anticentring translation. The moments of all sublattices located at (xy0) layers and
sandwiched between successive Ag (Au) layers perpendicular toz at z = −0.25, 0.25 are
confined to the same direction within the (xy0) plane. They change their direction collectively
when going to the next X layers atz = 0.25, 0.75. The thermal evolution of the magnetic
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intensities confirmed that the ordering temperatures are somewhat below 400 K, but also
showed that the moments of the R2 atoms located at both sites of the-non magnetic layers
where the sign change takes place order at lower temperatures.

Quite different results were obtained by Yanet al [4] and Fangwei Wanget al [5] who
report on the basis of neutron and x-ray data a collinear ferrimagnetic moment arrangement for
the Nd6Fe13Si and Pr6Fe13Si compounds with the moments forming two antiferromagnetically
coupled sublattices: R1(8f)↑, R2(16l)↑, Fe1(4d)↑, Fe2(16k)↓, Fe3(16l1)↓, Fe4(16l2)↓. The
antiparallel coupling between the R moments and the net Fe moments led the authors to propose
the occurrence of a compensation temperature upon cooling. These authors furthermore
propose that the preferred moment direction is alongc, which is at variance with our previous
neutron diffraction results [8]. For this reason we have extended our neutron investigation to
the compound Pr6Fe13Si. Furthermore, in order to study the influence of a variable rare earth
component on the magnetic structure, we extended our previous investigation on Pr6Fe13Au
to Nd6Fe13Au.

2. Sample preparation

The Pr6Fe13Si and Nd6Fe13Au samples were prepared by arc melting starting materials of at
least 99.9% purity. In order to suppress the formation of compounds of the 2:17 type as far
as possible we used an excess of about 2% of R. After arc melting the samples were wrapped
into Ta foil, sealed into an evacuated quartz tube and annealed for about three weeks at 600◦C.
After annealing the samples were quenched to room temperature by breaking the quartz tubes
in water. The x-ray diffraction diagrams showed that the annealed samples were approximately
single phase, their crystal structure corresponding to the tetragonal Nd6Fe13Si structure type.

3. Neutron diffraction

The neutron diffraction experiments were carried out on powder samples of Pr6Fe13Si and
Nd6Fe13Au in the temperature range 1.5–450 K. The data were collected with the D1A and
D1B (double axis multicounter diffractometers) at the facilities of the ILL in Grenoble using
the wavelengthsλ = 1.9114 Å andλ = 2.531 Å, respectively. The step increment of the
scattering angle 2θ was 0.05 or 0.1◦ for the D1A data, and 0.2◦ for the D1B data. The data
were corrected for absorption and evaluated by the FullProf program [13]. The high resolution
(HR) data obtained on the D1A instrument in the 2θ range 0–160◦ were used for structural
(nuclear and magnetic) refinements for a few temperatures. The allocated beam time did not
allow the use of a larger wavelength that would have made it possible to include also the first
magnetic reflection in the magnetic refinements (see next sections). The data comprising the
first magnetic reflection were therefore restricted to the D1B instrument. The D1B data were
collected with a 5–10 K step in temperature (2θ range 2–82◦) in order to derive the magnetic
phase diagram only for the Pr6Fe13Si compound.

3.1. Nuclear structure of Pr6Fe13Si (HR 410 K dataλ = 1.9114 Å)

The neutron diffraction pattern collected in the paramagnetic state at 410 K is shown in the top
part of figure 1. The refined parameters, given in table 1, confirm the type of crystal structure
reported earlier [1, 2]. TheR-factor values are satisfactory and indicate no other significant
deviation from the basic structure. Some foreign lines were identified to belong to a small
amount (6.8%) of the hexagonal Pr2Fe17 phase [14] present as impurity and were included in
the refinement.
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Figure 1. A part of the observed, calculated and difference neutron HR patterns (D1A
diffractometer) of Pr6Fe13Si in the paramagnetic state at 410 K and the magnetically ordered
state at 293 K. The strongest magnetic reflections are indicated by arrows. Thehkl indices are
indicated for some of the reflections. The relative intensities of the magnetic reflections falling
outside the frame of the figure have been indicated by numbers.

3.2. Magnetic ordering of Pr6Fe13Si (q = 0, 0, 1) HR dataλ = 1.9114 Å

The major characteristic of the 293 K (D1A data) neutron patterns collected in the magnetically
ordered state is the presence of a dominant (001) reflection at 2θ = 4.8◦ (see figure 1
(bottom part)). The same characteristics are also found in the D1B data collected at 110 K (see
next section). The other magnetic contributions are difficult to distinguish from the nuclear
reflections at higher angles. These observations in the neutron patterns of the magnetically
ordered state suggest low magnetic intensity values. This can be expected to make the data
analysis cumbersome, because the weak magnetic reflections may overlap with the stronger
nuclear ones in view of the large lattice constants. Here we wish to mention that the dominant
(001) reflection is missing in the D1A data obtained at 1.5 and 120 K (collected with another
cryostat) because of the different position of the primary beam cutter.

The percentage of magnetic intensities relative to the overall intensity does not exceed
6% when the (001) reflection is excluded, but it becomes over 40% when including the (001)
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Figure 2. A part of the observed, calculated and difference neutron HR patterns (D1A
diffractometer) of Pr6Fe13Si in the magnetically ordered state at 120 K and 1.5 K. The strongest
magnetic reflections are indicated by arrows.

reflection. A further difficulty is that the peak shape of this reflection (excluded from the
refinements) is far from Gaussian due to defects of the neutron optic system of the D1A
instrument and most likely a part of this reflection is reduced by the beam cutter. For similar
reasons, the strong asymmetry of the first nuclear reflection cannot be fitted properly. The
inclusion of the first peak in the refinements was effected only for the D1B data, shown in
figure 3. The results are included in table 1 for comparison with the D1A results obtained in
the same temperature range. In all D1A refinements given in the tables the (001) reflection was
excluded. A further weak point in the data analysis is the difficulty of estimating the background
in the high 2θ range due to the large peak overlap (large cells). This has the consequence of
leading to largeRwp values of 16–17% for the D1A data when using the full 2θ range 7–150◦.

The observation of odd (00l) reflections suggests a purely antiferromagnetic structure
with the wavevectorq = (0, 0, 1). The I centring condition (h + k + l = 2n) is not
fulfilled and the magnetic lattice denoted byIP [15, 16] has a (1/2,1/2,1/2) antitranslation.
Moreover, the observed strong purely magnetic (001) intensity suggests that the main axis of
antiferromagnetism is confined to the (001) plane.
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Figure 3. Observed, calculated and difference neutron high flux pattern (D1B diffractometer) of
Pr6Fe13Si in the magnetically ordered state at 110 K. The (00l) magnetic reflections are indicated
by arrows. The low angle range (inset) is plotted in a 10× larger scale (right scale of the inset).

Symmetry analysis offers the possibility of ten magnetic space groups, eight corresponding
to one-dimensional and two corresponding to two-dimensional representations. The former
are identical with the eight Shubnikov groups [15, 16] listed in table 2 of [8] together with the
corresponding magnetic modes. Because Pr1 at (8f) is situated on the tetragonal (00z) axis the
Shubnikov groups 5–8 can be left out of consideration as they comprise a 4′ axis which does
not leave the moment of the Pr1 at 8(a) invariant. It is important to realize that none of the
other groups allows a mode alongx or y that may give rise to the (001) reflection. This means
that there is a further symmetry lowering to one of the orthorhombic subgroups of order two
not comprising a fourfold axis likeI2/m2/c21 (Ibam) or I2/m12/m (Fmmm).

In our attempt to derive in a first approximation a model for the magnetic structure we chose
a fairly pragmatic way based on the observed intensities of a set of six (00l) reflections. These
observed intensities were compared with calculated structure factors, that depend exclusively
on the atomicz parameters (see table 3 of [8]). Due to the layered nature of the structure
alongz, the data analysis is simplified by the fact that there are only four atomic layers at
(1) z and (2) 1/2 − z; and their centrosymmetric counterparts at (3)−z and (4)z − 1/2.
The I antitranslation moves atoms of layer(1) → (4) and atoms of layer(2) → (3). The
magnetic structure factor of the (00l) reflections of any Wyckoff site will be proportional to
the expression:

2nfj (m1e−2π ilz +m2 e−2π il(1/2−z) +m3 e2π ilz +m4 e2π il(1/2−z)) (1)

where the subscript 2 stands for the anticentring translation andn for 1/8 of the site multiplicity.
mi is the magnetic moment vector of a site andfj the magnetic form factor.

For l = odd expression (1) equals:

2nfj (m1 e−2π ilz −m2 e2π ilz +m3 e2π ilz −m4 e−2π ilz) (2)

2nfj (m1−m2 +m3−m4) cos 2πlz = 8nfjmi cos 2πlz for a (+− +−) mode alongx

(3)

2nfj (−m1−m2 +m3 +m4) sin 2πlz = 8nfjmi sin 2πlz for a (+ +−−) mode alongy.

(4)
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Figure 4. Schematic representation of the collinear antiferromagnetic structures in Pr6Fe13Si and
Nd6Fe13Au with the moments confined to the (001) plane.

This analysis reveals that the (00l) reflections may have intensity contributions when the
intralayer coupling of the moments of a given site is ferromagnetic and the interlayer moment
coupling for the layers 1–4 follows the sequence (+− +−) for the real part and (+ +−−) for
the imaginary part of the structure factor. The refinement has shown that the (+− +−) mode
is in better agreement with the observations. Table 3 of [8] shows that the strong intensity of
the (001) and the weak intensity of the (003) reflections are better compatible with the cosine
term.
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Figure 5. Temperature dependence of the integrated intensities of several (00l) magnetic reflections
in Pr6Fe13Si.

3.2.1. The magnetic structure of Pr6Fe13Si. We mentioned already that the anticentring
translation I moves an atom of layer (1) to layer (4) and an atom of layer (2) to layer (3).
Simultaneously, there is a sign change of the moments of these atoms. This means that when the
interlayer coupling follows the (+−+−) mode (giving rise to only the cosine term in the structure
factor) the intralayer coupling is ferromagnetic. Therefore, the moments of each site are
arranged in four successive ferromagnetic layers coupled antiferromagnetically alongc in the
sequence (+−−+). The sign sequence refers to the layers at (1)z, (2) 1/2−z, (4) 1/2+z, (3)−z.
Furthermore, the refinement has shown that the moments of the six sublattices (two for Pr and
four for Fe) have their moments parallel within the (001) plane while the absolute direction
relative to theaorbaxes cannot be defined from powder diffraction. If the moments are parallel
to thea or b axes the magnetic space group isIP ba′m′ or IP b′am′, respectively. A further
symmetry reduction would have to be considered for a general direction in the (xy0) plane.

It is possible to give a simple description of the magnetic structure by considering that
the parallel moments within the mentioned six sublattices form ferromagnetic blocks. Each
of these ferromagnetic blocks is embedded between two successive non-magnetic X layers
perpendicular toz located atz = −0.25, 0.25, 0.75. The moments in these blocks change their
sign collectively when going to the next block alongc. This structure is shown in figure 4.

We have summarized the refined parameters obtained for various temperatures in table 1.
Apparently, the closeness of the non-magnetic X layers strongly affects the moments at the
Pr2 site because our data show that these moment values are almost zero at 293 K. The Fe1
moment has the lowest average value. The other three Fe sites, within experimental error,
have reached the saturation value of 2.3(1)µB already at 120 K. The moments of both Pr
sites (2.7(1)µB) are still below the free ion valuegJµB = 3.2 µB at 1.5 K, which is most
probably due to crystal field effects. Here we would like to stress that the data analysis of
the weak magnetic reflections is confronted with three main problems: (a) the presence of
large magnetic unit cells and a large number of free parameters, (b) the difficulty of obtaining
a realistic background estimation and (c) the weak magnetic intensities overlapping with the
stronger nuclear ones. These three factors leave some ambiguity as to the refined magnetic
parameters which depend on the instrumental resolution. In fact, when comparing the D1B
refined data obtained at 110 K and the D1A HR data obtained at 120 K one finds a slightly
higher average moment value for Pr1 and a slightly lower Fe2 moment value.
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Figure 6. A part of observed, calculated and difference neutron HR patterns (D1A diffractometer)
of Nd6Fe13Au in the paramagnetic state at 430 K and the magnetically ordered state at 293 K and
180 K. The strongest magnetic reflections are indicated by arrows.

3.2.2. Temperature evolution of the magnetic order in Pr6Fe13Si. The temperature
dependence of the intensity of the (001) and (003) magnetic reflections in Pr6Fe13Si is shown
in figure 5. A similar temperature dependence has also been observed for Nd6Fe13Au to be
discussed below. For the compound Pr6Fe13Si magnetic order occurs at 385± 5 K as can be
seen from the increase of the intensities of both reflections with decreasing temperature in the
range 400–300 K. It can be seen in figure 5 that the intensity of the (003) reflection starts to
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Figure 7. A part of observed, calculated and difference neutron HR patterns (D1A diffractometer)
of Nd6Fe13Au in the magnetically ordered state at 120, 60 and 1.5 K. In the 120 and 1.5 K data
the first magnetic peaks are missing because of the primary beam stop. The strongest magnetic
reflection (001) is only shown at 60 K.

decrease below about 300 K and almost vanishes below 100 K. This behaviour can be easily
explained by a close inspection of the structure factor for the (003) reflection which is given
by

−8fPr(0.482mPr1 + 2× 0.916mPr2)

+4fFe(mFe1 + 4mFe2 + 4× 0.409mFe3− 4× 0.264mFe4). (5)
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The contributions of Pr and the contributions of the three Fe sublattices have opposite
signs. As the contribution of Pr2 is four times larger than that of Pr1 it is plausible to a assume
that the decreasing intensity of the (003) reflection with decreasing temperature below 300 K
is due to gradual ordering of the Pr2 moments. This is in good agreement with the almost zero
refined moment value for the Pr2 atom at 293 K.

3.3. The magnetic structure of Nd6Fe13Au

The magnetic structure of Nd6Fe13Au has basically been determined along the same lines
as described above for Pr6Fe13Si. Data obtained on the D1A instrument at a few relevant
temperatures are displayed in figures 6 and 7. When comparing these data with the results
shown for Pr6Fe13Si in figures 1 and 2 one may notice that the magnetic intensity contributions
in the low temperature region for these two compounds are virtually the same. The refined
structural parameters of Nd6Fe13Au are listed in table 2. In view of the close similarity between
the results obtained for both compounds and the limited allocated beam time we have not studied
the temperature dependence of magnetic ordering in Nd6Fe13Au for the full temperature range.
However, one can verify in the neutron pattern presented for the temperatures selected in
figures 6 and 7 that the (003) line marking the onset of the R2 ordering is only visible in the
293 and 180 K data and not at 60 K. This behaviour agrees with that of Pr6Fe13Si shown in
figure 5 and confirms that the magnetic ordering behaviour of both compounds is essentially
the same.

4. Discussion

We mentioned already in section 3 that a major characteristic of the neutron patterns collected
at various temperatures in the magnetically ordered state (including 295 K) is the presence of
a dominant (001) reflection at 2θ = 4.8◦, and that the total intensity of the remaining magnetic
contributions is lower by about an order of magnitude and is difficult to distinguish from the
nuclear intensities at higher angles. The observation of this strong (001) reflection, occurring
at scattering angles lower than the equally strong nuclear (002) reflection, is therefore essential
for an accurate determination of the magnetic structure of the compounds. In the neutron study
of Yan et al [4] the corresponding low angle region was excluded from measurements. The
fact that the dominant (001) reflection was not included in the structural refinement of these
authors is most likely the reason for the discrepancy between their results and ours.

Several Nd6Fe13X compounds have been investigated by Mössbauer spectroscopy.
The spectra were analysed with subspectra of relative intensities corresponding to the
crystallographic structure reported in [1] and [2] without relying on a specific magnetic
structure. For the compound Nd2Fe13Au the easy magnetization direction was found [10, 12]
to be perpendicular to thec axis, which is in concord with the easy magnetization direction
observed for this compound in the course of the present investigation.

The preferred moment direction in Pr6Fe13Si at room temperature was determined by
Fangwei Wanget al [5] by x-ray diffraction on a magnetically aligned sample. From the
fact that only (00l) refections were observed in their x-ray diffractogram they concluded that
the preferred moment direction is parallel to thec axis at room temperature, a conclusion
that is in obvious contrast with the results of the present neutron diffraction study. However,
one has to take account of the fact that the net magnetization in these materials is extremely
low because of the mutually compensating contributions of the antiferromagnetically ordered
sublattices (Fangwei Wanget al report a value of 0.3µB per formula unit for the spontaneous
moment at 1.5 K). Based on the magnetic structure shown in figure 4, a net magnetization
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can be induced by an applied field but may occur in a direction perpendicular to the preferred
moment direction, as is commonly observed in antiferromagnetic systems. In other words,
powder particles subjected to an alignment field of 10 kOe will become oriented with theirc

axis parallel to the alignment field although the preferred moment direction is perpendicular
to thec axis. For this reason we do not consider the results of Fangwei Wanget al as being in
conflict with the currently determined preferred moment direction in Pr6Fe13Si.
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