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Abstract
Powder neutron diffraction and Mössbauer spectral studies have been carried
out on Nd6Fe13Si between 2–295 K. The nuclear neutron scattering shows that
Nd6Fe13Si has the tetragonal I4/mcm crystal structure at all temperatures.
A collinear antiferromagnetic structure with the wavevector q = (0, 0, 1)
is observed below the Néel temperature of 421 K. A spin reorientation is
observed at ∼100 K in both the neutron diffraction patterns and the Mössbauer
spectra. Above and below 100 K, the magnetic moments of the four iron
and the two neodymium crystallographic sites are ferromagnetically coupled
within one block along the c axis and the resulting magnetic moment of this
block is antiferromagnetically coupled with that of the adjacent block along
the c axis through a layer of silicon atoms. Above and below 100 K, the
magnetic moments are found to be parallel or very close to the c axis and
within or close to the (a, b) basal plane of the tetragonal unit cell, respectively.
This first-order spontaneous zero-field spin reorientation occurs cooperatively
and involves both the neodymium and iron magnetic moments. The powder
neutron diffraction between 10 and 200 K indicates anisotropic lattice changes
associated with a change in the magnetoelastic coupling in this compound. The
Mössbauer spectral hyperfine parameters are those expected for axial and basal
magnetization directions in Nd6Fe13Si and further indicate the existence of a
75% basal and 25% axial mixed magnetic phase even at 4.2 K, a mixed magnetic
phase which results from the influence of the secondary ferromagnetic Nd2Fe17

phase on the primary Nd6Fe13Si phase.
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1. Introduction

Over the past several years there have been many studies devoted to rare-earth transition-metal,
R–M, compounds which contain silicon. Some of these silicon compounds are pseudobinary
compounds, such as the R2M17−x Six and RM12−x Six compounds [1–5], and some are true
ternary compounds, such as Nd6Fe13Si, in which silicon [6] is required to stabilize the crystal
structure. Further, special attention has been devoted to some iron-rich compounds, such as
Nd2Fe14B, that are potential hard magnetic materials. Because the Nd6Fe13X compounds [7–
9], where X is Si, Al, Ga, Cu, Ge, Ag, Au, Sn or Sb, sometimes appear between the
grains of Nd2Fe14B in hard magnetic materials [6, 10], the study of their structural and
magnetic properties has practical importance. The crystallization of the Nd6Fe13X compounds
sometimes improve the hard magnetic properties of a material through a significant increase
in its coercivity [10, 11].

In a Mössbauer spectral study [12] of Nd6Fe13Si between 80 and 295 K, we observed a
spin reorientation at ∼110 K from axial magnetization at higher temperatures to predominantly
basal at lower temperatures. This reorientation was observed as a dramatic change in the
overall shape of the Mössbauer spectra observed between 135 and 80 K. Above 150 K the
spectrum could be nicely fit with an axial model involving four sextets associated with the
four crystallographically different iron sites in Nd6Fe13Si. However, at 135 K and below a fit
of the observed spectra required the combined use of the four axial sextets and five additional
sextets which were associated with the five magnetically inequivalent iron sites expected for a
basal orientation of the iron magnetic moments. The relative amount of the axial component
decreased gradually between 135 and 80 K such that at 80 K the spectral analysis indicated
that the compound was 75% basal and 25% axial.

Nd6Fe13Si crystallizes in the tetragonal I4/mcm space group number 140,and its structure
(see figure 1(a) [6]) consists of a series of blocks or layers stacked along the tetragonal c axis
(see figure 1(b)). In Nd6Fe13Si the layers containing neodymium and iron are separated by
layers containing only silicon on the 4a site. The neodymium, which occupies the 8f and 16l
sites, is found in layers adjacent to the silicon layer, and the layers of iron 4d, 16k, 16l1 and
16l2 sites are sandwiched between the neodymium layers.

An antiferromagnetic structure was proposed [13] for Nd6Fe13Si on the basis of a room
temperature neutron diffraction study. In this structure [13], the magnetic moments are parallel
or antiparallel to the c axis and the iron 16k and 16l magnetic moments are antiparallel
to the remaining moments. Unfortunately, this magnetic structure is inconsistent with the
iron-57 Mössbauer spectral hyperfine fields observed [12, 14] in Nd6Fe13Si. Further, recent
magnetic [15] and neutron diffraction studies [16, 17] have suggested alternative magnetic
structures for several R6Fe13X compounds with R = Pr or Nd and X = Si, Ag or Au. In
these magnetic structures, the magnetic moments within one of the rare-earth transition-metal
layers are ferromagnetically coupled and these layers are antiferromagnetically coupled across
the layer containing X. These magnetic structural analyses are based on group theory [18]
and involve a consideration of all possible magnetic symmetries compatible with the crystal
structure [16, 17]. Neutron diffraction studies [16, 17] of Pr6Fe13Ag, Pr6Fe13Si, Pr6Fe13Au
and Nd6Fe13Au indicate that the magnetic moments in the ferromagnetic layers lie in the basal
plane of the tetragonal structure. In contrast, a neutron diffraction study [19] of Nd6Fe13Sn
indicates that the magnetic moments in the ferromagnetic layers are parallel to the c axis at
room temperature and are canted by 10◦ from the c axis at 1.5 K.

Because our earlier Mössbauer spectral study [12] of Nd6Fe13Si revealed both a room
temperature magnetic structure, which was incompatible with that derived from a low
resolution neutron diffraction study [13], and a partial spin reorientation below ∼135 K, we
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(a) (b)

Figure 1. (a) The crystal structure of Nd6Fe13Si where the large black and white atoms are
neodymium 16l and 8f, the intermediate size white atoms are silicon 4a, the small black atoms
are iron 16k and 16l2 and the small white atoms are iron 4d and 16l1. The layers containing the
neodymium 8f, neodymium 16l and silicon 4a sites are delineated. (b) A schematic diagram of the
magnetic structure of Nd6Fe13Si at high temperature, left, and low temperature, right.

have carried out additional Mössbauer spectral measurements between 4.2 and 80 K with the
initial expectation of observing a complete spin reorientation at 4.2 K. In addition, we have
carried out a detailed neutron diffraction study of Nd6Fe13Si between 2 and 295 K with the
goal of determining the temperature dependence of its magnetic structure.

2. Experiment

2.1. Synthesis

The sample of Nd6Fe13Si studied herein is the sample previously prepared and characterized
by x-ray diffraction and magnetic measurements [15]. As indicated by de Groot et al [15] it is
virtually impossible to synthesize single-phase Nd6Fe13Si, because of the solubility of silicon
in Nd2Fe17. In order to prepare an almost single-phase compound, these authors used an alloy
starting composition of Nd6.4Fe13Si1.3 and estimated, from the increases in the magnetization
and Curie temperature, that approximately 0.5 wt.% of Nd2Fe16Si was present in Nd6Fe13Si.
This would correspond to a final composition of Nd5.98Fe13.015Si.
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2.2. Mössbauer spectra

The Mössbauer spectra have been obtained between 4.2 and 135 K on a constant acceleration
spectrometer which utilized a room temperature rhodium matrix cobalt-57 source and was
calibrated at room temperature with α-iron foil. The Mössbauer spectral absorbers, which
contained 26–29 mg cm−2 of compound, were prepared from pieces of samples pulverized
under liquid toluene and sieved to particle diameters of approximately 0.045 mm or smaller.
The accuracy of the hyperfine parameters obtained from Lorentzian lineshape fits is estimated
to be ±0.005 mm s−1 for the isomer shift, ±0.05 mm s−1 for the quadrupole shift and ±2 kOe
for the hyperfine field.

2.3. Neutron diffraction

Neutron diffraction experiments were carried out at the high flux reactor of the Institut Laue
Langevin. The two-axis D1B powder diffractometer used for this work was equipped with a
large one-dimensional 400 cell curved detector which recorded the diffraction pattern over a
2θ range of 80◦. The neutron wavelength of 2.52 Å was selected by the (002) reflection of a
pyrolitic graphite monochromator and the 2θ step was 0.2◦. The use of D1B was essential both
for recording the (001) Bragg reflection of Nd6Fe13Si at very low angle and in following its
thermal evolution. A detailed study has been performed between 10 and 200 K by recording
the entire diffraction pattern every 3 K.

High resolution powder diffraction patterns have been collected at the University of
Missouri Research Reactor by using a linear position-sensitive detector and neutrons with
a wavelength of 1.4807 Å. The data were collected for ∼12 h at 295 and 17 K over a 2θ range
of 5◦–105◦ with a step of 0.05◦ on ∼0.5 g of finely powdered Nd6Fe13Si placed in a thin-walled
vanadium container which was placed in a closed cycle refrigerator for the 17 K study. The
high-resolution diffractometer does not permit studies at low Q values in reciprocal space,
whereas the high-flux long wavelength diffractometer does permit studies at very low angles
and, hence, low Q values.

All powder neutron diffraction data were analysed using the Rietveld line profile
technique [20] implemented with the program FULLPROF. This program permits multiphase
and magnetic structure refinement of each of the components present. A pseudo-Voigt type
peak shape function was used in the refinements and, in the case of the D1B data, the peak
shape was very close to pure Gaussian. For the very low angle Bragg reflections, an asymmetry
parameter has been used to mimic the known instrumental asymmetry. The coherent neutron
scattering lengths [21] were 4.149, 9.450 and 7.690 fm for Si, Fe and Nd, respectively. A full
description of the Rietveld method used in this paper can be found elsewhere [20].

3. Crystal and magnetic structure

The thermal evolution of the (001) Bragg reflection of Nd6Fe13Si is shown in figure 2 and
this evolution unambiguously confirms the change in the magnetic structure proposed [12, 14]
on the basis of the earlier Mössbauer spectral study. Indeed, a huge decrease in intensity of
the lowest angle Bragg reflection at 2θ = 6.4◦ is observed upon heating the sample from 10
to 200 K. The thermal evolution of the integrated intensity of this (001) reflection is shown
in figure 3. Unpublished x-ray diffraction results [22] indicate that Nd6Fe13Si retains the
tetragonal I4/mcm space group at low temperature. Consequently, the nuclear scattering in
the high resolution powder neutron diffraction patterns obtained at 295 and 17 K, and shown in
figures 4 and 5, respectively, has been fitted with this space group and the magnetic scattering
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Figure 2. The temperature dependence of the low angle portion of the neutron diffraction pattern
of Nd6Fe13Si obtained on the D1B high flux diffractometer at the ILL.

Figure 3. The temperature dependence of the intensity of the (001) magnetic Bragg reflection as
determined from the D1B diffractometer data.

has been fitted as described below; the resulting lattice parameters are given in table 1 and the
refinement parameters for both the 295 and 17 K high-resolution patterns are given in table 2.
The 295 K structural parameters are in excellent agreement with both the single-crystal x-ray
results of Allemand et al [6] and the x-ray powder diffraction results of de Groot et al [15].
In order to minimize the number of refined parameters, only three Debye–Waller factors, one
each for neodymium, iron and silicon, were used. In the high resolution neutron diffraction
pattern above 2θ angles of 30◦ there is extensive peak overlap in spite of the high resolution.

In the I4/mcm space group, no nuclear scattering contribution from the crystal structure is
possible for the (001) reflection because the I centring requires h + k + l = 2n. Consequently,
the (001) Bragg reflection must be of magnetic origin and the huge observed change in intensity,
see figures 2 and 3, corresponds to a change in magnetic structure at ∼100 K. The presence
of the odd (00l) reflections suggests a purely antiferromagnetic structure with the wavevector
q = (0, 0, 1). The indexing of the magnetic scattering is permitted by the presence of an
antitranslation (1/2, 1/2, 1/2) which in turns leads to a systematic extinction of the magnetic
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Figure 4. The powder neutron diffraction pattern of Nd6Fe13Si obtained at 295 K on the MURR
high resolution diffractometer with a neutron wavelength of 1.4807 Å. In the upper plot the points
represent the experimental data and the full curve is the result of the Rietveld profile analysis. The
difference between the experimental data and the calculated pattern is plotted on the same scale
in the lowest part of the figure. In between, the first and second rows of vertical lines refer to the
Nd6Fe13Si magnetic and nuclear contributions to the diffraction pattern. The third row refers to
the Nd2Fe17 contribution to the diffraction pattern.

Figure 5. The powder neutron diffraction pattern of Nd6Fe13Si obtained at 17 K on the MURR
high resolution diffractometer with a neutron wavelength of 1.4807 Å. In the upper plot the points
represent the experimental data and the full curve is the result of the Rietveld profile analysis. The
difference between the experimental data and the calculated pattern is plotted on the same scale
in the lowest part of the figure. In between, the first and second rows of vertical lines refer to the
Nd6Fe13Si magnetic and nuclear contributions to the diffraction pattern. The third and fourth rows
refer to the nuclear and magnetic contributions of Nd2Fe17 to the diffraction pattern.

reflection for h + k + l = 2n. Thus the nuclear Bravais lattice is I , whereas the magnetic
Bravais lattice is Ip. Furthermore, the huge (001) intensity suggests that the main axis of
antiferromagnetic ordering is confined to the (001) plane below the spin reorientation at
∼100 K.
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Figure 6. The powder neutron diffraction pattern of Nd6Fe13Si obtained at 2 K on the D1B high
flux diffractometer with a neutron wavelength of 2.52 Å. In the upper plot the points represent the
experimental data and the full curve is the result of the Rietveld profile analysis. The difference
between the experimental data and the calculated pattern is plotted on the same scale in the lowest
part of the figure. In between, the first and second rows of vertical lines refer to the Nd6Fe13Si
nuclear and magnetic contributions to the diffraction pattern. The third and fourth rows refer to the
nuclear and magnetic contributions of Nd2Fe17 to the diffraction pattern.

Table 1. Lattice parameters and unit-cell volume of Nd6Fe13Si.

T (K) a (Å) c (Å) V (Å3)

2 8.016(4) 22.587(10) 1451
200 8.025(4) 22.690(10) 1461
300 8.029(4) 22.707(10) 1464
2–200 K increase 0.009 0.103 10
Increase (%) 0.11 0.46 0.66

In contrast, unlike the (001) reflection, the (003) reflection, which would be found at 19◦,
has either a very small or zero intensity and is unobserved within the experimental error at all
temperatures between 2 and 295 K, see figure 6. Further, 94% of the magnetic scattering is
contained in the low angle (001) magnetic Bragg peak. As a consequence, except for the (001)
reflection observed at low angle, the neutron magnetic scattering of Nd6Fe13Si shows very little
dependence upon the orientation of the magnetic moments and an accurate measurement of the
(001) reflection is essential in determining the magnetic structure of Nd6Fe13Si. Special care
has been taken to reduce the beam size and adjust the beam stop in order to avoid any risk of
reduction in the intensity of the low angle (001) Bragg reflection. Below the spin reorientation
the presence of the (001) peak proves that the magnetic moments are aligned perpendicular
to the [001] axis, i.e. within the basal plane of the tetragonal structure. From powder neutron
diffraction, it is impossible to determine the orientation of the magnetic moments within the
basal (a, b) plane [23]. A simple schematic of the low temperature magnetic structure (see
figure 1(b)) reveals a ferromagnetic arrangement of the magnetic moments in layers of six
successive sublattices, two for the neodymium sites and four for the iron sites. Each of these
ferromagnetic layers is coupled antiferromagnetically with the adjacent Nd–Fe layer across
the silicon layer.
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Table 2. The positional parameters, isotropic thermal factors and moments in Nd6Fe13Si at 17 and
295 K. The magnetic moments are within the basal plane and parallel to the c axis, at 17 and 295 K,
respectively.

Parameter 17 K 295 K

a (Å) 8.0388(1) 8.0452(1)
c (Å) 22.709(1) 22.772(1)
Nd, 8f, z 0.1106(3) 0.1115(3)
Nd, 16l, x 0.1671(4) 0.1663(4)
Nd, 16l, y 0.6671(4) 0.6663(4)
Nd, 16l, z 0.1906(2) 0.1903(2)
Fe, 16k, x 0.0678(5) 0.0673(5)
Fe, 16k, y 0.2101(3) 0.2082(3)
Fe, 16l1, x 0.1777(3) 0.1783(4)
Fe, 16l1, y 0.6777(3) 0.6783(4)
Fe, 16l1, z 0.0614(2) 0.0614(2)
Fe, 16l2, x 0.3876(3) 0.3876(4)
Fe, 16l2, y 0.8876(3) 0.8878(4)
Fe, 16l2, z 0.0974(2) 0.0974(2)
B (Å2) Nd 0.78(7) 1.06(8)
B (Å2) Fe 0.70(5) 1.00(5)
B (Å2) Si 0.70(5) 0.92(36)
µ (µB) Nd, 8f 3.3(2) 2.1(2)
µ (µB) Nd, 16l 2.9(1) 1.0(1)
µ (µB) Fe, 4d 2.6(1) 2.0(1)
µ (µB) Fe, 16k 2.5(1) 1.9(1)
µ (µB) Fe, 16l1 2.3(1) 1.8(1)
µ (µB) Fe, 16l2 1.7(1) 1.3(1)
Rp (%) 4.96 5.0
Rexp (%) 3.49 3.6
Rwp (%) 6.31 6.4
RBragg (%) 5.48 4.6
Rmag (%) 9.08 14.6

The variation in intensity of the low angle (001) Bragg peak corresponds to a change
in the magnetic structure, i.e. a spin reorientation transition, which occurs at ∼100 K over a
temperature range of at most 10–20 K, a narrow range which suggests a first-order transition.
The hysteretic nature of the transition was not investigated by neutron diffraction. The
disappearance of the (001) Bragg reflection above the spin reorientation temperature indicates
that the magnetic moments are now aligned either exactly along or very close to the c axis of the
unit cell. The Rietveld analysis of the neutron diffraction patterns, with a perfect ferromagnetic
alignment of the magnetic moments along the c axis within a Nd–Fe layer, and with the two
Nd–Fe layers adjacent to the silicon layer antiferromagnetically coupled (see figure 1(b) and
table 2) gives an excellent fit. An alternate refinement of the 295 K pattern has been carried
out with a tilt of the magnetic moments away from the c axis; the results of this refinement
are given in table 3. The best fit was obtained with a very small tilt of 7◦ ± 3◦. Similar fits
of the 200 and 250 K data gave an identical tilt angle. Hence, above the spin reorientation
temperature, the orientation of the magnetic moments in Nd6Fe13Si is predominantly along
the c axis of the tetragonal unit cell.

The presence of a very weak but broad peak at very low angles of 2θ ∼ 3.5◦, i.e. at
angles below the (001) Bragg reflection, is apparent in figure 7. This broad peak undoubtedly
arises from scattering by Nd6Fe13Si because, as shown in figure 7, it is not associated with the
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Figure 7. A comparison of the low angle neutron diffraction patterns of Nd6Fe13Si obtained on
D1B. From the bottom to the top, the curves refer to the empty cold cryostat, and to the Nd6Fe13Si
diffraction patterns obtained at 200, 130 and 2 K, respectively. Diffuse scattering is observed at
∼3.5◦ in 2θ . The increased intensity observed below ∼2◦ in 2θ is due to the direct beam. The
(001) reflection at ∼6◦ in 2θ is pure magnetic scattering and the (002) reflection at ∼12◦ in 2θ is
pure nuclear scattering.

Table 3. The magnetic moments in Nd6Fe13Si.

Parameter 2 K 50 K 100 K 150 K 200 K

µ (µB) Nd, 8f 3.1(5) 2.9(4) 2.4(5) 2.4(2) 2.3(3)
µ (µB) Nd, 16l 2.5(3) 2.4(3) 2.3(3) 1.7(2) 1.6(2)
µ (µB) Fe, 4d 2.8(1) 2.8(1) 2.7(1) 3.0(2) 2.9(2)
µ (µB) Fe, 16k 2.6(1) 2.6(1) 2.5(1) 2.9(2) 2.7(2)
µ (µB) Fe, 16l1 2.4(1) 2.4(1) 2.4(1) 2.7(2) 2.6(2)
µ (µB) Fe, 16l2 1.8(1) 1.8(1) 1.7(1) 2.0(2) 1.9(2)
θ a (deg) 90a 90a 90a 7(3) 7(2)
Rp (%) 4.56 4.33 4.50 2.31 2.15
Rexp (%) 1.75 1.75 1.78 2.00 1.99
Rwp (%) 6.05 5.81 6.16 3.15 2.88
RBragg (%) 7.99 6.19 7.39 3.22 3.01
Rmag (%) 1.84 1.68 2.13 15.5 15.1

a The angle between the moments and the c axis has been constrained to the given value at 2, 50
and 100 K.

cryostat. The appearance of this broad peak near the (001) reflection position may indicate
the presence of short range magnetic correlations within the basal (a, b) plane, correlations
which are reminiscent of and may be associated with the basal plane anisotropy observed
below the spin reorientation temperature. Such diffuse scattering is often associated with a
structural change. However, in Nd6Fe13Si it is only of magnetic origin. The use of a two-axis
spectrometer does not permit us to establish whether this diffuse scattering occurs elastically or
inelastically. Further investigation is required to search for any energy transfer involved with
the spin reorientation transition. In addition, the intensity of the (002) peak at 12◦ is totally
independent of temperature from 2 to 200 K and hence results from pure nuclear scattering.
Finally, the huge difference in intensity of the (001) peak at ∼6◦ is indicated in figure 7. The
intensity remaining above the spin reorientation will be discussed below.
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Figure 8. The temperature dependence of the a and c unit cell lattice parameters and the unit cell
volume of Nd6Fe13Si.

Although the model proposed by Yan et al [13] gave a reasonable fit to the new
295 K neutron diffraction pattern reported herein, it completely fails to fit the 17 K pattern.
Furthermore, the hyperfine fields measured [12, 14] in the Mössbauer spectra are significantly
larger than those expected from the magnetic moments reported by Yan et al [13]. It is very
likely that the erroneous assignment of the magnetic moment orientation [13] results from the
absence of low angle (001) magnetic reflection in their neutron diffraction data. The present
study benefits from a much higher resolution and a larger range of both low and high Q
values in reciprocal space. Furthermore, a small amount of the Nd2Fe17 secondary phase was
identified in our sample of Nd6Fe13Si and included in the refinements, thus improving the
reliability of the final results. Yan et al [13] show magnetization plots that clearly indicate the
presence of a ferromagnetic impurity which is probably Nd2Fe17, but they failed to include this
impurity in their refinements. The amount of Nd2Fe17 estimated from the Rietveld refinement
is ∼6%, in reasonable agreement with the 10% found in the iron-57 Mössbauer spectra of
the same sample [12, 14, 24]. However, this amount is substantially larger than the 0.5%
estimated [15] from the magnetic properties. In the neutron refinements, the structural and
magnetic parameters of Nd2Fe17 have been constrained to those reported [1, 2, 25, 26] earlier.
On the basis of the neutron diffraction and Mössbauer spectral measurements, the composition
of the sample is better written as Nd5.7(1)Fe13.3(1)Si0.92(2).

Although no change in space group symmetry has been observed upon the reorientation of
the magnetic moments, a significant variation in the lattice parameters, i.e. magnetostriction,
is observed at the spin reorientation temperature, see figure 8. The unit cell contracts
anisotropically upon cooling with a decrease of ∼0.1 and 0.5% along the a and c axes,
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respectively, see table 1. This large contraction of the Nd6Fe13Si unit cell volume by ∼0.66% at
the spin reorientation corresponds to a substantial change [27] in spontaneous magnetostriction.
A similar contraction has been observed [28] recently for PrCo4Ga. The magnetostriction is
also an indication of the first-order nature of the spin reorientation. A sharp increase from 1.7
to 2.3 µB in the neodymium 16l magnetic moment is observed at the spin reorientation. In
contrast, the neodymium 8f magnetic moment increases continuously upon cooling and all the
iron moments remain essentially constant upon cooling from 200 to 2 K, see table 3.

The contribution of the magnetic scattering to the overall diffraction pattern does not
exceed 6% if the (001) reflection is excluded. Because of the extremely small magnetic
contribution to the nuclear scattering above the spin reorientation temperature, where the
(001) peak has virtually vanished, the neutron diffraction refinements have been carried out
constraining the iron magnetic moments to agree with the sequence of Mössbauer hyperfine
fields observed [12, 14] earlier. Consequently, the refinement of the iron magnetic moments has
been carried out by constraining the ratio of the moments of the inequivalent crystallographic
sites to be constant. The magnetic moments and hyperfine fields decrease in the order,
4d > 16k > 16l1 > 16l2, an order which is consistent with the different iron near-neighbour
environments. In the Nd6Fe13Si structure, all iron sites have 12 near neighbours, but the iron
4d site has only iron near neighbours, neighbours which induce the largest magnetic moment
on this site. The other iron site environments mostly differ by the number of neodymium
near neighbours; the 16k site has 2 neodymium and 10 iron near neighbours, whereas the 16l1
and 16l2 sites have 3 and 5 neodymium near neighbours, respectively, among their 12 near
neighbours. The influence of the nature of the near-neighbour environment on the magnitude
of the iron magnetic moment in iron intermetallic compounds has been discussed extensively
elsewhere [29], and the present analysis is in excellent agreement with these expectations. The
quality of the neutron diffraction fits obtained with this hierarchy of magnetic moments is a
further indication of the validity of the model. Finally, the weighted average iron magnetic
moment of 2.3 µB observed in Nd6Fe13Si is close to that reported [16] for Nd6Fe13Au and is
completely reasonable in comparison with the moments observed [1, 2, 25, 26, 30] for other
iron-rich Nd–Fe binary compounds, such as Nd2Fe17 and Nd2Fe14B, and ternary compounds,
such as Nd2Fe17−x Six and Nd2Fe14−x Six B.

The 2 K neodymium magnetic moments are 3.1 and 2.5 µB for the 8f and 16l sites,
respectively, and are close to the Nd3+ free ion value of 3.27 µB . As indicated in table 2, the
error for the neodymium magnetic moment is larger for the 8f than for the 16l site as a result of
their differing multiplicities, multiplicities which lead to different refinement sensitivities. The
neodymium magnetic moments are found to be much more sensitive to changes in temperature
than are the iron moments and a significant decrease in their magnitude is observed near the
spin reorientation temperature, see table 3. The difference between the two neodymium site
magnetic moments extends to their thermal dependencies and results in a difference of ∼1 µB

at 295 K. This difference probably originates from the different environments of the two
neodymium sites. Whereas the neodymium 8f site has twelve iron, four neodymium and
one silicon near neighbours, the 16l site has ten neodymium, four iron, and two silicon near
neighbours. Hence the twelve iron near neighbours of the neodymium 8f site induce a larger
magnetic moment and stronger exchange interactions at all temperatures.

4. Mössbauer spectral results

Because our earlier Mössbauer spectral study [12] was limited to between 80 and 295 K, the
Mössbauer spectra of Nd6Fe13Si have been measured between 4.2 and 135 K and are shown
in figure 9. The spectra obtained at 135, 100 and 80 K are virtually identical to those reported
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Figure 9. The Mössbauer spectra of Nd6Fe13Si obtained at the indicated temperatures.



Neutron diffraction and Mössbauer spectra of Nd6Fe13Si 12403

Figure 10. The temperature dependence of the Mössbauer spectral isomer shifts observed for
Nd6Fe13Si. The data is fitted with a Debye model of the second-order Doppler shift. The error
bars are smaller than the size of the data points.

earlier [12] and it is apparent from figure 9 that there is very little change in the Mössbauer
spectra between 80 and 4.2 K, i.e. as might be expected from the neutron diffraction results
reported above, the major changes in the Mössbauer spectra occur between 110 and 80 K. As
a consequence of the similarity below 80 K, the spectra have been fitted with the same model
we used earlier [12], and the resulting hyperfine parameters are given in table 4. In contrast to
expectation, a superposition of both axial and basal components is observed below 130 K and
will be discussed below.

The temperature dependence of the four different isomer shifts,and their weighted average,
is shown in figure 10. The higher temperature data in this and subsequent figures have been
taken from our earlier paper [12]. The fits shown in this figure correspond to the Debye model
of the second-order Doppler shift [31] and the resulting parameters are given in table 5. The
observed effective vibrating masses, Me f f , of the iron-57 nuclide range from 57 to 64 g mol−1

with an accuracy of ±2 g mol−1; the increase above 57 g mol−1 is that expected from the
covalency of the iron bonding in Nd6Fe13Si. The resulting effective Mössbauer temperatures,
θM , the equivalent of the Debye temperature, range from 239 to 278 K, with an accuracy of
±5 K, and are typical of the values found for similar intermetallic compounds [24].

The temperature dependence of the site average hyperfine field observed in Nd6Fe13Si,
and their weighted average, is shown in figure 11. There is no significant change in any of the
hyperfine fields at the spin reorientation in agreement with the smooth temperature dependence
of the iron magnetic moments obtained from the neutron diffraction studies, see table 3. The
sequence of decreasing hyperfine fields is the same as that observed [12] in Nd6Fe13X, where X
is Cu, Ag, Au, In, Tl, Ge, Sn, Pb, Sb and Bi, a sequence which is the same in compounds with
both axial and basal magnetizations. In general it is found [12] that the Nd6Fe13X compounds
with axial magnetizations have somewhat higher hyperfine fields.



12404
O

Isnard
etal

Table 4. The Mössbauer spectral hyperfine parametersa for Nd6Fe13Si. (Note: The linewidths are 0.30 mm s−1 at 4.2, 30, 50, 80, 90 and 110 K,
and 0.34 mm s−1 at 295 K.)

Axial Basal

Parameter T (K) 4d 16k 16l1 16l2 W. av. % A 4d 16k 16k′ 16l1 16l2 W. av. % A

H (kOe) 295 289 277 257 187 244 100 — — — — — — 0
110 345 333 319 226 297 49 352 329 323 294 225 287 51
90 347 335 320 231 299 28 361 336 325 300 229 292 72
80 347 334 322 230 299 25 361 336 326 300 228 292 75
50 349 336 325 232 302 25 363 339 329 302 229 294 75
30 350 337 323 233 302 24 364 340 331 303 230 295 76
4.2 352 338 325 233 303 24 365 340 331 304 230 296 76

δa (mm s−1) 295 −0.148 −0.103 −0.110 −0.039 −0.089 100 — — — — — — 0
110 −0.045 0.012 0.008 0.081 0.028 49 −0.045 0.012 0.012 0.008 0.081 0.028 51
90 −0.030 0.024 0.021 0.094 0.040 28 −0.030 0.024 0.024 0.021 0.094 0.040 72
80 −0.024 0.031 0.027 0.100 0.047 25 −0.024 0.031 0.031 0.027 0.100 0.047 75
50 −0.022 0.037 0.032 0.105 0.052 25 −0.022 0.037 0.037 0.032 0.105 0.052 75
30 −0.021 0.042 0.035 0.108 0.055 24 −0.021 0.042 0.042 0.035 0.108 0.055 76
4.2 −0.020 0.046 0.037 0.110 0.058 24 −0.020 0.046 0.046 0.037 0.110 0.058 76

QS (mm s−1) 295 0.28 0.35 0.30 0.28 — 100 — — — — — — 0
110 0.28 0.36 0.30 0.29 — 49 −0.040 0.060 −0.038 −0.135 −0.131 — 51
90 0.28 0.36 0.30 0.29 — 28 −0.040 0.060 −0.038 −0.146 −0.140 — 72
80 0.28 0.36 0.30 0.29 — 25 −0.040 0.060 −0.038 −0.148 −0.134 — 75
50 0.28 0.36 0.30 0.29 — 25 −0.040 0.060 −0.038 −0.143 −0.154 — 75
30 0.28 0.36 0.30 0.29 — 24 −0.040 0.060 −0.038 −0.151 −0.156 — 76
4.2 0.28 0.36 0.30 0.29 — 24 −0.040 0.060 −0.038 −0.149 −0.137 — 76

a Relative to α-iron foil at room temperature.



Neutron diffraction and Mössbauer spectra of Nd6Fe13Si 12405

Figure 11. The temperature dependence of the site average hyperfine fields, and their weighted
average, for Nd6Fe13Si. The full curves are a guide to the eye and the error bars are smaller than
the size of the data points.

Table 5. Derived Mössbauer parameters in Nd6Fe13Si.

Parameter 4d 16k 16l1 16l2 Wt av

Me f f (g mol−1) 64 60 57 57 58
θM (K) 277 239 278 270 267
δo (mm s−1) 0.050 0.106 0.113 0.184 0.129
µa (µB) 2.8 2.6 2.4 1.8 —
µb (µB) 2.5 2.3 2.1 1.6 —

a The 2 K iron magnetic moments obtained by neutron diffraction.
b The 4.2 K iron magnetic moments obtained from the Mössbauer spectra.

The iron magnetic moments measured at 2 K by neutron diffraction and calculated from
the 4.2 K hyperfine fields using the conversion factor of 145 kOe µ−1

B , see table 5, are in very
good agreement when one considers that the hyperfine fields include the dipolar contribution,
which is not included in the neutron diffraction values. The ratio of the hyperfine field to the
neutron measured magnetic moment is 128 ± 2 kOe µ−1

B , a value which is somewhat low but
not unreasonable for an intermetallic compound and indicates the enhanced sensitivity of the
hyperfine field to the orbital contribution of the moment.

The reduced weighted average hyperfine field versus the reduced temperature for
Nd6Fe13Si is shown in figure 12. The 4.2 K weighted average hyperfine field of 299 kOe
and the Néel temperature of 411 K were used to calculate the reduced values in this
figure. For a reduced temperature below 0.3, the reduced weighted average field follows
the Brillouin curve for spin 5/2, as would be expected for the average iron magnetic moment
of 2.3 µB observed at 2 K by neutron diffraction. Above a reduced temperature of 0.3,
i.e. above the spin reorientation temperature, the weighted average hyperfine field is larger
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Figure 12. The reduced weighted average hyperfine field, relative to 299 kOe, versus the reduced
temperature, relative to 411 K, for Nd6Fe13Si. The three full curves are the Brillouin function
for spin 5/2, lower, 3/2 and 1/2. The broken curve is the curve calculated [32] for spin 3/2 and
η = 0.5.

than expected from the Brillouin curve and follows the temperature dependence calculated
from the magnetostrictive model of Bean and Rodbell [32], calculated for a spin 3/2 and a
magnetostrictive factor, η, of 0.5. The existence of magnetostriction in Nd6Fe13Si is supported
by magnetostriction measurements [27] and the substantial unit-cell volume change occurring
at the spin reorientation temperature as observed by neutron diffraction, see section 3 and
figure 8.

The temperature dependence of the percentage of the axial and basal contributions to
the Mössbauer spectra of Nd6Fe13Si (see figure 13) is an extension of figure 9 in our earlier
work [12] from 80 to 4.2 K. Contrary to all expectations, the percentage of the axial and basal
contribution did not saturate at 0 and 100%, respectively, at 4.2 K. Rather, these percentages
are essentially constant at 25 and 75%, respectively, between 4.2 and 80 K. A careful study
of the Mössbauer spectra indicates that there is no possibility that the 4.2 K spectrum could
be fitted with only five sextets, as is observed for the Nd6Fe13X compounds, where X is Cu,
Ag and Au, which exhibit strictly basal magnetization, or as might be expected, if the iron
magnetic moments were canted from the c axis. However, the four axial and five basal sextets
used in the fits shown in figure 9 agree completely with the sextets observed in the axial
Nd6Fe13Sn compound [33] and in the basal Nd6Fe13X compounds [12], where X is Cu, Ag
and Au. Hence, from the analysis of the Mössbauer spectra of Nd6Fe13Si, we conclude that
the spin reorientation occurs in only 75% of the sample.

The hysteretic nature of the spin reorientation was not systematically investigated by
Mössbauer spectroscopy. However, two separate experimental studies between 4.2 and 100 K
and between 80 and 295 K give identical percentages for the axial and basal contributions to
the spectra obtained between 80 and 100 K. If there is any thermal hysteresis present it is less
than 10 degrees.
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Figure 13. The temperature dependence of the percentage of the axial and basal contributions to
the Mössbauer spectra of Nd6Fe13Si.

5. Discussion

Because of the above analysis of the Mössbauer spectra in terms of a mixed magnetic phase,
refinements of the 17 K neutron diffraction pattern of Nd6Fe13Si were refitted with a model in
which 75% of the sample exhibit basal magnetization and 25% exhibit axial magnetization;
these refits were virtually identical to those obtained with the basal model described above
and in figure 1(b) and table 2. The same conclusion has been drawn from the analysis of the 2
or 10 K neutron diffraction data; the fits using the mixed 75% basal and 25% axial magnetic
phases were slightly better than the 100% basal phase. Thus, below the spin reorientation
temperature, the neutron powder diffraction patterns are completely compatible with magnetic
moments either oriented within the basal plane or with a mixed magnetic phase.

The mixed magnetic phase would initially seem rather unlikely because the Nd6Fe13Si
phase is very homogeneous, as is indicated by the narrow diffraction peaks observed in
both the x-ray and neutron powder diffraction patterns and the narrow linewidths observed
in the Mössbauer spectra. Further, because the spin reorientation transition exhibits first-
order characteristics, as is indicated by the squareness of the thermal evolution of the intensity
of the (001) Bragg peak, see figure 3, the step-like temperature dependence of the c lattice
parameter and of the unit-cell volume, see figure 8, and the sharp peak in the thermal expansion
coefficient [27], the percentages of axial and basal phase observed may depend on the cooling
procedure and cycle. The possibility of supercooling of the axial phase is not excluded by
our neutron diffraction studies. However, the Mössbauer spectral studies require many days
at low temperature and hence it would appear that, if supercooling exists, it must persist for
many days, a persistence which seems unlikely. Alternatively, the presence of the secondary
ferromagnetic phase of Nd2Fe17 in the sample may be responsible for the observed mixed
magnetic phase. Indeed, at low temperature the magnetic field developed by the Nd2Fe17

grains will induce [16] a net magnetization in a direction perpendicular to the preferred basal
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moment direction, as is commonly observed in antiferromagnets. In other words, the grains of
Nd6Fe13Si, which are in the neighbourhood of the Nd2Fe17 grains, will orient their magnetic
moments parallel to the c axis although the preferred moment direction is perpendicular to the
c axis. Those grains which are unaffected by the Nd2Fe17 will, of course, show the observed
first-order spin reorientation. Finally, the existence of a mixed magnetic phase at about 100 K
is in complete agreement with the zero magnetostriction measured [27] at 115 K.

6. Conclusions

Neutron diffraction results indicate that the magnetic structure of Nd6Fe13Si is characterized
by Nd–Fe ferromagnetic layers which are antiferromagnetically coupled across the intervening
silicon layers. The antiferromagnetic order is due to the exchange interactions between the
neodymium-rich layers, interactions that are mediated by the silicon-containing layer. This
magnetic structure differs significantly from the one proposed by Yan et al [13], a structure
in which there were antiferromagnetic interactions within the iron layers. Further, unlike the
observation of Yan et al [13], no compensation temperature has been observed in Nd6Fe13Si.

The thermal evolution of both the neutron diffraction patterns and the Mössbauer spectra
has revealed a spin reorientation at ∼100 K. In the neutron diffraction pattern, the signature of
this spin reorientation is predominantly the huge increase in intensity of the (001) diffraction
peak at 6.4◦. The observation of this increase at such a small diffraction angle was only
possible through extremely careful intensity measurements with the high resolution D1b
neutron diffractometer.

Above 100 K, the magnetic moments of the Nd6Fe13Si phase are along the c axis of
the structure, whereas below 100 K they are mainly found within the basal plane. The spin
reorientation transition is first order as indicated by the accompanying large anisotropic change
in the unit-cell volume and the squareness of the thermal evolution of the magnetic neutron
scattering intensity of the (001) peak. The anisotropic lattice changes reveal a change in the
magnetoelastic coupling involved in this compound.

Finally, the coexistence of basal and axial magnetic orientations, even at 4.2 K, as is
indicated by the Mössbauer spectra, can be explained by the influence of the magnetic field
of the ferromagnetic Nd2Fe17 secondary phase on the orientation of the magnetic moments of
the neighbouring antiferromagnetic Nd6Fe13Si phase.

Acknowledgments

The authors would like to thank Drs C H de Groot and F R de Boer for providing the
sample, Dr W B Yelon for help in obtaining the high-resolution neutron diffraction data,
Dr O A Pringle for help in the preliminary fit of this data, and Drs P Schobinger-Papamantellos
and F Hatert for interesting discussions during the course of this work. OI thanks the Centre
National de la Recherche Scientifique, CNRS, France for grant action initiative No 7418. The
authors are grateful to the Institut Laue Langevin and the CNRS for the use of the high flux
powder diffractometer D1B and to the Missouri Research Reactor for the neutron diffraction
experiments performed on the high resolution instrument. GJL thanks the US National Science
Foundation for grants DMR95-21739 and INT-9815138.

References

[1] Long G J, Marasinghe G K, Mishra S, Pringle O A, Grandjean F, Yelon W B, Pourarian F and Isnard O 1993
Solid State Commun. 88 761

[2] Artigas M, Fruchart D, Isnard O, Miraglia S and Soubeyroux J L 1999 J. Alloys Compounds 291 282
[3] Isnard O and Buschow K H J 1997 J. Alloys Compounds 267 50
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