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Abstract. The magnetic structure of the hexagonal stannide NdCuSn has been studied by neutron
powder diffraction at low temperature. Magnetic ordering occurs below∼10 K and is associated
with two magnetic wave vectors,q1 = (0, 3/8, 0) andq2 = (1/2, 0, 0) or (0, 1/2, 0). Theq1
vector is attributed to a majority fraction (>90%) of the NdCuSn phase having an ordered Cu/Sn
sublattice (non-centrosymmetric NdPtSb type structure, space groupP63mc). It can be described
as originating from a transverse sine wave modulated arrangement of spins oriented‖ c with a
maximum moment value of 2.2 µB/Nd atom, or alternatively by an antiphase domain structure
having two amplitudes. Theq2 vector is attributed to a minority fraction (<10%) of the NdCuSn
phase having a disordered Cu/Sn sublattice (centrosymmetric CaIn2 type structure, space group
P63/mmc). It has a simple antiferromagnetic +− moment arrangement alonga or b and the
moments are oriented‖ c with a refined value of about 1.2µB .

1. Introduction

The crystal structure and magnetic properties of the hexagonal stannides LnCuSn (Ln= Nd,
Sm, Gd) have recently been studied by x-ray diffraction, magnetization and Mössbauer
experiments [1]. Structure refinements on single crystals at room temperature have shown
[2] that these compounds crystallize with an ordered Cu/Sn sublattice (corresponding to the
non-centrosymmetric NdPtSb type structure, space groupP63mc), although for NdCuSn the
data did not exclude the hypothesis that a small fraction (<10%) of the crystal investigated
had a disordered Cu/Sn sublattice (corresponding to the centrosymmetric CaIn2 type structure,
space groupP63/mmc). Magnetic order occurred at about 10 K. Very recently, the authors
of a neutron diffraction study [3] on LnCuSn (Ln= Pr, Nd) have again adopted the
disordered model, and proposed for NdCuSn a magnetic structure that consists of a collinear
antiferromagnetic arrangement of spins‖ c, and a single wave vectorq = (1/2, 0, 0) with
a maximum moment value of 1.25µB . In the following report we show that NdCuSn may
display two distinct magnetic structures associated with the wave vectorsq1 = (0, 3/8, 0)
andq2 = (1/2, 0, 0) or (0, 1/2, 0) and different maximum moment values‖ c. The relative
amount of these structures presumably depends on the degree of ordering of the non-magnetic
Cu/Sn sublattice.

2. Experiment

A sample of NdCuSn was prepared by induction melting of the elements in a water cooled
copper crucible, and by cooling the ingot down to room temperature within about 10 minutes.
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These conditions differ significantly from those reported in the previous study [3] which
consisted of arc melting and annealing at 600◦C for 100 h. Neutron powder diffraction
patterns were recorded at 15 K, 5 K and 1.5 K on the diffractometer D1a at ILL (Grenoble)
by using the wavelengthλ = 2.99 Å (2θ range 8–80◦; step size 0.05◦). The data were
corrected for absorption and evaluated by the Fullprof program [4]. The diffraction patterns
confirmed the presence of the hexagonal NdCuSn phase, but also showed weak additional peaks
which were attributed to the impurity phase Nd3Cu4Sn4 (<7%) and a third-order wavelength
contamination of the incoming neutrons (<0.1%). These peaks were modelled and included
in the refinements.

3. Results

3.1. Nuclear structure

Based on the 15 K data three structure models were tested in the paramagnetic state, the
NdPtSb type having an ordered Cu/Sn substructure, the CaIn2 type having a disordered
Cu/Sn substructure and a 90%–10% mixture between the ordered and disordered model
corresponding the ambiguity limit reported in the previous x-ray single crystal study [2].
For the ordered model the starting parameter values were those of [2]. The refinements
included the cell parameters (a,c), two positional parameters (z(Cu),z(Sn), two displacement
parameters (B(Nd), B(Cu) = B(Sn)), one preferred orientation parameter and two scale
factors (NdCuSn and Nd3Cu4Sn4). For the disordered model the same parameters as above
were refined except forz(Cu) = z(Sn); for the mixed model only two scale factors were refined
(NdCuSn and Nd3Cu4Sn4). The diffraction profiles were modelled by pseudo-Voigt functions
(No 7 in [4]). As shown by the refinement results summarized in table 1, the agreement factors
did not differ much between the various models and thus did not favour one over the other.
Significant structural differences, however, occurred in comparison with the single crystal
x-ray results, but these were presumably due to the different measuring temperatures. The
observed, calculated and difference patterns of the ordered model are represented in figure 1.
A structural representation of the ordered and disordered models is given in figure 2.

Table 1. Nuclear structure refinement results of NdCuSn at 15 K.

Ordered Disordered Mixeda

Space group P63mc P63/mmc P63mc andP63/mmc

a (Å) 4.559 19(6) 4.559 21(6) fixedb

c (Å) 7.5725(2) 7.5725(2) fixedb

z (Cu) 0.7967(9)c 0.5320(3)d fixedb

z (Sn) 0.2357(9)c 0.5320(3)d fixedb

B(Nd) (Å2) 1.23(14) 1.28(10) fixedb

B(Cu) = B(Sn) (Å2) 2.12(14) 1.75(8) fixedb

GoF 3.7 3.9 3.7
Rn (%) 3.5 4.6 3.4e; 3.3f

Rwp (%) 15.7 16.2 15.6

a 90/10 mixture of ordered and disordered model.
b Values of ordered and disordered model.
c Site 2b.
d Site 4f Cu/Sn disorder;z(Cu) = z(Sn).
e Ordered phase.
f Disordered phase.
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Figure 1. Observed, calculated and difference neutron diffraction patterns of hexagonal NdCuSn
(ordered structure model); top: 15 K (bars of second row indicate impurity phase Nd3Cu4Sn4; stars
indicate 3d order (λ/3) contamination); bottom: 1.5− 15 K difference diagrams; inset: magnetic
satellites in basal plane of reciprocal space, for one wave vector (star)±q1 = (0, 3/8, 0) and
q2 = (1/2, 0, 0).

Figure 2. Ordered (left) and disordered (right) nuclear structure of NdCuSn, viewed approximately
perpendicular to the hexagonal axis.
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3.2. Magnetic ordering

Upon cooling, magnetic ordering became apparent at about 10 K and was essentially completed
at 1.5 K. The magnetic satellites in the diffraction patterns were rather weak and showed
significant line broadening. Interestingly, the broadening was not uniform as some satellites
were sharper than others. As the temperature was lowered, the intensity of the satellites
increased, but their positions did not change significantly. The indexing was performed
on a difference pattern between the 1.5 K and 15 K data (figure 1), thus minimizing a
possible influence of the impurity phase Nd3Cu4Sn4. Two magnetic wave vectors were found,
q1 = (0, 3/8, 0) andq2 = (1/2, 0, 0) or (0, 1/2, 0) (see inset of figure 1). Their lengths and
directions were practically independent of temperature. A profile refinement based on the
ordered model and the 1.5− 15 K difference pattern suggested thatq1 was associated with
a sine wave amplitude modulated magnetic structure with a 8× b bigger cell in which the
Nd spins were polarized alongc and had a maximum amplitude ofµ0Nd = 2.08(2) µB . The
relative diffuseness of the reflections suggested rather short magnetic ordering distances. The
vectorq2 was associated with an uniaxial antiferromagnetic structure with a 2× a or 2× b
bigger cell in which the Nd spins were polarized alongc and had a refined moment value
of µNd = 0.37(2) µB . The relative sharpness of the reflections suggested that the magnetic
ordering extended over longer distances. During the refinement the scale factor was fixed at
the value of the nuclear refinement (ordered model), and the different widths of the diffraction
peaks were modelled by two sets of pseudo-Voigt function parameters, corresponding to an
average magnetic domain size of 84 Å for theq1 phase and 312 Å for theq2 phase. The
observed, calculated and difference patterns are shown in the bottom part of figure 1, and a
list of observed and calculated magnetic intensities is given in table 2. The agreement factors
for the magnetic refinement areRm1 = 11%,Rm2 = 35%,Rwp = 39.9, GoF= 1.5. The
relatively poor values forRm2 andRwp are mainly a consequence of the low counting statistics,
and can be considered as satisfactory for these types of analysis.

The above results contrast with those of the previous study [3] in which a fully disordered
structure model was assumed and the presence of only one wave vectorq = (1/2, 0, 0) and
a collinear antiferromagnetic ordering with a moment value of 1.25µB was reported. These
different findings, combined with the structural ambiguity pointed out during the previous
single crystal x-ray study [2] and the different preparation conditions of the samples, suggest
that the wave vectorq1 should be attributed to an ordered majority fraction (90%) andq2 to
a disordered minority fraction (10%) of the NdCuSn structure. As expected, a final structure
refinement based on such a ‘mixed’ magnetic model yielded practically the same agreement
factors but lead to larger moment values. The maximum Nd moment associated withq1

increased to 2.19(2) µB , while that associated withq2 increased to 1.19(7) µB , thus coming
close to the previously reported value of 1.25µB [3]. Note that the ambiguity concerning the
proposed magnetic order of NdCuSn originates in part from the limited knowledge of nuclear
order in that compound, as was pointed out in the previous single crystal x-ray study [2]. It
is due to the limitations of current methodology and the particular structure of NdCuSn and
would persist even if single crystals suitable for neutron diffraction were available. On the
other hand, the model has the advantage of being consistent with both the present data and
those reported in [3].

3.2.1. The amplitude modulated magnetic structureq1 = (0, 3/8, 0). In real space the
magnetic moment value of thejth atom at positionRnj = rj +Rn withRn = n1a+n2b+n3c,
in thenth cell (n is integer andj = 1) of a periodic arrangement is given by [5]:

µnj =
∑
{q}
Sqj exp{−2π iq ·Rn} =

∑
{q}
Tq exp{−2π iq ·Rnj } (1)



Atomic and magnetic ordering of hexagonal NdCuSn 4139

Table 2. Observed and calculated magnetic intensities of phaseq1 and phaseq2 in NdCuSn
(T = 1.5 K, λ = 2.99 Å).

Wave vectorq1 = (0, 0.375, 0)

h k l ± q1 2θ Icalc Iobs

0 0 0± 16.325 430.0 468.4
0 1 0− 27.376 153.3 177.7
1 −1 0+ 38.695 78.0 73.6
1 0 0−
0 0 2± 49.629 15.4 6.4
0 1 −2− 54.827 13.9 13.3
0 1 2−
1 −1 0− 55.566 39.5 34.6
1 0 0+
1 −1 −2+ 62.061 16.3 13.6
1 −1 2+
1 0 −2−
1 0 2−
0 1 0+ 62.746 30.2 20.7
1 −1 2− 75.315 15.8 16.2
1 −1 −2−
1 0 −2+
1 0 2+
0 2 0− 75.942 23.2 21.6

Wave vectorq2 = (1/2, 0, 0) or (0, 1/2, 0)

h k l ± q2 2θ Icalc Iobs

0 0 0− 21.825 31.5 44.6
0 −1 0− 38.282 10.5 9.1
0 0 −2− 51.948 2.9 3.3
0 1 0− 60.115 9.0 11.3
0 −1 2− 61.770 4.3 4.1
1 0 0− 69.212 3.5 5.4
0 1 2− 79.263 8.0 0.0

where (Sqj , S−qj ) are the observed Fourier coefficients associated with the propagation
vector(s)±qi . In a sine wave modulated structure as found above the moment valueµnj
of thej th atom in thenth cell may be derived from the moment value (Fourier coefficients) in
thezerothcell:

µnj =
∑
q

Sqj exp{−2π iq ·Rn} = µ0j cos(2πq ·Rn + φj ) = µ0jz cos(2πq ·Rn + φj ) (2)

wherez is a unit vector in the direction of the varying moment component,µ0j the amplitude
of the sinusoidal variation andφj a phase factor of thej th atom relative to the origin of the
wave usually taken at atom (1). As the phase of Nd at (0, 0, 1/2) was found to be zero
the structure can be fully described for only the Nd atom at(0, 0, 0) and by calculating
with expression (2) the moment value forn = (0, 8, 0) cells as shown in figure 3. It is
obvious that the moment value depends on an arbitrary choice of the phaseφ and cannot be
defined by diffraction. For entropy reasons the best choice ofφ is that which leads to the
smallest scattering among the moment values [6]. In the present caseφ = π/8 and therefore
µ0 cos 2π(3/8n+ 1/16) = µ0 cosπ(6n+ 1)/8. The moment distribution displayed in figure 3
shows two different Nd moment values of±1.97µB for the atoms atn = 0, 1, 4, 5, and of
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Figure 3. Transverse sine wave modulations (µ0 cos 2πx, x = q1n + ϕ) for the wave vector
q1 = (0, 3/8, 0)with a refined amplitude value of 2.13µB for (a)ϕ = 2π/16 and (b)ϕ = 0. Also
shown is the moment distribution alongb for eight cells for (c)φ = π/8 (antiphase domain with
two amplitudes) and (d)φ = 0 (antiphase domain with three amplitudes).
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±0.81µB for the atoms atn = 2, 3, 6, 7. It should be noted that this magnetic structure can also
be considered as an antiphase domain structure with two amplitudes where the moment values
change alongb in the following sequence forn = 8 atoms:µ1(+−)µ2(++)µ1(+−)µ2(−−).
For φ = 0 one obtains also two moment valuesµ1 = ±1.97 µB , µ2 = 0 in the sequence
µ1(+ − 0 +− + 0+). Clearly, a single crystal would allow one to characterize the magnetic
structure further.

4. Conclusion

The nuclear and magnetic structure of NdCuSn appears to be more complicated than previously
thought. In contrast to a previous study which reports on a disordered nuclear structure and
a magnetic structure having only one propagation vector, the present study gives evidence
for an essentially ordered nuclear structure and two magnetic wave vectors. The most likely
reason for this discrepancy is differences in sample preparation which may influence the degree
of order of the non-magnetic components. Thus more work is necessary to characterize the
structural and magnetic properties of this stannide.
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