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Abstract
Polycrystalline samples of R3CusSns (R = Pr and Nd) intermetallics were
studied with neutron diffraction methods. Both of them crystallize

in the orthorhombic structure of Gd;CusGey-type.  Pr3CusSny orders
antiferromagnetically below the Néel temperature of about 11 K whereas
Nd3CusSny does not order magnetically down to 1.5 K. In Pr;CusSny the
magnetic moments are localized at the Pr atoms that occupy two non-equivalent
2d and 4e sublattices and order simultaneously at the Néel temperature forming
a collinear magnetic order along the x-direction.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The rare earth intermetallic compounds are one of most attractive systems since they have
very interesting magnetic and transport properties. Their magnetic properties are induced by
a competition between two factors: exchange interactions of the RKKY type and the crystal
electric field.

Recently the novel R3;CuyXs (R—rare earth elements, X = Si, Ge, Sn) compounds,
which crystallize in the orthorhombic Gd;CusGe4-type crystal structure (/mmm space group,
No. 71) [1], are the subject of intensive investigations. One of the reasons for this is the fact that
in these structures rare earth atoms occupy two inequivalent sublattices. Results of magnetic
and neutron diffraction measurements indicate differences of the magnetic properties of these
compounds.

The Ce;Cuy Xy (X = Ge, Sn) compounds are antiferromagnets, with the Néel temperature
equal to 10.3 K for both. Below Ty three additional phase transitions are detectable in the
specific heat measurements, while the neutron diffraction data give only two magnetic phases.
The low-temperature phase in both compounds is collinear and antiferromagnetic, with the
magnetic unit cell equal to the crystal one and with the Ce moments forming ¢ angles with
the a-axis at 1.5 K and parallel to it at 3.8 K. Near the Néel temperature the Ce moments
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Figure 1. A comparison of the Néel temperatures observed in experiments and calculated from the
de Gennes relation for the R3CusSny (R = Ce, Pr, Nd, Pm and Sm) compounds. The calculated
values are normalized to the Néel temperature of Gd3Cuy Sny.

form modulated magnetic structures (the high-temperature phase). The values of the ordered
Ce magnetic moments at different sites are different: close to the free Ce** ion value for the
moments at the 2d sites (2.05(2) up for X = Ge and 1.89(2) up for X = Sn), and significantly
reduced at the 4e sites (1.10(2) up for X = Ge and 1.05(2) ug for X = Sn) [2]. The reduced
value of the magnetic moment results from the superposition of two effects: the crystal electric
field and the Kondo interactions. The magnetic and specific heat data for Gd;CusSn4 indicate
three anomalies: a broad peak at 13 K, a second order phase transition at 8.2 K, and a first order
transition at 6.5 K [3]. The neutron diffraction data for the R3CusSny (R = Tb-Er) compounds
indicate the existence of complex magnetic structures at low temperatures [4]. The magnetic
and specific heat data for the R3CuySny (R = Pr, Nd and Sm) compounds indicate that they
are all antiferromagnets, with Néel temperatures equal to 11.8, 1.8 and 7.5 K, respectively.
For Sm3Cu,4Sny an additional phase transition below the Néel temperature, at 5 K, is observed.
For the Pr and Nd compounds, in contrast to the Ce, Sm and Gd compounds, no additional
transitions below the Néel temperatures have been detected [5]. Large interatomic distances
between the rare earth atoms indicate that the observed antiferromagnetic state is probably
induced by the RKKY exchange interaction. In the RKKY model the critical temperature of
the magnetic ordering is proportional to the de Gennes function [6]. The summarized data
concerning this dependence (see figure 1) clearly indicate that this relation is not fulfilled for
the Ce, Pr and Sm compounds.

A similar breakdown of the de Gennes scaling is also observed in the isostructural
R3CuyGey (R = Yb, Gd) compounds [7]. These observations indicate a strong exchange
interaction between the Ce and YD ions arising presumably from the 4f conduction band
hybridization or crystal electric field effect.

In these compounds the rare earth ions occupy two different sublattices with two different
local symmetries: the mmm symmetry for the 2d sites and the 2mm symmetry for the 4e sites;
these experience a different crystal electric field. The !"°Yb Mossbauer effect for isostructural
Yb3CuyGey indicates that the quadrupolar interaction at the 4e sites has an axial character,
while at the 2d sites it has a strong non-axial character [7]. Keeping in view the interesting
magnetic behaviour observed for these compounds we have in this work investigated the
crystal and magnetic structure of the R3CusSns (R = Pr and Nd) compounds, using neutron
diffraction methods.
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Table 1.  The refined structural and magnetic parameters of the R3CusSngs (R = Pr and Nd)
compounds (space group /mmm (No. 71)) obtained from the neutron diffraction data collected at
1.5 and 20 K for Pr3CuysSny and at 1.5 and 7.5 K for Nd3CusSny. Standard deviations are given in

brackets.

Compound Pr3CuySny Nd3;CuySny

T (K) 1.5 20 1.5 7.5

a (A) 14.983(4)  15.004(7) 14.975(5)  14.964(5)
b (A) 6.980(2) 6.981(3) 6.976(2) 6.976(2)
c(A) 4.561(1) 4.567(2) 4.546(2) 4.545(1)
v (A% 477.0(2) 478.4(4) 474.8(3) 474.5(3)
XR 0.119(1) 0.121(2) 0.127(1) 0.1322(9)
XCu 0.3330(5) 0.3323(7) 0.3344(6)  0.3347(5)
YCu 0.193(1) 0.196(2) 0.178(1) 0.186(1)
XSn 0.228(1) 0.223(2) 0.232(1) 0.222(1)
Ysn 0.183(2) 0.174(3) 0.209(2) 0.185(2)
RBragg (%)  9.53 11.7 11.8 11.7

RE (%) 6.44 9.33 8.21 8.40

Had (4B) 2.9(2) — _ _
Hae (1B) 2.3(1) — — _
Rimag (%) 17.2 — _ _

2. Experimental procedure

Polycrystalline samples of the R3CusSns (R = Pr and Nd) compounds, each with total weight
of about 5 g, were synthesized by arc melting of stoichiometric amounts of high purity elements
(3N purity for R elements and 4N for Cu and Sn) in a Ti/Zr gettered argon atmosphere. The
reaction products were annealed at 800 °C for a week.

Both samples were examined by x-ray powder diffraction (Cu K« radiation) in order
to check their purity. The peaks in the x-ray patterns were indexed in the orthorhombic
Gd;CuyGey-type structure. In both samples the presence of the RCu,Sn; (R = Pr and Nd for
the Pr3CusSny and Nd3;CusSny samples, respectively) phase in amounts of about 4(4)% was
detected.

Neutron diffractograms were obtained on the E6 instrument at the BERII reactor, Hahn-
Meitner Institut, Berlin. The incident neutron wavelengths were 2.4439(7) A and the
measurement temperatures ranged between 1.5 and 20 K. The neutron diffraction data were
processed with a Rietveld-type programme, FULLPROF [8].

3. Results

3.1. Crystal structure

The neutron diffraction patterns recorded at 20 and 7.5 K for Pr3CusSny and Nd3;CuysSny,
respectively, as well as the x-ray patterns recorded at the room temperatures, confirmed that
these compounds crystallize in the orthorhombic structure of Gd3;CusGes-type, described by
the Immm space group (No. 71). In this structure the rare earth atoms occupy two sites:
2d (1/2,0,1/2) and 4e (x, 0, 0); the Cu atoms are situated at the 8n (x, y, 0) positions and
the Sn atoms are at the 4f (x, 1/2, 0) and 4h (0, y, 1/2) positions in the crystal unit cell. The
determined values of the lattice parameters a, b and ¢ as well as the positional parameters
corresponding to the minimum of the reliability factor are listed in table 1.
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Figure 2. Neutron diffraction patterns of Pr3CusSny collected at 1.5 and 20 K. The circles represent
the experimental points, the solid curves are calculated profiles for the model crystal and magnetic
structures described in the text, and the differences between the observed and calculated intensities
are at the bottom of each diagram. The vertical bars indicate the Bragg peaks of nuclear (N for
Pr3CusSny and IM for the PrCu;Sn, impurity phase) and magnetic (M) phase. The region around
63° was excluded due to the cryostat reflection.

3.2. Magnetic structure

3.2.1.  Pr3CusSnyg. The neutron diffraction patterns of Pr3CusSnys recorded at low
temperatures reveal the presence of additional peaks of magnetic origin. The pattern collected
at 1.5 K is shown in figure 2. The analysis indicates that the Pr magnetic moments occupy two
sites with the following positions in the crystal unit cell:

o the 4e sites: M; (x,0,0), My (1 — x,0,0), Mz ((1/2) + x,1/2,1/2), My ((1/2) —
x,1/2,1/2); and
o the 2d sites: Ms (1/2,0, 1/2), Mg (0, 1/2, 0).

The analysis of the magnetic peak intensities leads to following conclusions.

e At 1.5 K the magnetic peaks can be indexed with the propagation vector k = (1,1, 1)
describing the ordering in both sublattices. The magnetic moments in both sublattices
are aligned along the a-axis and their values are as follows: g = 2.9(2) up and
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Figure 3. The magnetic structure of Pr3CusSny at 1.5 K.

Table 2. Basic vectors of the irreducible representations for k = (1, 1, 1) of the Immm space
group in the 2d positions.

(1/2,0,1/2)  (0,1/2,0)

3 (1,0,0) (=1,0,0)
5 (0,1,0) 0,-1,0)
7 (0,0, 1) 0,0, -1)

Table 3. Basic vectors of the irreducible representations for k = (1, 1, 1) of the Immm space
group in the 4e positions.

(x,0,00 (1-x,0,00 ((1/2)+x,1/2,1/2)  ((1/2) —x, 1/2,1/2)

n  (1,0,0) (=1,0,0) (~1,0,0) (1,0,0)
3 (1,0,0) (1,0,0) (—1,0,0) (—1,0,0)
5 (0,1,0) (0,1,0) 0, —1,0) 0, —1,0)
6 (0,0,1) (0,0, —1) 0,0,-1) 0,0, 1)
7 (0,0,1) 0,0, 1) 0,0,-1) 0,0, —-1)
g (0,1,0) (0,—1,0) 0, —1,0) (0,1,0)
Hae = 2.3(1) up. The sequences of signs in the space of the crystal unit cell are

antiferromagnetic in both of them: —+ for the 2d sublattice and ++—— for the 4e sublattice.
The symmetry analysis supported by the MODY programme [9], carried out analogically
as it was in our previous works [4, 10], allows three irreducible representations for the
2d sublattice and six irreducible representations for the 4e sublattice case, each of them
appearing once (see tables 2 and 3). The fitted model is described by the t3 irreducible
representation. Ry, = 17.2%. The magnetic structure is shown in figure 3.

e At 20 K the Pr magnetic moments are not ordered.
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Figure 4. Part of the neutron diffraction patterns of Pr3CusSns measured at different
temperatures (a) and the temperature dependence of the magnetic 001 peak intensity (b). The
subscript M label the magnetic peaks.

Figure 4 shows the parts of the diffraction patterns of Pr;CusSny (angular range: 10°-40°)
measured at different temperatures (part (a)) and the temperature dependence of the magnetic
001 peak intensity (part (b)). The Néel temperature may thus be estimated as equal to about
11 K.

3.2.2. Nd3CuyqSny. The Nd3CuySng sample does not seem to order magnetically down to
1.5 K. The neutron diffraction pattern obtained at the temperature of 7.5 K as well as the 1.5-
7.5 K difference pattern are shown in figure 5. The determined values of the lattice parameters
a, b and c as well as the positional parameters corresponding to the minimum of the reliability
factor are listed in table 1.

4. Discussion

Neutron diffraction data confirm that Pr3CusSny and Nd3;CusSny crystallize in the
orthorhombic Gd;CusGey-type structure. Pr;CusSny reveals antiferromagnetic order at low
temperatures and its Néel temperature can be estimated as equal to about 11 K. Nd3CuySny
does not order magnetically down to 1.5 K. In Pr;Cuy Sny the Pr magnetic moments in both non-
equivalent 2d and 4e sublattices order simultaneously at the Néel temperature mentioned above
and form a collinear antiferromagnetic order with the magnetic moments equal to 2.9(2) up
for the 2d sublattice and 2.3(1) up for the 4e sublattice along the x-direction.

The determined magnetic structure of Pr3CusSny is similar to that observed in isostructural
Ces;CuySny at low temperatures [2]. In Pr3CusSny the collinear magnetic order is stable while
in Ce3CuySny the magnetic order changes to the modulated one near the Néel temperature.

The observed collinear magnetic ordering indicates a strong magnetocrystalline anisotropy
connected with the crystal electric field. The differences of the values of the magnetic moments
in different sublattices are connected with different crystal electric field effect, which influences
the Pr’* ions situated there. This is in a good agreement with specific heat and transport data [5].

The Pr magnetic moments values at the 2d and 4e sites are 91% and 72% of the free Pr**
ion value (3.2 up), respectively. This reduction may be connected with the strong influence



Magnetic structures of R3CusSng (R = Pr and Nd) 51

- ' s 75K
2 il b o e
_EMWMMMW *‘F. S
| [15K-75K ]
';:' — 10 20 30 40 ;(é [d(;g] T0 80 90 100 § ::
© 2 e
— (=]
2 s _ o E
2 - 7ol oes N
or s 3 5 b
S f s W AL
““._.. o 5 S o)
I 1 | | I T I (LT renr 1 ner N
- | | | 11 [ T T [ IM
T T T T T T T T
10 20 30 40 50 60 70 80 90 100

20 [deg]

Figure 5. Neutron diffraction patterns of Nd3Cuy Sny collected at 7.5 K. The circles represent the
experimental points, the solid curves are calculated profiles for the model crystal and magnetic
structures described in the text, and the differences between the observed and calculated intensities
are at the bottom of the diagram. The vertical bars indicate the Bragg peaks of nuclear (N for
Nd3CusSny and IM for the NdCu, Sn, impurity phase). The inset shows the 1.5-7.5 K difference
pattern.

of the crystal electric field and/or hybridization effect. The heat capacity data indicate that the
crystal electric field splitting in Pr3CusSny is relatively low. The entropy at Ty is 6 J/Pr mol K
and exceeds the theoretical value R1In2 (5.76 J/Pr mol K). The excess entropy arises from
the thermal depopulation of the excited crystal field levels. A similar strong decrease of the
magnetic moment values is observed in isostructural Ce;CusSny (1.89(2) up for the 2d and
1.05(2) ug for the 4e sites). These values are 88.3% and 48% of the free Ce* ion value,
respectively.

The absence of magnetic scattering in Nd3CusSny at 1.5 K resulted from the fact that the
measurement temperature was near the Néel temperature (1.8 K).

5. Conclusions

The results presented in this work are a part of a broader research programme concerning
investigations on the magnetic structures of the R3;CusXy (R—rare earth element,
X = Si, Ge, Sn) compounds. The determined magnetic structure of Pr3CusSny confirms the
importance of the role of the crystal electric field for the stability of the magnetic ordering.
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