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Abstract

Polycrystalline samples of R3AgsSny (R =Pr, Nd) and Nd;CusGey
intermetallics were studied with magnetometric, x-ray and neutron diffraction
methods. All of them crystallize in the orthorhombic Gd;CusGes-
type structure, in which the rare earth atoms occupy two inequivalent
crystallographic positions, and order antiferromagnetically below their Néel
temperatures of 12 K in the case of Pr3Ag4Sny, 5 K in the case of Nd3AgsSny
and 4.5 K in the case of Nd3;CusGey. All of the investigated compounds
have collinear magnetic structures at low temperatures. In the case of
Pr3;AgsSns an additional phase transition to a non-collinear structure is
observed. The magnetic structures were studied with the support of group
theoretical considerations.

1. Introduction

The R3Ag4Sny (R = Pr, Nd) and Nd3CuyGe4 compounds belong to the R3T4 X, (R—a rare
earth metal, T—a transition metal, X—a p-electron element) compounds, which have been
intensively investigated by us recently [1-8]. All of these isostructural compounds crystallize
in an orthorhombic Gd3;CusGes-type structure (space group /mmm, no 71) [9], in which the
rare earth atoms occupy two inequivalent sublattices, and order antiferromagnetically at low
temperatures revealing a great variety of magnetic structures. For this reason it is interesting to
systematize their magnetic properties, which is our aim. In the course of systematic research
of the ternary R3T4 Xy intermetallic compounds we present results of magnetic and neutron
diffraction measurements.
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2. Experimental procedure

The polycrystalline samples of R3AgsSny (R = Pr, Nd) and Nd;CusGey, each of the total
weight of about 5 g, were synthesized through the arc-melting of stoichiometric amounts of
high purity elements (3N purity for R elements, and 4N for Ag, Cu, Sn and Ge) in an Ar/Zr
gettered atmosphere. The reaction products were annealed at 800 °C for a week.

The samples were subsequently examined by x-ray powder diffraction (Cu Ko radiation)
in order to check their purity. The peaks in the x-ray patterns of R3Ag4Sns (R = Pr, Nd) and
Nd3;CuyGey were indexed in the orthorhombic Gd;CusGey-type structure. In each specimen
the presence of small amounts of a few per cent of impurities was detected. In the case of
the R3Ag4Sny (R = Pr, Nd) samples these small impurities were identified as RAg, (R = Pr,
Nd, respectively) and in the case of the Nd;CuyGe4 sample trace amounts of NdCuGe and
NdCuGe, were found.

DC magnetic measurements were made with the use of a commercial MPMS SQUID
magnetometer. For each sample two types of measurements were performed: magnetic
susceptibility measurementin a field of 1 kOe in the 2—-300 K temperature range (from these data
effective magnetic moment i.sr and paramagnetic Curie temperature 6 values were obtained)
and magnetization measurement for fields up to 50 kOe at about 2 K (in order to get the value of
the pseudo-saturated magnetic moment and the character of the magnetization curve). Since the
measured samples were in the form of powder with poorly defined shapes no demagnetization
effects were taken into account.

Neutron diffractograms were obtained on the E6 instrument at the BERII reactor, Hahn-
Meitner Institut, Berlin. The incident neutron wavelength was 2.4463 A and the measurement
temperatures ranged between 1.5 and 20 K. The neutron diffraction data were processed with
a Rietveld-type programme: FULLPROF [10].

3. Results

3.1. Crystal structure

The neutron diffraction patterns recorded at 20, 10 and 10 K for Pr3Ag4Sny, Nd3Ag4Sns and
Nd3;CuyGey, respectively, as well as the x-ray patterns recorded at room temperature, confirmed
that all of them crystallize in the orthorhombic structure of Gd;CusGey type, described by the
Immm space group. In this structure the rare earth atoms occupy two sites: 2d (%, 0, %) and
4e (x,0,0); the Ag/Cu atoms are situated at the 8n (x, y, 0) positions and the Sn/Ge atoms
are at the 4f (x, %, 0) and 4h (0, y, %) 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.

3.2. Magnetic structure

3.2.1.  Pr3AgiSns. Figure 1(a) shows the temperature dependence of the magnetic
susceptibility and of the reciprocal magnetic susceptibility of Pr3AgsSns. The susceptibility
reveals a jump at a temperature of 9 K, which indicates a change of magnetic ordering and
the appearance of a very weak induced magnetic moment, which disappears at 12 K. Above
the Néel temperature the reciprocal magnetic susceptibility satisfies the Curie—Weiss law with
a paramagnetic Curie temperature of —3.7 K and an effective Pr magnetic moment equal
to 3.64 ug. The magnetization curve measured at 2 K in fields up to 50 kOe, presented in
figure 1(b), shows a metamagnetic transition at 27 kOe. The magnetic moment at 2 K in a
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Figure 1. Temperature dependence of the magnetic susceptibility x and the reciprocal magnetic
susceptibility 1/x of Pr3AgsSnys, measured at 1 kOe, and magnified 0-22 K region (part (a)) and
magnetization curve measured at 2 K (part (b)).

Table 1. The refined structural and magnetic parameters of the R3Ag4Sny (R = Pr, Nd) and
Nd3CuyGes compounds (space group Immm, no 71) obtained from the neutron diffraction data
collected at different temperatures. Standard deviations are given in brackets.

Pr3AgsSny Nd3AgsSny Nd3;CuyGey
T (K) 1.5 20 1.5 10 1.5 10
a (A) 15.453(3) 15.451(4) 15.400(5) 15.404(6) 14.230(4) 14.232(5)
b (A) 7.350(2) 7.349(2) 7.334(2) 7.339(3) 6.702(2) 6.703(2)
c(A) 4.657(1) 4.654(1) 4.632(1) 4.632(2) 4.296(1) 4.297(1)
V (A%) 529.0(2) 528.5(3) 523.1(3) 523.6(3) 409.7(2) 409.9(2)
XR 0.1343(8)  0.1393(8)  0.1306(9)  0.130(1) 0.1242(7)  0.1237(7)
XAg/Cu 0.3272(6)  0.3291(6)  0.3305(7) 0.3321(7) 0.3332(4)  0.3332(4)
YAg/Cu 0.1936(8)  0.1887(7)  0.190(2) 0.189(2) 0.189(1) 0.189(1)
XSn/Ge 0.2164(8)  0.2160(9)  0.211(1) 0.211(1) 0.2177(8)  0.2189(8)
YSn/Ge 0.187(1) 0.190(1) 0.184(2) 0.187(2) 0.189(1) 0.190(1)
RBragg (%) 5.73 9.24 7.70 7.85 8.21 6.49
Rg (%) 5.04 7.88 6.11 6.71 7.62 5.02

field of 50 kOe is equal to 0.75 up per Pr atom and is much smaller than the respective free
Pr3* ion value (3.2 iug).

Neutron diffraction patterns of Pr;Ag4Sny recorded at low temperatures reveal the presence

of additional peaks of magnetic origin. The patterns collected at 1.5, 9.5 and 20 K are shown in
figure 2. 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), M3 (3 +x, 3, ), My (4 —x, 1, 1);

o the 2d sites, Ms (1,0, 1), M6 (0, 1, 0).

The analysis of the magnetic peak intensities leads to the following conclusions.
e At 1.5 K the Pr magnetic moments form a collinear order (propagation vector k; =

(1,1, 1)) along the a-axis within both sublattices, with the magnetic moment values of
3.2(1) and 2.83(6) B, and with the antiferromagnetic —+ and ++ —— moment sequences
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Figure 2. Neutron diffraction patterns of Pr3AgsSns collected at 1.5, 9.5 and 20 K. The circles
represent the experimental points; the solid curves are the calculated profiles for the model
crystal and magnetic structures described in the text and the differences between the observed
and calculated intensities (at the bottom of each diagram). The vertical bars indicate the Bragg
peaks of nuclear (N for Pr3 Ag4Sny and IM for the PrAg, impurity phase) and magnetic (M1 and
M2 for the phase connected with the k; and ky vectors, respectively) origin. The region around
about 76° was excluded due to cryostat reflection. The inset shows the temperature dependence of
the magnetic peak intensities.

for the 2d and 4e sublattices, respectively. Symmetry analysis supported by the MODY
programme [11], carried out analogously to our previous works [1, 2], allows three
irreducible representations (each of them appearing once) for the 2d sublattice and six
irreducible representations (each of them appearing once as well) for the 4e sublattice
(see tables 2 and 3) for the propagation vector k = (1, 1, 1). The fitted model is described
by the 73 irreducible representation in both cases. Riyae1 = 11.3%.

e At 9 K the magnetic moments of 2.8(4) up in the 2d sublattice and of 2.4(2) up in the 4e

sublattice form the same arrangement as at lower temperatures, but the propagation vector
becomes k; = (0, %, 0). The symmetry analysis allows three irreducible representations
(each of them appearing once) for the 2d sublattice and four irreducible representations
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Table 2. Basic vectors of the irreducible representations for k = (1, 1, 1) of the Immm space
group in the 2d positions.

(5.0,3)  (0,5,0)

i (1,0,0)  (—1,0,0)
s (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-x00 G+x,3 D G-xiD

Dl

n  (1,0,00 (=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 (0,1,0) 0,-1,0) 0,-1,0)
5 (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 (0,1,00 (0,—-1,0) 0,—-1,0) 0,1,0)

Table 4. Basic vectors of the irreducible representations for k = (0, % 0) of the Immm space
group in the 2d positions; ¢ = %n.

n  (0,1,0)  (0,e%,0)
3 (1,0,0) (€?,0,0)
i (0,0,1) (0,0, ¢¥)

n  (0,—1,00 (0, —e7%,0)
3 (1,0,0) (e74,0,0)
(0,0,—1) (0,0,—e7)

(two of them appearing twice) for the 4e sublattice (see tables 4 and 5) for the propagation
vector k = (0, %, 0). The fitted model is described by the 73 irreducible representations
in both cases. Rpag = 13.9%.

e At 12 K the magnetic moments disorder.

The temperature dependence of the magnetic 110y, 1-10pp/110p2 and 0-11y2 /011y peak
intensities shown in the inset in the figure 2 allows us to estimate the transition temperatures
as equal to 9 and 12 K, the latter being the Néel temperature value. This result is consistent
with the magnetic susceptibility measurement result.

3.2.2.  Nd:zAgsSns. Figure 3(a) shows the temperature dependence of the magnetic
susceptibility and of the reciprocal magnetic susceptibility of Nd;Ag4Sny. In this case the
temperature dependence of the magnetic susceptibility indicates a broad maximum about 4 K.
Above the Néel temperature the reciprocal magnetic susceptibility satisfies the Curie—Weiss
law, with a paramagnetic Curie temperature of —20.7 K and an effective Nd magnetic moment
equal to 4.23 up. The magnetization measured at 2 K in fields up to 50 kOe (see figure 3(b))
increases nearly linearly with increasing magnetic field; at 50 kOe it is equal to 0.75 ug per
Nd atom and is much smaller than the respective free Nd3* ion value (3.27 ug).
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Figure 3. Temperature dependence of the magnetic susceptibility x and the reciprocal magnetic
susceptibility 1/x of Nd3AgsSny, measured at 1 kOe, and magnified 0-20 K region (part (a)) and
magnetization curve measured at 2 K (part (b)).

Table 5. Basic vectors of the irreducible representations for k = (0, %

group in the 4e positions; ¢ = %n.

0) of the Immm space

(x,0,00  (1-x00 G+x5H G-x51d

k
1 (0,0,1) 0,0, —1) (0,0, ¢l?) (0,0, —¢i?)
m  (1,0,0) (—1,0,0) (€, 0,0) (—€'?, 0, 0)
T, (0,1,0) 0, 1,0) 0, ¢, 0) (0, e, 0)
3 (1,0,0) (1,0, 0) (€%, 0,0) (€', 0,0)
7, (0,1,0) 0, —1,0) (0,¢'¢, 0) 0, —¢?, 0)
i (0,0,1) 0,0, 1) (0,0, ¢l?) (0,0, ¢l?)
-k
. (0,0,—1) (0,0,1) 0,0, —e"%)  (0,0,e71%)

mn  (1,0,0) (—1,0,0) (e71%,0,0) (—e1,0,0)
7, (0,-1,00 (0,—1,0) 0, —e"%,0) (0,—e",0)
3 (1,0,0) (1,0,0) (e71%,0,0) (e71%,0,0)
7, (0,-1,00 (0,1,0) 0, —e7,0)  (0,e71%,0)
7, (0,0,—1) (0,0,—1) 0,0, —e"%) (0,0, —e™¢)

Neutron diffraction patterns of Nd3AgsSny recorded at 1.5 and 10 K are shown in figure 4.
The analysis of magnetic peak intensities leads to the following conclusions.

e At 1.5 K the Nd magnetic moments form a collinear order (propagation vector k =
(1, 1, 1)) with the magnetic moments of 1.3(1) up parallel to the a-axis in the 2d sublattice
and of 2.29(8) up aligned in the a—b plane and forming an angle of 144(2)° on the a-
axis for the 4e sublattice. The sequences of signs in the 2d and 4e sublattices are +—
and + + ——, respectively. Such order is described by the 3 irreducible representation in
the case of the 2d sublattice and by linear combination of the the 73 and 75 irreducible
representations in the case of the 4e sublattice (see tables 2 and 3). Ry, = 19.4%.

e At 5 K the magnetic moments disorder.
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Figured. Neutron diffraction patterns of Nd3 Ag4 Sny collected at 1.5 and 10 K. The circles represent
the experimental points, the solid curves are the calculated profiles for the model crystal and
magnetic structures described in the text and the differences between the observed and calculated
intensities (at the bottom of each diagram). The vertical bars indicate the Bragg peaks of nuclear (N
for Nd3 Ag4Sny and IM for the NdAg, impurity phase) and magnetic (M) origin. The region around
about 76° was excluded due to cryostat reflection. The inset shows the temperature dependence of
the magnetic 110y peak intensity.

The temperature dependence of the magnetic 110y peak intensity shown in the inset in the
figure 4 allows us to estimate the Néel temperature value as equal to 5 K, which slightly
surpasses the value obtained from the magnetic susceptibility data.

3.2.3.  Nd3;CusGey. Figure 5(a) shows the temperature dependence of the magnetic
susceptibility and of the reciprocal magnetic susceptibility of Nd3;CusGe4. This dependence
gives the Néel temperature value of 4 K, above which the reciprocal magnetic susceptibility
satisfies the Curie—Weiss law with a paramagnetic Curie temperature of —4.0 K and an effective
Nd magnetic moment equal to 3.64 ug. The magnetization measured at 2 K in fields up to
50 kOe (see figure 5(b)) increases nearly linearly with increasing magnetic field; at 50 kOe it
is equal to 1.2 up per Nd atom and is much smaller than the respective free Nd** ion value
(3.27 puB).

Neutron diffraction patterns of Nd3;CusGe, recorded at 1.5 and 10 K are shown in figure 6.
The analysis of magnetic peak intensities leads to the following conclusions.
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Figure 5. Temperature dependence of the magnetic susceptibility x and the reciprocal magnetic
susceptibility 1/x of Nd3CusGes, measured at 1 kOe, and magnified 0-20 K region (part (a)) and
magnetization curve measured at 2 K (part (b)).

e At 1.5 K the Nd magnetic moments are ordered only in the 4e sublattice forming a collinear
structure (propagation vector k = (1, 1, 1)) with the magnetic moments of 1.75(5) up
parallel to the c-axis with the + + —— sequence of signs. Such order is described by the
77 irreducible representation (see table 3). Ry,e = 24.9%.

e At 4.5 K the magnetic moments disorder.

The temperature dependence of the magnetic 011y peak intensity shown in the inset in
figure 6 allows us to estimate the Néel temperature value as equal to 4.5 K, which slightly
surpasses the value obtained from the magnetic susceptibility data.

4. Discussion

The investigated R3AgsSnys (R =Pr, Nd) and Nd;CusGes compounds crystallize in
the orthorhombic Gd;CusGey-type structure, in which the rare earth ions occupy
two crystallographically inequivalent 2d and 4e sublattices. These compounds order
antiferromagnetically at low temperatures forming different collinear structures. In the case of
Pr3;Ag4Sny, additional phase transition from collinear to non-collinear arrangement is observed.
The low temperature magnetic structure of Pr; Ag4Sny is the same as those of the isostructural
Pr3CusSny [7] and CesCusSny [12]. For Pr;CusSny this structure is stable up to the Néel
temperature while for Ce;CusSny, similarly to the Pr3AgsSny case, the collinear magnetic
order changes to the modulated one near the Néel temperature. In all cases of the investigated
compounds magnetic moment values of rare earth ions at 1.5 K are significantly reduced in
comparison to the free R** ion values and they are different at different sites. It is likely
that the reduction is caused by both the crystal electric field and the hybridization effect.
A similar effect of the reduction of the light rare earth magnetic moments was observed in
previous works [7, 12]. The determined Néel temperature values for the R3 AgsSny series—
9 K for Ce3Agy4Sny [13], 12 K for Pr3;AgsSny and 5 K for Nd;AgySny—are larger than those
resulting from de Gennes scaling based on the RKKY model [14] (see figure 7(a)). Also for
the R3CusGe4 compounds the Néel temperature values are larger than those resulting from de
Gennes scaling normalized to the Néel temperature of GdsCusGey (8.6 K[15]) (see figure 7(b)).
For light rare earths (R = Ce, Nd) the values of ATy = Tn(observed) — Tn(calculated)
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Figure 6. Neutron diffraction patterns of Nd3CusGes collected at 1.5 and 10 K. The circles
represent the experimental points, the solid curves are the calculated profiles for the model
crystal and magnetic structures described in the text and the differences between the observed
and calculated intensities (at the bottom of each diagram). The vertical bars indicate the Bragg
peaks of nuclear (N for Nd3CusGey and IM for the mix of the NdCuGe and NdCuGe; impurity
phases) and magnetic (M) origin. The region around about 76° was excluded due to cryostat
reflection. The inset shows the temperature dependence of the magnetic 011y peak intensity.

decrease with increasing number of the 4f electrons. The difference between the observed and
calculated Néel temperature values results from the strong influence of the crystalline electric
field effect on the magnetic ordering schemes [16].

5. Conclusions

Results presented in this work as well as the previously obtained data [2, 7, 12] indicate
complex magnetic ordering in the R3T4X4, where R is a light rare earth element, compounds.
This suggests that the main interaction leading to magnetic ordering in these systems is not
purely of the RKKY type but is modified by the crystal electric field and/or hybridization
effect. Investigations of the influence of this factor are planned.
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