Journal of Alloys and Compounds 509 (2011) 9724-9732

Contents lists available at ScienceDirect

ALLOYS
AND COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jallcom

The magnetic structures of RMgSn compounds (R=Ce, Pr, Nd, Tb)

C. Ritter®*, A. Provino® %4, P, Manfrinetti® <4, K.A. Gschneidner Jr.P

2 Institut Laue-Langevin, Boite Postale 156, F-38042 Grenoble, France

b Ames Laboratory-US DOE and Department of Materials Science and Engineering, lowa State University, Ames, IA 50011-3020, USA
¢ Dipartimento di Chimica e Chimica Industriale, Universita di Genova, Via Dodecaneso 31, 16146 Genova, Italy

4 CNR-SPIN, Corso Perrone 24, 16152 Genova, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 13 July 2011

Received in revised form 26 July 2011
Accepted 29 July 2011

Available online 4 August 2011

The synthesis of the new compounds RMgSn (R=La-Nd, Sm, Gd-Tm, Lu and Y) has been recently reported.
The compounds formed by La and Ce crystallise in the TiNiSi structure type (oP12, Pnma), while from Nd
they adopt the CeScSi-type (tI12, I4/mmm); PrMgSn is dimorphic: its high-temperature form (HT) is
TiNiSi-type while the low-temperature one (LT) is CeScSi-type.

In this paper we now report the results of a neutron diffraction investigation which has been performed
in order to refine the crystal as well as the magnetic structures for the RMgSn compounds with R=Ce,
Pr, Nd and Tb. All these compounds see at low temperature the establishment of long range magnetic
ordering with a predominantly antiferromagnetic interaction; only PrMgSn-HT orders ferromagnetically.
These results agree with those from magnetic measurements recently reported.

The magnetic structure of CeMgSn is of the amplitude-modulated type, the value of the magnetic
propagation vector refined at 2K is t=[0, 0.1886(4), 0.3384(8)]. The PrMgSn-HT phase below T=52K
adopts first a purely ferromagnetic structure, then at about T=15K a second magnetic coupling leads
to a spin-canted magnetic structure. Both PrMgSn-LT and NdMgSn have the same antiferromagnetic
commensurate magnetic structure. The TbMgSn compound below Ty=35K orders antiferromagneti-
cally with an equal moment cycloidal structure; however a second magnetic transition at a temperature
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corresponding to Ty =65 K is likely also present.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The formation, crystal structures and melting behaviour of the
two new families of rare earth intermetallicRMgSn [1,2] and RMgPb
[3] phases have been reported recently. Previously to these reports
no ternary R-Mg-X (X=Sn and Pb) compounds have ever been
reported [4-6], but R=Eu and Yb. All the rare earth elements form
the 1:1:1 equiatomic compounds: the RMgSn family extends from
La to Lu including Y but not Sc, while in the RMgPDb series also both
YMgPb and ScMgPb compounds form. Differential Thermal Anal-
ysis showed that all the RMgX compounds (X=Sn and Pb) form
congruently, the melting temperature lowering on going from the
light to the heavy R [1]. The RMgSn compounds have been found to
crystallize in two different structure types: the RMgSn phases with
the lighter R(R=La, Ce, Pr) adopt the orthorhombic TiNiSi structure
type (Fig. 1a, an ordered derivative of the Co,Si-type, oP12, Pnma),
while the ones formed by the heavier R (R=Nd, Sm, Gd, Tb, Dy, Ho,
Er, Tm and Lu, plus Y) form in the tetragonal CeScSi-type structure
(Fig. 1b, an ordered derivative of the La,Sb-type, tI12, [4/mmm) [1].
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For PrMgSn, the synthesis conditions and a lower anneal-
ing temperature (700°C) adopted by Lemoine et al. [2] allowed
the formation of a low temperature phase (PrMgSn-LT), showing
CeScSi-type structure. In the case of RMgPb series, all the com-
pounds are isomorphic adopting the CeScSi-type crystal structure.
Crystallographic considerations suggested a room-temperature
trivalent state for Ce and Sm and a divalent state for Yb, in both
the stannides and plumbides.

Measurements of the heat capacity, magnetization and electri-
cal resistivity on most members of these two series of compounds
have been carried out. Some preliminary results were already
reported [7], while a more enlarged report about the physical
properties of both the RMgSn and RMgPb families is going to be
published [8]. We found that the compounds with a magnetic
R generally order antiferromagnetically with Néel temperatures
ranging in between 8 and 80K, the higher ordering temperature
pertaining to SmMgSn with a Ty of about 81K. The magnetic
ordering temperatures of corresponding members in the two
families of compounds are comparable. About what is concern-
ing the compounds object of the present work, CeMgSn has
been found to order antiferromagnetically with a Ty of about
13K, with no evidence of Kondo effect (as inferred from the
variation of its resistivity with temperature); PrMgSn-HT orders
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Fig. 1. (a) TiNiSi-type structure adopted by CeMgSn and PrMgSn-HT. (b) CeScSi-type structure adopted by PrMgSn-LT, NdMgSn and TbMgSn. The shortest R-R distances are

indicated by arrows.

ferromagnetically with Tc=52K, NdMgSn and TbMgSn order
antiferromagnetically with Néel temperatures of 31 and 34K,
respectively.

Meanwhile our work was in progress, the magnetic properties of
the RMgSn compounds were reported in literature by Lemoine et al.
[2]; in this latter, antiferromagnetic ordering at Ty =20K has been
reported for PrMgSn-LT. Our results are in good agreement with
those of Ref. [2], in what is concerning both the type of magnetic
ordering as well the transition temperatures.

Now, in this article, we present the results of a neutron diffrac-
tion work performed on the CeMgSn, PrMgSn-HT, PrMgSn-LT,
NdMgSn and TbMgSn phases.

2. Experimental details

The samples were prepared into Ta crucibles by induction melting. Weighed
amounts of the metals [large pieces of the rare earth, cut from bulk and handled
in glove-box (99.9+ wt.% purity, Ames Laboratory), magnesium chunk (99.99 wt.%
purity) and pieces of tin (99.999 wt.% purity)], for a total mass of 8-10g, were
placed inside outgassed Ta crucibles which were sealed by arc welding under
an inert Ar atmosphere. The alloys were melted by slowly heating up to 1250°C
(£20°C) (i.e.: about 50°C above the liquidus temperatures of the alloys [1]), then
slowly cooled down to room temperature. The crucibles were closed into quartz
ampoules under vacuum to be annealed in a resistance furnace. CeMgSn, NdMgSn
and TbMgSn samples were heat treated at 900 °C for 7 days, then air cooled; PrMgSn-
HT (HT = high temperature), after the same treatment as above, was further treated
at 1000°C for 1 day then ice-water quenched, while PrMgSn-LT (LT = low tempera-
ture) was annealed at 650 °C for 7 days and slowly cooled. As already observed in
our previous work [1], no contamination by Ta was detected. Phase analysis was
performed by X-ray powder diffraction, using a X'Pert diffractometer (Cu Koy radi-
ation); no impurity phases were found in all the prepared samples, if not at a trace
level.

The neutron diffraction data were taken on the high resolution powder diffrac-
tometer D2B and on the high intensity powder diffractometer D1B, both situated at
the Institut Laue Langevin at Grenoble, France. D1B has been recently equipped with
a new multidetector spanning 120° in 26 with detector cells every 0.1°. The thermal
dependence of the neutron spectra (thermodiffractogram) was determined on D1B
with A=2.52A for R=Tb, Nd, Pr (HT) and Pr (LT), recording spectra of 5 min every
3 K. Additional data with higher statistics (10 min for R=Tb and Nd and 15 min for
the two Pr compounds) were taken at 2 K and above the specific magnetic transition
temperature. For CeMgSn spectra with long counting times of about 3 h were used
at T=2K and 20K. A thermodiffractogram was taken on this compound counting
for 15 min every degree. The presence of a 0.6% A/2 wavelength contamination was
taken into account in the refinements of the D1B data. The high resolution data were
recorded on D2B at room temperature using A = 1.594 A between 0° < 26 < 160° using
a step-width of 0.05°. All neutron data were analysed using the Rietveld refinement
program FULLPROF [9]; sketches of the crystallographic and magnetic struc-
tures were drawn with the program FullProf Studio [10], this latter incorporated
in Ref. [9].

3. Results and discussion
3.1. High resolution neutron diffraction

The high resolution data recorded at room temperature were
refined in order to determine lattice constants and atomic coordi-
nates and, most importantly, in order to check for the existence of
any impurity phases. Refinements proceeded smoothly using the
known structure types of TiNiSi (Pnma) for R=Ce and Pr (HT) and
CeScSi (I4/mmm) for R=Pr (LT), Nd and Tb; Table 1 contains the
results of these refinements. Fig. 2 displays, by way of example,
plots of the refinements of PrMgSn (HT) and NdMgSn.

There were no signs of any significant amounts of impurity
phases in any of these five samples. Special attention was given to
the analysis of the refinement of PrMgSn (HT) phase, as it is known
that the sample could be easily contaminated by the presence of
the low-temperature modification PrMgSn (LT). Any attempts to
include PrMgSn (LT) as a possible second phase in the refinement
of the PrMgSn (HT) data failed and we can exclude its presence
above the 2% level.

Table 1
Results of the Rietveld refinement against neutron diffraction data at 300K for the
RMgSn compounds with TiNiSi or CeScSi structure type.

TiNiSi type Ce Pr (HT)
XR 0.0197(3) 0.0202(4)
R 0.6819(3) 0.6815(3)
Xng 0.1546(3) 0.1548(3)
Zmg 0.0683(3) 0.0668(3)
Xsn 0.27185(2) 0.2700(3)
Zsn 0.3882(2) 0.3873(2)
a(A) 7.7271(2) 7.6801(3)
(A) 4.6480(1) 4.6219(2)
c(A) 9.0818(2) 9.0631(3)
dy 4.067(10) 4.036(4)
dp 3.999(5) 4.032(3)
RBragg 8.7% 6.5%
CeScSi type Pr (LT) Nd Tb
XR 0.33356(11) 0.33350(5) 0.33231(5)
Xsn 0.13250(9) 0.13290(7) 0.13548(5)
a(A) 4.49136(7) 4.47190(4) 4.38367(3)
c(A) 16.2216(3) 16.1445(2) 15.8794(2)
Raragg 3.4% 2.7%
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Fig. 2. Observed (dots, red), calculated (line, black) and difference pattern of (a) PrMgSn (HT) and (b) NdMgSn and at 300K (refined in the Pnma and I4/mmm space groups,
respectively). The tick marks indicate the calculated position of the nuclear Bragg peaks. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of the article.)

3.2. High intensity neutron diffraction

3.2.1. NdMgSn

Fig. 3 displays the thermodiffractogram of NdMgSn which, on
lowering the temperature, reveals the appearance of new reflec-
tions indicating the antiferromagnetic nature of the magnetic
ordering in this compound. The nuclear reflections do not show any
change excluding any form of ferro- or ferrimagnetism. Fitting the
intensity of the magnetic Bragg peaks as function of temperature
the magnetic transition temperature is determined to Ty~31K.
This data compare pretty well with the transition temperature of
31K, as found by Lemoine et al. [2], and the value of 30.5 Kwe report
in Ref. [8].

Fig. 4 shows the magnetic Bragg peaks in form of a differ-
ence spectrum created using the data taken at 2K and 38 K. From
the position of the magnetic Bragg peaks the magnetic propaga-
tion vector was determined using the program K-Search which is
part of the FULLPROF suite of programs to t=[100]. Due to the I-
centering present in the structure the vectors t=[010] and [001]
are equivalent. Magnetic symmetry analysis using the program
BASIREPS which is part of the FULLPROF suite of programs [9,11],
was employed to determine the allowed irreducible representa-
tions (IR) and their basis-vectors (BV), see Table 2 for the Wyckoff
position 4e of Nd in [4/mmm.

Out of the 4 allowed IR’s, two are of purely ferromagnetic
character and can be excluded. The other two IR’s contained BV’s

I

Fig. 3. Thermal dependence of the neutron diffraction pattern (thermodiffrac-
togram) of NdMgSn between 2 K and 39 K.

Table 2
Basis-vectors (BV) of the four allowed irreducible representations (IR) for t=[100]
and for Wyckoff position 4e of space group I14/mmm.

BV1 BV2 BV1 BV2
IR1 IR2
X, ¥,z 001 001
—X,Y, -2 00-1 001
IR3 IR4
XYz 100 0-10 010 100
—X, ¥, —Z -100 010 010 100

describing a simple antiferromagnetic coupling between the sym-
metry related rare earth sites. The BV needed to refine the magnetic
intensities correctly is directly connected to the choice of the
magnetic propagation vector (t=[100], [010] and [001] being
equivalent). With t=[100] the magnetic structure is described
using BV1 of IR3, the magnetic moment value at 2K amounts to
UNd =2.94(2) g, corresponding nearly to the expected value for
the Nd3* ion (3.28 ).

-101)+7
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Fig. 4. Difference spectrum 2-38K showing the purely magnetic scattering of
NdMgSn.
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Fig. 5. (a) Observed (dots, red), calculated (line, black) and difference pattern of NdMgSn at 2 K. The tick marks indicate the calculated position of the nuclear Bragg peaks
(upper row) and of the magnetic peaks (lower row). (b) Magnetic structure of NdMgSn, pink (green) balls represent the Mg (Sn) atoms. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of the article.)

Fig. 5a shows the refined spectrum at 2 K, Fig. 5b the magnetic
structure which sees an antiferromagnetic coupling in c-direction
of ferromagnetically aligned layers within the tetragonal basis
plane. The direction of the magnetic moments within the a-b plane
cannot be determined from powder data.

3.2.2. PrMgSn (LT)

The thermodiffractogram recorded for the low temperature
phase of PrMgSn looks very similar to the one of the Nd com-
pound and is therefore not shown here. The same magnetic peaks
appear on lowering the temperature, the fit of the temperature
dependence of the magnetic peak intensity gives Ty =24 K, slightly
higher if compared with 20K given for this phase in Ref. [2]. Fig. 6a
shows again a difference spectrum (2-73 K) which, when compared
to Fig. 4, clearly indicates the strong similarity to the magnetic
Bragg peaks found for NdMgSn. Using the same magnetic model
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the refinement of the 2K data (Fig. 6b) proceeded smoothly and
gave a magnetic moment of pp; =2.42(2) wp; value slightly smaller
than that expected for the Pr3* ion (3.2 p).

3.2.3. TbMgSn

TbMgSn is the third compound of our series which adopts the
CeScSi-type structure. Its thermodiffractogram (Fig. 7) is only at
the first glance similar to the ones of R=Nd and Pr (LT). A more
detailed inspection reveals that some of the magnetic peaks change
slightly their position as function of temperature, this indicates the
existence of a temperature-dependent incommensurate magnetic
propagation vector. The magnetic transition temperature was again
determined from the fit of the magnetic Bragg peak intensities as
function of temperature. While most of the magnetic Bragg peaks
disappear at Ty =35 K, well corresponding to the value of Ty of 34 K
given in Ref. [2], the very strong low angle reflection is still visible

b 110000 T T T T T T T
i PrMgSn_LT
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A=252A

« 70000 B

i
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>
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Fig. 6. (a) Difference spectrum 2-73 K showing the purely magnetic scattering of PrMgSn (LT). (b) Observed (dots, red), calculated (line, black) and difference pattern of
PrMgSn (LT) at 2 K. The tick marks indicate the calculated position of the nuclear Bragg peaks (upper row) and of the magnetic peaks (lower row). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 7. Thermal dependence of the neutron diffraction pattern of TbMgSn between
2K and 79K. The 26 and the temperature axes are turned with respect to Fig. 2, the
intensity is plotted in a logarithmic scale due to the dominance of the low angle
peak. Arrows indicate magnetic reflections shifting in 26 as function of temperature
and the persistence of a magnetic peak at T> Ty.

on top of a broad bump created by strong short range magnetic
ordering up to about 65 K. Fig. 8a displays the difference spectrum
(2-75K) which shows the multitude of magnetic reflections and
the dominating intensity of the low angle peak.

From the position of the magnetic peaks the magnetic propa-
gation vector was determined using K-search to 7 ~[0.8400] with
7=[00.840] being equivalent in the tetragonal system. Magnetic
symmetry analysis gives 4 possible IRs which are listed with their
basis-vectors in Table 3.

Any attempt to refine the neutron data at 2 K using just one of
these IRs failed, but a combination of BV1 of IR1 and BV1 of IR3
gives a perfect fit of the magnetic scattering. As the coefficients for
these basis-vectors refined within errors to the same value, they
were in the final refinement constrained to be equal without any
loss in the goodness of the fit. Fig. 8b displays the fit of the data at
2K

Refining incommensurate magnetic structures using neutron
powder data, it is not possible to differentiate between amplitude
modulated (sine wave) and equal-moment (helix-type) struc-
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Table 3
Basis-vectors (BV) of the four allowed irreducible representations (IR) for
7=[0.8400] and for Wyckoff position 4e of space group I4/mmm.

BV1 BV2 BV1 BV2
IR1 IR2
X,z 010 100 001
Xy, -2 0-10 100 00-1
IR3 IR4
X,z 100 001 010
X, ¥, —Z -100 001 010

tures. Physical arguments can be used to favour one or the other
model. In the case of TbMgSn the value of the magnetic moment
refines to 11.9(2) g using the amplitude modulated model and
to utp=8.4(1) wp for the equal-moment model. As the expected
moment for a Tb3* ion is 9 g, we can reasonable well exclude the
sine wave model. Fig. 9 displays the magnetic structure assuming
the equal-moment model. It consists of a cycloidal spiral [12] where
the spins are confined to the tetragonal a-b plane. Going from one
unit cell to the neighbouring in direction of the propagation vector,
the spins turn by 360° x 0.84 ~ 302°. As in the case of the R=Nd and
Pr (LT) compounds, layers of magnetic spins within the a-b plane
are antiferromagnetically oriented in the c-direction with respect
to the z=0.5 level.

The temperature dependent data for 2 K < T <33 K were used to
refine the temperature dependence of the magnetic moment and
of the magnetic propagation vector; for data with T>33 K the value
of the magnetic propagation vector was determined from the posi-
tion of the sharp magnetic (101) - t Bragg peak (Fig. 8a). Fig. 10
shows the smooth variation of the value of the magnetic propaga-
tion vector, which decreases from t=[0.8400] at T=2K down to
t=[0.8000] at T=37K in parallel to the decrease of the magnetic
moment value. Above Ty it stays practically constant up to about
T=52K before a further decrease leads to 7=[0.7800] at T=64K
which represents the highest temperature where the peak is still
discernable above the bump linked to short range magnetic order-
ing. Although only defined by a single magnetic peak we think that
it is reasonable to speak of a second magnetic transition tempera-
ture in TbMgSn, corresponding to Ty, =65 K.

3.2.4. PrMgSn (HT)

The thermodiffractogram of PrMgSn (HT) (not shown here)
shows the increase of some nuclear Bragg peaks below about 50 K.
Furthermore one can see a magnetic reflection at 20 = 15° appearing
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Fig. 8. (a) Difference spectrum 2-76 K showing the purely magnetic scattering of TbMgSn. (b) Observed (dots, red), calculated (line, black) and difference pattern of TbMgSn
at 2 K. The tick marks indicate the calculated position of the nuclear Bragg peaks (upper row) and of the magnetic peaks (lower row).
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Fig.9. Magnetic structure of TbMgSn. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of the article.)

below about 15 K. While the increase of the nuclear peaks indicates
that the magnetic coupling is mainly of ferromagnetic nature, the
new magnetic peak points to the presence of as well antiferromag-
netic interactions.

Fig. 11 displays the difference spectrum (2-58 K) where this
peak has been indexed as the (00 1) peak, forbidden in the Pnma
space group. From the position of the magnetic peaks the magnetic
propagation vector was determined to t=[00 0]. Fitting the tem-
perature dependence of some magnetic Bragg peak intensities the
magnetic transition temperature was determined to be Tc=52K,
well confirming the value given in either the Refs. [2,8]. Magnetic
symmetry analysis for 7=[000] gives for the Wyckoff 4c position
of Pr eight IRs, three of which contain ferromagnetic basis-vectors.
Refining the 2 K data against the different proposed models only
a mixture of 2 IRs was able to account for the measured magnetic
Bragg peak intensities. While the main ferromagnetic contribution
along the b-axis corresponds to the BV of one IR (IR5), a second
ferromagnetic contribution along the c-direction and the anti-
ferromagnetic contribution leading to the presence of the (001)
magnetic peak correspond to the two BVs of the second IR (IR3);
Table 4 lists the used IRs and the results of the refinement.

Fig. 12a shows the fit of this model to the 2K data, the
resulting magnetic structure (Fig. 12b) is relatively simple, with
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Fig. 10. Temperature dependence of the magnetic moment value and of the mag-
netic propagation vector of TbMgSn.
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Fig. 11. Difference spectrum 2-58 K showing the purely magnetic scattering of
PrMgSn (HT). The (00 1) reflection is forbidden in Pnma and indicates an antifer-
romagnetic contribution.

ferromagnetic components in the b- and c-directions and an anti-
ferromagnetic coupling along the direction of the a-axis.

The total magnetic moment is with pp; =2.72(4) g close to the
expected value of the Pr3* ion. Refining the temperature dependent
D1B data files individually, it was found that the antiferromag-
netic component does not longer exist in the data set at T=16K.
Furthermore the refinement revealed that the ferromagnetic com-
ponent in c-direction has as well disappeared at this temperature.
This indicates that PrMgSn-HT below T=52 K adopts first a purely
ferromagnetic structure (described by IR5), then at about T=15K a
second magnetic coupling (corresponding to IR3) leads to the spin-
canted magnetic structure. A signature of this magnetic transition
has been seen as an anomaly in the magnetic data on PrMgSn-HT [8]
where it had been still attributed to the presence of some impurity
phase or to a small amount of the PrMgSn-LT phase.

3.2.5. CeMgSn

The thermodiffractogram of CeMgSn (not shown here) is not
of sufficient statistics to clearly indicate the magnetic transition
temperature. The difference spectrum created using the very long
measurements at T=2K and 20K (Fig. 13) shows a multitude of
magnetic peaks at positions not corresponding to the nuclear Bragg
peak positions, indicating thereby the antiferromagnetic nature of
the magnetic coupling.

From the position of 12 magnetic peaks the magnetic propa-
gation vector was determined to T~ [00.190.34]. Two tiny peaks
visible in the difference spectrum at about 26 =13° and 14° had to
be excluded, they are either belonging to a second magnetic prop-
agation vector or to a magnetic impurity phase not detected in the
high resolution data. We like to mention here that while the inten-
sity of the strongest magnetic peak (at 26 ~38°) amounts only to

Table 4

Basis-vectors (BV) of the two used irreducible representations (IR) for 7=[000] and
for Wyckoff position 4c of space group Pnma and results of the refinement of the
coefficients of the BVs at T=2K.

BV1 BV2 BV1
IR3 IR5

Xz 100 001 010
—x+1/2, -y, z+1/2 -100 001 010
X, y+1)2, -z 100 001 010
X+1/2, —y+1/2, —z+1[2 -100 001 010
T=2K C(BV1) C(BV2) C(BV1)
(18) 0.90(4) 0.90(8) 2.41(4)
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Fig. 12. (a) Observed (dots, red), calculated (line, black) and difference pattern of PrMgSn (HT) at 2 K. The tick marks indicate the calculated position of the nuclear Bragg
peaks (upper row) and of the magnetic peaks (lower row). (b) Magnetic structure of PrMgSn (HT) at 2 K. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of the article.)

about 5% of the strongest nuclear Bragg peak it is more than ten
times stronger than the two excluded tiny peaks. Magnetic sym-
metry analysis for the Wyckoff 4c position in Pnma space group and
7=[00.190.34] shows that the atom site is split into two orbits and
that there are two irreducible representations having each three
basis-vectors (Table 5).

Testing the two possible models (IRs) against the recorded data
the refinement converged smoothly using the three BVs of IR2. The
refined spectrum of the 2 K data is shown in Fig. 14. As the nuclear
scattering is largely dominating the spectrum, a second refinement
was done using the difference spectrum (2-20K). In this case one
refines solely a magnetic phase and has to fix the scale factor to the
value found in the refinement of the nuclear structure. This second
refinement is shown as an insert in Fig. 14. The two orbits of atom
sites were first forced to adopt the same coefficients for the three
BVsinorder to limit the number of free parameters for the magnetic
phase refinement. This gave a reasonable fit with Ryiag =14% and a
maximum magnetic moment value of this amplitude-modulated
structure of 2.24(2) wp, exactly the value expected for a Ce*3 jon
(2.14 ). The value of the magnetic propagation vector refined at
2Kto 7=[0,0.1886(4), 0.3384(8)].
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Fig. 13. Difference spectrum 2-20K showing the purely magnetic scattering of
CeMgSn.

A second refinement allowed the two orbits to have inde-
pendent basis-vectors. This improved the refinement significantly
(Rmag =9%) but increased, however and as expected, the error bars
of the determined coefficients and of the resulting total Ce mag-
netic moment. Table 5 includes the results of the two refinements;
Fig. 15 displays the magnetic structure of the model with indepen-
dent orbits. The magnetic structure is a sine wave type structure
propagating in the b—c plane, with an additional antiferromagnetic
coupling along the a-axis. A helix-type model can reasonably be
excluded for the description of the magnetic structure of CeMgSn
as the coefficients for the 3 basis-vectors are not equal precluding
any equal moment solution.

3.3. Comparison of the magnetic structures

Rather small is the number of neutron diffraction studies on
the magnetic structures of rare-earth equiatomic ternary RTX com-
pounds, crystallizing with the CeScSi-type structure, that has been
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Fig. 14. Observed (dots, red), calculated (line, black) and difference pattern of
CeMgSn at 2 K. The tick marks indicate the calculated position of the nuclear Bragg
peaks (upper row) and of the magnetic peaks (lower row). The insert shows the
refinement of just the magnetic phase using the difference spectrum (2-20K). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)
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Table 5

Basis-vectors (BV) of the two irreducible representations (IR) for =[00.190.34] and for Wyckoff position 4c of space group Pnma, and results of the refinement of the
coefficients (C) of the BVs using IR2 at T=2K. ¢/27 is the phase between the two orbits of Ce atom site.

BV1 BV2 BV3
IR1
P4 100 010 001
000 000 000
—x+1/2,y+1/2,z+1/2 —-0.092500 00.09250 000.0925
-0.995700 00.99570 000.9957
IR2
xyz 100 010 001
000 000 000
—x+1/2,y+1/2,z+1/2 0.092500 0-0.09250 00-0.0925
0.995700 0-0.99570 00-0.9957
T=2K,IR2 C(BV1) C(BV2) C(BV3) Jce
1 orbit (Rvag = 14%) /2 = 0.04 0.91(4) 1.28(2) 1.60(2) 2.24(2)
2 orbits (Rmag =9%) ¢/27 =0.05
Cel(0.0201/40.678) 1.22(4) 0.78(8) 1.79(19) 2.30(20)
Ce2 (0.9803/40.321) 0.35(6) 1.69(6) 1.43(18) 2.24(17)

so far reported in literature. In the series of the RZrSb compounds,
the R=Tb and Dy ones adopt a purely ferromagnetic structure,
with the moments aligned in the c-direction, HoZrSb is spin-
canted with an additional antiferromagnetic coupling between
the R-slabs while ErZrSb presents a helix-type structure within
the a-b plane [13]. The total magnetic moments of the R3* ions
are significantly lower than the free ion values in these RZrSb
compounds reflecting a rather strong influence of the crystal
electric field (CEF). In the RScGe compounds series, the com-
pounds with R=Tb and Nd are again purely ferromagnetic, with
the moments in the c-direction (TbScGe) or inclined towards the
a-b plane (NdScGe), while PrScGe seems to see an antiferromag-
netic coupling leading to a doubling of the magnetic unit cell
in the c-direction, with ferro- and antiferromagnetic couplings
between adjacent R-slabs [14]. The magnetic structures found here
for the RMgSn compounds are strongly differing in the sense that
the dominating magnetic interaction (J3 in Fig. 1b) between the
R-slabs is in all three compounds antiferromagnetic. As already
mentioned before, the magnetic structure found for TbMgSn is
not very different from the simple antiferromagnetic structure
found for NdMgSn and PrMgSn (LT): main difference resides in
the value of the magnetic propagation vector, T=[0.8400] for
R=Tb, and 7=[100] for R=Pr (LT) and Nd, while the magnetic
couplings in all three compounds are the same, with the fer-
romagnetic R-slabs being antiferromagnetically coupled in the
c-direction (Figs. 5b and 9). The distance dj3 between the R-slabs
varies between 5.87 A < dp < 5.66 A for the cgmpounds ofghe RZrSb
series (R=Tb, Nd and Pr), between 5.62A <dj3 <5.52A for the

compounds of the RScGe series (R=Pr, Nd and Tb) and between
5.42 A <dj3 <5.33 A for the RMgSn compounds currently studied
[R=Pr (LT), Nd and Tb]. This indicates that the reduced distance
between neighbouring R-slabs might be responsible for the estab-
lishment of the antiferromagnetic coupling found in the RMgSn
compounds.

Diffraction data on RPtSn [15,16], RNiSn [17,18] and RPdSn
(R=Ce, Pr) [19,20] show that these equiatomic RTSn com-
pounds with TiNiSi structure have unit cell parameters varying
between7.38 A<a<7.54A,452A<b<4.63Aand7.60A<c<8.02A.
Compared to the unit cell parameters listed in Table 1 one
can see that while the unit cell a-parameter is only slightly
enlarged in our RMgSn compounds (R=Ce, Pr (HT)) and the
b-parameter is of similar size, the unit cell c-parameter has
increased by about 15%. This makes it difficult to compare
directly the magnetic structures of our two compounds with
literature data. As a consequence of the enlarged unit cell
c-parameter the R-R distances determining the J1 and ]2 cou-
plings (Fig. 1b and Table 1) become very similar in CeMgSn
and PrMgSn (HT), while in the above mentioned other RTSn
compounds these distances are different by about 20%. While
CeNiSn which does not establish magnetic order down to
lowest temperatures has stimulated a large interest as a so-
called “Kondo insulator”, CePdSn and CePtSn were found to
be antiferromagnets adopting incommensurate magnetic struc-
tures with moments of about 1pwp [18,21,22]. The magnetic
behaviour of CeMgSn is strongly differing as the magnetic moment
value found at 2K corresponds with pce=2.2 g to the Ce3*
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Fig. 15. Magnetic structure of CeMgSn. (a) Slightly inclined view onto the a-c plane showing the sine wave structure along the b-axis and the c-axis and the antiferromagnetic
coupling in a-direction. Spins belonging to the same orbit have the same colour. (b) View onto the b-c plane showing the action of the magnetic propagation vector t=[0,

0.19, 0.34].
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free ion value and points to a strong localisation of the 4f
electron.

Using the well known Bertaut notation of possible magnetic cou-
plings for a fourfold site: G=S1-S2+S3 -S4, C=S1+S2 —S3 —54,
A=S1-S2-S3+S4, F=S1+S2+S3+S4 where S1-S4 are the
Wykoff positions of the magnetic site, the magnetic structure
found for PrMgSn (HT) can be classified as CyFyF,. Looking at
Figs. 1b and 12b one sees that]1 is positive while the antiferromag-
netic coupling is introduced through J2. We have no knowledge of
other PrTSn compounds with similar magnetic structure. PrPtSn
[23] and PrNiSn [24] are not ordered magnetically at low tem-
perature, while PrPdSn sees a commensurate collinear magnetic
structure with t7=[0, %3, %] and pup;=3.4 ug [20] pointing to the
existence of magnetic couplings extending the nearest neighbour
interactions.

4. Conclusions

The magnetic structure of the CeScSi-type RMgSn compounds
with R=Tb, Nd and Pr sees the antiferromagnetic coupling of fer-
romagnetically coupled R-slabs. The magnetic propagation vector
is T=[100] for R=Nd, Pr and t=[0.8400] for R=Tb. The strongly
enlarged distance between the R-slabs might be responsible for
this antiferromagnetic coupling which is atypical for CsScSi-type
compounds. TbMgSn, even above Ty =35K, shows strong antifer-
omagnetic correlations up to Ty ~ 65 K. TiNiSi-type PrMgSn sees
below Tc=52K a purely ferromagnetic structure which below
T=15K changes to a structure with additional antiferromagnetic
interactions. CeMgSn adopts a complicated sine wave antiferro-
magnetic structure with 7=[0, 0.1886(4), 0.3384(8)]. In all five
compounds the magnetic moment values are close to the free
ion values of the R3* ions pointing to the localised nature of
the 4f electrons and to a small influence of the crystal electric
field.
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