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Abstract

®

CrossMark

The structural properties of the Yb,Pd,(In;_,Sn,) system were investigated at room
temperature by synchrotron x-ray powder diffraction. All the inspected compositions
(x=0.0,0.3,0.4, 0.5, 0.6, 0.8, 0.9) crystallize in the tetragonal space group P4/mbm; the cell
parameters exhibit a non-linear dependence on composition, whereas cell volume changes

more regularly, with a minimum at x = 0.8.

Samples with Sn content x = 0.5, 0.6, 0.9 were also analysed by neutron diffraction down
to 0.5 K. No evidence for a structural transition can be detected at low temperature, whereas
an antiferromagnetic ordering is observed, characterized by a propagation vectors k = (0,0,2).
Magnetic moments order in the tetragonal ab-plane and the magnetic structure belongs to the

Shubnikov magnetic space group P4/mbm.

Keywords: Yb,Pd,In, Yb,Pd,Sn, neutron diffraction, crystalline electric field effects,

Rietveld refinement, magnetic structure

(Some figures may appear in colour only in the online journal)

1. Introduction

Strong correlations between electrons in rare earth interme-
tallic compounds, owing to the hybridization of conduction
and f-electrons, can result in a number of anomalous low
temperature properties like heavy fermion behaviour, interme-
diate valence or the Kondo effect. Especially Ce- and Yb-based
compounds can show these interesting phenomena. Chemical
composition, as well as magnetic field and pressure, can play

1361-648X/19/385802+8%$33.00

a fundamental role in changing the ground state properties
leading in some cases to quantum critical transitions between
magnetic and non-magnetic ground states [1-5]. The class of
compounds characterized by a nominal chemical composition
RE,T>X (RE = rare earth; T = transition metal; X = In, Sn,
Pb, Cd) exhibits a large variety of intriguing physical proper-
ties [6—10]. In particular, in a number of recent investigations,
we explored the physical properties of RE,Pd,X (RE =Yb,
Ce; X = In, Sn), crystallizing with the tetragonal Mo,FeB,

© 2019 IOP Publishing Ltd  Printed in the UK
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Table 1. Structural parameters of Yb,Pd,(In; _,Sn,) samples, as refined from XRPD data collected at 300 K; space group P4/mbm, Yb is
located at the 44 site (x,x + ¥2,%2) site, Pd at the 4g site (x,x + ¥2,0) site, Sn and In at the 2a site (0,0,0).

x=0.0 x=03 x=04 x=0.6 x=0.8
a (A) 7.5909(1) 7.5902(1) 7.5861(1) 7.5818(1) 7.5756(1)
c(A) 3.6391(1) 3.6312(1) 3.6312(1) 3.6325(1) 3.6362(1)
xYb 0.1716(1) 0.1722(1) 0.1722(1) 0.1724(1) 0.1724(1)
xPd 0.6293(1) 0.6295(1) 0.6286(1) 0.6284(1) 0.6286(1)
Rbrage 1.98 2.94 1.95 2.65 1.58
Reactor 1.09 2.38 0.94 1.41 0.73
structure-type, focusing on the conditions leading to the for- 30000 T T T . T . T T T
. . . . Y,
mation of magnetic ground states. In this class of compounds, 25000 £ b Pd,(In, ,Sn, ) _Y; E
antiferromagnetism is very common, although it can occur oo b T 290K —YoVeae
with different propagation vectors, whereas ferromagnetism ‘ iz;:dfsnsn)

is rarely observed [11]. In the case of Ce,Pd;In ferro- or
antiferromagnetism can be selectively observed depending
on slight changes in composition [12]. On the other hand,
neither Yb,Pd,In nor Yb,Pd,Sn exhibit long-range magnetic
order and both compounds show non-Fermi liquid behaviour
at low temperatures [13, 14]. The application of pressure to
Yb,Pd,Sn originates the formation of a magnetic dome from
10 to 40 kbar with the appearance of two quantum critical
points [15, 16]. Noteworthy, a magnetic dome occurs also
inside the Yb,Pd,(In,Sn) region, as shown by thermal and
transport properties, and by a preliminary treatment of neu-
tron scattering data [13, 14, 17].

In this work, using the combined probes of x-ray and neu-
tron diffraction, we present a thorough investigation of struc-
tural properties and the antiferromagnetic ground state inside
the magnetic dome of the Yb,Pd,(In,Sn) system.

2. Experimental

Samples pertaining to the Yb,Pdy(In;_,Sn,) system with
x=20.0, 0.3, 04, 0.5, 0.6, 0.8, 0.9 were prepared from stoi-
chiometric amounts of elements by high frequency melting
the constituent materials in closed tantalum crucibles. A
subsequent heat treatment at 1250K for one week served to
ensure phase purity.

Synchrotron x-ray powder diffraction (XRPD) analysis
was carried out at 300K at the x-ray diffraction beamline of
Elettra (Trieste, Italy); data were collected at ambient pres-
sure using a radiation wavelength A = 0.7000 A (samples
with x = 0.0, 0.3, 0.4, 0.6, 0.8).

Neutron powder diffraction (NPD) was performed at the
Institute Laue Langevin in Grenoble (France); diffraction pat-
terns were collected in the thermal range 5.0K ~ 0.5K at the
D1B beamline using a *He-cryostat (A = 2.520 A; samples
x=0.1,04,0.5).

Structural refinement was obtained according to the
Rietveld method [18] using the program FULLPROF [19]; the
following parameters were refined: the scale factor; the back-
ground; the zero point of the detector; the unit cell parameters;
the atomic site coordinates not constrained by symmetry; the
atomic displacement parameters.
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Figure 1. Rietveld refinement plot for Yb,Pd,(Ing 4Sng¢) (XRPD
data collected at Xpress); in the upper field the continuous red
line is the calculated fit superposed to the experimental intensity
data (black points); the blue line in the lower field is the difference
curve; the green vertical bars indicate Bragg reflections.

3. Results

3.1. Structural properties

At 300K, all the analysed samples crystallize in the tetrag-
onal space group P4/mbm and are isotypic with Mo,FeB,;
no evidence for a structural transformation dependent on the
Sn content can be detected. Table 1 lists the structural data
obtained by Rietveld refinements using the XRPD data col-
lected at 300K at the Xpress beamline, whereas figure 1
shows the Rietveld refinement plot obtained for the sample
Yb,Pd,(Ing 4Sng ) selected as representative (a minor amount
of YbPd,In can be also detected).

The cell parameters exhibit a non-linear dependence on
composition, whereas cell volume changes more regularly,
displaying a minimum around x = 0.8 (figure 2). These data
are in a rather good agreement with those previously obtained
on a similar Yb,Pdy(In;_,Sn,) sample series [14]. As already
pointed out by Bauer et al [14], the irregular evolution of the
structural parameters with composition can be ascribed to dif-
ferent and competing effects, such as the different external
electronic configurations, characterizing In and the substi-
tuting Sn; furthermore, the competition between magnetic
and Kondo interactions and the variation of the valence state
of the Yb ions. In particular, the trend with a minimum of the
¢ parameter (which depends on Yb—Yb distance along the c-
axis) is probably driven by the variation of valence of Yb-ion
from 2.9 for both border compounds Yb,Pd,In and Yb,Pd,Sn
to the value of 3 in the middle of the solid solution.
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Figure 2. Dependence on Sn-content of the cell edges (panel on the left) and cell volume (panel on the right); full symbols: present study;

open symbol: data from [14, 20]; lines are guides to the eye.

The comparison of the structural parameters measured for
the different members of the Yb,Pd,(In;_,Sn,) solid solution
reveals the impact of the Sn-substitution on the crystal struc-
ture; as Sn is characterized by lower atomic radius than In, a
structural compression is expected to occur after substitution.
Figure 3 shows the evolution of the strain ellipsoids with com-
position; the dashed sphere is representative of the Yb,Pd,In
structure, whereas ellipsoids depict the structural compression
taking place with the increase of the Sn content (the eccen-
tricity of the ellipsoids has been stressed to clearly represent
the changes). Since that all the inspected compounds crystal-
lize in the tetragonal system, the principal axes of the strain
ellipsoids are parallel to the crystallographic a and c axes.
Referreing to the parent compound Yb,Pd,In, the compres-
sion is anisotropic for all the inspected samples. The compres-
sive strain along the a axis is negligible for the sample with
x = 0.3, but then increases by increasing the Sn content, being
maximum for x = 0.8. Conversely, the compressive strain
along the ¢ axis is maximum for the solid solution samples
containing the lower amount of Sn (x = 0.3 and 0.4); as the
Sn content is increased, the strain decreases.

This behavior can be explained by inspecting the atomic
displacement patterns resulting from the Sn-substitution
(figure 4). In fact, the composition Yb,Pd,(Ing7Sng 3) displays
a peculiar pattern, consistent with a negligible in-plane strain.
In this case, all the in-plane displacements of the Yb atoms
are compensated by similar displacements of the Pd atoms in
the opposite direction; then the cell is only compressed along
the c-axis on account of the lower size of the substituting Sn.
Conversely, for the samples with x = 0.4-0.8, neighboring Yb
and Pd atoms are in-plane displaced along the same directions
within each unit cell, thus producing the in-plane structural
strain.

3.2. Magnetic properties

Samples with Sn content x = 0.5, 0.6, 0.9 were also analysed
by neutron diffraction down to 0.5K. Rietveld refinements
reveal that the inspected samples crystallize in the tetragonal
P4/mbm space group down to 0.5 K (figure 5) and no evidence
for any structural transformation is detected. For 7 < 3.0K,

x=0.3
x=0.4
x=0.6

Figure 3. Strain ellipsoids for structural deformation obtained by
increasing the Sn-content; for the sake of clarity, the eccentricity of
the ellipsoids has been stressed.

neutron magnetic scattering is observed in the NPD data; the
magnetic Bragg peaks can be successfully indexed according
to the propagation vectors k = (0,0,%2).

The symmetry allowed magnetic structures were calculated
for the 4h site, where the magnetic atom Yb is located, using
the program BasIreps [21, 22]. Table 2 lists the resulting
10 irreducible representation (irrep) of the little group Gy
for k = (0,0,'2); eight irreps are of dimension 1, whereas
two irreps are of dimension 2. The magnetic representation
'y decomposes in terms of the irreps as ['y(4h) =11, @ 1
el l sl Tegd1 782091 IT'yp; as a con-
sequence, 1 free parameter is needed if a single I'; describes
the magnetic structure (i =1, 2, 3, 5, 6, 7). I'y and I'( have
dimension 2 and are present twice and once in I'\,(44), respec-
tively, hence up to 4 and 2 parameters might be needed for
their description (table 3).

The magnetic scattering contribution to the NPD pattern
can be fitted by applying the irrep I'; for Gy (tables 2 and 3)
corresponding to an antiferromagnetic ordering at the Yb (44)
sub-structure with magnetic moments m = 0.81(1)up at 1.5K
(for x = 0.5) lying in the tetragonal ab-plane (figure 6). This
magnetic structure belongs to the Shubnikov magnetic space
group P4/mbm (magnetic space group number: 127.387).
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Figure 4. Atomic displacement patterns observed after Sn-substitution in Yb,Pd,(In;_,Sn,) for x = 0.3 (on the left) and x = 0.4-0.8 (on the

right).
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Figure 5. Rietveld refinement plot for Yb,Pd,(In g4Sn o) (NPD data collected at 1.5 K); the inset shows a selected range of the fitted

difference NPD pattern (1.5 K—4.5K data).

The thermal dependence of the ordered magnetic moment
m (figure 7) may be described using a simple power law:

m=mq-(1—T/Tn)".

Where T, is the magnetic transition temperature, my the
magnetic moment at 7= 0K and [ the critical exponent;
for x = 0.5 and 0.6, T}, results in 2.64K and 3.30K, whereas
(= 0.41 and 0.29, respectively. In particular the critical expo-
nent values are consistent with those measured in the isotypic
U,Rh,Sn, UyPtyIn and U,NipIn compounds [23, 24].

These measurements demonstrate that magnetic ordering
is induced by substitution; in particular the values of the
refined magnetic moments, as well as those of Tj,, attain a
maximum for x = 0.6 (figure 7). Nonetheless, the measured
magnetic moments are much lower than the theoretical effec-
tive magnetic moment expected for the Yb** ion (4.54 yug) in
all the inspected compositions.

3.3. Magnetic structures of RE,Pd>»In and RE,Pd.Sn com-
pounds

At this point it is instructive to review the magnetic structures
of both RE,PdyIn and RE,Pd,Sn compounds as obtained by
neutron diffraction, in order to highlight similarities, differ-
ences and trends. Primarily, all these compounds are isotypic
with Mo,FeB,; this property can be used to carry out a com-
parative investigation about the effect of the RE ion on the
magnetic properties.

Ce,PdyIn is a non-stoichiometric compound allowing
the development of two different solid solution branches
on account of different substitutional mechanisms; in the
Pd-rich branch the antiferromagnetic structure is charac-
terized by an incommensurate magnetic propagation wave
vector k = (6,0,0) whereas in the Ce-rich branch a ferro-
magnetic order is observed; in both cases magnetic moments
are aligned parallel to the ¢ axis [12]. As Pd is progressively
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Table 2. Small irreducible representations of the little group Gy for k = (0,0,%2).

Irrep
Symmetry operations Iy I I3 Ty I's T I I'g Ty T
X y z 1 1 1 1 1 1 1 1 1 0 1 0
0 1 0 1
—Xx -y Z 1 1 1 1 1 1 1 1 -1 0 -1 0
0 -1 0 —~1
—x+% y+ -z 1 1 1 1 ~1 —1 —1 -1 1 0 1 0
0 -1 0 1
x+% -y+¥% -z 1 1 1 1 -1 -1 -1 -1 -1 0 -1 0
0 1 0 1
y+Y X+ -z 1 1 -1 -1 1 1 —1 —1 0 1 0 1
1 0 1 0
—y+ ¥ X+ —z 1 1 —1 -1 1 1 -1 -1 0 -1 0 -1
-1 0 -1 0
y —x z 1 1 —1 -1 -1 —1 1 1 0 -1 0 -1
1 0 1 0
-y X z 1 1 —1 -1 -1 -1 1 1 0 1 0 1
-1 0 -1 0
—X -y -z 1 -1 1 -1 1 -1 1 —1 —1 0 1 0
0 -1 0 1
x y -z 1 -1 1 —1 1 -1 1 -1 1 0 —1 0
0 1 0 -1
X+ —y+¥% oz 1 -1 1 -1 -1 1 -1 1 -1 0 1 0
0 1 0 -1
—x+%  y+9 b4 1 -1 1 -1 -1 1 -1 1 1 0 -1 0
0 -1 0 1
—y+Y —x+% z 1 —1 -1 1 1 -1 -1 1 0 -1 0 1
—1 0 1 0
—y+% —x+¥% -z 1 —1 —1 1 1 —1 —1 —1 0 1 0 —1
1 0 -1 0
-y X -z 1 -1 —1 1 -1 1 1 -1 0 1 0 —1
—1 0 1 0
y —X -z 1 -1 —1 1 -1 1 1 -1 0 -1 0 1
1 0 -1 0

substituted by Ag, the pristine ferromagnetic ordering is
suppressed; for Ce,(PdgsAgos):In a different ferromagnetic
arrangement is observed, with magnetic moments aligned
along the b axis [25].

In PryPdyIn  an antiferromagnetic  ordering  with
k = (0,0,2) and moments oriented parallel to the ¢ axis
occurs below T, = 5.0(5) K, corresponding to the irrep I'jg
described in tables 2 and 3, whereas in Nd,Pd,In modulated
antiferromagnetism takes place below T, = 7.5(5) K, char-
acterized by a wave vector k = (4,%,0) and moments par-
allel to the ¢ axis [11].

In Ce,Pd,Sn two magnetic transitions are observed, a first
antiferromagnetic transition at 7,,,; = 4.8(2) K, followed by
a ferromagnetic transition at 7,, = 3.0(2) K; the antiferro-
magnetic structure is incommensurate with k; = (6,0,%2) with
magnetic moments aligned parallel to the ¢ axis, as well as in
the low temperature ferromagnetic structure [26].

The case of Tb,Pd,Sn is particularly interesting in our
context. This compound displays two antiferromagnetic trans-
itions at T,,; = 27.3(2) K and T,, = 20.8(5) K; below T,

the magnetic structure is characterized by an incommensu-
rate wave vector Ky = (6,6,%2), with 6 decreasing on cooling
down to T,,, where the structure becomes commensurate with
k; = (0,0,%2); moreover the Tb magnetic moments lie in the
ab plane [27] according to the irrep Ty listed in tables 2 and 3.
Hence atlow temperature both Tb,Pd,Sn and Yb,Pd,(In;_,Sn,)
are characterized by the same magnetic propagation vector
and both display magnetic moments arranged in the ab plane.
Nevertheless, the measured Tb>+ magnetic moments (8.70 up)
are close to the theoretical value (9.72 ug) [27], whereas those
of Yb3* are strongly suppressed. Concerning the crystal elec-
tric field effect, as pointed out by Laffargue et al [27], the site
symmetry of the 4/ site, where the RE ions are located is m.2m
with one mirror plane perpendicular to the ¢ axis and the other
perpendicular to the general direction (1 1 0), this latter being
the easy magnetic axis as actually observed in both Tb,Pd,Sn
and Yb,Pdy(In;_,Sn,) compounds. As afore mentioned, in
TboPd,Sn the measured value of the magnetic moment is
close to the theoretical one and hence the effect of the crystal
electric field splitting is almost negligible. Conversely, in the



Table 3. Fourier coefficients obtained from the basis vectors for the different coordinates of the 44 site; u, v, p, w represent the free parameters of the possible magnetic structures.

Site 4h

Iy

Fz F3 FS Fﬁ I‘7 F9 I‘10
X y z x y z x y z x y z X y z x y z x y 7z X y z x y z
X x+ %) u —u 0 0 0 u u u 0 u —u 0 0 0 u u 0 u—p vV —w 0 0 0 u-+v
—x —x+¥2 2 —u 0 0 0 wu —wu —-u 0 —u u 0 0 © —u  —u 0 u—p v—w 0 0 0 —u—v
—x+% x %3 u 0 0 0 u u —u 0 —u —u 0 0 0 —u —u u 0 u+p —y —w 0 0 0 u—v
x+ % —X %] —u —u 0 0 0 u —u u 0 u u 0 0 0 —u u —u 0 u+p —v—w O 0 0 —u+v
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Figure 6. Crystal structure and magnetic moments ordering of
YbyPd;(Ing.4Sn o).
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Figure 7. Thermal dependence of the ordered magnetic moment at
the Yb sub-structure in Yb,Pd,(In;_,Sn,); the solid lines represent
the best fits.

inspected Yb,Pd,(In;_,Sn,) series the experimental value of
the magnetic moment is strongly reduced; hence, it can be
argued that in this case the crystal electric field splitting might
play a significant role.

Expanding this review to the whole class of compounds iso-
typic with Mo,FeB,, several other phases are characterized by
an antiferromagnetic structure with wave vector k = (0,0,%2)
(see tables 2 and 3 [28]); U,NiyIn orders according to the
irrep I'7, UpNipSn with irrep T'g [29] (as the afore mentioned
Tb,Pd,Sn compound), U,Pd; 35Sn 65 with irrep I'; [30] and
U,RhySn with irrep T'g [23]. Note that all these compounds
are U-bearing stannides.

Discussion and conclusions

Although the concentration of the Yb magnetic ions in
Yb,Pd,(In,Sn) does not change, there is a significant varia-
tion of both the ordering temperature as well as of the ordered
moments. This indicates that the In/Sn substitution substanti-
ally modifies electronic features around the Fermi energy

due to the increase of the valence electron count. Obviously,
there is also a non-monotonic change of the unit cell volume.
This refers to a non-monotonic variation of chemical pres-
sure as well, being largest for samples away from x = 0.0
and x = 1.0 (end-member compositions). It is well known
that pressure exerted to Yb systems responses oppositely to
Ce ones, strengthening the magnetic 4f'* electronic configu-
ration and weakening the Kondo effect. As a consequence,
long-range magnetic order occurs for Sn substituted samples,
but is absent in both Yb,Pd,In and Yb,Pd,Sn. The very dis-
tinct features regarding the ordered moment and the magnetic
phase transition temperature is the result of a subtle balance
from the crystalline electric field (CEF) ground state, from
the RKKY and the Kondo interaction strength. In an earlier
study we have shown that CEF effects are large in the case
of Yb,Pd,In, with an overall splitting of about 49 meV and
a CEF ground state doublet, well separated from the first
excited level [14]. No such data are available in the case of
Yb,Pd,Sn. Mossbauer measurements down to 40 mK, how-
ever, demonstrate that the ground states of both systems is
non-magnetic, but distinctly different [14, 15]. The non-
monotonous evolution of the long-range magnetic order and
of the ordered moment is then a balance of the RKKY inter-
action (Trgky) and of the Kondo effect (7Tx). In general, if
Trkxy > Tk, the system orders magnetically, whereas does
not show magnetic order in the opposite case. Magnetic
ordering is non-monotonous due to of the non-monotonous
variation of chemical pressure onto the Yb ions throughout
the series. This quite unique scenario becomes additionally
complicated and overlaid from the evolution of the specific
ground state, when proceeding from Yb,Pd,In to Yb,Pd,Sn.
The CEF ground state of both ternary Yb compounds is still
unknown. The magnitude of the ordered moment (~ 1 ug)
deduced from the present elastic neutron scattering measure-
ments, which is well below the moment of a free Yb>" ion
(myp, = gi{J(J + 1)]"* = 4.54 up with g; = 8/7 and J = 7/2)
is reasonably well described by the resultant ground state
doublet, consisting of a linear combination of | £ 1/2 > to
| £ 7/2 > states. Note, a predominant | £ 1/2 > would just
yield a moment of just 0.57 up.

In conclusion, the structural and magnetic properties
characterizing the Yb,Pd,(In;_,Sn,) system were investi-
gated by x-ray and neutron powder diffraction. The com-
pounds crystallize in the tetragonal space group P4/mbm in
the whole thermal and compositional range; cell parameters
are characterized by a non-linear dependence on composi-
tion, whereas cell volume changes more regularly. At low
temperature, antiferromagnetic order appears in the middle
of the In/Sn substitution with magnetic propagation wave
vector k = (0,0,%2) with moments arranged in the ab plane.
The values of the ordered magnetic moment and the magnetic
transition temperature depend on the Sn-content, being max-
imum for x = 0.6. Importantly, the magnitude of the exper-
imental ordered moment is strongly suppressed by crystalline
electric field effects in all the inspected compositions, being
much lower than the theoretical 4.54 up expected for free
Yb* ion.
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