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a b s t r a c t

The family of ternary intermetallic compounds R3T4X4 (R ¼ rare-earth; T ¼ d-element; X ¼ Si, Ge, Sn)
comprises over 100 members that have a generic orthorhombic structure (space group Immm, #71) at
room temperature. We have observed a monoclinic 4 orthorhombic crystallographic transformation in
Ho3Cu4Sn4, Er3Cu4Sn4 and Tm3Cu4Sn4 by high-resolution synchrotron X-ray and neutron powder
diffraction. We show that the temperature at which this transformation occurs scales linearly with the
ionic radius of the rare-earth. No such transformation was observed in Dy3Cu4Sn4, down to 1.7 K,
consistent with this scaling.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction the 4e and 4j sites. The exceptions to this orthorhombic structure
The R3T4X4 family (R¼ rare earth; T¼ Cu, Ag, Au, Pd, Mn; X¼ Si,
Ge, Sn) is an extensive series of isostructural intermetallic com-
pounds that exhibit a rich variety of magnetic ordering. The
intrinsic magnetic behaviour of this family of compounds has been
the subject of numerous studies by neutron diffraction, magne-
tometry and M€ossbauer spectroscopy. The R atoms occupy two
distinct crystallographic sites in the orthorhombic unit cell and, in
general, the R moments order antiferromagnetically, with distinct
magnetic structures being adopted by the two R sublattices. In
many cases, the two R sites have quite different ordering temper-
atures and we refer the reader to our recent review of the
magnetism of the R3T4X4 compounds [1] for a detailed discussion of
this system. A useful summary of the magnetic properties of the
R3T4X4 compounds has also been written by Wawrzy�nska and
Szytuła [2].

At room temperature (RT), the R3T4X4 compounds have a
generic orthorhombic Gd3Cu4Ge4-type structure (space group
Immm, #71) [3,4] with two formula units per orthorhombic cell.
The R atoms occupy two crystallographic sites (2a and 4f), the
transition metal (T) occupies the 8m site and the X atoms occupy
gan).
are Tm3Cu4Sn4 [4] and Lu3Cu4Sn4 [5] which have amonoclinic C2/m
structure (or I2/m in a different setting of the Space Group #12) at
RT. In a recent paper [6] we showed that Tm3Cu4Sn4 transforms
from the monoclinic I2/m structure to the generic orthorhombic
Immm structure when heated above RT and we determined the
transition temperature to be 458(3) K by X-ray diffraction. In a
previous brief report we noted that Er3Cu4Sn4 and Ho3Cu4Sn4
present similar phase transitions at different temperatures [7].

In this paper we will focus on the crystallography of the
R3Cu4Sn4 members of this extensive family. Magnetic and crystal-
lographic studies of the R3Cu4Sn4 compounds encompass virtually
the entire rare-earth series: R ¼ La [8], Ce [9,10], Pr [8,11,12], Nd
[8,11e13], Sm [8], Gd [9,14e18], Tb [14,15,19,20], Dy [14,15,19,7], Ho
[13e15,19,20,22e24,7], Er [14,15,19,25,26,7], Tm [4,6,21] and Lu [5].

During the course of our neutron diffraction work on the
Er3Cu4X4 (X ¼ Si, Ge, Sn) compounds [25], we observed significant
broadening of the nuclear peaks when X ¼ Sn at temperatures
around 200e250 K, well above the magnetic ordering tempera-
tures of the two Er sublattices, namely 6 K and 3.5 K [19]. Upon
cooling below 200 K, many of these broadened peaks split, sug-
gesting a crystallographic distortion to a symmetry lower than the
generic Immm orthorhombic symmetry.

Here, we present the results of our high-resolution synchrotron
radiation and neutron powder diffraction measurements made on
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Fig. 1. Refined SXRD patterns of Er3Cu4Sn4, obtained at (a) 298 K and (b) 1.7 K, with
l ¼ 1.23984(2)Å. The Bragg markers represent the scattering from the Er3Cu4Sn4

crystal structure (orthorhombic Immm at 298 K and monoclinic I2/m (C2/m) at 1.7 K).

Fig. 2. Refined ND patterns of Er3Cu4Sn4, obtained at 298 K. The Bragg markers
represent the scattering from the orthorhombic Immm crystal structure. (a)
l ¼ 2.3721(2) Å and (b) l ¼ 1.3306(2) Å.
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Dy3Cu4Sn4, Ho3Cu4Sn4 and Er3Cu4Sn4 and Tm3Cu4Sn4. The mono-
clinic to orthorhombic phase transition that occurs when R¼Ho, Er
and Tm is discussed. The crystallographic transition temperature
scales linearly with the ionic radius of the rare-earth. There is no
such distortion in Dy3Cu4Sn4 down to 1.7 K, in agreement with the
scaling law.

2. Experimental methods

Stoichiometric amounts of the pure elements (R 99.9 wt.%, Cu
and Sn 99.999 wt.%) were arc-melted under high-purity argon. The
resulting ingots were then sealed under vacuum in quartz tubes
and annealed for 20 days at 873 K, followed by water quenching.
Cu-Ka X-ray diffraction and electron microprobe analyses, carried
out at RT, confirmed that the majority phase was the orthorhombic
Immm phase for R ¼ Dy, Ho and Er, whereas the RT structure of
Tm3Cu4Sn4 is monoclinic C2/m (I2/m), in agreement with Thirion
et al. [4]. Despite numerous attempts, we were unable to avoid the
production of small amounts (less than 3 wt%) of the respective
hexagonal RCuSn phases.

High-resolution Synchrotron X-ray Diffraction (SXRD) was car-
ried out at the XPD beamline of the LNLS facility in Campinas,
Brazil, using a wavelength (l) of 1.23984(2) Å. Neutron diffraction
(ND) experiments were carried out on the C2 multi-wire powder
diffractometer (DUALSPEC) at the NRU reactor, Canadian Neutron
Beam Centre, Chalk River, Ontario. The neutron wavelengths were
2.3721(2) Å and 1.3306(2) Å, using both position settings of the
DUALSPEC diffractometer, which allowed us to cover aQ range from
0.23 Å�1 to 7.96 Å�1. All refinements of the SXRD and ND patterns
employed FullProf/WinPlotr [27,28].

3. Results and discussion

In this section we will present the results of our diffraction ex-
periments, placing the emphasis on Er3Cu4Sn4. Following the
detailed discussion of Er3Cu4Sn4 we will briefly present our results
on Ho3Cu4Sn4 and Tm3Cu4Sn4, obtained using the same procedure
as for Er3Cu4Sn4. Finally, we will present our diffraction results on
Dy3Cu4Sn4 in which we see no evidence for a distortion, down to
1.7 K. We will show that this behaviour is consistent with the
dependence of the crystallographic distortion on the ionic radius of
the rare-earth.

For the purposes of comparison with the orthorhombic Immm
cell, we will present our monoclinic refinements within the I2/m
‘unique b-axis’ setting of space group #12. Transformations be-
tween the various settings within a monoclinic space group can be
accomplished using the freely available programs SETSTRU on the
Bilbao Crystallographic Web Server [29], VESTA [30] and Powder-
Cell [31].

3.1. Crystal structure of Er3Cu4Sn4

In Fig. 1 we show the refinements of the SXRD patterns of
Er3Cu4Sn4 obtained at 298 K and 1.7 K. The effects of the ortho-
rhombic / monoclinic transformation upon cooling is clear,
particularlywith the splitting of the single (411) orthorhombic peak
into the two monoclinic peaks ð411Þ and (411) at 2q ~ 24.7� (I2/m
with a > c > b). These monoclinic peaks in the alternate C2/m space
group setting are ð511Þ and (311).

In Fig. 2 we show the refinements of the ND patterns obtained at
298 K using the two position settings of the DUALPSEC diffrac-
tometer. Co-refinement of the SXRD and ND patterns of Er3Cu4Sn4
obtained at 298 K confirm the formation of the generic ortho-
rhombic Gd3Cu4Ge4-type structure. The refined lattice parameters
are in excellent agreement with the work of Thirion et al. [4] and
Wawrzy�nska et al. [11]. In Table 1 we give the atomic positional
parameters of Er3Cu4Sn4 obtained by the simultaneous refinement
of the diffraction patterns.

3.1.1. Crystallographic transformation
Upon cooling from room temperature we noticed a broadening

of the peaks in the ND patterns of Er3Cu4Sn4 at around 260 K. This



Table 1
Crystallographic data for Er3Cu4Sn4 obtained by refinement of the SXRD and ND
patterns.

T ¼ 298 K Orthorhombic Immm T ¼ 1.7 K Monoclinic I2/m

Atom Site Coordinates Atom Site Coordinates

Er 2a 0, 0, 0 Er 2a 0, 0, 0
Er 4f 0.3680(4), 1/2, 0 Er 4i 0.8694(5), 0, 0.5092(10)
Cu 8m 0.3268(6), 0, 0.31320(10) Cu 4i 0.6628(11), 0, 0.6836(24)

Cu 4i 0.6789(12), 0, 0.3107(23)
Sn 4e 0.2161(6), 0, 0 Sn 4i 0.7811(7), 0, 0.9914(15)
Sn 4j 1/2, 0, 0.2022(9) Sn 4i 0.4931(7), 0, 0.7963(14)

a (Å) 14.5455(5) 14.5003(5)
b (Å) 4.4088(2) 4.3929(2)
c (Å) 6.9043(2) 6.8810(2)
b (�) 90 90.48(1)
R (F) 13.8 13.2
R (Bragg) 16.9 18.0

Fig. 4. Sections of the SXRD patterns of Er3Cu4Sn4, obtained over the temperature
range 1.7e300 K. The two peaks in the orthorhombic phase (300 K) are the over-
lapping (501)/(112) (lower angle) and the (411) (higher angle) peaks. In (b) we focus on
the temperature evolution of the (411) peak. The patterns have been offset both hor-
izontally and vertically with respect to each other for clarity. (l ¼ 1.23984(2) Å).
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was followed by a splitting of the peaks upon further cooling below
250 K, substantially higher than the magnetic ordering tempera-
tures of the two Er sublattices (6 K and 3.5 K [19]). To investigate the
possibility that Er3Cu4Sn4 might undergo a symmetry-lowering
crystallographic distortion below room temperature, we obtained
a set of ND patterns over the temperature range 3.8 Ke300 K. In
Fig. 3 we show the temperature dependence of the diffraction
pattern region around 2q ~ 55� (with l ¼ 2.3721(2) Å).

The splitting of the orthorhombic (411) peak at 2q ¼ 55� is
prominent and we can rule out a magnetic cause for it since the
broadening/splitting upon cooling clearly has begun by 200 K,
substantially higher than the magnetic ordering transition of the
Er(2d) sublattice at 6 K.

To characterise more fully the crystallographic distortion we
carried out high-resolution X-ray diffraction (SXRD) at the LNLS
facility. Fig. 4 shows a series of SXRD diffraction patterns, once
again showing the broadening/splitting of the orthorhombic peaks
as a function of temperature, as the symmetry lowers. In particular,
we concentrate on the temperature evolution of the ð411Þ and (411)
monoclinic peaks as they merge to form the (411) orthorhombic
peak.

The vast majority of the R3T4X4 compounds form in the ortho-
rhombic Immm cell but the crystal structures of Tm3Cu4Sn4 and
Fig. 3. Sections of the ND patterns of Er3Cu4Sn4, obtained over the temperature range
3.8e300 K. The two peaks in the orthorhombic phase (300 K) are the overlapping
(501)/(112) (lower angle) and the (411) (higher angle) peaks, respectively. The patterns
have been offset both horizontally and vertically with respect to each other for clarity.
(l ¼ 2.3721(2) Å).
Lu3Cu4Sn4 were reported to be monoclinic C2/m (#12) at room
temperature [4,5]. The b and c lattice parameters are identical to
those of the ‘parent’ orthorhombic cell but the a parameter is about
10% larger. Of most significance is the rather large value of the angle
b. There are a number of possible crystallographic descriptions for
monoclinic cells and the monoclinic C2/m cell can be transformed
to a body-centred cell with a b angle much closer to 90�. We
transformed the C2/m cell of Tm3Cu4Sn4 to the body-centred I2/m
(#12) form which is closely related to the parent orthorhombic
Immm cell (see Fig. 9), showing the limited extent of the structural
distortion. The transformed lattice parameters and atomic posi-
tions in this body-centred cell are given in Table 1. In Fig. 5 we show
the temperature dependencies of the angular positions of the ð411Þ
and (411) monoclinic peaks. At temperatures above the transition
temperature, these peaks give way to the orthorhombic (411) peak.
These data indicate the completion of the transformation to the
orthorhombic structure at 262(2) K.

The relationship between the monoclinic (C2/m and I2/m) and
orthorhombic (Immm) forms of Er3Cu4Sn4 is shown in our paper on
Tm3Cu4Sn4 [6]. As discussed there, themost significant difference is
Fig. 5. Temperature dependencies of the (�411) (blueelower) and (411) (redeupper)
monoclinic peak positions of Er3Cu4Sn4, based on refinement of the SXRD patterns.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 6. Refined SXRD patterns of Ho3Cu4Sn4, obtained at 298 K (a) and 1.7 K (b). The
Bragg markers represent the scattering from the orthorhombic Immm structure at
298 K and the monoclinic I2/m structure at 1.7 K. The patterns were obtained with
l ¼ 1.23984(2) Å.

Fig. 7. Temperature dependencies of the (�411) (blueelower) and (411) (redeupper)
monoclinic peak positions of Ho3Cu4Sn4, based on refinement of the SXRD patterns.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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in the atomic positions of the Cu(2) sites whose relative displace-
ment is nearly three times those of the other sites. In the ortho-
rhombic Immm structure, the Cu atoms occupy a single
crystallographic site (8m) with the point groupm. As a consequence
of the transformation to the monoclinic cell, the Cu orthorhombic
8m site splits into two 4i sites. Finally, the fact that only the Tm and
Lu copper-stannides have the monoclinic phase at room tempera-
ture suggested that the size of the R ion might play a major role in
determining the crystallography in the R3Cu4Sn4 intermetallic se-
ries (vide infra).

3.2. Crystal structure of Ho3Cu4Sn4

In Fig. 6(a) we show the refinement of the SXRD pattern of
Ho3Cu4Sn4 obtained at 298 K. The SXRD and ND patterns of
Ho3Cu4Sn4 obtained at 298 K confirm the formation of the generic
Table 2
Crystallographic data for Ho3Cu4Sn4 obtained by refinement of the SXRD diffraction
patterns.

T ¼ 298 K Orthorhombic Immm T ¼ 1.7 K Monoclinic I2/m

Atom Site Coordinates Atom Site Coordinates

Ho 2a 0, 0, 0 Ho 2a 0, 0, 0
Ho 4f 0.3691(4), 1/2, 0 Ho 4i 0.8695(3), 0, 0.5038(7)
Cu 8m 0.3283(7), 0, 0.3110(14) Cu 4i 0.6679(7), 0, 0.6879(16)

Cu 4i 0.6768(7), 0, 0.3081(15)
Sn 4e 0.2161(5),0, 0 Sn 4i 0.7848(4), 0, 0.9913(10)
Sn 4j 1/2, 0, 0.2023(12) Sn 4i 0.4970(5), 0, 0.7992(8)

a (Å) 14.5893(5) 14.5445(3)
b (Å) 4.4227(1) 4.4096(1)
c (Å) 6.9121(2) 6.8863(1)
b(�) 90 90.26(1)
R (F) 14.5 8.8
R (Bragg) 16.6 13.2
orthorhombic structure. The refined lattice parameters at 298 K are
given in Table 2 and are in good agreement with data reported in
references [4,11]. The refined atomic position parameters of
Ho3Cu4Sn4, deduced from the refinement of the SXRD data, are
given in Table 2.

3.2.1. Crystallographic distortion
Fig. 6(b) shows the SXRD pattern of Ho3Cu4Sn4, obtained at 1.7 K

and refined in terms of the monoclinic I2/m group. The structural
transformation from the RT orthorhombic phase to the low-T
monoclinic phase is clearly seen as the monoclinic peaks emerge
from the splitting of the higher-symmetry orthorhombic peaks. In
Fig. 7 we show the angular positions of the ð411Þ and (411)
monoclinic peaks as they emerge from the (411) orthorhombic
peak, as a function of temperature. These data show the trans-
formation to the orthorhombic structure occurring at 62(2) K.

3.3. Crystal structure of Tm3Cu4Sn4

We have already reported the results of our high-temperature
X-ray diffraction study of Tm3Cu4Sn4 in a previous paper [6] so
here we will simply summarize the main findings of that study. At
room temperature, the crystal structure of Tm3Cu4Sn4 is mono-
clinic C2/meI2/m [4,6,21] with the refined lattice parameters at
295 K given in Table 3. Upon heating above room temperature we
observed several of the monoclinic diffraction peaks merge, indi-
cating a transition to a higher symmetry. We followed the crys-
tallographic transformation by monitoring the peak width upon
heating and we also observed the transition by Differential
Table 3
Crystallographic data for Tm3Cu4Sn4.

T ¼ 295 K Monoclinic I2/m T ¼ 485 K Orthorhombic Immm

Atom Site Coordinates Atom Site Coordinates

Tm 2a 0, 0, 0 Tm 2a 0, 0, 0
Tm 4i 0.8702(1), 0, 0.5075(4) Tm 4f 0.3718(2), 1/2, 0
Cu 4i 0.6642(3), 0, 0.6875(7) Cu 8m 0.3249(2), 0, 0.3149(5)
Cu 4i 0.6791(4), 0, 0.3088(7)
Sn 4i 0.7843(2), 0, 0.9899(5) Sn 4e 0.2175(2), 0, 0
Sn 4i 0.4944(2), 0, 0.7941(4) Sn 4j 1/2, 0, 0.2018(3)

a (Å) 14.4911(3) 14.5261(4)
b (Å) 4.3898(1) 4.4028(1)
c (Å) 6.8931(1) 6.9139(2)
b (�) 90.54(1) 90
R (profile) 2.0 3.4
R (Bragg) 1.2 1.2



Fig. 8. Refined SXRD pattern of Dy3Cu4Sn4, obtained at 1.7 K. The Bragg markers
represent the orthorhombic Immm crystal structure. l ¼ 1.23984(2) Å.

Fig. 9. Crystal structures of (top) Monoclinic and (bottom) Orthorhombic R3Cu4Sn4,
shown as projections onto the ac-plane. In the monoclinic figure, the C2/m cell is
shown in red and the alternate I2/m cell is shown in blue. The R atoms are the large
symbols in blue and purple. The Sn atoms are the smaller red and yellow symbols and
the Cu atoms are the small grey and white-grey symbols. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Scanning Calorimetry. The transformation temperature in
Tm3Cu4Sn4 is 458(3) K.

3.4. Crystal structure of Dy3Cu4Sn4

In Fig. 8 we show the SXRD pattern of Dy3Cu4Sn4 obtained at
1.7 K. Refinement of this pattern indicates that Dy3Cu4Sn4 retains
the orthorhombic Immm structure down to 1.7 K. We see no evi-
dence of the peak splitting seen in the other compounds. In Table 4
we give the refined atomic position parameters of Dy3Cu4Sn4,
deduced from the refinement of our SXRD pattern.

4. Discussion

As discussed in detail previously [6], the most significant dif-
ference between the orthorhombic and monoclinic crystal struc-
tures of the R3Cu4Sn4 stannides lies with the Cu sites, whose
relative atomic displacement parameters are nearly three times
those of the other atoms, as obtained from the Rietveld re-
finements. The distortion may also be seen in the tilting of the
SneSn pairs relative to the ReR axes. In Fig. 9 we compare the
monoclinic and orthorhombic cells of the R3Cu4Sn4 compounds.
These figures were drawn using the VESTA software [30] and
emphasise the limited extent of the crystallographic trans-
formation from the orthorhombic Immm cell to themonoclinic I2/m
cell.

In Fig. 10 we show the dependence of the structural trans-
formation temperature on the ionic radius of the rare-earth. The
values for the ionic radii were taken from Ref. [32] and reflect 6-, 8-
and 9-fold coordination. The transition temperatures marking the
monoclinic 4 orthorhombic transformation in R3Cu4Sn4 for
R¼ Ho, Er and Tm scale linearly with the ionic radius. It is also clear
from the fact that the extrapolated transformation temperature for
Dy3Cu4Sn4 lies well below T¼ 0 that no such transformationwould
Table 4
Crystallographic data (orthorhombic Immm) for Dy3Cu4Sn4 obtained by refinement
of the 1.7 K SXRD pattern.

Atom Site x y z

Dy 2a 0 0 0
Dy 4f 0.3669(14) 1/2 0
Cu 8m 0.3246(48) 0 0.3223(24)
Sn 4e 0.2150(22) 0 0
Sn 4j 1/2 0 0.2049(35)

a (Å) 14.5710(24)
b (Å) 4.4246(7)
c (Å) 6.8924(11)
R (F) 9.2
R (Bragg) 6.0
be expected in Dy3Cu4Sn4, in keeping with our experimental ob-
servations (down to 1.7 K).

Finally, in Table 5 we give the lattice parameters of the R3Cu4Sn4
compounds determined by simultaneous refinement of the X-ray
and neutron powder diffraction patterns obtained in the mono-
clinic states. This table shows the relationship between the two
descriptions of the monoclinic cell (C2/m and I2/m).

The observation that the temperature at which the crystallo-
graphic transformation occurs scales linearly with the ionic radius
of the rare-earth suggests a steric/chemical mechanism for the
distortion, rather than a magnetic mechanism. (The primary mag-
netic ordering temperatures of the four compounds studied here
are 14 K (Dy), 8 K (Ho), 6 K (Er) [19] and 2.8 K (Tm) [21], all much
lower than the observed structural transformation temperatures).



Fig. 10. Variation of the crystallographic transformation temperature with the ionic
radius of the rare earth.

Table 5
Lattice parameters of the monoclinic R3Cu4Sn4 (R ¼ Ho, Er and Tm) phases given in
the two possible crystallographic settings for the monoclinic cell. For the sake of
comparison at similar temperatures we include the Tm3Cu4Sn4 results obtained by
Baran et al. at 4.9 K [21].

R T(K) Space
group

a (Å) b (Å) c (Å) b (�)

Ho 1.7 I2/m 14.5445(3) 4.4096(1) 6.8863(1) 90.26(1)
Ho 1.7 C2/m 16.0641(5) 4.4096(1) 6.8863(1) 115.12(1)
Er 1.7 I2/m 14.5003(5) 4.3929(2) 6.8810(2) 90.48(1)
Er 1.7 C2/m 15.9980(5) 4.3928(1) 6.8810(2) 114.99(1)
Tm 295 I2/m 14.4911(3) 4.3898(1) 6.8931(1) 90.54(1)
Tm 295 C2/m 15.9887(3) 4.3898(1) 6.8931(1) 115.0(1)
Tm [21] 4.9 I2/m 14.4608(31) 4.3898(8) 6.8855(16) 90.640(11)
Tm [21] 4.9 C2/m 16.0856(34) 4.3838(8) 6.8855(16) 115.982(14)

J.M. Cadogan et al. / Intermetallics 55 (2014) 123e128128
At this stage, it is difficult to identify the actual mechanism
underlying this observation but one possibility is the dependence
of the crystal structure on the valence electron concentration. In
this case, the lanthanide contraction with increasing atomic
number leads to an approximately linear decrease in unit cell
volume and a corresponding increase in valence electron con-
centration. Such an effect has been identified in the magneto-
caloric intermetallic compounds in the Gd5(Si,Ge)4 series [33,34].
It would be interesting to carry out synchrotron X-ray diffraction
on the R3Cu4Sn4 compounds as a function of applied pressure to
follow the evolution of the crystallographic transition tempera-
ture with the changing cell volume. We are also currently
exploring the use of Density Functional Theory calculations at
T ¼ 0 to compare the free energies of the orthorhombic and
monoclinic unit cells as a function of cell volume (and, by
extension, rare-earth radius).

5. Conclusions

Wehave investigated the orthorhombic tomonoclinic structural
transformation in the intermetallic compounds R3Cu4Sn4 (R ¼ Ho,
Er, Tm). This crystallographic transformation from the Immm to the
C2/m (I2/m) space group occurs at 62(2) K for R ¼ Ho, 262(2) K for
R¼ Er and 458(3) K for R¼ Tm [6]. No such distortionwas observed
for R ¼ Dy, down to 1.7 K, consistent with the observed linear
scaling between the transformation temperature and the ionic
radius of the rare-earth.
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