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A B S T R A C T

Polycrystalline samples of the intermetallic compounds R2PdGe6 (R = Pr, Nd, Gd-Er) and R2PtGe6 (R = Tb, Ho,
Er) have been studied using X-ray diffraction as well as magnetometric and neutron diffraction measurements.
All compounds have an orthorhombic crystal structure of the Yb2PdGe6-type (space group Cmca) and are an-
tiferromagnetic with the Néel temperatures ranging from 4.9 K for Er2PtGe6 up to 48 K for Tb2PdGe6. The
magnetic properties and specific heat data collected for Nd2PdGe6 show the presence of an additional phase
transition below TN at T = 4 K. Based on the neutron diffraction data, the magnetic structures have been
determined for R2PdGe6 (R = Pr, Nd, Tb, Dy, Ho) and R2PtGe6 (R = Tb and Er). Both the magnetic properties
and neutron diffraction data indicate that the magnetic moment is localized on rare earth atoms. The magnetic
unit cell is equal to the crystal one, however, individual compounds show different types of magnetic orderings.
Magnetic moments in Pr2PdGe6 form a non-collinear antiferromagnetic structure at low temperatures with
magnetic moments confined to the (001) plane. The low temperature magnetic structure in Nd2PdGe6 is a
collinear antiferromagnetic one with moments parallel to the b-axis and coupled ferromagnetically within the
(001) plane, while along the c-axis the moments follow the +−−+ sequence. With increasing temperature,
a transition to a modulated magnetic structure is observed in Nd2PdGe6 at T = 4 K. The magnetic moments in
R2PdGe6 (R = Tb, Dy, Ho) and Tb2PtGe6 assume a non-collinear antiferromagnetic order within the (001) plane
with the +−+− sequence of signs of the moments in the neighboring planes along the c-axis. The Er moments
in Er2PtGe6 form a collinear magnetic structure with magnetic moments oriented along the a-axis and coupled
ferromagnetically within the (001) plane. Along the c-axis the moments follow the +−+− sequence. The
magnetic structures determined here are discussed on the basis of the competition between the RKKY-type
interactions and influence of Crystalline Electric Field.

1. Introduction

Ternary intermetallics composed of rare-earth elements, transition
d-metals and p-electron elements attract special attention mainly due to
a wide variety of chemical composition, crystal structure and inter-
esting magnetic properties. One of the most interesting groups are
ternary compounds of a general formula R2TGe6, where R is a rare earth
element and T is a d-transition element. These compounds, originally
synthesized with T = Cu, crystallize in an orthorhombic crystal struc-
ture of the Ce2CuGe6-type (space group Amm2, No. 38) [1]. The same
type of a crystal structure was later found for the compounds with
T = Pd, Pt, Ag, Au [2]. More recent single crystal data for R2TGe6
(R = Y, Ce, Pr, Nd, Dy, Er, Yb and Lu; T = Pd, Pt) suggest a new type of

an orthorhombic crystal structure with lattice parameters: 2a, 2b and c
with respect to the previous model, and the Cmca space group (No. 64)
[3–7].

Magnetic data have been collected for the R2NiGe6 and R2CuGe6
compounds with R = Ce, Pr, Nd, Gd-Tm. These compounds are anti-
ferromagnets at low temperatures [2,8–11]. For some of them also their
magnetic structures have been determined [12–15]. The magnetic
moments are found to be localized exclusively on the rare-earth ele-
ments. For Nd2TGe6 (T = Ni and Cu) and R2NiGe6 (R = Tb, Ho and Er)
they form a simple collinear magnetic structure with the magnetic unit
cell identical to the crystal one while R2CuGe6 (R = Ho and Er) have a
magnetic unit cell doubled along the a-axis. Temperature dependence
of the electrical resistivity indicates a metallic behavior of R2TGe6
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(T = Mn, Ni, Cu) [16,17].
Magnetic properties have been reported for only a few Pd- and Pt-

based compounds. The R2PdGe6 compounds are antiferromagnets with
the Néel temperatures equal to 11.5 K (Ce) [2,18,19], 14 K (Pr) [20,21],
30 K (Sm) [22], 34 K (Gd) and 48 K (Tb) [21] and 25 K (Dy) [6].
La2PdGe6 is a Pauli paramagnet [6], while Yb2PdGe6 is an intermediate
valence material with a highly unstable 4f shell of the Yb ions [5,22].
Also some of the R2PtGe6 compounds are antiferromagnets with the
Néel temperature equal to 9.9 K (Ce) [18] and 23 K (Sm) [22]. Yb2TGe6
(T = Pd and Pt) have been found to be Pauli paramagnets [23].

In order to investigate the influence of the T element on the mag-
netic properties, including the magnetic order, we have performed a
systematic investigation of the polycrystalline samples of selected
compounds with T = Pd and Pt by measuring DC magnetic suscept-
ibility and magnetization as well as performing neutron diffraction
experiments. Out of these data, information has been extracted on the
crystal structure and on the dependence of magnetic properties, in-
cluding magnetic structures, on temperature.

2. Experiment

Large samples of R2PdGe6 (R = Pr, Nd, Gd-Er) and R2PtGe6
(R = Tb, Ho, Er) (~5 g each) were prepared by arc melting of pure
elements taken in stoichiometric ratio (element purity: 3 N for all R, 4 N
for Pd and Pt and 5 N for Ge). The samples were annealed at 870 K in
evacuated quartz tubes for one week and then quenched in cold water.

The quality of the samples was checked by X-ray powder diffraction
at room temperature with Cu Kα radiation on X'Pert PRO X-ray dif-
fractometer.

Magnetic measurements were performed in the temperature range
1.9–390 K on a vibrating sample magnetometer (VSM) option of the
Physical Property Measurement System (PPMS) by Quantum Design.
DC magnetic susceptibility measurements were carried out in applied
magnetic fields of 50 Oe and 1 kOe while isothermal hysteresis loops
were collected at T = 1.9 K in the external magnetic fields up to 90
kOe.

For the Nd2PdGe6 compound an additional heat capacity study was
carried out by a two-tau relaxation method in the temperature range
2–114 K.

Neutron diffraction patterns were collected at different tempera-
tures using the wavelength of λ = 2.4315 Å on the E6 diffractometer
(BER II reactor, BENSC, Helmholtz-Zentrum-Berlin). The Rietveld-type
program FullProf [24] was used for processing the diffraction data.

3. Results

All investigted compounds have similar X-ray diffraction pattern at
room temperature. The patterns for Tb2TGe6 (T = Pd, Pt) have been
choosen as representatives and are shown in Fig. 1. Numerical analysis
of the X-ray diffraction data has been performed for models of the
crystal structure related to both the Amm2 and Cmca space groups, as
mentioned in the Introduction section. Considerably lower values of the
reliability factors clearly favor the model with the Cmca space group,
except the Ho2PtGe6 sample where both structure types lead to com-
parable values of the reliability fators (see Table 1). Validity of the
selected crystal structure model is further confirmed by the presence in
the X-ray diffraction pattern of the Bragg peaks at 2θ = 16.0°, 17.6°,
19.8°, 29.3°, 35.5°, 36.0° and 37.2° (see Fig. 1a), which are expected for
a structure of the Ce2CuGe6-type. A detailed analysis of the crystal
structure is present in the section 3.3.1 together with the neutron dif-
fraction data.

3.1. Magnetic data

The temperature dependence of the reciprocal magnetic suscept-
ibilities is displayed in Fig. 2a–j. In a broad temperature range a linear

dependence is observed, described by the Curie-Weiss formula:
χ(T) = C/(T − Θp). In this equation C refers to a Curie constant, which
is related to the effective magnetic moment by formula μeff = (8C)1/2,

Fig. 1. X-ray (Cu Kα, λ= 1.5418 Å) powder diffraction patterns of the Tb2TGe6
(T = Pd, Pt) compounds, collected at room temperature. The squares represent
the experimental points. The solid lines indicate the calculated profile of the
crystal structure and the difference between the obtained and calculated in-
tensity (in the bottom of diagram). The vertical bars indicate positions of Bragg
reflections.

Table 1
The values of the RBragg and Rprof reliability factors for selected R2TGe6 (T = Pd,
Pt) compounds for two different models of the crystal structure described by the
Amm2 and Cmca space group, respectively. These were obtained from the re-
finement of the X-ray data taken at room temperature and neutron diffraction
data taken at low temperatures in the paramagnetic state.

Compound Method RBragg [%] Rprof [%]

Amm2 Cmca Amm2 Cmca

Pr2PdGe6 XRD 20.3 11.8 5.44 3.71
Pr2PdGe6 ND 16.1 6.67 11.3 5.27
Nd2PdGe6 XRD 18.2 10.7 4.69 3.39
Nd2PdGe6 ND 14.7 5.59 8.30 3.39
Gd2PdGe6 XRD 19.1 12.0 3.31 2.44
Tb2PdGe6 XRD 19.9 10.4 3.72 2.57
Tb2PdGe6 ND 14.5 8.80 7.39 4.61
Dy2PdGe6 XRD 18.3 11.8 3.15 2.34
Dy2PdGe6 ND 10.3 7.56 2.77 2.34
Ho2PdGe6 XRD 21.3 14.1 5.97 4.10
Ho2PdGe6 ND 10.3 6.22 4.15 2.70
Er2PdGe6 XRD 17.3 12.6 5.55 4.15
Tb2PtGe6 XRD 24.7 12.7 6.31 4.24
Tb2PtGe6 ND 12.9 4.91 5.90 2.72
Ho2PtGe6 XRD 21.9 22.7 6.01 6.38
Er2PtGe6 XRD 17.6 18.6 9.92 9.46
Er2PtGe6 ND 11.4 9.21 5.37 5.14
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Fig. 2. Temperature dependence of the reciprocal magnetic susceptibility of a) Pr2PdGe6, b) Nd2PdGe6, c) Gd2PdGe6, d) Tb2PdGe6, e) Dy2PdGe6, f) Ho2PdGe6, g)
Er2PdGe6, h) Tb2PtGe6, i) Ho2PtGe6 and j) Er2PtGe6 measured at the external magnetic field of 1 kOe. The insets: the upper ones – temperature dependence of the
magnetic susceptibility at low temperatures taken at 50 Oe (ZFC and FC) and at 1 kOe (ZFC); the lower ones – hysteresis loop between −90 kOe and 90 kOe at
T = 1.9 K.
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while Θp is a paramagnetic Curie temperature. The least squares fitting
of the experimental data gave values of the effective magnetic moments
and the paramagnetic Curie temperatures which are listed in Table 2.
The values of μeff are close to those predicted for free R3+ ions. The
paramagnetic Curie temperatures, except the one for R = Pr, are ne-
gative, indicating dominant character of antiferromagnetic interactions.
This result is in agreement with the maxima observed at low

temperatures in the temperature dependence of magnetic suscept-
ibilities (see insets in Fig. 2a–j), which are typical of antiferro- to
paramagnetic transition. The Néel temperatures determined be the
measurement are listed in Table 2. For the Tb-based compounds an
additional small intensity maximum, related to the Tb2O3 impurity
phase, is visible at 2.4 K. For R = Nd, a jump at T = 4 K indicates the
presence of an additional magnetic phase transition. Hysteresis loops
taken at 1.9 K confirm antiferromagnetic properties and show a meta-
magnetic phase transition. The values of the critical fields connected
with the metamagnetic phase transition are listed in Table 2.

3.2. Specific heat data

Fig. 3 presents the temperature dependence of the Nd2PdGe6 spe-
cific heat in the temperature range of 2–114 K. A high temperature part
of the specific heat dependence, i.e. the one above 15.5 K, was analyzed
in terms of the following formula:
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where ΘD is a Debye temperature, ΘEi are Einstein temperatures and mi

are corresponding multiplicities for each individual optical branch. α
stands for an anharmonic coefficient and R is the gas constant. The
electronic contribution to the specific heat – usually introduced as γT,
where γ is an electronic specific heat (Sommerfeld) coefficient – is
omitted as the values of γ reported for the isostructural R2PdGe6
compounds are small: 3.6 mJ/(mol·K2) (R = La) [6] and 14 mJ/
(mol·K2) (R = Ce) [19] and therefore this term can be neglected at
higher temperatures where the phononic contribution is dominant.
With nine atoms per molecule of Nd2PdGe6, there are in total 3x9 = 27
phonon modes: 3 acoustic and 24 optical ones. In order to facilitate
analysis, the summation over 24 independent optical branches was
grouped into 4 branches with the 3, 9, 4, 8-fold multiplicities. A fit to
the experimental data (denoted in Fig. 3 by a red solid line) was per-
formed from 15.5 K to 114 K, i.e. far above the peaks observed at low
temperatures. The corresponding fit parameters are gathered in
Table 3.

The low temperature data of the Nd2PdGe6 specific heat reveal a
complex behavior with a sharp maximum at T = 4 K (see also the Cm/T
data in the inset of Fig. 3) hinting at its first order character. This is in

Table 2
Magnetic data for the R2TGe6 (T = Pd, Pt) compounds. TN refers to the Néel temperature; Θp is the paramagnetic Curie temperature; μeff is the effective magnetic
moment; μs is the moment at T = 1.9 K and H = 90 kOe determined by magnetization measurements (M) and by neutron diffraction at the lowest temperature (ND);
next to the experimental (exp), the theoretical (theor) values are shown for reference. Hcr is the critical magnetic field from magnetometric measurements and DMM
is the direction of the magnetic moment as determined from neutron diffraction. Rmagn is the magnetic reliability factor.

R TN [K] Θp [K] μeff [μB] μs [μB] Hcr [kOe] DMM Rmagn [%] Ref.

exp theor exp M exp ND theor

R2PdGe6
Ce 11.5 −16 2.52 2.54 0.90 2.14 11 [2,18,19]
Pr 13 +1.1 3.56 3.58 1.35 2.82(5) 3.20 14 in plane a-b 9.4 this work
Nd 6.5 −3.5 3.60 3.62 1.91 2.11(2) 3.27 16, 31 ||b 7.3 this work
Sm 30 −11.6 [22]
Gd 38 −29 8.01 7.92 1.95 7.00 35 ||b this work
Tb 48 −23 9.85 9.72 1.60 8.64(7) 9.00 >90 in plane a-b 5.4 this work
Dy 28 −10.1 10.56 10.65 4.87 7.80(8) 10.00 43 in plane a-b 8.6 this work
Ho 11.8 −1.4 10.36 10.61 6.86 8.39(7) 10.00 19 in plane a-b 6.4 this work
Er 6.2 −3.1 9.37 9.58 5.94 9.00 11 this work

R2PtGe6
Ce 9.9 −7.0 2.43 2.54 1.82 2.14 1.1 [18]
Sm 23 −10.8 [22]
Tb 44 −18 9.83 9.72 2.18 8.86(6) 9.00 82 in plane a-b 2.7 this work
Ho 9.5 −4.2 10.47 10.61 6.52 10.00 16 this work
Er 4.9 −2.8 9.56 9.58 6.10 7.58(9) 9.00 10 ||a 6.9 this work

Fig 3. Temperature dependence of the specific heat of Nd2PdGe6 in the tem-
perature range of 2–114 K. The solid line represents the phononic contribution,
as discussed in the text. The inset presents the low temperature part of the Cm/T
(dots) and magnetic entropy Sm (solid line).

Table 3
The Debye (ΘD) and Einstein (ΘEi) temperatures together with the anharmonic
coefficient (α). These were obtained from the fitting of the formula describing
phononic contribution to the Cp vs. T dependence for Nd2PdGe6 (see Fig. 3). mi

denotes multiplicities of the ΘEi parameters.

Parameter Value mi

Debye temperature ΘD [K] 145(5)
Einstein temperatures: ΘE1 [K] 53.6(7) 3
ΘE2 [K] 158(2) 9
ΘE3 [K] 270(13) 4
ΘE4 [K] 314(7) 8
Anharmonic coefficient α [1/K] 1.37(15)·10−4
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Fig. 4. Neutron diffraction patterns of a) Pr2PdGe6 at 2.0 and 13.4 K, b) Nd2PdGe6 at 1.9, 4.0 and 6.8 K, c) Tb2PdGe6 at 1.9 and 60.4 K, d) Dy2PdGe6 at 1.9 and
39.7 K, e) Ho2PdGe6 at 1.9 and 13 K, f) Tb2PtGe6 at 1.9 and 55.3 K) and g) Er2PtGe6 at 1.9 and 5.9 K. The squares represent the experimental points. The solid lines
indicate the calculated profile of the crystal structure and the difference between the obtained and calculated intensity (in the bottom of the diagram). The vertical
bars indicate the positions of Bragg reflections: nuclear (first row) and magnetic (second row) ones. The diffraction patterns of Ho2PdGe6 (the inset e) contain a small
contribution originating from HoPd0.22Ge2. The third and fourth rows of the vertical bars refer to the nuclear and magnetic contributions arising from HoPd0.22Ge2.
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agreement with the DC magnetic data (see the inset in Fig. 2b). With
increasing temperature a small maximum at T = 4.2 K followed by a
broad one at T = 5.6 K with a quick decrease at 6 K are observed. These
anomalies corelate with a small maximum in the magnetic suscept-
ibility visible at 6.5 K (see Fig. 2b).

The Nd3+ ions occupy the 16 g crystallographic position in the
crystal unit cell of Nd2PdGe6. The crystal field potential of the sym-
metry related to the 16 g Wyckoff site splits the neodymium 4I9/2
ground multiptet into five doublets. The temperature variation of the
magnetic entropy Sm(T) derived from the Cm/T dependence (see the
inset in Fig. 3) exhibits a distinct change in slope at the Néel tem-
perature. Sm(T) above TN reaches the value of 9.64 J/(mol·K2) which is
in reasonable agreement with the theoretical one of 2Rln2 = 11.53 J/
(mol·K2) expected for the doublet ground state of 2NA Nd3+ ions within
one mole of Nd2PdGe6 (NA is the Avogadro number). A discrepancy
between these two numbers can be attributed to a systematic error re-
lated to the estimation of the phononic contribution to the specific heat
which was subtracted from the experimental data in order to obtain the
pure magnetic contribution.

3.3. Neutron diffraction data

3.3.1. Crystal structure
The neutron difraction patterns in the paramagnetic state, collected

above the respective Néel temperatures (see Fig. 4a–g), confirm that all
samples have an orthorhombic crystal structure of the Yb2PdGe6-type
[3]. In the unit cell of this structure the atoms occupy the following
positions: the R and Ge1 atoms at the 16 g sites: (x, y, z) while the Pd or
Pt atoms as well as Ge2, Ge3, Ge4 and Ge5 atoms at the 8f sites: (0, y, z)
with different values of xi, yi, and zi for each corresponding atom. The
values of the lattice parameters and atomic positional parameters de-
termined here are listed in Table 3. This type of a crystal structure is
characterized by a sequence of atomic planes stacked along a much-
elongated c-axis (c/(a,b) ~ 2.65) with the values of a and b lattice
parameters very close one to another (a/b ~ 1.015) resulting in a
layered structure with large distances between the magnetic rare-earth
atoms (see Fig. 5).

3.3.2. Magnetic structure
All the neutron diffraction patterns collected for the samples below

their respective Néel temperatures contain a large numer of additional
peaks of the magnetic origin (see Fig. 4a–g) which can be indexed
within a magnetic unit cell identical with the crystal one, suggesting
that the magnetic structure is a commensurate one with the propaga-
tion vector k = [0, 0, 0]. A high-intensity peak at 2Θ = 6.3° observed
for R2PdGe6 (R = Pr, Nd) and indexed as (001) as well as the one at
2Θ = 12.7° indexed as (002) and found for all the other compounds
imply that the magnetic moments lay in the basal a-b plane. The 16
rare-earth atoms in the unit cell occupy the 16 g Wyckoff site (with
coordinates of particular rare earth atoms listed in Table 5). In order to
determine magnetic structures, a symmetry analysis has been per-
formed for the R moments occupying the 16 g Wyckoff site. The ba-
sireps computer program, which is distributed together with FullProf
[24], was utilized for the symmetry analysis. Naming of the rare earth
ions positions as well as irreducible representations follows the no-
menclature introduced by Qi et al. [15]. The full symmetry analysis is
presented in Table 1 in Ref. [15]. In this work only the magnetic
structure models that fit the experimental data are described in details.
In the text below, the u parameter refers to the x-component of the
Fourier coefficient of the magnetic moment, and the v parameter to the
y- component thereof.

The magnetic order in Pr2PdGe6 is found to be a non-collinear an-
tiferromagnetic one with magnetic moments consisting of the compo-
nents along the a- and b-axes, related to the Γ3(u) and Γ3(v) models,
respectively (see Table 5). The a-axis component of the Pr magnetic
moment is equal to 1.42(8) μB while the b-axis one to 2.43(3) μB, re-
sulting in a total moment of 2.82(5) μB at 2.0 K (Rmagn = 9.2%). This
order is stable up to the Néel temperature of 13 K.

A similar magnetic structure model is found in Nd2PdGe6 except the
fact that only the b-axis magnetic moment component, related to Γ3(v),
is present (see Fig. 6b). This magnetic order is stable within the tem-
perature range 1.5 K–3.5 K. The Nd magnetic moment equals 2.11(2) μB
at 1.5 K (Rmagn = 7.3%). A transition to a modulated magnetic struc-
ture related to the propagation vector k = [0.333, 0.27, 0] takes place
around 4 K (see Fig. 6c).

The powder diffraction patterns of R2PdGe6 (R = Tb, Dy and Ho)
and Tb2PtGe6 collected at low temperatures show similar distribution of

Fig. 5. Crystal structure of the R2TGe6 (T = Pd, Pt) compounds: a) orthorhombic crystal unit cell together with projection on the b) a-c and c) b-c planes.
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magnetic reflections. A detailed analysis of the magnetic contribution to
the patterns indicate that:

– the high-intensity reflections correspond to the magnetic order re-
lated to the Γ8(v) model (see Table 4) with magnetic moments along
the b-axis and magnitudes of 8.32(7), 7.04(8), 7.42(7) and
8.50(5) μB, respectively,

– the low-intensity reflections correspond to the magnetic order re-
lated to the Γ8(u) model with magnetic moments along the a-axis
and magnitudes of 2.29(7), 3.39(7), 3.39(3) and 2.27(7) μB, re-
spectively.

As a result, a non-collinear magnetic structure is developed (see
Fig. 6d) with the total magnetic moments equal to 8.64(7), 7.80(8),
8.39(7) and 8.86(6) μB, respectively, and the corresponding values of
the Rmagn factor of 5.4, 8.6, 6.4 and 2.7%. This order is stable up to the
Néel temperature.

A different distribution of the peaks of the magnetic origin is ob-
served in Er2PtGe6. The Bragg reflections of the magnetic origin can be
indexed in the magnetic unit cell identical with the crystal one (k = [0,
0, 0]). Analysis of the intensity of magnetic reflections shows that the
magnetic ordering of Er moments corresponds to the Γ6(u) model (see
Table 5) with the moment equal to 7.58(9) μB (at 1.9 K) and parallel to
the a-axis (see Fig. 6e) (Rmagn = 6.9%). This order is stable up to the
Néel temperature.

The values of the magnetic moments derived from neutron diffrac-
tion data are listed in Table 2.

3.3.3. Temperature dependence of the parameters of the crystal and
magnetic structures

For all the compounds the neutron diffraction patterns have been
collected as a function of temperature. Based on these data, the tem-
perature dependences of the a, b, c lattice parameters, unit cell volume
and values of the magnetic moments have been determined and are
presented in Fig. 7. In all of the compounds, except Nd2PdGe6, the low
temperature magnetic structures are stable up to the respective Néel
temperatures. The transition between the antiferro- and paramagnetic
states is associated with a jump in the lattice parameters and unit cell
volume. In the case of Nd2PdGe6, this effect is found only for the
transition between the commensurate collinear antiferromagnetic or-
dering and the incommensurate modulated one which takes place
around 4 K. For this compound no further change in lattice parameters
and unit cell volume is detected at the Néel temperature. The numerical
values of the changes in the lattice parameters and unit cell volume
together with the magnetic moments derived from neutron diffraction
data are summarized in Table 6. One can find that the jumps in the
lattice parameters are relatively large for the R2PtGe6 compounds.

4. Discussion

The results of the X-ray and neutron diffraction measurements
presented in this work confirm that the investigated compounds have
an orthorhombic crystal structure of the Yb2PdGe6-type. Magnetic
measurements and neutron diffraction data indicate that the com-
pounds are antiferromagnets with the magnetic moments localized on
the rare-earth atoms. The determined values of the effective magnetic
moments are close to those predicted for free R3+ ions while the
magnetic moments in the ordered state, as found from magnetization as
well as from the neutron diffraction data, are smaller than those of free
R3+ ions.

The layered magnetic structures determined for the R2TGe6
(T = Pd, Pt) compounds are characterized by a ferromagnetic or nearly
ferromagnetic arrangement of the R moments within the (001) plane
and two different sequences of the moments in the neighboring planes,
i.e. along the c-axis, namely: +−−+ for the light rare-earth elements
and +−+− for the heavy ones. A collinear magnetic order is

Fig. 6. Magnetic structures of a) Pr2PdGe6, b) Nd2PdGe6 (the low temperature
phase), c) Nd2PdGe6 (the high temperature phase), d) R2PdGe6 (R = Tb, Dy
Ho) and Tb2PtGe6, and e) Er2PdGe6,
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observed for R = Nd and Er, and a non-collinear one for R = Pr, Tb, Dy,
Ho. The non-collinear order is different from that observed in the
R2NiGe6 compounds [12–15]. Another difference is detected between
the magnetic structures of Nd2NiGe6 and Nd2PdGe6: in the first com-
pound the magnetic order is stable in the entire temperature range up to
the Néel temperature, while in the second one a change of the magnetic
order from a collinear to a modulated one is observed at T = 4 K. This
change results from the competition between the exchange interactions
of RKKY-type and the influence of crystalline electric field (CEF) [25].
In R2PdGe6 (R = Tb-Ho) and Tb2PtGe6 a non-collinear AF ordering in
the (001) plane with components along the a- and b-axes is observed.
The magnetic moments form an angle φ with the b-axis equal to ~30°
for Pr2PdGe6, ~15° for Tb2TGe6 and ~25° for Dy2PdGe6 and Ho2PdGe6.
In Er2PdGe6 the magnetic moments are parallel to the a-axis as found
previously in Er2NiGe6. A drastic change of the direction of magnetic
moments between the Tb-, Dy-, Ho- and Er-based compounds is con-
nected with the change of the sign of the Stevens operator αJ from
negative (Tb, Dy, Ho) to positive (Er).

Fig. 8 shows the experimentally determined values of the Néel (TN)
and paramagnetic Curie (θp) temperatures for R2TGe6 (T = Ni, Pd) as a

function of the de Gennes factor. The linear dependence, predicted by
the RKKY theory, is represented by the solid lines which are normalized
with respect to the data obtained by the respective Gd-based com-
pounds. The theoretical de Gennes scaling is fulfilled for a majority of
the investigated compounds, confirming the indirect exchange inter-
actions of the RKKY-type. This result is in agreement with the large R-R
interatomic distances and metallic character of the temperature de-
pendence of the electrical resistivity [21]. Noticeable discrepancy be-
tween the experimental and theoretical values of TN for Tb2TGe6
(T = Ni, Pd) can be attributed to the influence of the crystalline electric
field [26]. The role of the CEF manifests itself also in a reduction of the
magnetic moments in the ordered state in comparison to the free R3+

ion values (see Table 2).
The presented data are in agreement with the magnetic data col-

lected for single crystals [21] indicating:

• a collinear AF ordering with the Gd moments along b-axis in
Gd2PdGe6,

• the b-axis being a hard magnetic direction and the magnetic mo-
ments located in the a-b plane in Tb2PdGe6 (the results based on the
temperature dependence of magnetoresistance).

Both the previously reported R2TGe6 (T = Ni, Cu; R = Tb, Ho and
Er) [13] as well as the R2PdGe6 (R = Pr, Nd, Gd-Er) and R2PtGe6
(R = Tb, Ho, Er) presented in this work have an orthorhombic layered
crystal structure which is related to the Amm2 space group for the first
group of compounds and to Cmca for the second one. A change in the
space group results in a doubling of the a and b lattice parameters for
the second group as well as in a change of the local symmetry of the
rare earth atoms. However, the macroscopic parameters, like the Néel
and paramagnetic Curie temperatures, effective magnetic moments and
critical magnetic fields are not much affected (compare the data in
Table 1 in Ref. [13] to those in Table 2 in this work). On the contrary,
the change in the local symmetry and the corresponding modification of
the CEF parameters influences the microscopic magnetic order, i.e.
collinear magnetic structures are favored in R2TGe6 (T = Ni, Cu;
R = Tb, Ho and Er) [13] while non-collinear ones are favored in
R2PdGe6 (R = Pr, Nd, Gd-Er) and R2PtGe6 (R = Tb, Ho, Er).

Table 4
The lattice parameters a, b and c, unit cell volume V and positional atoms parameters xi, yi, zi for R2TGe6 (R = Pr, Nd, Tb, Gy, Ho, Er; T = Pd, Pt) obtained from the
neutron diffraction data in the paramagnetic state.

Pr2PdGe6 Nd2PdGe6 Tb2PdGe6 Dy2PdGe6 Ho2PdGe6 Tb2PtGe6 Er2PtGe6

T [K] 13.4 K 6.8 K 45 K 39.7 K 13 K 55.3 K 5.9 K
a [Å] 8.3278(16) 8.3099(12) 8.1861(18) 8.1604(16) 8.1502(13) 8.1383(11) 8.0925(16)
b [Å] 8.1717(15) 8.1588(12) 8.0548(16) 8.0363(14) 8.0371(12) 8.0475(10) 8.0193(16)
c [Å] 22.0606(39) 21.9964(31) 21.6022(50) 21.5331(44) 21.5006(37) 21.7086(27) 21.6146(44)
V [Å3] 1501.28(48) 1491.33(37) 1424.39(53) 1412.13(48) 1408.38(39) 1421.77(31) 1402.71(48)
x(R) 0.2593(18) 0.2532(11) 0.2556(16) 0.2567(9) 0.2543(12) 0.2505(12) 0.2530(20)
y(R) 0.3960(23) 0.3823(20) 0.3810(46) 0.3748(17) 0.3785(40) 0.3829(43) 0.3678(30)
z(R) 0.0830(5) 0.0823(2) 0.0813(4) 0.0813(2) 0.0816(3) 0.0803(2) 0.0817(3)
y(T) 0.1393(26) 0.1343(27) 0.1499(35) 0.1702(33) 0.1472(27) 0.1283(18) 0.1292(26)
z(T) 0.1448(6) 0.1438(5) 0.1448(8) 0.1379(10) 0.1410(6) 0.1417(3) 0.14009(5)
x(Ge1) 0.2785(9) 0.2763(8) 0.2786(12) 0.2716(18) 0.2790(10) 0.2709(9) 0.2595(18)
y(Ge1) 0.1149(22) 0.11230(20) 0.1151(26) 0.1169(31) 0.1248(26) 0.1267(32) 0.1271(33)
z(Ge1) 0.1941(3) 0.1940(2) 0.1913(4) 0.1933(4) 0.1923(3) 0.1935(3) 0.1941(5)
y(Ge2) 0.1120(21) 0.1138(22) 0.1045(28) 0.0914(29) 0.1084(28) 0.1127(29) 0.0946(29)
z(Ge2) 0.4612(6) 0.4612(5) 0.4617(7) 0.4540(8) 0.4572(6) 0.4615(5) 0.4665(7)
y(Ge3) 0.1141(24) 0.1128(24) 0.1321(38) 0.1320(48) 0.1297(32) 0.1277(37) 0.1205(42)
z(Ge3) 0.0278(6) 0.0285(5) 0.0292(7) 0.0241(8) 0.0297(5) 0.0311(5) 0.0355(9)
y(Ge4) 0.3396(15) 0.3440(15) 0.3540(29) 0.3715(47) 0.3413(19) 0.3502(18) 0.3624(39)
z(Ge4) 0.3106(7) 0.3099(6) 0.3099(9) 0.3137(9) 0.3102(7) 0.3079(6) 0.3120(8)
y(Ge5) 0.3907(24) 0.3990(19) 0.4004(30) 0.4141(31) 0.4036(24) 0.4025(20) 0.4135(26)
z(Ge5) 0.2000(6) 0.1994(6) 0.1997(9) 0.2040(8) 0.1971(8) 0.1947(6) 0.1947(10)
RBragg [%] 6.67 5.59 8.80 7.56 6.22 4.91 9.21
Rprof [%] 5.27 3.39 4.61 2.34 2.70 2.72 5.14

Table 5
Sequence of the signs of the Fourier components of the magnetic structure as
obtained from symmetry analysis performed for the k = [0, 0, 0] propagation
vector and 16 g Wyckoff site. Only the basis vectors that fit the experimental
data are listed. The full symmetry analysis can be found in Table 1 in Ref. [15].
The u parameter corresponds to the Fourier component along the a-axis and the
v parameter to that along the b-axis. The atom positions S9-S16 are obtained
from those of S1-S8 by applying the centering translation [½, ½, 0]. The
magnetic moments at positions linked by the centering translation are always
coupled ferromagnetically.

Atom position Γ3(u) Γ3(v) Γ8(v) Γ8(u) Γ6(u)

S1 (x, y, z) + + + + +
S2(−x, −y+½, z+½) − − + + +
S3 (−x, y+½, −z+½) + − − + −
S4 (x, −y, −z) − + − + −
S5 (−x, −y, −z) + + − − −
S6 (x, y+½, −z+½) − − − − −
S7 (x, −y+½, z+½) + − + − +
S8 (−x, y, z) − + + − +
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Fig. 7. Temperature dependence of the a, b and c lattice parameters together with the unit cell volume V and the values of the magnetic moments μ in a) Pr2PdGe6, b)
Nd2PdGe6, c) Tb2PdGe6, d) Dy2PdGe6, e) Ho2PdGe6, f) Tb2PtGe6 and g) Er2PtGe6. The Néel temperature is marked by the black triangle at the bottom of each figure.
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5. Summary

The results presented in this work confirm that the ternary R2TGe6
(R = Pr, Nd, Gd-Er; T = Pd, Pt) compounds crystallize in the orthor-
hombic Yb2PdGe6-type structure (space group Cmca). The magnetic and
neutron diffraction data indicate that the magnetic properties in these
compounds are derived from the well localized 4fn-electrons of the rare
earth atoms. In all of the compounds the rare earth moments order
antiferromagnetically at low temperatures and form collinear magnetic
structures in Nd2PdGe6 and Er2PtGe6 and non-collinear ones in
R2PdGe6 (R = Pr, Tb-Ho) and Tb2PtGe6. The observed magnetic
structures result from a competition between the exchange interactions

and crystalline electric field.
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Table 6
Jump in the lattice parameters (Δa = ap − ao) and unit cell volumes
(ΔV = Vp − Vo) at the respective Néel temperatures for the R2TGe6 (T = Pd,
Pt) compounds. o and p indicate the magnetically ordered and paramagnetic
states, respectively, as derived from neutron diffraction. In the case of
Nd2PdGe6, the data refer to the transition between the commensurate and in-
commensurate magnetic structures.

Compound Δa [Å] Δb [Å] Δc [Å] ΔV [Å3]

Pr2PdGe6 0.0086 0.0072 0.018 4.22
Nd2PdGe6 0.008 0.0075 0.0188 3.88
Tb2PdGe6 0.010 0.0035 0.007 3.00
Dy2PdGe6 0.0045 0.002 0.003 1.30
Ho2PdGe6 0.0085 0.0075 0.03 4.13
Tb2PtGe6 0.015 0.0125 0.025 7.0
Er2PtGe6 0.011 0.011 0.025 5.6

Fig. 8. The Néel and paramagnetic Curie temperatures vs. de Gennes factor
(gJ − 1)2J(J + 1) for the R2PdGe6 and R2NiGe6 compounds. The solid lines
represent the theoretical dependence predicted by the RKKY theory. The cal-
culated values are normalized to the experimentally observed temperatures for
the respective Gd-based compounds.
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