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Abstract. The chemical and magnetic structures of the intermetallic compound Tb3Pd20Si6 were
studied by means of bulk magnetic measurements and neutron diffraction. The crystal structure of
Tb3Pd20Si6 was confirmed to be isotypic with that of Ce3Pd20Si6, space groupFm3̄m, No 225,
with Tb being located at the two crystallographic sites 4a and 8c. The compound undergoes two
successive second-order magnetic phase transitions at the Néel temperaturesTN1 = 10.2 K and
TN2 = 4.1 K. Below TN1, the 8c sites order in an antiferromagnetic sequence with a magnetic
propagation vectork1 = [1, 1, 1], leaving the 4a sites disordered down toTN2, where additional
antiferromagnetic ordering of the 4a sites sets in according tok2 = [0, 0, 1].

1. Introduction

For the new class of the ternary intermetallic compounds R3Pd20Si6 (R = all rare earths) and
R3Pd20Ge6 (R = light rare earths), exceptional electronic and magnetic phenomena like the
heavy-fermion behaviour of Ce3Pd20Si6, which can be classified as one of the heaviest Kondo
compounds withγ = 8 J mol−1 K−2 per Ce atom at 0.2 K [1], and the quadrupolar ordering
of Ce in Ce3Pd20Ge6 belowTQ ≈ 1.2 K [2] have been reported. The cubic crystal structure
of these compounds with space groupFm3̄m, No 225,Z = 4, is an ordered derivative of the
Cr23C6-type structure [3] and the magnetic rare-earth atoms occupy the two crystallographic
sites 4a and 8c, both with cubic site symmetry, but with different coordinations.

For the R3Pd20Si6 compounds, systematic bulk magnetic and transport measurements
[4] revealed that the rare-earth ions are in the trivalent state and that magnetic order usually
occurs in the mK temperature range. The compounds with R= Nd, Sm, Gd, Tb, Dy, and
Ho exhibit two magnetic phase transitions and the higher and lower ordering temperatures
both follow the de Gennes scaling. The compounds with R= Ce, Pr, Er, Tm, and Yb
show only one magnetic phase transition and deviate from the de Gennes scaling. For the
R3Pd20Ge6 compounds, the magnetic properties are found to be rather unusual. Ce3Pd20Ge6

shows quadrupolar ordering [2], Pr3Pd20Ge6 exhibits a non-magnetic crystalline-electric-field
ground-state doublet03 and magnetic order atTN = 0.2 K is induced by exchange interactions
[5, 6], and Nd3Pd20Ge6 is the only system with three successive magnetic phase transitions [7].
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In this work, we have chosen Tb3Pd20Si6 as the best representative of the R3Pd20X6 (X = Ge,
Si) series for investigating in detail the magnetic ordering by powder neutron diffraction.
Besides Gd3Pd20Si6 (TN1 = 18.2 K, TN2 = 3.6 K), which is not suitable for neutron scattering
experiments, Tb3Pd20Si6 (TN1 = 10.2 K, TN2 = 4.1 K) has the highest ordering temperatures,
which are accessible with a4He cryostat. In addition, due to the valuegµBJ = 9.0 µB for
Tb3+, we can expect a large ordered magnetic Tb moment leading to strong magnetic neutron
Bragg intensities which allow an accurate determination of the magnetic structures.

2. Experimental procedure

A polycrystalline sample of Tb3Pd20Si6 was prepared by arc melting stoichiometric amounts of
the pure elements (Tb: 3N; Pd: 3N5; Si: 7N) in an argon atmosphere and subsequent annealing
in an evacuated quartz tube for 120 hours at 800◦C. The annealed sample was examined by
powder x-ray diffraction and found to be single phased. The temperature variation of the
specific heat,cp(T ), was measured between 1.5 K and 25 K by a semi-adiabatic heat pulse
method. The dc magnetic susceptibilityχ(T ) ≡ M/H was investigated between 1.9 K and
room temperature for an external magnetic field of 0.1 T, using a Quantum Design SQUID
magnetometer.

For the neutron diffraction experiments, the sample was ground to a fine powder
and enclosed under a helium atmosphere in a vanadium cylinder of 10 mm diameter.
Neutron diffraction data were collected on the high-resolution powder diffractometer D1A
at the Institute Laue–Langevin, Grenoble, France, and on the double-axis multi-counter
diffractometer DMC at the Swiss Spallation Neutron Source SINQ, Villigen, Switzerland.
The data were taken at various temperatures in the paramagnetic and in the magnetically
ordered states using a standard ILL orange cryostat. On D1A, a wavelength ofλ = 2.483 Å
((sin2)/λ 6 0.40 Å−1) was selected by the 004 reflection of a vertically focusing Ge
monochromator. A pyrolytic graphite filter was placed between the monochromator and
the sample in order to reduce higher-order contamination. On DMC,λ = 2.560 Å
((sin2)/λ 6 0.27 Å−1) from the 002 reflection of a focusing graphite monochromator with a
pyrolytic graphite filter was used. Typical counting times were 10 h per temperature on D1A
for examinations of the chemical and magnetic structures and 1 h per temperature on DMC
for detailed studies of the temperature variation of the magnetic intensities.

Rietveld refinements of the diffraction data were carried out for the range 0.04 Å−1 6
(sin2)/λ 6 0.40 Å−1 with the program FullProf [8], using the internal scattering length and
magnetic form factor tables. The data were corrected for absorption by applying the measured
value ofµr = 0.33 for λ = 2.483 Å to the built-in correction function. The background
was modelled by a third-order polynomial and the intensity profiles by the Thompson–Cox–
Hastings pseudo-Voigt function [9].

3. Results

3.1. Macroscopic transport and magnetic properties

The results of the specific heat and susceptibility measurements are shown in figure 1,
together with integrated neutron intensities of selected magnetic reflections from the diffraction
measurements made on DMC. The macroscopic measurements on our Tb3Pd20Si6 sample are
in good overall agreement with those reported in reference [4].

Two well defined peaks, corresponding to magnetic phase transitions at the Néel
temperaturesTN1 andTN2, can be identified in the temperature variation of the specific heat.
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Figure 1. The temperature variation of the magnetic properties of Tb3Pd20Si6. The two transition
temperatures, defining the regions I to III, are indicated by dashed lines. Top: specific heat
cp(T ) (left-hand scale) and magnetic entropySmag(T )/R (right-hand scale). Middle: magnetic
susceptibilityχ(T ), with a linear Curie–Weiss fit shown in the inset. Bottom: integrated DMC
neutron intensities of the magnetic (111) and (110) Bragg reflections, which are proportional to
the squares of the magnetic moments on the 8c and 4a sites, respectively. The error bars of the
integrated intensities are of the size of the data points and are therefore omitted.

They define three temperature regions, which will be denoted as I, II, and III in the following.
BetweenTN1 andTN2, no additional ordering is indicated fromcp(T ). This is in contrast to the
situation found for Nd3Pd20Ge6, which is the only member of the R3Pd20X6 series with another
magnetic phase betweenTN1 andTN2 [7]. Under the influence of the crystalline electric field
(CEF) of the surrounding ions, the(2J + 1)-fold degeneracy of the rare-earthJ -multiplets
is partly lifted. For the cubic symmetry of the 4a and 8c sites (see table 1), the 13-fold-
degenerate ground state of the Tb3+ ion, 7F6, splits into two singlets01 and02, one doublet
03, and three triplets04, 0

(1)
5 , and0(2)5 . We calculated the magnetic entropy per formula

unit by numerically integrating the experimental values ofcp/T (figure 1). The contribution
to Smag/R from temperatures lower than 1.5 K was estimated from the expression given in
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Table 1. Refined structural parameters and selected interatomic distances of Tb3Pd20Si6, space
groupFm3̄m, No 225,Z = 4, as obtained from D1A neutron powder diffraction data atT = 14.6 K.
a: lattice parameter.Rwp andRI,N : agreement indices concerning the weighted-profile and
integrated neutron intensities, respectively.Rexp : value expected from the counting statistics.
χ2 = (Rwp/Rexp)

2: goodness of fit.x, y, z: fractional coordinates.B: isotropic temperature
factor; theB of the Tb atoms were fixed at zero. Within error limits, the lattice parametera was
found to be constant over the temperature range between 14.6 K and 1.5 K.

T /K a/Å Rwp RI,N Rexp χ2

14.6 12.154(5) 0.0441 0.0252 0.0302 2.13

Atom Site symmetry x y z B/Å2

Tb1 4a m3̄m 0 0 0 0
Tb2 8c 4̄3m 1/4 1/4 1/4 0
Pd1 32f . 3m 0.3840(1) 0.3840(1) 0.3840(1) 0.2(1)
Pd2 48h m .m 2 0 0.1735(1) 0.1735(1) 0.2(1)
Si1 24e 4m .m 0.2678(2) 0 0 0.2(1)

Atoms Distance/Å No of bonds Atoms Distance/Å No of bonds

Tb1–Tb1 8.594(4) 12 Tb2–Tb1 5.263(2) 4
Tb1–Tb2 5.263(2) 8 Tb2–Tb2 6.077(3) 6
Tb1–Pd2 2.977(3) 12 Tb2–Pd1 2.820(3) 4
Tb1–Si1 3.254(3) 6 Tb2–Pd2 3.313(1) 12

Table 2. Summary of the magnetic properties of Tb3Pd20Si6 and Nd3Pd20Ge6. µeff : effective
magnetic moment;2p : Curie temperature;TN : Néel temperature;k: magnetic propagation
vector;µ: ordered magnetic moment;α: angle betweenk andµ. —: not determined.∗: cannot
be determined from a zero-field neutron powder diffraction experiment due to configurational
symmetry [11]. Note that Nd3Pd20Ge6 has a third magnetic phase transition atTN = 1.4 K [7].

Tb3Pd20Si6 Tb3Pd20Si6 Nd3Pd20Ge6 Nd3Pd20Ge6

Reference: (this work) [4] [6, 7] [13]

µeff /µB , free ion 9.72 9.72 3.62 3.62
Curie–Weiss fit:
µeff /µB 9.82(3) 9.59 — 3.60
2p/K −1.4(9) 2.69 — —

Magnetic structure of 8c site:
TN1/K 10.2 10.2 1.75 1.7
k1 [1, 1, 1] — [1, 1, 1] [1, 1, 1]
α1 ∗ ∗ ∗ ∗
µ1/µB 4.25(3) (8.7 K) — 2.4 (0.3 K) —

7.10(3) (5.4 K)
8.26(3) (1.5 K)

Magnetic structure of 4a site:
TN2/K 4.1 4 0.54 0.6
k2 [0, 0, 1] — [0, 0, 1] [0, 0, 1]
α2 0◦ — 90◦ —
µ2/µB 8.42(4) (1.5 K) — 2.2 (0.3 K) —

reference [4],cmag = αT 3 exp(−δ/T ) + A/T 2, with α = 1.45 J mol−1 K−4, δ = 1.38 K,
andA = 0.59 J K mol−1, to be 0.042. At the upper transition temperatureTN1, the value of
Smag/R is very close to 3 ln(7). From this it follows that there are seven CEF levels below the
energy ofkBTN1 = 0.88 meV. If we describe the CEF level scheme following Leaet al [10]
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with the parametersW andx, and if we make the simplifying assumption that both Tb sites 4a
and 8c have the same crystal-field splitting, we find that the lowest CEF levels are two triplets
and one singlet, corresponding to anx-value>0.2 or<−0.55. This result is in contrast to an
extrapolation of the crystal-field parameters from Nd3Pd20Ge6 as published by D̈onniet al [7]
to Tb3Pd20Si6, from which the lowest levels are expected to be the doublet03, followed by the
triplet 0(1)5 , and the singlet02, with an energy splitting of as little as 0.9 meV. It is clear that
neither our measurement of the magnetic entropy nor the extrapolation can give a conclusive
answer as regards the CEF ground state present in Tb3Pd20Si6. Moreover, the simplifying
assumption that the crystal-field splitting is the same for both Tb sites is not expected to be
justified. Further inelastic neutron scattering experiments are planned for the near future to
reveal the actual CEF level scheme.

The magnetic susceptibility exhibits a Curie–Weiss behaviour over a wide temperature
range. From a linear fit ofχ(T )between 20 K and 300 K, we derived a value ofµeff = 9.82µB
for the effective magnetic moment of the Tb ions and2p = −1.4 K for the Curie temperature,
indicating a weak antiferromagnetic interaction (see table 2 and the inset of figure 1). Kitagawa
et al [4] reportedµeff = 9.59µB and2p = 2.69 K, the latter suggesting a weak ferromagnetic
ordering. Our value ofµeff is slightly higher than the theoretical one for a free Tb3+ ion with
the ground multiplet magnetic moment

µeff = g
√
J (J + 1) µB = 9.72µB

and it is clear that the rare-earth ions in Tb3Pd20Si6 can be viewed as behaving almost like free
ions in the paramagnetic state. It may be assumed that the weak exchange interactions between
the Tb ions are a key ingredient for the magnetic ordering described in the next subsection.

3.2. The chemical and magnetic structures of Tb3Pd20Si6

From our neutron diffraction experiments on D1A, the chemical structure of Tb3Pd20Si6 was
confirmed to be isotypic with that of Ce3Pd20Si6, the latter being determined by Gribanovet al
[3]. The space group isFm3̄m (No 225), with four formula units per crystallographic unit
cell. The Tb ions are located at the two crystallographically non-equivalent sites 4a and 8c,
both having cubic point symmetry, with relatively high coordination numbers of 18 and 16,
respectively. Refined structural parameters and selected interatomic distances atT = 14.6 K
are summarized in table 1. Other structural features have also been nicely described by several
authors [3, 4, 7].

Figure 2 shows the refined neutron powder diffraction patterns of Tb3Pd20Si6 at three
temperatures corresponding to the paramagnetic region I and the two magnetically ordered
phases II and III. There is an excellent agreement between the observed and the calculated
intensities. Comparing the three patterns, one can clearly recognize the occurrence of
additional neutron intensity exclusively at reciprocal-lattice points in region II and additional
peaks at positions not corresponding to nuclear Bragg reflections in region III.

Similarly to the situation for Nd3Pd20Ge6 as reported by D̈onni et al [7], the magnetic
scattering in region II only occurs at positions of nuclear Bragg reflections with indices all
odd and can be indexed with a propagation vectork1 = [1, 1, 1]. Together with the fact that
Tb atoms at the 8c sites contributeonly to nuclear peaks with all even indices, whereas the 4a
sites form a fcc sublattice and contribute tobotheven and odd reflections, it can be concluded
that the 4a sites are disordered in the temperature region II, and that the magnetic moments at
the 8c sites are ordered according to an antiferromagnetic sequence of ferromagnetic (1, 1, 1)
planes along the [1, 1, 1] direction (figure 3).

Below TN2, additional magnetic intensity occurs at non-nuclear positions and another
antiferromagnetic ordering is to be expected in this region. From a FullProf powder matching
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Figure 2. Observed, calculated, and difference neutron powder diffraction patterns of Tb3Pd20Si6,
obtained on D1A at three different temperatures. Top: the paramagnetic state (region I). Middle: the
magnetically ordered state betweenTN1 andTN2 (region II). Bottom: the magnetically ordered state
belowTN2 (region III). The angular positions of Bragg reflections corresponding to the chemical
and magnetic phases are indicated by markers. The refinements yieldedχ2-values of 2.1, 2.8, and
6.2, and weighted-profileR-values of 0.044, 0.051, and 0.075 for regions I, II, and III, respectively.
Agreement valuesRI concerning integrated nuclear and magnetic neutron intensities atT = 1.5 K,
respectively:RI,N = 0.029,RI,M(k1) = 0.032,RI,M(k2) = 0.071.

run it was seen that all magnetic peaks have indices with eitherh, k, l = 2u, 2v, 2w + 1 or
h, k, l = 2u+1, 2v+1, 2w. Since the magnetic structure factor for the 4a sites, calculated with
a propagation vectork = [0, 0, 1], has exactly the same reflection conditions, we conclude
that belowTN2 the 4a sites order antiferromagnetically according tok2 = [0, 0, 1] in addition
to the ordering of the atoms at the 8c sites. Basically, one could also apply a model with
combinations of more than one propagation vector for each site. In our consideration, we shall
restrict ourselves to the simplest model which is given above, since it leads to an excellent
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Figure 3. The magnetic structure of Tb3Pd20Si6
below TN2, showing the Tb atoms in the cryst-
allographic unit cell at the Wyckoff positions
4a and 8c (white and dark circles, respectively).
The antiferromagnetic ordering of the magnetic
moments is indicated by arrows.

agreement with the experiment.
Given the propagation vectorsk1 andk2, the configurational symmetry as defined by

Shirane [11] is cubic for the 8c sites and tetragonal for the 4a sites. As a consequence, from
our neutron powder experiment we cannot extract information about the orientation of the
magnetic moments at the 8c sites with respect to the crystallographic axes. For the 4a sites, it
is only possible to determine the angle between the direction of the magnetic moments and the
c-axis. From our Rietveld refinement we found that the component of the magnetic moment
at the 4a sites perpendicular to thec-axis is equal to zero within the parameter error, so the
orientation of the magnetic moment is along thec-axis as illustrated in figure 3.

The bottom part of figure 1 shows the integrated neutron intensities of the magnetic
(111) and (110) Bragg reflections corresponding to magnetic moments at the 8c and 4a
sites, respectively, as measured on DMC at different temperatures. The distinct increase of
magnetic intensity for the two reflections belowTN1 andTN2 can be clearly seen. Due to local
magnetic fluctuations, some magnetic intensity is already observed at around 12 K, which is
approximately 2 K above the first ordering temperatureTN1 = 10.2 K. The ordering at both
rare-earth sites occurs in second-order magnetic phase transitions. At approximately 2 K, the
magnetization is very close to saturation for both Tb sublattices. The refined values of the
ordered Tb3+ magnetic moments from the D1A measurement atT = 1.5 K areµ = 8.26(3) µB
for the 8c sites andµ = 8.42(4) µB for the 4a sites. Both values are close to the magnitude of
the maximum possible ordered moment,gµBJ = 9.0 µB . It may be interesting to note that
the ordering at the 4a sites sets in at a temperature at which the average magnetization at the
8c sites is already at a level of about 95% of saturation.

4. Summary and conclusions

We have studied the intermetallic rare-earth compound Tb3Pd20Si6 by means of bulk magnetic
measurements and neutron diffraction. Our results include the chemical structure and the
magnetic structures of Tb3Pd20Si6 down to 1.5 K, which represents the first complete magnetic
structure determination of an R3Pd20X6 (X = Ge, Si) compound. Tb3Pd20Si6 is isotypic with
Ce3Pd20Si6 and crystallizes in the cubic space groupFm3̄m, No 225,Z = 4. The Tb ions are
located at the two crystallographic sites 4a and 8c, and show two successive magnetic phase
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transitions at the Ńeel temperaturesTN1 = 10.2 K andTN2 = 4.1 K. BelowTN1, the 8c sites
order in an antiferromagnetic sequence with a propagation vectork1 = [1, 1, 1], leaving the
4a sites disordered down toTN2, where additional antiferromagnetic ordering of the 4a sites
sets in according tok2 = [0, 0, 1]. Such successive ordering has been observed in only a few
cases (see, for example, the case of Ho3Ge4 in reference [12]). To our knowledge, Tb3Pd20Si6
is the first example where successive ordering at two different sites occupied by the same rare-
earth element occurs with different propagation vectors. The values of the ordered magnetic
moments at 1.5 K are 8.3µB and 8.4µB for the 8c and 4a sites, respectively. The orientation
of the magnetic moments on the 8c site cannot be determined from neutron powder diffraction
data since the configurational symmetry is cubic. For the tetragonal configurational symmetry
of the 4a sites, the magnetic moments were found to be aligned along thec-axis.

The weak antiferromagnetic interaction as indicated by the specific heat and susceptibility
measurements seems to be an important key to the understanding of the discrete ordering at the
two rare-earth sites. As can be seen from table 1, the distance between the 8c sites, 6.08 Å, is
much smaller than that between the 4a sites, 8.59 Å. This can explain why the ordering at the
8c sites set in at higher temperatures than that at the 4a sites. What remains uncertain is why
the interaction between the 4a and 8c sites, which have a separation of 5.26 Å, does not lead
to a coupling between the magnetic ordering at the two sites. One possible reason could be a
cancellation of the magnetic nearest-neighbour interactions at the 4a site. This is in accordance
with the observation that ordering at the 4a sites does not set in before the magnetization of
the 8c sites is very close to saturation. Further inelastic neutron scattering experiments are
planned in order to obtain information about the CEF level scheme of Tb3Pd20Si6 from which
the magnetic moment can be calculated and compared with the diffraction experiments. They
may also serve as a basis for the extrapolation of crystal-field parameters to other members of
the series in order to achieve a more comprehensive understanding of the observed phenomena.
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