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a b s t r a c t

TbPdAl is of particular interest, because different heat treatment allows to transform it from a geomet-
rically frustrated hexagonal modification to a non-frustrated orthorhombic modification. Using powder
neutron diffraction, we have determined the complex magnetic structures of the two TbPdAl modifica-
tions, both with two successive phase transitions at TN1 ≈ 43 K and TN2 ≈ 22 K. In orthorhombic TbPdAl, the
magnetic Tb3+ ions form a three-dimensional network of zigzag chains running along the a-axis and the
b-axis. The magnetic structure below TN1 corresponds to a propagation vector k1 = [0.271(1), 0.523(1), 0]
with incommensurate modulations along all chain directions. At TN2 a lock-in transition to a commensu-
rate structure with k2 = [0, 1/2, 0] occurs. Large Tb moments of 8.6(1)�B at saturation are ordered along the
chains with a “+−” sequence (a-axis) and a “++−−” sequence (b-axis). In hexagonal TbPdAl, the magnetic
Tb3+ ions form a triangular lattice in the basal plane and geometrically frustrated magnetic structures are
observed. Two third of non-frustrated Tb moments order at TN1 with a commensurate structure (k1 = [1/2,
0, 1/2]) and a large saturation value of 8.7(2)�B. One third of frustrated Tb moments change from a com-
mensurate structure with k1 below TN1 to a purely incommensurate structure with k2i = [0.50(1), 0.12(1),
1/2] below TN2. A strong sample dependence is observed for the very unusual magnetic properties of the
frustrated Tb moments.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The ternary intermetallic compounds, in which a rare earth
metal is alloyed 1:1:1 with a transition metal and a p-electron
metal, form a large group and many of such compounds adopt the
hexagonal ZrNiAl-type structure (space group P6̄2m, No. 189, Z = 3)
or the orthorhombic TiNiSi-type structure (space group Pnma, No.
62, Z = 4). TbPdAl is a member of the series, which is of particular
interest, because different heat treatment [1,2] allows to transform
it from the hexagonal modification (with geometrically frustrated
unusual magnetic properties) to the orthorhombic modification
(with non-frustrated magnetic properties).

Hexagonal TbPdAl, illustrated in Fig. 1a, has a distinct-layered
character. It consists of a strongly distorted hexagonal close packing
(ABAB), with the A layers containing Tb on site (3f) and Pd on (1a),
and the B layers Pd on (2d) and Al on (3 g). The magnetic Tb3+ ions
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in the hexagonal basal plane form a triangular lattice, which resem-
bles a twisted kagomé lattice. Orthorhombic TbPdAl, illustrated
in Fig. 1b, can be regarded as a distorted hexagonal ZrNiAl-type
structure. All atoms are on (4c) sites. The magnetic Tb3+ ions
form a three-dimensional network of zigzag chains running along
the a-axis (Tb1–Tb4–Tb1. . . and Tb2–Tb3–Tb2. . .) and the b-axis
(Tb1–Tb3–Tb1. . . and Tb2–Tb4–Tb2. . .). The structural parameters
of hexagonal and orthorhombic TbPdAl have been reported in Ref.
[2].

In TbPdAl an isostructural phase transition near 98 K has been
observed in the hexagonal modification but not in the orthorhom-
bic modification [2]. Such a structural instability of the hexagonal
ZrNiAl-type lattice has been found in several ternary (GdNiAl [3,4],
GdPdAl [5,6] and TbNiAl [7,8]) and pseudo-ternary (TbPd1−xNixAl
[8,9], DyNi1−xCuxAl [10], ErNi1−xCuxAl [11] and Ce1−xYxPdAl [12])
compounds at the temperature, where the ratio c/a of the hexago-
nal lattice parameters reaches a small interval of unstable values
[9,13]. With decreasing temperature, these materials exhibit an
anisotropic thermal expansion with the lattice parameters a (intra-
layer distance) decreasing and c (inter-layer distance) increasing.
At the isostructural phase transition, abrupt changes of a and c in
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Fig. 1. The hexagonal high-temperature modification (HTM) and the orthorhombic
low-temperature modification (LTM) of TbPdAl. (a) ZrNiAl-type crystal structure
shown as a projection along the hexagonal c-axis. (b) TiNiSi-type crystal structure
shown as a projection along the orthorhombic b-axis.

opposite directions give rise to a first-order phase transition from
a “low-c/a phase” at higher temperature to a “high-c/a phase” at
lower temperature.

The close structural relationship between hexagonal and
orthorhombic TbPdAl is shown in Table 5 of [2]. Although for the
magnetic Tb3+ ions, the local site symmetry is higher in the hexag-
onal modification (m2m) than in the orthorhombic phase (.m.),
the number of nearest neighbors around the Tb3+ ions is simi-
lar and both compounds undergo two successive magnetic phase
transitions with almost the same Néel temperatures TN1 ≈ 43 K
(second-order) and TN2 ≈ 22 K (first-order).

Some magnetic properties have been reported for hexagonal
TbPdAl [14–19] but not for orthorhombic TbPdAl. In this paper
we present a systematic determination of the complex magnetic
structures of orthorhombic and hexagonal TbPdAl samples based
on powder neutron diffraction data. In addition we performed spe-

cific heat measurements to compare the magnetic phase transitions
in the two TbPdAl modifications.

2. Experimental

Polycrystalline TbPdAl samples were prepared by arc-melting stoichiometric
amounts of the pure elements (Tb 3N; Pd 4N; Al 5N) in an argon atmosphere
as described in Ref. [2]. For as-cast TbPdAl material, X-ray powder diffraction
measurements confirmed the presence of the hexagonal high-temperature modifi-
cation (HTM). The orthorhombic low-temperature modification (LTM) was obtained
by annealing as-cast TbPdAl material at 900 ◦C for 120 h. The hexagonal high-
temperature modification (HTM) was prepared by annealing as-cast TbPdAl material
at 1050 ◦C for 120 h and rapid quenching to room temperature.

Specific heat measurements were performed at NIMS between 4 K and room
temperature for orthorhombic TbPdAl (on a small bulk piece) and for hexagonal
TbPdAl (on a pressed powder sample of as-cast material) with a PPMS instrument,
which uses the two-� relaxation method to determine the heat capacity. Attempts to
measure the specific heat of hexagonal TbPdAl on a small bulk piece failed because
the sample lost the thermal contact with the holder when cooling through the
isostructural phase transition near 98 K.

Neutron diffraction experiments were performed between 1.5 and 60 K to deter-
mine the magnetic structures of three different TbPdAl samples (orthorhombic,
as-cast hexagonal and annealed hexagonal). Measurements were done partly at the
high-flux reactor of the Institute Laue-Langevin (ILL) in Grenoble, France, within
the Collaborating Research Groups (CRG) program on the powder diffractometer
D1A (neutron wavelength �= 2.478 Å) and IN3 (operated in the two-axis mode with
�= 2.36 Å), and partly at the neutron spallation source SINQ at the Paul Scherrer Insti-
tute (PSI) in Villigen, Switzerland, on the powder diffractometer DMC (�= 2.453 Å).
Large amounts of the TbPdAl samples were ground to a fine powder and enclosed
under helium atmosphere into vanadium cylinders of 12 mm diameter (D1A) and
9 mm diameter (DMC) or into an aluminum cylinder of 10 mm diameter (IN3).

Rietveld refinements of the neutron diffraction patterns were carried out with
the program FullProf [20], using the internal scattering length and magnetic form
factor tables. The background was modeled by a sixth-order polynomial and the
intensity profiles by the Thompson–Cox–Hastings pseudo-Voigt function [21].

3. Results and discussion

3.1. Magnetic structures of orthorhombic TbPdAl

Fig. 2 shows the D1A neutron diffraction pattern of orthorhom-
bic TbPdAl LTM collected at 60 K (in the paramagnetic state), at
28 K (between TN1 and TN2) and at 1.5 K (below TN2). The observed
magnetic Bragg peaks can all be indexed with an incommensu-
rate antiferromagnetic propagation vector k1 = [0.271(1), 0.523(1),
0] at 28 K and with a commensurate antiferromagnetic propagation
vector k2 = [0, 1/2, 0] at 1.5 K.

The unit cell of the TiNiSi-type crystal structure contains four
Tb3+ ions on site (4c), which are located at Tb1 (0.03, 1/4, 0.68), Tb2
(0.47, 3/4, 0.18), Tb3 (0.97, 3/4, 0.32) and Tb4 (0.53, 1/4, 0.82) as illus-
trated in Fig. 1b. We performed a group theoretical calculation with
the program MODY [22], known as the symmetry analysis method,
to find all models of magnetic structures that are compatible with
the symmetry of the paramagnetic phase. Here the magnetic repre-
sentation S(r) is an axial vector function which can be presented as
a direct sum of irreducible representations �n

�
of the paramagnetic

symmetry group G:

S(r) =
∑

��n

c�n�  
�n
� (1)

Table 1
Magnetic modes calulated by the program MODY [22] for space group Pnma (No. 62), site (4c) and magnetic propagtion vectors k1 = [kx , ky , 0] and k2 = [0, 1/2, 0]. � = kx·�.

TbPdAl LTM Tb1 (x, y, z) Tb2 (x, y, z) Tb3 (x, y, z) Tb4 (x, y, z)

k1, representation �2:
G(k1) Orbit 1  11 (0, 1, 0) (0, −exp[i�], 0)
G(k1) Orbit 2  12 (0, −exp[−i�], 0) (0, 1, 0)

k2, representation �2:
G(k2) Orbit 1  21 (0, 1, 0) (0, −i, 0) (0, i, 0) (0, −1, 0)
G(k2) Orbit 1  21* (0, 1, 0) (0, i, 0) (0, −i, 0) (0, −1, 0)
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