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The intermetallic compound TbNiAl which crystallizes in the hexagonal ZrNiAl structure type has been studied
by means of neutron powder diffraction. Its magnetic phase diagram turned out to be more complex than reported
previously. The antiferromagnetic order below Ty=44.6 K can be described by two propagation vectors k, =(1/
2,0,1/2) and k,=(1/2,1/2,1/2). A second transition temperature 7,=23.5K is found where, most probably, the
frustrated spins change direction and/or the magnitude of the moments.

1. Introduction

This work is part of an extended program focused
on the understanding of relations between the electronic
structure of 4f and 5f metals in intermetallic compounds
and their magnetic and related electronic properties.
An interesting question arises about the symmetry of
the magnetic ground state in RTX (R =rare earth) and
UTX compounds crystallizing in the same structure.
Surprisingly, much more systematic information in this
respect is available for UTX (T = transition metal, X =p-
metal) [l]. Therefore, we are now studying RTX com-
pounds, starting with TbNiAl

2. Experimental details

A polycrystalline sample of TbNiAl was prepared at
HMI by inductive levitation melting under an argon
atmosphere. The button was turned over and remelted
several times to improve homogeneity. X-Ray powder
diffraction using Co Ka radiation showed single-phase
material, crystallizing in the hexagonal ZrNiAl-type
structure.

Magnetization and susceptibility measurements were
performed using a SQUID magnetometer (DC) and
an AC- susceptometer. Here, we report mainly on our
neutron diffraction experiment on the powder sample
of TbNiAl carried out at wavelength of A=2.3869 A
on the E6 diffractometer at HMI, Berlin.

3. Results and discussion

Both the X-ray and neutron diffraction patterns show
TbNiAl to crystallize in the hexagonal ZrNiAl-type
structure (space group P-62m), an ordered ternary
derivative of the Fe,P structure. Systematic structural
investigations of various RTX compounds were first
carried out by Dwight [2].

Analyzing our neutron diffraction spectra by means
of the Rietveld refinement method, we obtain the lattice
constants a=b=(689.94+0.08) pm and ¢=(397.50+
0.09) pm. The unit cell contains three Tb atoms at the
positions  x,0,1/2; 0x,1/2; —x,—x,1/2 (Wyckoff
notation=3g) and three Al atoms (3f) at x,0,0; 0,x,0;
—x,—x,0. The three Niatoms per unit cell are distributed
in different layers: two Ni atoms (2c) at 1/3,2/3,0; 2/
3,1/3,0, and one Ni atom (1b) at 0,0,1/2. The parameter
x is found to be x=0.5849 +0.0012 for the Tb position
and x=0.2458 +£0.0030 for Al

Bulk measurements on our sample reveal TbNiAl as
an antiferromagnet with several characteristic temper-
atures; at least two of them are now confirmed as
magnetic transition temperatures by our neutron dif-
fraction experiment: Ty =44.6 K and T, =23.5 K. Figure
1 displays the temperature dependence of the AC-
susceptibility (the real part of x) as an example. In
addition to the anomaly in y(7) near the Néel tem-
perature Ty (peak in dy/dT at Ty) and the change in
slope of x(T) near T,, we observe two further anomalies
at 7.5K and at 51 K; both are not yet seen in the
powder neutron diffraction. The existence of competing
interaction effects near Ty, however, becomes even
more pronounced in the curves in the lower part of
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Fig. 1. Temperature dependence of the AC susceptibility (the

real part of x) of TbNiAl (a) in zero and (b) in various applied
DC magnetic fields.

Fig. 1, where AC-x(T) was measured in various applied
DC magnetic fields. While the further magnetic tran-
sition near 51 K is detectable only as a small shoulder
in the AC-susceptibility in B=0, two well pronounced
peaks emerge in y(7T) when applying a static field of
about 5 kG. Both peaks are shifted in opposite directions
with increasing field (Fig. 1).

Many magnetic Bragg peaks were observed in the
neutron diffraction experiment on TbNiAl below Ty
which can be indexed as (1/2,0,1/2), (1/2,1/2,1/2), (1,1/
2,1/2), (3/2,0,1/2), etc. Hence, the magnetic pattern
indicates a magnetic unit cell of the dimensions
2axX2bX2c, it consists of eight hexagonal crystallo-
graphic unit cells. All the magnetic Bragg peaks can
be described by two magnetic propagation vectors,
k7'=(1/2,0,1/2) and k3'=(1/2,1/2,1/2). It holds for the
whole temperature regime of 2K <7 <TYy, and up to
now no additional magnetic reflections could be ob-
served in our powder diffraction experiments on E6.

The integrated intensity of the first five magnetic
Bragg reflections are shown as a function of temperature
in Fig. 2. All the magnetic reflections go to zero at
the Néel temperature Ty = 44.6 K, and several anomalies
are indicative of the second magnetic transition at
T,=23.5K. Two peaks at (1/2,0,1/2) and (3/2,1/2,1/2)
almost vanish at T, (reduction to 1/6 of the intensity
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Fig. 2. Integrated intensity of various magnetic Bragg peaks in
TbNIAI as a function of temperature.

at the lowest T), whereas only a smooth behavior is
observed for the other two peaks at (1/2,1/2,1/2) and
(3/2,0,1/2) around T;. Intermediate behavior is measured
for the Bragg peak at (1,1/2,1/2) which reduces to half
the saturated intensity near 7).

The microscopic model for the spin structure of
TbNiAl is derived from the neutron diffraction spectra
by simultaneous Rietveld refinement of both the nuclear
and the magnetic structure. The best result is obtained
by the assumptions (i) that the magnetic moments
appear exclusively on the Tb atoms (no moment on
the Ni) which is also verified by other experimental
results, and (ii) that the magnetic moments on all the
Tb atoms are aligned parallel to the c-axis.

Hence, the crystal structure which consists of two
kinds of layers stacking in the sequence
TbNi-NiAl-TbNi-NiAl along the c-axis, is built up of
layers with magnetic Tb atoms (at z=0.5, 1.5, efc.)
which are separated by non-magnetic NiAl-layers (at
z=0, 1, etc.).

The analysis of the neutron spectrum at 8 K yields
the lowest refinement factors R for the spin structure
which is sketched in Fig. 3. The directions of the
magnetic moments of Tb are parallel (+) and anti-
parallel (—) to the c-direction; the spin arrangement
within the (a,b)-plane of the magnetic unit cell at z=0.5
is displayed, whereas that at z=1.5 is wvice versa.

We cannot yet distinguish between two models for
the spin structure at 8 K:

(1) The first model gives the refinement factor
R,,=3.36. Here all the Tb atoms carry the same moment
of (7.903 +0.028) ug. At first, this assumption is rather
reasonable with respect to the equivalence of all the
Tb sites in this crystal structure.

(2) The second model gives R, =3.14. Here we as-
sume the existence of two magnetically different Tb
moments and  obtain  (8.073+0.059) uy  and
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Fig. 3. Arrangement of the Tb magnetic moments in the basal
plane of the magnetic unit cell (=2a X 2b) of TbNiAl below T;:
parallel (+) and antiparallel (—~) alignment to the c-axis.

(7.510+0.130) pp. The spin structure in Fig. 3 can be
described as antiferromagnetically coupled Ising spins
on a two-dimensional lattice of various connected tri-
angles, which creates eight frustrated spins per magnetic
unit cell; four of them at the (—x,—x,1/2) crystallo-
graphic positions can be found in the (z=0.5) layer in
Fig. 3. These Tb atoms (+,-,+,—) have the somewhat
lower magnetic moment in the second model.

It is important to note that both models break down
above T;. The analysis of the neutron spectrum at
27.7 K by means of the first model gives R,,=22.8 and

(5.981 4 0.055) ug, whereas the second model yields
R=13.4with (7.320+0.078) ug and (0.2+0.4) ug. Thus,
it is clear that some changes in the spin alignments
or the spin magnitude occur at T, =23.5 K, most prob-
ably for the frustrated spins.

This short report on our recently started neutron
diffraction study on polycrystaliine TbNiAl presented
a microscopic model for the antiferromagnetic order
in TbNiAl at low temperature. Our studies revealed
that it does not order ferromagnetically and its magnetic
phase diagram is more complex than reported previously

[3).
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