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Polycrystalline samples of TbNij_zAuzIn for z = 0.1, 0.2, 0.4, 0.6 and 0.8 were prepared and studied by
powder X-ray and neutron diffraction and ac magnetic susceptibility measurements. These compounds crystallize

in the hexagonal ZrNiAl-type structure.

With increasing Au content a change in the magnetic structure is

observed. For z = 0.1, 0.2 and 0.4 the magnetic order is described by the propagation vector k = (1/2, 0, 1/2)
while for z = 0.8 by k = (0, 0, 1/2). Between 1.5 K and the Néel temperature the magnetic order is stable.

PACS numbers: 71.20.Lp, 75.25.+z, 75.50.Ee

1. Introduction

TbNiln and TbAuln are isostructural compounds
which crystallize in the hexagonal crystal structure of the
ZrNiAl-type (space group P62m) [1, 2]. The distribution
of the rare-earth atoms in the basal plane is similar to the
kagomé lattice. In the case of antiferromagnetic coupling
between nearest neighbor rare-earth magnetic moments
frustration of the magnetic interactions is induced by this
topology.

TbNiln and TbAuln have different magnetic proper-
ties. For TbNiln magnetic and neutron diffraction data
indicate complex magnetic properties. In the tempera-
ture range 1.5-32 K the magnetic order is described by
two phases: a noncollinear antiferromagnetic phase of the
120°-type and a modulated one with the propagation vec-
tor k = (1/2, 0, 1/2). The modulated phase disappears
at 32 K. At low temperatures the Tb magnetic moments
of the noncollinear structure form the angle of 30(5)°
with the a—b plane while for the modulated one they lie
in the a—b plane [3, 4]. In TbAuln a noncollinear anti-
ferromagnetic ordering of the 120°-type was found below
Tn = 35 K. The Th-moments lie in the a—b plane. Mag-
netic ordering is described by the propagation vector k
= (0,0,1/2) [5).

This work reports the results of X-ray and neutron
powder diffraction and magnetic measurements of the
TbNi;_,Au,In solid solutions. The work has in view
to determine the parameters of the crystal and magnetic
structure as a function of Au content x.

2. Experimental
Polycrystalline samples of TbNi;_,Au,In for z equal
to 0.1, 0.2, 0.4, 0.6 and 0.8 were prepared by arc melting
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of high-purity respective metals (Th: 3N, Ni and Au: 4N
and In: 5N) in a titanium gettered argon atmosphere.
The samples were then annealed in evacuated vycor cap-
sules at 600°C for 1 week.

X-ray powder diffraction patterns were recorded at
room temperature using Cu K, line with a Philips
PW-3710 X’PERT type diffractometer.

The ac magnetic susceptibility was measured using a
7225 Lake Shore instrument. Both in-phase, x’, and out-
-of-phase, x”, components of the y,. = X' —ix” are mea-
sured at the frequency f = 125 Hz. Neutron powder
diffraction studies of the TbNi;_,Au,In compounds with
x equal to 0.1, 0.2, 0.4 and 0.8 were performed on the E6
diffractometer installed at the Berlin Neutron Scattering
Center, Hahn-Meitner Institute (Berlin). The measure-
ments were carried out in the temperature range 1.5-60 K
with the incident neutron wavelength 2.444 A. The neu-
tron diffraction data were analyzed using the Rietveld-
-type program FullProf [6].

3. Results

As mentioned in Introduction, the crystal structure
of TbNiln and ThAuln compounds is described as the
ZrNiAl-type (space group P62m) with the atoms occu-
pying the following positions Tb in 3(g): v, 0, 1/2, In
in 3(f): xm, 0, 0 and Ni and Au in 1(b): 0, 0, 1/2 and
2(c): 1/3,2/3, 0. The X-ray powder diffraction at room
temperature and neutron diffraction patterns collected at
paramagnetic state could be easily indexed assuming this
type structure for all the investigated compounds. The
determined a and c lattice constants and unit cell volume
V increase with increasing Au content z. The a/c ratio
shows an anomalous dependence with the maximum for
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Fig. 1. Lattice parameters a and ¢, a/c ratio and unit
cell volume V for TbNij—,AuzIn versus z for 0 <z <1
at T = 1.5 K (squares), 40-70 K (circles) and 300 K
(triangles). The data for x = 0 and 1.0 are from Ref. [4].

The temperature dependence of the magnetic suscep-
tibility, presented in Fig. 2, shows the change in the mag-
netic properties with changing Au content. The magnetic
data give the following results:
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the dy’/dT scale.

— 2 = 0.8, a maximum at 36 K in x/(T") and x”(7T) is

observed and a slight increase in the value at low

temperatures.
TABLE

Magnetic data of TbNij_,Au,In com-
pounds. TgN is the Curie or Néel
temperature, Ty — temperature of the
magnetic phase transition in the or-
dered state, u — Tb magnetic moment
determined from the neutron diffrac-

— x = 0.1, temperature dependence of the real and

imaginary part of the magnetic susceptibility x’
and x” indicates some transitions between 20 and
55 K,

x = 0.2, temperature dependence of x”(T) shows
the maximum at Ty equal to 52 K and a small
increase in the susceptibility at low temperatures.
The out-of-phase component of the magnetic sus-
ceptibility indicates also the glass properties,

x = 0.4, magnetic data show an anomaly corre-
sponding to the Néel temperature at 41 K. The v/,
X" and dy’/dT indicate an additional phase tran-
sition at 20 K,

x = 0.6 in x'(T) and x"(T) an anomaly at 37.4 is
observed. These data are not shown because they
are similar to those for z = 0.8,

tion data.
Ton [K]|Th [K]|p [pB]|  Ref.

0 68 32 |7.1(1) (3, 4]
0.1 55 7.9(1)| this work
02| 52 8.0(1) | this work
0.4| 41 20 |6.8(4)| this work
0.6| 374 - this work
0.8 36 6.6(3)| this work
1.0 35 7.8(1) [5]

The magnetic data are summarized in Table.

The neutron diffraction data for TbNig9Aug 1In mea-
sured at 1.5, 25, 36 K do not show any change in the
magnetic structure. Similar neutron diffraction patterns
are observed for x = 0.2 and 0.4 at 1.5 K. The peaks of
magnetic origin are indexed by the propagation vector k
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= (1/2, 0, 1/2), similarly to those observed in TbNiln
[3, 4] and in some RTAIl compounds [7]. Good agree-
ment with the experimental results is observed for the
noncollinear structure of the 120°-type with the Tb mo-
ments equal to 8.0(1) up, 8.0(1) up and 5.3(2) up at 1.5,
25 and 36 K, respectively.

Neutron diffraction data for TbNiggAug oIn at 1.65 K
(see Fig. 3a) show additional peaks of magnetic ori-
gin. Numerical analysis of the intensities of the mag-
netic peaks indicates that the Thb moments, equal to
8.0(1) up, lie in the a—b plane and form a noncollinear
structure in which the Tb moments form the angles of
180°, 60° and —60° with the a-axis for Thy (x, 0, 1/2),
Thy (z, Z, 1/2) and Ths (0, x, 1/2), respectively. For
this magnetic structure model Ryaen = 8.6% was ob-
tained. Similar structure is observed at 25 K with the
magnetic moments equal to 6.4(2) pp (Rmagn = 9.6%).
The type of the magnetic ordering does not change with
increasing temperature.
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Fig. 3. Neutron diffraction patterns of TbNi;_,AuzIn
for (a) z = 0.2 at 1.65, 25 and 50 K and (b) z = 0.8 at
1.5, 10 and 40 K. The squares represent experimental
points, the solid lines are the calculated profiles for the
crystal and magnetic structure models (as described in
the text) and the difference between the observed and
the calculated intensity (the bottom of each diagram).
The vertical bars indicate the positions of the Bragg
peaks of nuclear and magnetic origin, respectively. The
peak at 20 = 63° originates from the cryostat.

The neutron diffraction patterns of TbNiggAug 4In at
1.65 and 25 K are similar to the one of ThNig gAug.oIn.
In both temperatures similar magnetic structure with the
Tb moments equal to 6.8(4) up and 4.5(2) up, respec-
tively, is present.

For x = 0.8 a different distribution of magnetic reflec-
tions in the neutron diffraction patterns collected at 1.5
and 10 K is observed (Fig. 3b). These peaks are indexed
by the propagation vector k = (0, 0, 1/2), similarly to
TbAuln [5]. Analysis of the intensities of the magnetic
peaks confirms that: the Th magnetic moments equal to

6.5(3) up at both temperatures lie in the a—b plane and
form a noncollinear structure of the 120°-type which does
not change up to Ty equal to 36 K.

In all the investigated compounds no magnetic moment
was detected on the Ni atoms.

4. Discussion and summary

The X-ray and neutron diffraction data presented in
the work indicate that the TbNij_,Au,In solid solutions
with the hexagonal ZrNiAl-type structure exist in the
whole Au content range. With increasing x the values
of the a and c lattice parameters and unit cell volume
V increase. The dependence of the a/c ratio versus the
dilution parameter z is anomalous showing the maximum
for z = 0.4.

Magnetic data show that with increasing x the value of
the critical temperature of the magnetic order decreases.
Analysis of the magnetic and crystal structure param-
eters indicates that for x > 0.4 the Néel temperature
dependence on the lattice parameter a and unit cell vol-
ume V is not as strong as for lower Au content but almost
linear in the mentioned regions (Fig. 4).
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Fig. 4. Dependence of the Néel temperature versus the
lattice parameter a and the unit cell volume V.

Neutron diffraction data indicate a change in the mag-
netic structure. In the compounds with the high Ni con-
centration magnetic ordering is described by the propa-
gation vector k = (1/2, 0, 1/2) similarly as observed in
TbNiln while in those with the small Ni concentration
magnetic order is described by the propagation vector
k = (0, 0, 1/2) similarly to the structure of TbAuln. In
all the compounds the Tb magnetic moments form lo-
cally noncollinear magnetic structure of the 120°-type.
The values of the magnetic moments are smaller than
the free Th3* ion value (9.0 up, see Table). This sug-
gests strong influence of the crystal electric field on the
magnetic order.

The difference in magnetic and neutron diffraction
data concerning the additional phase transitions for the
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compounds with z < 0.4 results from different sensitivity
of the two experimental methods. The results are sim-
ilar to those reported for TbRhSn [8] and TbPdAl [9].
In these compounds the anomaly at T; equal to 11 K [§]
and 100 K [9] is of the first order and is associated with
the small jump in the volume (see Fig. 8 in Ref. [8]).
The observed magnetic order could be described in the
X —Y model introducing two exchange integrals J; and
Jo between nearest and next nearest spins [10] and an
additional exchange integral J. < 0 which describes the
antiferromagnetic interactions along the c-axis.
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