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Yttrium substitutional effects on geometrically frustrated system TbNiAl
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Abstract

The magnetic properties of the ternary rare-earth compound TbNiAl with the hexagonal ZrNiAl crystal structure have been discussed in
terms of a geometrically magnetic frustration. We have carried out measurements of magnetic susceptibility and magnetization of Tb1−xYxNiAl
(0 ≤ x ≤ 0.3) polycrystalline samples to study the dilution effect on magnetic properties of TbNiAl. A small substitution of nonmagnetic
ions of Y (x ≥ 0.1) for magnetic ions of Tb stabilizes the ferromagnetic state. This finding suggests that the number of frustrated bonds is
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trongly reduced by introduction of nonmagnetic Y sites and a dominant ferromagnetic interaction appears instead.
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. Introduction

The equoatomic ternary rare-earth and uranium in-
ermetallic compounds RTdX and UTdX (R = rare-earth,
d = transition metal, X = p-metal, U = uranium) are inten-
ively investigated. Members of this family exhibit a variety
f interesting phenomena, such as heavy fermion behavior
nd geometrical frustration. Especially geometrical frustra-

ion leads to a rich and complex behavior for the magnetic
rdering. For example, heavy fermion compound CePdAl
γ0 = 270 mJ mol−1 K−2) with the hexagonal ZrNiAl-type
tructure as shown inFig. 1antiferromagnetically orders be-

ow Néel temperatureTN = 2.7 K [1,2]. The ordered and
isordered moments coexist down to 180 mK at least. The

heoretical model including the Kondo screening and the
rst-nearest neighborJ1 and second-nearest neighborJ2 in-
lane exchange interactions explained the anomalous mag-
etic ordering of CePdAl belowTN with J1 > 0 andJ2 < 0

3].
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The compounds chosen for the present investigatio
ternary rare-earth intermetallic compounds TbTdAl (Td = Ni
and Pd) with the homologous crystal structure as CeP
Magnetic Tb ions are arranged in the basal plane with a t
gular coordination symmetry similar to the kagomé lattice
Two of those layers are separated by a nonmagnetic
containing Td and Al atoms. Each Tb ion is connected w
four nearest Tb ions and two second-nearest Tb ions, w
form a triangle in the basal plane. Both compounds dis
similar magnetic properties[4,5]. First, they show antife
romagnetically successive phase transitions atTN1 andTN2
(TN1 = 47 K andTN2 = 23 K in TbNiAl, TN1 = 43 K and
TN2 = 22 K in TbPdAl). Secondly, a strong magnetocr
talline anisotropy along thec-axis leads to an Ising-like a
tiferromagnetic ordering. Thirdly, the amplitude of the
dered moment at some crystallographically equivalent
is largely reduced betweenTN1 andTN2.

Their peculiar magnetic properties in TbTdAl have been
discussed in terms of a geometrically magnetic frustra
Antiferromagnetic exchange couplings between Tb ion
gether with the strong magnetocrystalline anisotropy give
to the formation of geometrical frustration of magnetic m
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Fig. 1. Crystal structure of RTdAl (R = rare-earth elements, Td = Ni, Pd).
The broken lines and thick lines represent the nearest neighbor and second-
nearest couplings,J1 andJ2 in theab plane, respectively.

ments. The magnetic interactions to be considered in TbTdAl
are simpler than those in CePdAl because of lack of the Kondo
screening effect. So understanding of magnetic properties in
TbTdAl should lead to one in CePdAl.

In order to study the yttrium substitutional effect on mag-
netic properties of geometrically frustrated system TbNiAl,
we have carried out measurements of magnetic susceptibil-
ity and magnetization of Tb1−xYxNiAl (0 ≤ x ≤ 0.3) poly-
crystalline samples. In this paper, we focus on the phase
transition from antiferromagnetism to ferromagnetism in
Tb1−xYxNiAl polycrystalline samples. Surprisingly, a crit-
ical field Hc which shows the metamagnetic transition from
the antiferromagnetic (AF) state to the field-induced ferro-
magnetic (FIF) state rapidly disappears inx ≥ 0.1. A small
substitution of nonmagnetic ions of Y for magnetic ions of
Tb stabilizes the ferromagnetic (F) ground state instead of
the AF ground state. A tentative magnetic phase diagram of
Tb1−xYxNiAl (0 ≤ x ≤ 0.3) was described. We will discuss
these anomalous magnetic properties by geometrical frustra-
tion and competition between AF and F interactions.

2. Experimental

Polycrystalline samples of Tb1−xYxNiAl (0 ≤ x ≤ 0.9)
w s of
p re
A the
p eter
( mple
s type
s . An-
n wn
p d sam-
p the
R c
s t
s uan-
t der

magnetic field up to 5 T. Since Tb1−xYxNiAl shows a large
magneto-crystalline anisotropy along thec-axis, powdered
samples which were sieved below 25�m diameter were pre-
pared as a free-powdered sample to avoid underestimation of
magnetic moment along the easy direction.

3. Experimental results and discussion

3.1. Structural properties

Fig. 2 displays the lattice constantsa and c, a unit cell
volumeVcell of Tb1−xYxNiAl as a function ofx. The value of
a linearly increases with a slope da/dx of 0.31% and that ofc
linearly decreases with a slope dc/dx of −0.42%. They follow
the Vegard’s law. The cell volumeVcell and the average lattice
constantV 1/3

cell , which is defined as the cubic root of the cell
volume, linearly decrease with negative slopes dVcell/dx and
dV

1/3
cell /dx of −0.034 and−0.038%, respectively. The values

of Vcell and V
1/3
cell in TbPd1−yNiyAl decreased with larger

negative slopes dVcell/dy and dV 1/3
cell /dy of −1.4 and−1.5%,

respectively[7], than those in Tb1−xYxNiAl. It means that
a chemical pressure effect by substitution is less crucial in
Tb1−xYxNiAl than in TbNi1−yPdyAl.

3.2. Magnetic properties

Fig. 3 shows the temperatureT dependence of magnetic
susceptibilityχ(T ) in Tb1−xYxNiAl (0 ≤ x ≤ 0.3) at low
temperatures. Eachχ(T ) curve increases with decreasing

Fig. 2. Crystal structure parameters: (a) lattice constants and (b) a unit cell
volumeVcell and the average lattice constantV

1/3
cell , as a function of Y con-

centration in Tb1−xYxNiAl.
ere synthesized by arc-melting stoichiometric mixture
ure elements (Tb:3N, Y:3N, Ni:4N and Al:5N) in a pu
r atmosphere. The experiments of X-ray diffraction on
owdered samples were performed by X-ray diffractom
Rigaku Co. Ltd) at room temperature. Each as-cast sa
hows almost a single phase with the hexagonal ZrNiAl-
tructure except for a small amount of unknown phases
ealing at 1000◦C for 72 h could reduce amount of unkno
hases to some extent. The lattice constants for anneale
les were obtained from fitting X-ray powder patterns by
IETAN Rietverd analysis program[6]. The dc magneti
usceptibilityχ and isothermal magnetizationM for as-cas
amples were measured by a SQUID magnetometer (Q
um Design Ltd.) in the temperature of 1.9–300 K and un
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Fig. 3. Temperature dependence of the magnetic susceptibility under 0.1 T
in free-powdered sample Tb1−xYxNiAl. The data were collected for 0.1 T
after cooling the sample from 80 to 1.9 K at zero field (solid symbols) or in
the field of 0.1 T (open symbols). In order to avoid overlapping, each curve
is vertically shifted by +4 emu/mol Tb.

temperature from room temperature and starts to deviate from
a characteristic temperatureTord in a zero-field cooling (ZFC)
process and a field-cooling (FC) process. For example the
χ(T ) curve in TbNiAl has a peak at 45 K which is often shown
in a typical AF transition. The actual Ńeel temperatureTN1,
however, turned out to be 47 K which agrees with evolution
of magnetic Bragg peaks in the neutron diffraction experi-
ment[4]. As a fact, application of a smaller field like 0.01 T
revealed a change of slope at 47 K. So we definedTord as a
magnetic ordering temperature. On the other hand, a small
hump at 23 K inχ(T ) curves forx = 0 is attributed to order-
ing of disordered moment atTN2. Theχ(T ) curve of the FC
process forx = 0.1 increases with decreasing temperature,
has a small hump at around 40 K and increases again to lower
temperatures. Theχ(T ) curves of the FC process forx = 0.2
and 0.3 increase with decreasing temperature, largely bend at
aroundTord and saturate below about 13 K. Theχ(T ) curves
of the ZFC process forx ≥ 0.1 start to decrease below about
13 K. The origin of these anomalies ofχ(T ) curves of FC and
ZFC processes at around 13 K forx ≥ 0.1 are not clear. They
may have some relation to motion of ferromagnetic domains
as mentioned after.

Fig. 4showsT dependence of inverse magnetic suscepti-
bility 1/χ(T ) in Tb1−xYxNiAl (0 ≤ x ≤ 0.3). The amplitude
of 1/χ(T ) is proportional toT above about 100 K. The Curie–
Weiss temperatureθ and the effective magnetic moment
µ law
χ e
o s
i tant,

Fig. 4. Temperature dependence of the inverse magnetic susceptibility under
0.1 T in free-powdered sample Tb1−xYxNiAl.

respectively. The magnetic parameters obtained fromFigs. 3
and 4are plotted inFig. 5. The amplitude ofµeff is estimated
to be about 9.8µB/Tb which is close to that of 9.72µB for a
free Tb3+ ion.

Fig. 6 shows the isothermal magnetizationM(H) as a
function of magnetic fieldH at 5 K in the free-powdered
sample of Tb1−xYxNiAl. All M(H) curves demonstrate a
tendency of saturation above 1 T. The saturation moment ap-
proaches to 8µB which is less than an ordered moment of 9µB
for a free Tb3+ ion. This reduction must be mainly due to the
crystalline-field effect. TheM(H) curves for 0.0 ≤ x ≤ 0.06
exhibit a metamagnetic transition from the AF state to FIF
state at a critical fieldHc with a hysteresis. The amplitude of
Hc was estimated from the mean value of field corresponding
to an inflection point in increasing and decreasing field pro-
cesses. It rapidly suppresses with increasingx as shown in the
inset ofFig. 6. TheM(H) curves for 0.1 ≤ x ≤ 0.3 agree with
typical hysteresis ones as shown in ferromagnetism. Thus, the
data ofχ(T ) andM(H) indicate that magnetic ground sate
in Tb1−xYxNiAl changes from the AF state to the F state at
x ≈ 0.1.
p

eff were determined from fitting to the Curie–Weiss
(T ) = N0µ

2
effµ

2
B/(3kB(T − θp)) in the temperature rang

f 100–300 K, whereN0, µB andkB are a number of Tb ion
n a mole, the Bohr magneton and the Boltzmann cons
 Fig. 5. Magnetic parameters and phase diagram in Tb1−xYxNiAl.
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Fig. 6. Isothermal magnetization of the free-powdered sample
Tb1−xYxNiAl at 5 K. Since the observed amplitude of magnetiza-
tion along the field direction slightly deviates from a systematic change
with increase ofx due to incompleteness of alignment and powder size, all
the data were normalized to fit the amplitude of magnetization at 5 T and
5 K along thec-axis in a single crystal TbNiAl[9]. The inset shows the
metamagnetic transition fieldHc as a function ofx.

Let us compare the phase diagram in Tb1−xYxNiAl with
those in other substitutional system, TbPd1−yNiyAl and
TbNi1−zCuzAl.

Very recently we have reported the results of magnetic
measurements in TbPd1−yNiyAl (0 ≤ y ≤ 1) [7,8]. Since the
crystal structures of both ternary compounds are identical and
substituting Ni for Pd will not change a number of free elec-
trons crucially, one can expect a chemical pressure effect and
a random effect on the geometrically magnetic frustration.
The paramagnetic Curie temperatureθp andTN1 show min-
ima atyc ≈ 0.4, whereas the lattice constantc shows a max-
imum atyc. A small magnetic fieldHc below 1.1 T at 5 K
along the magnetically easyc-axis collapses the AF struc-
ture and induces the F structure. They-dependence ofHc
also shows a maximum atyc. The commony-dependence
of θp, TN1, Hc andc indicates that substitutional effects on
TbPd1−yNiyAl are mainly governed by the exchange inter-
action along thec-axis. A simple two sublattice model could
explain they-dependence of magnetic parametersHc, TN1
andθp [8].

On the other hand, G. Ehlers et al. reported that substitu-
tion of a few percent Cu for Ni suppresses the AF ground state
in TbNi1−zCuzAl [10]. The neutron diffraction experiment

revealed that ferromagnetic domains increase with increase
of Cu concentration in the transition range 0.01 ≤ z ≤ 0.1
and the ground state forz ≥ 0.1 changes to ferromagnetic
one. It means that antiferromagnetism of TbNiAl is in the
vicinity of the phase boundary between the AF and F states.

Hence, it is most likely that the number of frustrated bonds,
which characterizes the AF state is strongly reduced by in-
troduction of nonmagnetic Y site and a dominant ferromag-
netic interaction easily recovers the ferromagnetic ordering
instead.

4. Conclusions

We have prepared pseudoternary polycrystalline samples
Tb1−xYxNiAl with an almost single phase by a conventional
arc-melting method to study the dilution effect on magnetic
properties of geometrically frustrated system TbNiAl. Mea-
surements of magnetic susceptibility and magnetization of
Tb1−xYxNiAl (0 ≤ x ≤ 0.3) polycrystalline samples were
examined. Surprisingly, a critical fieldHc which shows the
metamagnetic transition from the AF state to the FIF state
rapidly vanishes inx ≥ 0.1. Namely, small substitution of
nonmagnetic ions of Y for magnetic ions of Tb stabilizes
the F state instead of the AF state. It suggests that the num-
ber of frustrated bonds, which characterizes the AF state is
s and
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primarily dominant ferromagnetic interaction destroys
F ground state and the F ordering appears instead.
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