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Abstract

Magnetisation and specific heat measurements, in the range 2K to room temperature, demonstrate that three

magnetic phases exist for the intermetallic compound TbNiAl4. Powder neutron diffraction, also carried out over a

wide temperature range, establishes that the intermediate magnetic phase is incommensurate, and confirms that the

lowest temperature phase has a linear antiferromagnetic structure with a (0 1 0) propagation vector. The respective

transition (Néel) temperatures, in zero applied magnetic field are 34.0 and 28.0K.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The rare earth series, RNiAl4 (R ¼ Y, lantha-
nide) forms with the orthorhombic (space group
#63, Cmcm) YNiAl4-type structure in which the R
and Ni atoms each occupy single crystallographic
- see front matter r 2005 Elsevier B.V. All rights reserve
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sites [1,2]. Some of the initial interest in this family
of compounds was via the study of the Kondo
effect in CeNiAl4 [3], a compound which does not
show magnetic order. In contrast, PrNiAl4 [4] and
NdNiAl4 [5] order antiferromagnetically (TN 8.1
and 9.5K, respectively) and also display meta-
magnetism. Magnetisation and susceptibility mea-
surements on single crystals showed that the Nd
compound orders along the b-axis whilst the Pr
compound orders along the a-axis. Additionally,
powder neutron diffraction of PrNiAl4, collected
d.
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down to 4.6K, confirmed a linear antiferromag-
netic structure with moments along the a-axis and
a (0 1 0) propagation vector [4]. In a more recent
work, the different magnetic anisotropies of the
Nd and Pr in a mixed rare earth compound,
Pr1�xNdxNiAl4 were examined [6]. An additional
outcome of this study was the observation of a
third magnetic phase at intermediate temperature,
in low magnetic field, apparent for all values of x

studied except x ¼ 1 (NdNiAl4). However, since
the ordering temperatures of these RNiAl4 com-
pounds containing the light rare earths Nd and Pr
are relatively low, so to the extent of the
temperature range of the intermediate phase is
also quite limited. For example, with x ¼ 0
(PrNiAl4) TN and TN

0 were found to be 8.1 and
6.9K respectively [6]. Bulk measurements (magne-
tisation and specific heat) presented in this paper
show that the case of the heavy rare earth Tb in
TbNiAl4, has broadly similar magnetic behaviour
to PrNiAl4. However, given the larger intrinsic
magnetic moment of the Tb3+ ion, the magnetic
phase transitions occur at higher temperature.
Moreover, there is an increased temperature range
for the intermediate phase, making TbNiAl4 more
amenable to a neutron diffraction study of the
nature of this intermediate magnetic phase.
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Fig. 1. Magnetisation data for a TbNiAl4 crystal collected, in

an applied field of 1T, along the principal axes. The two phase

transitions can be seen via the inset at 28 and 35K.
2. Experimental detail

All of the bulk measurements in this work used
single crystals grown by the Czochralski pulling
method using an induction furnace with an argon
atmosphere. TbNiAl4 starting material had been
synthesised previously by repeated argon arc
melting of stoichiometric amounts of 99.9% Tb
together with 99.99% Ni and Al. The resulting
compound was checked for impurity phases by
powder X-ray diffraction (XRD). Single crystal
samples were spark-cut to appropriate sizes and
the crystallographic orientation was determined by
Laue X-ray back reflection. Magnetisation mea-
surements were made using a SQUID magnet-
ometer in applied magnetic fields up to 7T and in
the temperature range from 2 to 300K. Specific
heat was measured in zero magnetic field using an
adiabatic method with a mechanical heat switch
employed to cool the sample and NbTi super-
conducting electrical leads.
The powder specimen for neutron diffraction

was prepared by grinding remanent TbNiAl4
single crystal pieces. Phase integrity was checked
with powder XRD before powder neutron diffrac-
tion data were collected using the MRPD at the
HIFAR reactor, Lucas Heights. Use of a closed
cycle refrigerator allowed these measurements for
temperatures ranging from 14.4 to 290K. Data
were analysed using Rietica [7] and FullProf [8],
the latter allowing for refinement of magnetic
structures.
3. Results

3.1. Magnetisation and specific heat

Magnetisation data collected for a TbNiAl4
single crystal from 2 up to 290K in an applied field
of 1T is shown in Fig. 1. Antiferromagnetic order
along the a-axis is apparent at lower temperatures.
The low temperature region of the a-axis data is
expanded in the inset where the two phase
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transition temperatures TN and TN
0 (in 1 T) are

close to the two abrupt changes in slope at 35 and
28K, respectively. The temperature dependence of
inverse susceptibility, also at 1T, can be seen in
Fig. 2. A linear fit to the high-temperature portion
of the a-axis curve illustrates Curie–Weiss beha-
viour with the derived slope giving C ¼

11:85 emuKmol�1 (1.489� 10�4m3Kmol�1). This
Curie constant corresponds to meff ¼ 9:73 mB, in
close agreement with meff ¼ g

p
JðJ þ 1Þ ¼ 9:72 as

expected for the Tb3+ ion with J ¼ 6 and g ¼ 3
2
[9].

Further magnetisation measurements as a func-
tion of applied magnetic field up to 7T, and for a
range of temperatures spanning the phase transi-
tion region are in Fig. 3. Note that distinct from
the three magnetic phases of this compound in the
temperature manifold, three separate regions also
exist, as a function of applied field, at low
temperature. Fig. 3 data only illustrate the first
of two transitions. The maximum net bulk
moment in an applied field of 7 T is around 3mB,
well below the Tb3+ free ion value of 9:0mB. There
is a further transition to a near full moment state
occurring, at low temperature, for fields beyond
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Fig. 2. Inverse susceptibility data for TbNiAl4 in an applied

field of 1T. The linear fit to the high-temperature a-axis data

shows Curie–Weiss behaviour (see text for details).

Fig. 3. Magnetisation versus applied field for TbNiAl4 at

various temperatures in the region of the phase transitions and

below. Note that the lower temperature (2 and 7K) data shows

discernible hysteresis and the up and down sweep data are

plotted separately in these cases.
the range of the current measurement. At 2K,
where the first transition occurs at 5.5 T, a second
transition is known to occur at around 9T [10].
The nature of the intermediate phase in the
magnetic field manifold is unclear, however the
increasing hysteresis associated with the first
transition with lowering temperature is suggestive
of a role for domains.
The specific heat result for TbNiAl4 in zero

applied magnetic field is shown in Fig. 4 wherein a
comparison is made with YNiAl4 data that has
been scaled with a mass correction of 0.8497
according to the many-Debye method [11]. These
data provide a determination for TN ¼ 34:0K and
TN
0 ¼ 28.0K. The difference between the TbNiAl4

total curve and the lattice represented by the
YNiAl4 curve gives a measure of the magnetic heat
capacity. The total magnetic entropy can be
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Fig. 4. Comparison of a specific heat measurement for

TbNiAl4 with that for YNiAl4, rescaled for mass difference.

Both data sets were collected in zero applied magnetic field.
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evaluated by integrating over the difference in the
companion C=T vs. T data. The resulting value is
16.8 JK�1mol�1 compared with R ln(2J+1)E
21.3 JK�1mol�1, with J ¼ 6 for Tb3+. Such a
deficit in the magnetic entropy is consistent with
the presence of significant CEF splitting.
Fig. 5. (a) Rietica fit to 290K neutron data. Note large

background and lowest angle peak is at about 121. (b) FullProf

fit to 32.0K data. New peaks compared to (a) are due to

incommensurate magnetic ordering. (c) FullProf fit to 14.4K

data. Note this is on a different scale to (a) and (b). Large peak

at very low angle is not well handled by asymmetry functions.

In all plots vertical lines denote Bragg positions. In (b) and (c)

the lower row of markers give the magnetic structure peak

positions.
3.2. Neutron diffraction

A Rietica fit to the 290K data is shown in
Fig. 5(a). High background at low angles is partly
a result of the large, disordered Tb moments which
are scattering isotropically. This contribution can
be seen to be smaller in Figs. 5(b) and (c) where
more of the moment is ordered. The magnetic
form factor falls off with angle, explaining the
higher background at lower angles. There is no
evidence for ordered magnetic moments in this
data. The structure is summarised in Table 1.

Fig. 5(c) is a FullProf fit to the diffraction data
at 14.4K. The most obvious feature is a huge peak
at the (0 1 0) position of the Cmcm cell, which as
can be seen from the top row of peak markers
(structural phase) is not an allowed structural
reflection. This implies that the magnetic structure
is antiferromagnetic with a propagation vector
t ¼ ð0 1 0Þ. (The lower row of markers shows
the peak positions for the magnetic structure.)
Following Mizushima et al. [4] and the magneto-
metry results presented above, the magnetic
structure model is one in which the moments are
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Table 1

Structural parameters for TbNiAl4 at 290K

Atom x y z Biso

Tb 0 0.1166(3) 0.25 0.40(5)

Ni 0 0.7735(5) 0.25 0.84(5)

Al1 0 0.5 0 0.85(5)

Al2 0 0.9234(6) 0.25 0.80(5)

Al3 0 0.3118(3) 0.0530(3) 0.35(5)

Space group Cmcm

a,b,c (Å) 4.063(3) 15.415(6) 6.603(4)

Fig. 6. Staggered moment in low-temperature region as a

function of T. AFM ¼ antiferromagnetic, P ¼ paramagnetic,

IC ¼ incommensurate.
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(anti)parallel with the a lattice vector and anti-
ferromagnetically arranged. The magnetic peaks
are large, as might be expected with Tb moments
ordering. Further, the (0 1 0) peak is at very low
angles and the asymmetry is strong and not well
corrected. This impacts on the goodness of fit, but
does not affect the conclusions drawn from the
analysis. The fit yields a moment of 8.3(2) mB,
slightly below the free ion Tb3+ value 9:0mB [9].
Such a deficit in moment magnitude is consistent
with the presence of a non-negligible CEF as noted
above. It can be concluded that the low-tempera-
ture magnetic structure of TbNiAl4 is the same as
that published for PrNiAl4. Similar analyses were
done on the data sets with temperatures ranging
from 14.4 to 28.0K. The staggered moment was
extracted and plotted as a function of T in Fig. 6.

However, at 32.0K a quite different magnetic
structure was apparent, leading to the conclusion
that the material has three phases—a low-tem-
perature magnetic phase, an intermediate magnetic
phase and the paramagnetic phase encountered at
high temperature. Such a conclusion is in agree-
ment with the magnetisation results. While the
diffraction pattern collected at 32.0K is the lowest
temperature pattern to show strong incommensu-
rate peaks, a small feature is present at 28.0K at
the position of the first incommensurate. However
at 32.0K there is absolutely no evidence of the
large commensurate (0 1 0) magnetic peak.
Further, a weak broad feature is apparent at the
incommensurate position at 41.1K, suggesting
that the transition from paramagnetic to incom-
mensurate periodic magnetic is second order while
the onset of the commensurate phase is a first
order transition. This is in accordance with the
specific heat data (Fig. 4), which shows a very
sharp strong peak at the lower transition and a
much broader peak at the incommensurate to
paramagnetic transition. This second peak does
not occur when the incommensurate moment goes
to zero but rather when the moment is falling most
rapidly as a function of T. Indeed, the peak can be
seen to extend almost to 40K, which is where the
incommensurate moment comes within error of
zero in Fig. 6.
FullProf is capable of fitting incommensurable

magnetic structures as it allows a propagation
vector to be defined. An exhaustive search was
done to find a propagation vector which would
give the incommensurate magnetic structure.
However, if it was assumed that as for the
commensurate ordering, kt ¼ 1 for the incommen-
surate magnetic propagation vector t, then the ht

and lt components were linked by the propagation
vector magnitude.
If

jtj ¼ ððhta
�Þ

2
þ b�2 þ ðltc

�Þ
2
Þ
1=2 (1)
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Fig. 7. Magnitude of t, ht and lt as functions of T, each

normalised to their values at 32.0K. Symbol size indicates

uncertainty.
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and jtj can be found from the diffraction pattern,
there is only one degree of freedom in the search,
with a limited domain. After refining, this yielded
a propagation vector t ¼ ðhtktltÞ ¼ ð0:171ð2Þ
1 0:038ð1ÞÞ at 32.0K, and the fit resulting from
this can be seen in Fig. 5(b). Again, the largest
peak is at very low angle and peak asymmetry
is not well modelled, but the vector does pick
up all magnetic peaks without putting intensity
elsewhere.

The magnetic moment from the incommensu-
rate fitting was found to be 3.8(2) mB at 32.0K,
much smaller than that from the adjacent tem-
perature of the commensurate phase (�7mB at
28.0K). This appears to contradict the bulk
measurements which show continuity in magneti-
sation magnitude during the transition between
the magnetic phases, but allowance should be
made for the significantly larger background
apparent at 32.0K due to the disordered Tb
moments. Also it is evident that the magnetic
intensity is much larger in the low-temperature
phase. Hence it appears that the ordered moment
in the incommensurate phase is not the full
moment of the Tb, but that some component of
the Tb moment is disordered. It is possible that the
moment does change continuously between 28 and
32K, and Mössbauer data for GdNiAl4 suggest a
continuous variation in that case [12]. Evidence for
the incommensurate magnetic phase is not appar-
ent at temperatures above approximately 45K,
although the magnetic peak intensities fall off very
slowly with T and a cut off is difficult to determine.
The largest peak is very weak at temperatures
above 37.1K, and its increased width suggests that
it may not be long range ordered. The fall off of
the incommensurate ordered moment with T is
shown in Fig. 6, with the three magnetic phases
noted.

The evolution of jtj with T is plotted in Fig. 7.
The magnitude is constant, while the ht and lt
components move in opposite directions. There
is no evidence of t moving towards a commensu-
rate value as the transition to the commensurate
magnetic phase is approached, as expected for
the assigned first-order nature of this phase
transition. Finally, it is noted that inspection
of the fits for variation of lattice parameters
reveals a tiny step increase in unit cell volume
(�0.03%) near the lower transition tempera-
ture (between 28.0 and 32.0K). However, this
cannot be considered significant in terms of the
accuracy of the data and a higher resolution
experiment would be required to confirm this
effect.
4. Conclusion

Magnetisation and specific heat measurements
indicate that three magnetic phases exist for the
intermetallic compound TbNiAl4. The respective
transition (Néel) temperatures, in zero applied
magnetic field are 34.0 and 28.0K. Powder
neutron diffraction, also carried out over a
wide temperature range confirms that the structure
of the lowest temperature phase is like that
of PrNiAl4, namely, a linear antiferromagnetic
structure with a (0 1 0) propagation vector. Also
it establishes that the intermediate magnetic
phase is incommensurate with propagation
vector t ¼(0.171(2) 1 0.038 (1)). Studies of
TbNiAl4 and other RNiAl4 compounds using
low-temperature nuclear orientation and Möss-
bauer spectroscopy are under way to confirm the
low-temperature magnitude and variation with
temperature of the rare earth moments in these
compounds.
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