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Abstract. Magnetic susceptibility and magnetization measurements were made on a
polycrystalline sample of TbNi5. The compound is ferromagnetic forT < Th ≈ 17 K at
any applied magnetic field. For temperatures betweenTh andTN = 23 K and magnetic fields
smaller than a critical fieldHc = 400 Oe, the compound is helimagnetic. WhenH > Hc or
T < Th, the anisotropy in the basal plane increases, and the compound becomes ferromagnetic.

1. Introduction

The compound TbNi5 crystallizes in the hexagonal CaCu5 structure (space groupP6/mmm)
[1]. In this compound, the main contribution to the magnetization comes from the 4f
electrons of the terbium ions, and the contribution of the nickel to the magnetism is very
small because its 3d shell is almost filled up by the 5d electrons of the terbium ion. On the
basis of magnetization [2, 3], inelastic neutron scattering [4],µSR [5], torque magnetometry
[6], and NMR [7] measurements, the magnetic and thermodynamic properties of this
compound have become well understood within a mean-field model involving exchange and
crystalline-electric-field magnetoelastic and quadrupolar interactions. There is a magnetic
order–disorder transition at 23 K with the magnetic moments ordered ferromagnetically in
the basal plane of the hexagonal structure. The compound presents a strong axial magnetic
anisotropy and a very small planar anisotropy. However, all of the measurements to date
were made either in a high field at low temperature or in zero field in the paramagnetic
phase. From resistivity measurements in zero field, Blancoet al [8] have confirmed the
transition to the paramagnetic phase at 23.2 K, but they also observed that the thermal
variation of the resistivity, along the [001] hard-magnetization direction, shows a sharp
maximum with a temperature hysteresis of about 5 K between 16 K and 21 K. This peak
disappears as the magnetic field is increased. They also observed an anomaly of the DC
susceptibility in fields smaller than 500 Oe close to the order–disorder temperature, but no
thermal hysteresis was observed.

In this paper we present AC susceptibility and magnetization measurements of
polycrystalline TbNi5 at low magnetic fields, together with a discussion of their significance.

2. Experimental procedure

A polycrystalline TbNi5 compound was prepared by melting stoichiometric amounts of the
constituent materials in an argon arc furnace. To improve the homogeneity, the resulting
metallic button was turned over and melted several times. The purity of the elements is
99.99% for terbium and 99.999% for nickel. X-ray diffraction analysis shows that the
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prepared specimen has the CaCu5-type crystal structure, and there is no evidence for the
presence of any impurity phase.

The magnetic AC susceptibility and magnetization measurements were performed on a
Lake Shore AC Susceptometer/DC Magnetometer System (Model 7225) in the temperature
range 4.5–60 K and in magnetic fields up to 1500 Oe.

Figure 1. The temperature dependence of the real AC susceptibility of TbNi5; the cooling
curves are withHAC = 10 Oe and the warming curves are withHAC = 1 Oe and 10 Oe.
The behaviours of the curves forT < 20 K are shown in detail in the insets. The left-hand
inset shows the warming and cooling curves forHAC = 10 Oe. The right-hand inset shows the
susceptibilities forHAC = 1 Oe and 10 Oe.

3. Results

The thermal variation, in zero DC field, of the real part of the AC susceptibility(χ ′) is
shown in figure 1. There is a sharp peak at 23.5 K associated with a magnetic order–disorder
transition. The behaviour is the same as that observed for the DC susceptibility by Blanco
et al [8]. We see that this peak shows no thermal hysteresis and no AC field dependence.
The insets show the details of the behaviour of the susceptibility forT < 20 K. From the
left-hand inset one can see that the thermal hysteresis is of about 4 K. The right-hand inset
shows the susceptibility variation for two amplitudes of the AC field at the same frequency
(5 Hz). The two curves presented are very different forT < 17 K. In the range 17 K–19 K
the difference becomes small, and for higher temperature there is no appreciable difference.

Figure 2 presents the thermal variation of the AC susceptibility in an applied magnetic
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Figure 2. The thermal variation of the AC susceptibility for TbNi5, at different magnetic fields.

field. One can observe that as the field increases, the peak shifts towards lower temperatures,
and disappears at a critical field of about 400 Oe. Such behaviour is usually observed in
antiferromagnetic materials.

Figure 3 presents the temperature dependence of the imaginary part of the AC
susceptibility(χ ′′). In the paramagnetic phase,χ ′′ is nearly zero. With the onset of the
ordered phase at 23 K,χ ′′ increases as the temperature decreases, and reaches a maximum
(χ ′′Max) at 22 K. For lower temperatures,χ ′′ decreases, and at around 17 K starts to increase
again, reaching about 2χ ′′Max at 4.2 K.

Figure 4 showsM2 versusH/M (Arrott plots) for different temperatures and for fields
smaller than 1400 Oe. The data indicate that the order–disorder temperature is around 23 K.
At low fields, theM2 versusH/M variation depends whether the temperature is smaller or
greater than 18.8 K.

4. Discussion

The thermal variations of the real part of the AC susceptibility (this work) and of the DC
susceptibility (reference [8]), show no anomaly at 23 K. We can therefore conclude that
they are not due to relaxation effects.

The changes in the thermal variation ofχ ′ andχ ′′ and in the Arrott plot occur at about
the same temperature,T = 17.5 K. This suggests that there is a magnetic phase change at
this temperature.

The results in this work, and the strong changes in the thermal variation of the resistivity
observed by Blancoet al [8], can be explained as resulting from there being a helimagnetic
phase betweenTh = 17 K andTN = 23 K whenH < 400 Oe.

As terbium, dysprosium, and TbNi5 have hexagonal crystallographic symmetry, a hard-
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Figure 3. The temperature dependence of the imaginary AC susceptibility of TbNi5, with
HAC = 10 Oe.

magnetizationc-axis, a strong axial anisotropy, and a small planar anisotropy, we use in this
work some terbium and dysprosium results as references to achieve a better understanding
of our results.

The field dependence of the susceptibility peak at 23 K shows an antiferromagnetic
peak behaviour for fields smaller thanHc = 400 Oe. The maximum atTh = 17 K of the
susceptibility curve at zero DC field in the warming curve, and at 13 K in the cooling curve,
can be attributed to a transition from the ferromagnetic(dχ/dT > 0) to the helical phase
(dχ/dT < 0), as in terbium [9]. The thermal hysteresis of 4 K is about the same as is
observed in the resistivity measurements [8]. The strong increase in the thermal variation
of the resistivity, along the [001] hard-magnetization direction [8], can be associated with
a helimagnetic transition. Mackintosh [10] and Miwa [11] have shown that when the
magnetic lattice periodicity in thec-direction differs from the ionic one, as is the case for a
helimagnetic structure, extra planes of energy discontinuity are introduced in the Brillouin
zone structure. These new magnetic energy gaps, along thec-axis, wipe out areas of the
Fermi surface withc-axis projections, and strongly increase the resistivity in thec-direction,
leading to the so-called ‘superzones’.

The ferro–helimagnetic transition atTh ≈ 17 K is also responsible for the strong increase
in χ ′′, as the temperature decreases, and for the increase in theHAC-field dependence ofχ ′

(characteristic of a ferromagnetic phase [12]).
A critical field ofHc = 400 Oe suppresses the helical structure (figure 2), and eliminates

the superzone energy gaps near the Néel point. In the resistivity measurements [8], this field
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Figure 4. An Arrott plot for TbNi5 at different temperatures.

is about 3 kOe. This discrepancy can be explained by the widely differing demagnetizing
fields related to the different sample geometries. The sample used for the resistivity
measurements is a parallelepiped which [8] has a high demagnetization factor. The same
order of difference was observed in the magnetization and resistivity measurements of
metallic terbium [13].

To analyse the Arrott plot of TbNi5, we must remember that, in the case of homogeneous
ferromagnetic materials in the ordered phase, one can write for a given temperature [14]:

H/M = 1/χi +N + AM2 (1)

whereN is the demagnetization factor, andχi andA are constants that are proportional to the
anisotropy constantsK1,K2 and inversely proportional to the spontaneous magnetization
MS . In this work, the magnetization measurements have been made on demagnetizable
samples. ForT < 16.8 K andH < 400 Oe, the constantA and the magnetizationM are
so small that the first two constant terms in equation (2) are the dominant ones. This means
that the variation ofM2 with H/M is a vertical line, as observed in figure 4. For higher
fields, theM-dependent term must be considered. So, TbNi5 has a ferromagnetic behaviour
for T < 16.6 K. At higher temperatures and forH > 400 Oe, the compound shows an
M2 versusH/M variation typical of a ferromagnet. WhenH < 400 Oe, we observe that
H/M decreases with increase in the field. To understand this result, we must remember
that, in a helimagnetic phase, the magnetic susceptibility at low field [15] is proportional to
[cos(ϕ)]−1, whereϕ is the mean angle between the spins of two terbium ions situated in two
planes perpendicular to thec-axis. The magnetic field deforms the helices, soϕ = ϕ+1H .
Therefore, as the intensity of the magnetic field increases,ϕ increases, and hence cosϕ
and, consequently, 1/χi decrease also. So,H/M decreases with increasing field, as is
experimentally observed.
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Blanco et al [8] have concluded that the anomaly in the thermal variation of the
resistivity of TbNi5 was due to magnetic fluctuations, because no anomaly was observed in
the susceptibility and specific heat curves. From our work we see that the anomaly in the
susceptibility is observed only in small magnetic fields and in the 17 K–23 K temperature
range. It is important to note that terbium, which shows atTh a strong resistivity variation
[13], presents only a very small change in the specific heat variation [16] at this temp-
erature, which was observed only after a detailed study aroundTh. The specific heat curve
in reference [8] is not so detailed as to give information about the anomaly at 17 K.

Figure 5. The temperature dependence of the DC susceptibility,HDC = 50 Oe, and the AC
susceptibility, withHAC = 10 Oe, in zero DC field.

Figure 5 shows that forT < 23 K the AC susceptibility is smaller than the DC
susceptibility (calculated from the slope of the magnetization curves as the DC field goes
through zero). ForT > 23 K the two susceptibilities coincide. There are then irreversible
contributions to the low-field susceptibility in the ordered phase. In the helical one this can
be a consequence of some magnetic structure that is not perfectly helimagnetic present in
this range of temperature. This fact, and the presence of thermal hysteresis in the variation
of the susceptibility, suggest, as in the case of dysprosium [17], that in this compound
there are antiferromagnetic domains which appear as a result of uniform spiralling of the
ferromagnetic coupled planes, but in the opposite sense. These domains would be separated
by thin ferromagnetic domain boundaries of different volumes that are responsible for the
difference observed.
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5. Conclusion

The results indicate that forT < Th, whereTh = 17 K, at any magnetic field, the compound
TbNi5 is ferromagnetic, and forTh < T < TN , whereTN = 23 K, if the field is smaller than
a critical one,Hc = 400 Oe, the compound is helimagnetic. WhenT < Th, the magnetic
properties come from ferromagnetic interactions between the terbium-ion first neighbours in
the same plane (perpendicular to thec-axis). As the temperature increases in a field smaller
thanHc, the interaction between terbium ions in different planes becomes dominant. In
this case the interactions between Tb ions in the first- and second-neighbour planes are of
the same order. This comes from the fact that in a helimagnetic system, when there is no
external field, the energy can be expressed [18] as

E/N = −J1 cosϕ − J2 cos 2ϕ − J3 cos 3ϕ − · · · (2)

whereJ1 is the exchange coupling constant, per pair of atoms, between adjacent planes
perpendicular to thec-axis, andJ2 is the one between next-nearest-neighbouring planes,
and so on.N is the number of equidistantly spaced equivalent planes of spins coupled
ferromagnetically, andϕ is the angle between the spins of two adjacent planes. When only
J1 andJ2 are considered, the minimization of the energy in (2) gives a helimagnetic solution
for J2 < 0 and|J1/4J2| < 1. So, in a helical phase,J1 andJ2 are of the same order.

In the helical phase, the anisotropy in the basal plane is so small that a small change in
the direction of the magnetic moment has little influence on the free energy; therefore the
helical structure is the most stable. When the anisotropy becomes stronger because of the
decreasing temperature or the increasing field, the ferromagnetic configuration becomes
the most stable. The results also show that the helical phase in TbNi5 is not ideal,
because we must consider the existence of antiferromagnetic domains of uniform spiralling
of ferromagnetically coupled planes, in the opposite sense.
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