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Abstract. The magnetic properties of orthorhombic Ho;—, Y, Ni compounds have been studied
from resistivity, magnetization and neutron diffraction experiments. The Curie temperatures
decrease linearly from 37.5 K in HoNi to 4 K for Hop Yo gNi, while Hop.r YpoNi and YNi
do not present any magnetic long-range order. Below T¢ the compounds show a non-collinear
magnetic structure belonging to a single irreducible representation, which evolves at lower
temperatares towards another non-collinear structure described by the mixture of two irreducible
representations. The appearance of both magnetic arrangements is discussed, comparing these
structures with those of other rare earth nickel compounds and taking into account both erystalling
electric field and exchange interactions.

1. Introduction

Low-symmetry rare earth (RE) intermetallic systems are especially sensitive to the
competition between magnetic exchange interactions and crystalline electric field (CEF)
anisotropy. Among them, the equiatomic orthorhombic RENI compounds, where Ni is
not magnetic, provide an excellent example of the influence of both mechanisms on the
physical properties. In particular, the structure and magnetism of HoNi have been previcusly
investigated by x-ray and neutron diffraction, magnetization and electrical resistivity using
polycrystalline samples [1-4]. The thermal evolution of the magnetic structure of this
compound was studied in further investigations by means of torque [5], magnetization [6]
and neutron diffraction experiments [7] performed on single crystals.

HoNi presents, below the Curie temperature T = 37 K, a non-collinear structure with
magnetic moments lying in the ac plane, while for temperatures lower than T, = 13 K, the
magnetic ordering is also non-collinear, but a ferromagnetic component appears along the
b direction [7].

In order to obtain a better insight into this low-temperature transition and analyse in
detail the relative importance of CEF and magnetic interactions, we have considered it
interesting to replace the holmium atoms by non-magnetic yttrium ones. This substitution
mainly medifies the magnetic exchange interactions, having a minor influence of CEF effects.
Therefore significant changes in the magnetic properties of the system are expected.

In this paper we present the resuits of resistivity (section 2), magnetization (section 3)
and neutron diffraction experiments (section 4). The pseudobinary Ho;_, Y, Ni compounds,
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which were prepared by melting Ho, Y and Ni in an induction furnace, crystallize in the
same FeB-type orthorhombic structure (Prma space group) as HoNi. The purity of the
samples was checked by x-ray analysis. No supplementary phases have been found as far
as the analysis permits.

2. Resistivily measurements

Resistivity was measured by means of the AC probe method, for temperatures ranging from
1.5 K to 300 K, at the Laboratorio de Fisica de la Materia Condensada de la Universidad
de Cantabria. Figure 1 shows the thermal variation of the resistivity at low temperatures
of the Ho,—, Y. Ni compounds investigated (x = 0, 0.2, 0.4, 0.6, 0.8, 0.9 and 1). Changes
in the slope of the o(T) curves at the Curie temperature, T¢, and at the intermediate phase
transition temperature, T; are observed and marked with arrows in figure 1, The values of
these characteristic temperatures, T and T;, are, respectively, 39.2 and 14.0 K for HoNi.
Both temperatures decrease mostly linearly with the yttrium content and they are presented
in table 1. For x = 0.8, Tz = 4.6 K and no intermediate magnetic phase was found down
to 1.5 K, the lowest temperature measured. For x = 0.9 and 1 we have not observed any
magnetic order down to 1.5 K.

Table 1. Mapnetic properties of Ho(_. Y Ni compounds. Tc, T and 6, are the Curie, the
intermediate and the paramagnetic Curie temperatures, p.g is the paramagnetic moment. The
values of Tg and Tt correspond to the determination obtained from resistivity omay and magnetic
M{H) measurements.

Te (K} T (K) Magnetization at
& Helf 1.5 K and 80 Qe
x Pmag  MUH)  pmag  M(H)  (K)  (up/Ho)  (us/Ho}
0 39.2 3715 14.0 15.0 30 10.54 771
02 325 320 10.2 10.0 29 10.54 8.60
0.4 21.5 210 6.7 50 20 10,68 8.77
0.6 1.4 11.0 34 3.0 0 10.50 7.62
0.8 4.6 4.0 —_ — 6 10.87 7.82
0.9 — — e — 2 11.66 8.32

As occurs in other RENi compounds [8], the samples are very brittle and it is then a
difficult task to obtain the correct values for the lattice, piy, and magnetic contributions,
Prmag- However, we have estimated pmq following the procedure explained in [9], which
wag useful for the determination of the magnetic resistivities of GdNi;_,Cu, [9] and REPt
[10]. The lattice contribution of each Ho;_,Y,Ni compound was obtained from that of the
non-magnetic YNi one, taking into account the mass correction. The pmae curves obtained
in this way are compared in figure 2. For all the compounds with magnetic order, the
resistivity at temperatures higher than T is not constant but increases continuously, before
reaching the spin disorder resistivity saturation value, gsgr, around 140 K. This behaviour is
related to the CEF effects on the resistivity and the saturation temperature gives an indication
of the CE¥F splitting [11]. Therefore, this splitting seems to be mostly the same for all the
studied compounds. However, the py value, which is directly related to the intensity of
the magnetic interactions, decreases with increasing yttrium content.

In the ordered range the analysis of the magnetic resistivity leads to two potential
behaviours as a function of temperature, pmgy o T". In the range (0, Tt) the exponent is
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Figore 1. The thermal variation in the electrical Figure 2. The thermal variation in the magnetic
resistivities of Hoj—x Y Ni(x =0,0.2,04,0.6,08,09 contribution to the resistivity of Ho|—;Y;Ni (x = 0,
and ). For YNi (x = 1) circles represent experimental 0.2, 0.4, 0.6 and 0.8),

points and full lines Griineisen—Bloch fitting {Debye

temperature, 230 K). Arrows indicate the T; and Tg

temperatures.

mostly n = 3 for all the compounds and in the interval (7;, T¢} the exponent n decreases
from n» = 3 for HoNi to n = 1 for Hog,YogNi. In the absence of accurate theoretical
models for the resistivity behaviour in the ordered range, considering both CEF and exchange
interactions, we can only assert, in the same way as in previous papers [9, 12], that the
different exponents depend on the ratio between CEF anisotropy and magnetic interactions.
From al] these experimental data we can deduce a rule that seems to be general: the highest
exponents corresponds to the highest values of this ratio.

3. Magnetic properties

The bulk magnetic measurements were performed using the extraction method under
magnetic fields of up to 80 kOe in the temperature range 1.5-300 K at the Laboratoire
Lonis Néel in Grenoble.

The thermal dependences of the reciprocal susceptibilities obtained from Arrot plots
shows Curie~Weiss laws, at temperatures above 50 K, leading to paramagnetic effective
magnetic moments quite close to that of the free Ho>* ion, 10.61xp. The paramagnetic
Curie temperature decreases as yttrium content x increases (see table 1), reaching the value
of 2 K at x = 0.9 for which no magnetic order is observed down to 1.5 K. The large value
observed for x = 0.8 and 0.9 is related to the Pauli temperature-independent contribution
to the susceptibility arising from the conduction band.

Figure 3 shows the thermal dependences of the magnetization over magnetic field, M/ H,
in a constant maggetic field of 2 kOe for the compounds x = 0, 0.4 and 0.9 as representative
examples. These measurements confirm the existence of a transition 7;, below the Curie
temperature T, already observed by resistivity measurements for all the compounds with
x £ 0.6. The values of the critical temperatures are taken at the inflexion point of the curves
and are gathered in table 1. They agree quite well with those obtained from resistivity.

In figure 4 the Curie temperature, T, and the intermediate transition temperature, T,
are represented as a function of the Y content. For the studied compounds, as commented
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Figure 4. The dependence of the ordering tempera-
ture 7¢ and the mtermediate ferromagnetic transition
temperatere T; on the concentration x in Ho|-,Y.Ni
compounds.

before in section 2, the substitution of Y ions for Ho, in the diluted Ho;_, Y, Ni compounds,
depresses almost linearly the magnetic ordering temperature, which vanishes for a critical
concentration value around x, = 0.9. The low-temperature magnetic phase transition
disappears for concentrations close to x = 0.8,
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Figure 5. The magmetization curves of HolNi and Heyp 5 Yp gNi compounds.

The isothermal magnetization curves are presented in figure 5 for HolNi and Hog 4 Yo.¢Ni,
as representative exarnples. At low temperatures, the saturation of the magnetization is
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almost reached, being 7.7 and 7.6u5/Ho for x = 0 and x = 0.6 respectively, Due to the
polycrystalline nature of the samples, the apparent erratic variation of the saturated magnetic
moment as a function of the yttrium concentration is not significant and it is quite difficult
to appreciate some differences between the isothermal magnetization curves in the region
Tt < T < T and those measured in the interval 1.5 K< T < 7. In both regions the curves
are characteristic of a ferromagnetic behaviour.

4. Magnetic structures

Neutron diffraction experiments were performed on the DB diffractometer (A = 2.51 A)
of the high-flux reactor of the Institute Laue-Langevin in Grenoble for the compounds
Ho;_,Y,Ni with x =0, 0.2 and 0.6.

The analysis of the data was performed using the programs existing in the STRAP package
[13]. The refinements of the crystal and magnetic structures were carried out using the
program FULLPROF [14], based on the Rietveld method, where the full profile of the spectra
is used to fit both the structural and magnetic models. As an example of the neutron patterns
and the Rietveld refinements we present in figure 6 those obtained for HoggYo 2Ni.

The patterns in the paramagnetic phase were collected at 60, 40 and 20 K for x =0,
0.2 and 0.6, respectively. All these patterns can be indexed in the orthorhombic system
respecting the extinction conditions of the space group Pama (0, k, [}, k+1 = 2n and (&,
0, 0), 2 = 2n). The Ho/Y ions lie randomly distributed in a (4c) site, while Ni ions are also
in a (4c) site with different atomic coordinates. The equivalent positions of such a site are

WLy @Cxn-bh-n @d-n-bi+n  @d+xii-»

where the x, y and z represent functional coordinates along the crystallographic a, b and e
directions, respectively. The results of the refinements are summarized in table 2.

We have determined the magnetic structare of the intermediate phase (Tc > T > T,)
from the difference patterns corresponding to the magnetic contribution ynnéig = yous(T <
7)) — Yo (T > T¢), for the three compounds studied. All the peaks observed can be indexed
with the crystallographic unit cell (propagation vector @ = @), but new peaks appear at
the positions forbidden by the Pnma selection rules, indicating that an antiferromagnetic
component is present, leading to a non-collinear ferromagnetic structure. The best refinement
corresponds to the arrangement of F.C,, using Bertaut’s description [15]. The symbol
F; means a ferromagnetic (F; = My + Mz + M3, + May) alignment of the four Ho
magnetic moments, while C; is an antiferromagnetic one (Cy; = My, + Ms, — Mz, — M),
The magnetic moments are in the (4¢) site positions, with components along the a and
¢ crystallographic directions. In figure 7 is shown the arangement of magnetic moments
within the crystallographic unit cell. The present results lead to the values gathered in
table 2. Using spherical coordinates (r, 8, @), the angles 8 are 62.6°, 64.3° and 59.0° for
x =0, 0.2 and 0.6 respectively, while ¢ = ( for all the compounds. The magnetic structure
of HoNi coincides quite well with that reported in [3] and [7].

From the analysis of the low-temperatures patterns (see figure 6) we can assert that the
magnetic structures evolve towards a magnetic ordering having a ferromagnetic component
along the b direction. The arrangement is then labelled as Fy F,C,. The best fitted profiles
correspond to the values of the magnetic moment components summarized in table 2. From
these values the angles & and ¢ are 64.7° and 24.0° for x =0, 64.3° and 13.6° forx = 0.2
and 59.5° and 2° for x = (.6, respectively.
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Figure 6. Neutron diffraction patterns in Hop Yy aNi. At 40 K and for the difference patterns
{22 — 40 K and 1.5 —~ 40 K): points are the observed counts and continuous line is the Rietveld
refinement. The curve at the bottom of each figure is the difference pattern given by Yobs — Yeal;
the small vertical marks indicate the angular positions of the allowed Bragg reflections.

We have also studied the evolution of the structures with the temperature, recording
diagrams at very close temperatures. We can then analyse the thermal dependence of the
spherical angles & and ¢ of the magnetic structures for the three compounds studied. It
turns cut that (i) the angle & seems to be temperature independent in all cases, (i} the
angle ¢ depends much more on temperature: as shown in figure 8, the magnitude of ¢
decreases with increasing yttrium content. In this figure, our results are also compared with
those found using torque measurements and neutron diffraction on an HoNi single crystal
[5,7]. It is worth noting that some differences exist in the value of ¢ in HoNi between
the present measurements on a polycrystalline sample and the results obtained previously
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Table 2. Structural and magnetic characteristics of Ho,—) Y Ni compounds, M,, M, and M, are
the magnetic moment components along the crystallographic e, & and ¢ directions, respectively.

HoNi Hoo gYo2Ni HouyaYpgNi

Crystallographic structure FeB type FeB type FeB type
Cell parameters

a (A) 6.960 7.005 7.084

b (A) 4.126 4112 4.100

e (A) 5.384 5.408 5.440
Atomic positions

x{Ho ar Y} 0.173 0.182 0.182

z{Ho or Y} 0.128 0.137 0.125

x(Ni) 0.036 0.036 0.042

z{Ni}) 0.633 0.632 0.627
Rouclear (%) 2.7 6.4 8.3
Intermediate magnefic structure FyCy FC, FC,

M, (up) 6.28 + 0.06 5.83 +£0.07 5.88 £0.09

My (uz) 0 ¢ 0

M, (ug) 3.26 £0.05 281 £0.04 3.53£0.08

Renng (%) 134 13.3 132
Low-temperature magnetic structure F.FRC, FyFyC, FFyC,

M, (up) 7.06 4+ 0.07 7.61 4 0.06 7.29%0.09

M,y (up) 3.144014 1.84:0.19 027+0.18

M, (g} 3.66% 0.06 3.77£0.05 429+ 0.07

Rinsg (%o} 14.6 142 16.0

Figure 7. A schematic representation in the ae plane of the magnetic structures abserved in
Hoey_, Y Ni compounds. The magnetic arrangement corresponds to the F,C, magnetic mode.
Atoms I, 2,3 and 4 are located at the positions indicated in the text.

on a single crystal, but not in the general trend of the thermal variation. In the same way,
the thermal variation of the Ho3>* magnetic moment, obtained from neutron scattering, is
similar for all the Ho;..,Y;Ni compounds and quite close to that exhibited in the HoNi
single crystal. The maximum magnetic moments at 1.5 K are 8.55, 8.69 and 8.46up for
x =0, 0.2 and 0.6, respectively (see table 2), while in the HoNi single crystal the value was
about 8.8up at 4.2 K [7]. All these experimental facts seem to indicate that the evolution of
the magnetic structures in the same compound, as weil as from one compound to another,
originate mainly from the modification of the relative importance of the magnetocrystalline
anisotropy and the exchange interactions. This modification induces changes in the easy
magnetization direction, and will be discussed in the general discussion of this paper.
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Figure 8. The thermal variation of the angle ¢ for HoNi and HoggYo2Ni. The data of Sato ¢/
al [5] were obtained from torque measurements, whereas those of Isikawa et al [7] were found
from neutron diffraction on HoNi, both measurements in a single crystal of this material.

From the neutron thermodiffractograms collected for the three compounds x = 0, 0.2
and 0.6, between the paramagnetic phase and the lowest temperature measured, 1.5 K, we
have studied the thermal dependence of the cell parameters of Ho., Y, Ni compounds. As
well as the properties presented before, these dependences also show anomalies at Te and
Ti. In figures 9 and 10, we present the thermal variation of a, b, ¢ and the cell volume
for HoNi and HogsYp2Ni compounds respectively. Some similarities could be stressed
analysing the two figures together: (i} changes in the slope are observed in the vicinity
of the corresponding temperatures, T and 7;, for both transitions; (ii) from the variation
of the parameters on the paramagnetic range, we can ascertain the same lattice expansion
behaviour for the two compounds, i.e., @ and ¢ decrease with decreasing temperature while
b increases.

However, striking features appear when we look at the magnetic effects that take
place below the Curie temperature. In HoggYo2Ni, the spontaneous magnetostriction
reinforces the tendency of the latfice parameters and evolves gradually, as in a second-
order transition, while in HoNi, it appears that the sign of the thermal expansion coefficient,
a; = (1/L)@L/8T) with L = a, b and ¢, changes abruptly in an interval of roughly 5 K
around T, in the three directions. It seems that in this case the rise of the magnetic order
acts against the lattice thermal variation tendency. For Hop 4 Y 0.6Ni, only in the ¢ direction,
the influence of the magnetic order is clearly observed; this is probably due to the lower
transition temperatures in this compound.

On the other hand, it is then likely that a close relationship between the thermal
expansion behaviour along b (b increases at low temperatures), and the appearance of the
magnetic component in this direction exist. However, the observed differences between the
transitions at T, in HoNi and Hog g Y 2Ni, needs a deeper study of the thermal expansion
and the comparison with the magnetostriction behaviour of other isostructural compounds
such as GdMy;—,Cu, [16], to ascertain the origin of such experimental evidence,

Finally, the cell volume of Hoy_, Y, Ni compounds increases with the yttrium content,
as expected due to the larger volume of this ion with respect to that of the Ho** jon,

5. Discussion

In the present work, it has heen proved that the substitution of Ho atoms by Y cleariy
modifies the magnetic behaviour of the Ho;_, Y, Ni system. It turns out that this dilution
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Figure 9. The thermal dependence of the cell Figure 10. The thermal dependence of the cell

parameters and voleme of the HoNi compound. parameters and volume of the Hopg Yp2Ni compound.

influences not only the strength of magnetic interactions, leading to a decrease of T, but
also the relationship between CEF and RKKY interactions, giving rise to changes in the
magnetic structures observed below Tc. The magnetic structures obtained for HoNi agree
quite well with those previously reported on a single crystal of this material {5,7,19]. The
ferromagnetic non-collinear structure, F;C;, found in all the studied compounds just below
Tc, is 2 common arrangement, when the magnetic ion is located in a low-symmetry site,
as is the case of the {(4c) site in the orthorhombic Prma space group [4,17]. As has been
discussed for the equiatomic RENi compounds [18], this arrangement is imposed by the
strong magnetocrystalline anisotropy, In fact, it can be F,C, or CyF, depending on the
sign of the second-order Stevens constant ¢y, (¢; < 0 in Tb, Dy or Ho and ¢; > 0 in Er
and Tm).

However, below T;, the magnetic structure changes towards another non-collinear
ferromagnetic ordering, characterized by the mode F.F,C,. Among all the RENi
compounds, HoNi is the only one in which a change in the magnetic structure at low
temperatures has been observed. The magnetic structure consists of two coupled modes,
F,C, and F,, belonging to two different irreducible representations of the Prma space
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group for @ == 0 [15]. The existence of two different modes in the magnetic structure
means that the role of the fourth- and sixth-order CEF parameters became more important at
these temperatures, and the appearance of a ferromagnetic component along the b direction
is not forbidden.

As can be seen in figure 4, the ordering temperatures, Tc and T, decrease almost linearly
with increasing Y content, as corresponds to the reduction of the exchange interactions due
to the dilution with non-magnetic Y ions. The same magnetic structures appear in all the
compounds, F,C, between T, < T < T¢ and F,F,C, for T < T;. However, it is important
to note that in the lower-temperature phase, the b component of the magnetic moment
decreases with the yttrium content.

The facts allow us to interpret the magnetic evolution of these compounds in the
following way: the decrease of the & component mentioned above means that the system
tends to recover the magnetic F,.C, structure at low temperatures when we decrease the
magnetic exchange interactions by the introduction of Y ions. These exchange interactions
becomes less important than the CEF effects, as is the case for HoNi and other RENi
compounds just below Te. An interesting additional point to this discussicn could be
provided by the behaviour of the isostructural GdNig;Cuq; [9], without CEF effects, which
presents the b direction as the easy magnetization axis.

Therefore, we can conclude that when CEF effects are preponderant the F,C, magnetic
phase appears, but the magnetic interactions favour the magnetization along the b direction.
The stability of one or other structure depends on the relative importance of CEF and
exchange interactions.

Some comments could also be stressed about the nature of the energy levels of this
system. In fact the relation T,/ 7- is almost constant through the series; this feature
reflects the fact that the CEF interactions are quite similar in all the Ho, _, ¥, Ni compounds.
Furthermore, due to the low symmetry of the (4c) site, the CEF completely splits the J =8
multiplet; the resulting 2.7 +- 1 states are all non-magnetic singlets. It would be then expected
in these conditions that T¢ as a function of the yttrium content would vary quickly near
the critical concentration x, = 0.9, as observed in well known non-magnetic singlet ground
state systems such as diluted Pr, Y., NisSis [20]. However this is not the case observed in
our compounds, because the linear dependence of T¢ on x is clearly reminiscent of systems
with magnetic doublets as ground states. Taking into account all these arguments, we can
deduce that for Hoy—; Y Ni, the lowest-energy levels are two singlets close to each other,
so the system behaves as if there were a pseudomagnetic doublet. This fact is confirmed by
the specific heat measurements [21}, because the entropy at T; is around 10 J K~' mol™!
and the involved CEF levels are then around three, it being these states that mainly govern
the magnetic properties of the system at low temperatures.

This study on the magnetic properties and strucitures of the Hoy_, Y Ni procures then
new aspects and evidence about how the magnetism of the RENi compounds is sensitive to
the competition between CEF and RKKY interactions.
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