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Abstract
Magnetic measurements were performed on GdxLa1−xNi5 compounds in the
temperature range 1.7–300 K and fields up to 90 kOe. There is a transition
from a spin fluctuation behaviour, characteristic for LaNi5, to a ferrimagnetic
type ordering for x � 0.2. The critical field for appearance of induced Ni
moment was estimated. Then, the nickel moments, at 1.7 K, increase linearly
with the exchange field. Band structure calculations were performed on RNi5
and GdxLa1−xNi5 systems. The Gd 5d band polarization is due to both local
4f–5d exchange and 5d–3d short range interactions with neighbouring atoms.
There are also 5d–5d interactions through orbitals having lobes oriented along
the c-axis. The differences between magnetic moments at 2c and 3g sites,
obtained from band structure calculations, were correlated with their local
environments. The mean effective nickel moments decrease when increasing
gadolinium content, an opposite behaviour to that evidenced for ordered Ni
moments at 1.7 K. This behaviour was attributed to gradual quenching of spin
fluctuations by internal field.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The transition metal atoms (A) in rare-earth (R) or yttrium compounds show a wide variety
of magnetic behaviours. As functions of crystal structure and composition, these cover the
situations in which A atoms show a well defined magnetism or are in nonmagnetic state,
crossing the region of onset or collapse of magnetism [1]. The transition from nonmagnetic
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to magnetic state was analysed mainly in cobalt compounds, by using the molecular field
approximation. For this purpose, the exchange field acting on cobalt was computed by using
the phenomenological constants describing the exchange interactions between and inside the
magnetic sublattices. It was suggested that an induced Co moment will occur above a critical
field of the order of 0.7 MOe. Then, the cobalt moments vary linearly with exchange field and
finally saturate [2]. The analysis of magnetic behaviour of some R–Co and R–Co–B systems
confirmed the above model [3–5]. Small changes in cobalt moments were also evidenced for
internal fields smaller than the critical one.

Little information was obtained on the magnetic behaviour of nickel in rare-earth
compounds. In earlier studies on RNi5 systems, it was reported that nickel is not magnetic [1].
Analysing the magnetic properties of Gdx Y1−xNi5 compounds [6] has shown that nickel 3d
band is polarized in GdNi5, and the mean nickel moment, MNi is 0.16 µB/atom. The MNi values
decrease gradually as gadolinium is substituted by yttrium. YNi5 shows, at low temperatures,
a Pauli-type paramagnetism.

In order to obtain information for nickel transition from nonmagnetic to magnetic state, we
investigated Gdx La1−x Ni5 compounds. For this purpose, we analyse the exchange interactions
in the above system, as well as in RNi5 compounds where R is a heavy rare-earth. In
R–A type compounds the interactions are rather complicated and some models have been
developed in order to describe the parallel alignment of magnetic moments for light rare-
earths and transition metal ones and antiparallel in the case of heavy rare-earths. In earlier
reports, the magnetic interactions between R and A atoms have been assumed to be of RKKY
type [7]. Some works have been done in order to reverse the magnetic coupling by changing
the electron concentrations and distances between magnetic atoms [8]. No effects on the
magnetic coupling have been reported. Campbell [9] proposed a phenomenological model
in which the 4f electrons of the rare-earth polarize their 5d band by local interactions and there
are short-range 5d–3d interactions with neighbouring transition metal atoms. The existence
of magnetic polarization of the 5d(4d) electron shell in rare-earth (yttrium)–transition metal
compounds was evidenced by NMR [10], neutron diffraction [11] or magnetic circular x-ray
dichroism [12]. The Campbell and RKKY models describe two extreme types of interactions.
The first one takes into account short-range exchange interactions while the second one is of
long range and oscillatory. The antiparallel coupling between 4f and 3d spins can be well
described in terms of 3d–5d hybridization [13]. The degree of hybridization depends on the
overlap matrix elements and on the energy separation between the 3d and 5d bands. If the
energy separation is increasing the mixing decreases and the opposite holds when the separation
decreases. The hybridization and the spin transfer are greater for the spin-down bands and
there is an antiparallel coupling of A 3d and R 5d moments. Band structure calculations are
an important tool to investigate the magnetic properties of RAx compounds. By using this
method the 3d–5d hybridization and spin transfer to the 5d band in LuFe2 was analysed [14].
Then, in compounds with magnetic rare-earths, the 4f–5d exchange interactions were described
by the Hamiltonian H4f–5d = −2J4f–5dS4fS5d, where J4f–5d depends upon the 4f–5d overlap
densities and is positive [13, 15]. According to Li et al [16], in addition to the J4f–5d exchange
integral, there are also exchange interactions of the 4f shell with p and s electrons described
by J4f–5d and J4f–6p. All the exchange integrals decrease across the lanthanide series, but J4f–5d

dominates. Fähnle et al [17] showed that the intersublattice exchange parameter is determined
mainly by the J4f–5d and there is no major contribution from J3d–5d. A review on band
structure calculations performed for rare-earth–transition metal compounds was published [18].
Magnetic properties of ACo5 type compounds were particularly analysed.

In order to obtain more information on the magnetic couplings in RA5-based compounds,
in addition to magnetic measurements, band structure calculations and XPS measurements
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were also performed. The 4f–5d and 5d–3d exchange interactions were analysed. The 5d
band polarization was shown to be determined by both 4f–5d local exchange and 5d–3d
hybridization, respectively. The band structure analysis in terms of projections of the bands
onto orthogonal orbitals [19] allowed us to evidence the contributions of various orbitals to
exchange interactions in RNi5 (R = La, Gd) compounds. The exchange interactions between
nickel atoms were also determined. In the light of the above data, the magnetic properties of the
Gdx La1−x Ni5 system were analysed. Some preliminary results have already been reported [20].

2. Experimental and computing methods

The Gdx La1−x Ni5 compounds were prepared by the levitation method. The samples were
thermally treated in vacuum at 1000 ◦C for one week. The x-ray diffraction analyses show the
presence of only one phase having a hexagonal CaCu5-type structure. In this structure, the
R (R = Gd, La) atoms occupy 1a sites and Ni atoms are located in 2c and 3g positions. The
lattice parameters are nearly linearly dependent on composition.

The magnetic measurements were performed in the temperature range 1.7–300 K and fields
up to 90 kOe. The spontaneous magnetizations, Ms, were determined from magnetization
isotherms, according to the approach to the saturation law: Mm = Ms(1 − a/H ) + χ0 H . By
a is denoted the coefficient of magnetic hardness, Mm is the measured magnetization in a field
H and χ0 is a field independent susceptibility. Above the Curie points, the susceptibilities,
χ , were determined from their field dependencies, according to a Honda–Arrott plot [21],
χm = χ + cMs H −1, by extrapolating the measured values χm to H −1 → 0. By c is denoted
a presumed magnetic ordered impurity content and Ms is their saturation magnetization. By
this method any possible alteration of magnetic susceptibilities, as a result of the presence of
magnetic ordered phase, is avoided. Generally, no magnetic ordered phases, above Tc, were
observed. If they exist, these are smaller than 0.1 mol%.

Band structure calculations were carried out by using the ab initio tight binding linear
muffin tin orbital method in the atomic sphere approximation. The detailed procedure of
calculation was described elsewhere [19, 22–24]. In the framework of the local density
approximation (LDA) the total electronic potential is the sum of external, Coulomb and
exchange–correlation potentials [25]. The functional form of the exchange–correlation energy
used in the present work was the free electron gas parametrization of Von Barth and Hedin [26].
Relativistic correlations were included. A Gd3Ni15 superstructure having three times greater
unit cell than that of GdNi5 was assumed. In this cell, the Gd was substituted by one, two
or three lanthanum atoms, corresponding to compositions x = 0.67, 0.33 and 0. The band
structure and the bonding were analysed in terms of projections of the bands onto orthogonal
orbitals.

3. Band structure calculations

Band structure calculations were performed on RNi5 heavy rare-earth compounds as well as
on the Gdx La1−xNi5 system. The dependence of Ni(2c) and Ni(3g) magnetic moments as a
function of De Gennes factor, G = (gJ − 1)2 J (J + 1), in RNi5 compounds with heavy rare-
earths is plotted in figure 1. The computed transition metal moments are linearly dependent on
G, MNi = MNi(0) + αG. The slope of this variation is 1.6 × 10−3 µB. Since the Ni magnetic
moments are rather small, no possibility to have an accurate experimental determination by
neutron diffraction studies was shown. The experimental errors are of the order of magnitude
of Ni moments. For example, in TbNi5, a value MNi = 0.0 ± 0.2 µB/atom was reported [27].
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Figure 1. Dependences of the magnetic moment of Ni, at 2c and 3g sites, in RNi5 compounds with
heavy rare-earths, as a function of De Gennes factor.
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Figure 2. The 5d band polarizations in RA5 (A = Co, Ni) compounds with heavy rare-earths, as a
function of De Gennes factor.

The R 5d band polarizations, M5d, in RNi5 and RCo5 [28] are also linearly dependent on
De Gennes factor—figure 2.

M5d = M5d(0) + βG. (1)

The slopes, β = 1.4 × 10−2 µB, are not dependent on A partner. The contributions to
polarizations, M5d(0), are 0.32 µB for A = Co and 0.08 µB for A = Ni.

The analysis of M5d polarizations suggests the presence of two contributions. The first
one is due to local 4f–5d exchange and is the same for a given R element. The second one,
M5d(0), is dependent on the magnetic contribution of A partner and can be attributed to 5d–3d
hybridization. As we have shown already [28], this contribution to 5d polarization increases
linearly with A magnetic contributions. For example, in GdCo5 and GdNi5 compounds, the
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Figure 3. Gd3Ni15 (a); Gd2LaNi15 (b); GdLa2Ni15 (c): densities of states for Ni(2c) (dashed line),
Ni(3g) (thin solid line) and total densities of states (dotted line).

4f–5d contributions to 5d polarizations are identical, ≈0.20 µB, and those induced by 5d–3d
exchange interactions are of 0.32 and 0.08 µB respectively.

The total densities of states as well as the partial DOS Ni(2c) and Ni(3g) projected
bands for Gdx La1−x Ni5 compounds with x = 1.0, 0.67 and 0.33 are plotted in figure 3.
A gradual increase of the exchange splitting both at Ni(2c) and Ni(3g) sites was evidenced
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Figure 4. The correlation between Ni magnetic moments at 2c and 3g sites and exchange splitting
of their 3d bands.

Table 1. Data obtained from band structure calculations.

Magnetic moments (µB/atom)

Compounds Gd 4f Gd 5d La 5d Ni(2c) Ni(3g) 〈Ni〉
GdNi5 −7 −0.275 — 0.199 0.293 0.255
Gd2LaNi15 −7 −0.249 −0.056 0.149 0.242 0.205
GdLa2Ni15 −7 −0.230 −0.032 0.082 0.145 0.120

when increasing gadolinium content. The computed magnetic moments, at various Ni sites, as
well as Gd 5d band polarization decrease when increasing La content—table 1. In addition, a
polarization of La 5d band is induced in magnetic ordered compounds. The Gd 5d and La 5d
band polarizations are parallel to Gd 4f moments and antiparallel to Ni ones, respectively.

The computed magnetic moments at Ni(3g) sites are higher than those of 2c sites. This
behaviour may be attributed to different local environments. The 2c site in GdNi5 has six Ni(3g)
and three Ni(2c) atoms as well as three Gd ones, while the 3g sites have four Ni(2c), four Ni(3g)
and four Gd as nearest neighbours. The strength of exchange interactions between nickel atoms
and gadolinium ones are more important than between nickel atoms. The nickel moments are
essentially induced by the exchange interactions due to the presence of gadolinium. Thus, the
exchange splitting of the Ni(2c) 3d band is greater than for Ni(3g) sites because of the higher
number of Gd nearest neighbours. In figure 4 we plotted the correlation between Ni moments
at 2c and 3g sites and exchange splitting of their 3d bands. The data obtained in the case of the
NdNi5 system are also plotted [29]. There seems to be a critical value of the exchange splitting
for which a Ni moment will appear, of the order of ∼0.0030 eV. Then a linear relation between
Ni moments and the exchange splittings of their 3d bands is shown.

The band structure calculations show that at low temperatures LaNi5 is a Pauli-type
paramagnet. The computed magnetic susceptibility, at 0 K, from density of states, N ,
at the Fermi level is 1.88 × 10−3 emu/f.u. [30]. We also determined the N ′ and N ′′,
the first and second derivatives of the density of states at the Fermi level, and thus the
temperature dependence of the magnetic susceptibility, at the low temperatures described by
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the relation χ = χ0(1 + dT 2), where the expression of d was given by Beal-Monod [31]
d = (π2/6)(2(N ′′/N) − 1.2(N ′2/N2))s2 where s is the Stoner exchange enhancement factor.
A value of d = 1.22 × 10−3 K−2 was theoretically computed.

A comparison of the computed density of states for LaNi5 and the measured XPS valence
band spectra for LaNi5 and Ni are plotted in figure 5. The computed density of states describe
rather well the LaNi5 XPS spectrum. There is also a similarity of the Ni 3d band for pure Ni and
that of LaNi5. This fact evidences that the valence band of LaNi5 is mainly derived from the
Ni 3d one. The structure at about 6 eV binding energy in the XPS spectrum is the well known
Ni satellite [30]. The contribution of La states to the valence band of LaNi5 is not visible in the
XPS spectrum because of the low cross section of lanthanum. In addition, the contribution of
La to DOS is very weak.

The band structures and bonding in LaNi5 and GdNi5 were analysed in terms of
projections of the bands onto orthogonal orbitals. The Brillouin zone of hexagonal RNi5-type
structure is described by vectors: b1 = (4π/(a

√
3), 0, 0), b2 = (2π/(a

√
3), (2π/a, 0), 0),

b3 = (0, 0, (2π/c)) [32]. In figure 6 the band structures are projected onto the orthogonal
LMTOs [19], or equivalently, partial waves normalized to unity in their respective spheres. The
zero of the energy is taken at the Fermi level. In such a ‘fat’ band structure, each band is given a
width proportional to the (sum of the) corresponding orthonormal orbital(s). In figure 6, 100%
for LaNi5 and GdNi5 corresponds to 1/30 the size of the energy axis, that is, to 0.4 eV. A local
system of coordinates was used for Ni(2c), Ni(3g) and Gd(1a) in which the z-axis was parallel
to the c-axis for all sites. For Ni(2c) the x-axis was along the shortest Ni(2c)–Ni(2c) distance.
For Ni(3g) the y-axis was parallel to a-axis. In the case of the La site in LaNi5, the dominant
5d–5d hybridizations are between orbitals with lobes pointed along the c-axis, which leads to
decorated (fat) bands. The bands are strongly dispersed in K –� and �–A directions. Important
interactions are between almost all the projected orbitals of nickel. As an example for the
Ni(2c) site in LaNi5, dxy orbitals create ‘fat’ bands at −1 eV. In GdNi5, dxz(↓) orbitals create a
‘fat’ band near the Fermi level and dxz(↑) create ‘fat’ bands at ≈0.5 eV above the Fermi level.
In the case of the Ni(3g) site in LaNi5, ‘fat’ bands in particular are formed at the Fermi level for
d3z2−1 orbitals along the A–L direction and dx2−y2 orbitals along the �–A direction. In GdNi5

‘fat’ bands are created at the Fermi level for d3z2−1(↓) orbitals along the A–L direction and
dx2−y2(↓) orbitals along the �–A direction. At 0.4 eV above the Fermi level, ‘fat’ bands are
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Figure 6. Energy bands of LaNi5 and GdNi5 decorated with orthogonal orbital character:
(a) La 5d3z2−1, (b) Ni(2c) in LaNi5 (dxy); ((c), (d)) Ni(2c) in GdNi5 (dxz ↑) and (dxz ↓); (e) Ni(3g)
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((i), (j)) Ni(3g) in GdNi5dx2−y2 ↓ and GdNi5dx2−y2 ↑.
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formed by d3z2−1(↑) orbitals along the A–L direction and dx2−y2(↑) orbitals along the �–A
direction.

The exchange interactions between nickel atoms were also computed by using a recently
developed approach [33]. Using the Green function method to calculate the effective exchange
interaction parameter, Ji j , as a second derivative of the ground state energy with respect to
the magnetic rotation angle [34], it was shown that the exchange interactions between i and j
atoms may be described by [33]

Ji j =
∑

{m}
I i
mm′χ

i j
mm′m′′m′′′ I

j
m′′m′′′ (2)

where the spin dependent potentials, I i , are expressed in terms of the single particle potential
Vmm′ : I i

mm′ = V i↑
mm′ − V i↓

mm′ , while the effective inter-sublattice susceptibilities, χ i j , were
defined in terms of the LDA eigenfunctions as

χ
i j
mm′m′′m′′′ =

∑

knn′

nnk↑ − nn′k↓
εnk↑ − εn′k↓

� ilm�

nk↑ � ilm′′
nk↑ � ilm′

n′k↓�
jlm�

nk↓ . (3)

We denoted by ni the orbital occupancy of d electrons, l the orbital quantum number and
m the magnetic quantum number. By using the above relations we obtained the exchange
interactions between nickel atoms situated in first, Ji j (1), and second, Ji j(2), coordination
shells. For GdNi5, values J3g–3g(1) = 57 K, J3g–3g(2) = 28 K, J2c–3g(1) = 26 K, and
J2c–3g(2) = 12 K were determined. The exchange interactions between Ni(2c) and Ni(2c) are
rather small. When randomly substituting Gd by La in CaCu5-type structure, the exchange
interactions between nickel atoms decrease. This behaviour may be connected mainly with
the diminution of nickel moments. There is also a difference between the values of the
exchange interactions determined between the same types of nickel atoms situated near an
R(1a) site occupied by Gd, J (Gd), and La, J (La), respectively. In figure 7 we have plotted a
CaCu5-type structure where two Gd atoms were replaced by La, corresponding to GdLa2Ni15

composition, and the positions of Ni atoms were numbered. The J3g–3g(La) values, between
Ni atoms numbered according to figure 7, are 37 K (14–15), 18 K (14–16) and 11 K (15–
16), while for J3g–3g(Gd) values 40 K (8–9), 23 K (8–12) and 17 K (9–12) were obtained.
Similarly, for J2c–3g(La) values 23 K (4–14), 19 K (4–16) and 7 K (4–15) were obtained,
smaller than J2c–3g(Gd) of 24 K (2–8), 21 K (2–12) and 9 K (2–9). We note that the exchange
interactions thus obtained are in rather good agreement with those expected from the Curie
temperatures experimentally determined and reported in the next section (Tc(GdNi5)

∼= 35 K,
Tc(Gd0.33La0.67Ni5)

∼= 23 K).

3.1. Magnetic data

The thermal variations of spontaneous magnetizations for GdxLa1−xNi5 compounds with
x � 0.2 are plotted in figure 8. The magnetizations, at 1.7 K, decrease nearly linearly
when increasing La content—figure 9. On the same figure the magnetizations obtained from
band structure calculations are also given. There is a good agreement between experimentally
determined and computed values per formula unit. The differences are smaller than 0.3 µB.
The Curie temperatures decrease gradually from Tc = 35 K (x = 0) and finally the LaNi5 is a
paramagnet.

The saturation magnetizations, at 1.7 K, for compounds with x � 0.2 are somewhat lower
than the values expected in the supposition that only gadolinium has a magnetic moment. This
suggests that nickel atoms have magnetic contributions which are anti-parallel oriented to the
gadolinium moment. Assuming that the magnetic moment per gadolinium atom is ∼=7.24 µB,
as a mean value determined from band structure calculations, where Gd 5d polarization was
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Figure 7. CaCu5-type structure where two Gd atoms were substituted by La.
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Figure 8. Thermal variations of spontaneous magnetizations in Gdx La1−x Ni5 system.

included, we determined the composition dependence of the mean Ni moments, MNi. These
values decrease when increasing lanthanum content. We note that the mean nickel moments
obtained from band structure calculations have the same trend as those determined from
saturation measurements, but are higher by ∼=0.06 µB.
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Figure 10. The thermal variations of reciprocal susceptibilities for LaNi5 (a) and Gdx La1−x Ni5
(x � 0.2) (b). In the inset of (a) the T 2 dependence of the susceptibilities at T � 10 K is shown.

The superimposed susceptibilities, χ0, on the magnetization isotherms, at 1.7 K, are
1.68 × 10−2 emu/f.u. in GdNi5 and decrease gradually to 1.38 × 10−2 emu/f.u. (x = 0.8),
1.36 × 10−2 emu/f.u. (x = 0.4) and 0.235 × 10−2 emu/f.u. (x = 0.2). The last value is
close to that determined in LaNi5, at 1.7 K—figure 10. These data show that the exchange
enhancement factor of the electron conduction band increases by nearly one order of magnitude
when increasing gadolinium content and exchange interactions, respectively.

The thermal variations of reciprocal susceptibilities are plotted in figure 10. In the case of
LaNi5, in the low temperature range (T � 10 K), the susceptibilities follow a T 2 dependence
χ = χ(0)(1 + dT 2) with d = 1.3 × 10−3 K−2, close to the d value obtained from band
structure calculation. The magnetic susceptibility for LaNi5 increases and has a maximum
at T = 90 K. Above T � ≈ 150 K, the reciprocal susceptibility follows a Curie–Weiss type
behaviour χ = C(T − θ)−1. The paramagnetic Curie temperature is negative, θ = −1104 K.
From the Curie constant, C , an effective magnetic moment, Meff(Ni) = 2.15 µB/atom, was
determined.
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Figure 11. Dependence of Ni magnetizations at, 1.7 K, on exchange field.

The reciprocal susceptibilities for compounds with x � 0.2 show nonlinear temperature
dependences, typical for a ferrimagnetic system. The χ values can be described by the
relation [35]: χ−1 = χ−1

0 + T C−1 − σ(T − θ)−1, where χ−1
0 , σ and θ are parameters

related to molecular field coefficients characterizing the interactions inside and between Gd
and Ni magnetic sublattices. This type of variation is more evident as the gadolinium content
decreases. In the high temperature range, linear dependences were shown. According to the
addition law of magnetic susceptibilities and supposing that the effective gadolinium moment
is given by the free ion value [36], we determined the contributions of nickel atoms to the
Curie constants and the Meff(Ni), effective nickel moments, respectively. The Meff(Ni) values
decrease rapidly in the composition range 0 � x � 0.2 from 2.15 µB/atom (x = 0.2) and
then nearly linearly when increasing gadolinium content. The behaviour is different from that
evidenced for Ni magnetic moments at 1.7 K.

The paramagnetic Curie temperature, θ , for LaNi5 is very high in absolute magnitude.
The asymptotic temperatures, for composition x � 0.2 determined by extrapolating the χ−1

versus T from the high temperature range to χ → 0, decrease (in absolute magnitude) from
θ = −45 K (x = 0.2), become near nil for x = 0.6 and are positive for higher gadolinium
content.

From paramagnetic data, by considering a two sublattice ferrimagnet, in the molecular
field approximation, we evaluated the Ni j (i, j = Gd, Ni) exchange interaction parameters
inside and between magnetic sublattices. The NGd−Ni values are approximately constant along
series while the NNi–Ni ones increase when decreasing the Gd content. Starting from these
parameters we evaluated the exchange field acting on nickel atoms. The nickel magnetizations,
at 1.7 K, are linearly dependent on the exchange fields as seen in figure 11, showing that these
are essentially induced. A critical value of the exchange field, Hexch ≈ 0.3 MOe, for the
appearance of the Ni induced moment, is suggested. In this field, the Ni moment is near nil,
MNi ≈ 0.03 µB/atom, of the order of magnitude of experimental errors.

These data suggest that the interactions involving gadolinium atoms increase gradually
with x and dominate for the composition range x � 0.6. On the other hand, in the composition
range 0 � x � 0.2, there seems to be a change in the dominant magnetic behaviour and the
appearance of induced Ni moment.
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4. Discussion

The band structure calculations show that when increasing the magnetic contributions of
transition metals, for a given type of structure, in compounds with similar rare-earths, the
R 5d band polarization is translated to higher values although the same slope, as function of
De Gennes factor, is observed. Thus, the composition dependence of 5d band polarization,
described by the relation (1), suggests the presence of two contributions. The first one, αG,
is related to the local 4f–5d exchange interactions and seems to be essentially determined by
rare-earth moment. The second one, M5d(0), can be attributed to the induced polarization by
short-range 5d–3d and 5d–5d exchange interactions. The M5d(0) values may be identified by
extrapolation of M5d versus G variation to G = 0. The dominant contribution to M5d(0)

is given by the exchange interactions of R 5d with neighbouring transition metal atoms. A
small contribution is also expected from R 5d–R 5d exchange interactions, which takes place
mainly through orbitals with lobes oriented along the c-axis. Thus, the short range exchange
interactions may be described by the Hamiltonian

H = −2
∑

i

J3di –5dS5d

∑

ni

S3di ni − 2J5d–5dS5d

∑

j

S5d j . (4)

We denoted by i the number of 3d atoms situated in the first coordination shell to an R atom; ni

is the number of atoms occupying a given i site, j is the number of R nearest neighbour atoms
to a given R site and S the corresponding spin values.

The 5d–3d and 5d–5d exchange interactions act as an internal field, Hexch, on the 5d
band and induce an additional polarization to that given by the local 4f–5d exchange. In the
molecular field approximation the exchange field may be written as Hexch = N5d–3dM3d +
N5d–5dM5d, where N5d–3d and N5d–5d are the molecular field coefficients describing the
R 5d–M 3d and R 5d–R 5d exchange interactions, respectively. In RCo5 or in related
RCo4B compounds, the contribution of the second term in relation (4) may be neglected
since S3d � S5d. For RNi5 compounds the 5d band polarization is of the order of Ni 3d
moments and consequently this term cannot be neglected. In this case we consider N5d–3d

∼=
N5d–5d. We showed that the exchange interactions between Ni atoms are of the same order
of magnitude as the Curie temperatures, which are expected to be determined mainly by
gadolinium–nickel exchange interactions. Consequently, this approximation seems to be
reasonable.

As a result of the above discussion it results that the exchange field is proportional to total
d magnetization, Md = M3d + M5d, namely Hexch = ξ Md. Previously [37], we showed
that the induced 3d band polarization in rare-earth transition metal compounds, above the
critical field for appearance of 3d magnetic moment, is proportional to the exchange field
�Md ∝ Hexch. Thus, finally we have M5d(0) = γ Md. According to the above relation, as
well as the Hamiltonian for complex crystal structures (see equation (4)), where R atoms have
different local environments as in RCo4B type structures, the M5d band polarization will be
proportional to the

∑
nk Mk where nk is the number of R and A atoms situated in the first

coordination shell having Mk magnetic moments. The M5d(0) values are plotted in figure 12 as
a function of

∑
nk Mk . In addition to data obtained for RNi5 and RCo5 based compounds, the

5d band polarization M5d(0) for R(1a) and R(1b) sites in RCo4B compounds are also given.
As seen in figure 12, there is a linear dependence of M5d(0) on

∑
nk Mk in agreement with the

above discussion.
According to the above relation we computed the induced R 5d polarization due to 5d–3d

exchange interactions, by using the Ni moments determined from band structure calculations—
table 1. Values M5d(0) = 0.07, 0.05 and 0.035 µB for Gdx La1−xNi5 with x = 1.0; 0.67 and
0.33 were obtained. The total 5d band polarizations for the above compositions, admitting that
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the 4f–5d contribution is ≈0.20 µB as shown in section 3, are 0.27 µB, 0.25 µB and 0.235 µB,
respectively, in agreement with those obtained from band structure calculations—table 1.

There is also an induced polarization on the La 5d band. This is a result of La 5d–
Ni 3d and La 5d–Gd 5d exchange interactions. The La 5d band hybridizes with Ni 3d
bands of nearest neighbouring Ni atoms. In addition, there are also La 5d–Gd 5d interactions
through the orbitals with lobes oriented along the c-axis, as evidenced from band structure
calculations. Considering the above paths of interactions and supposing, as above, that M5d(0)

is proportional to the magnetization of nearest neighbouring atoms, we determined values
M5d(0) = 0.057 µB (x = 0.67) and 0.039 µB (x = 0.33), in agreement with computed
data—table 1. The Ni 3d–Ni 3d exchange interactions involve almost all projected orbitals,
as evidenced already by the presence of ‘fat’ bands. The strengths of the interactions between
Ni atoms were evaluated in section 3. The greater values were shown between Ni(3g)–Ni(3g).
The computed values of the exchange interactions between Ni atoms decrease when Gd is
substituted by La and are of the order of magnitude of those estimated from Curie temperatures.
Since gadolinium and lanthanum are isoelectronic, no band filling mechanism is present when
changing the composition.

The La substitution by Gd leads to variations of the exchange interactions and consequently
to different exchange splitting of Ni 3d bands when increasing gadolinium content. The fact
that the nickel moments change linearly with exchange fields suggests that mean MNi values
are essentially induced. We evaluated the mean exchange fields acting on nickel atoms. Above
a critical field of ≈0.3 MOe the mean MNi values determined at 1.7 K increase linearly with
the exchange field MNi = γ Hexch with γ = 0.9 µB/MOe—figure 11. The nickel moments
seem to be more sensitive to exchange interactions as compared to cobalt ones, where a value
γ = 0.3 µB/MOe was previously obtained [2, 37].

Above a value of the exchange splitting, �Eexch ≈ 5×10−3 eV, there is a linear correlation
between the Ni moments and their band splittings—figure 4. In addition, the mean nickel
moments, at 1.7 K, increase linearly with the exchange field—figure 11. In spite of the fact that
the data from figure 11 refer to mean nickel moments and in figure 4 on their distinct values for
2c and 3g sites, the above trends suggest that Ni 3d band splitting is linearly dependent on the
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exchange field. The critical exchange splitting ∼=3 × 10−3 eV, for the appearance of induced
Ni moment, corresponds to an exchange field of ≈0.5 MOe. A value of critical exchange field
of ≈0.3 MOe has been suggested from magnetic measurements, somewhat smaller than that
estimated from band structure calculations. The difference may be attributed to the fact that in
the first case we used the values of local moments and in the other one the mean Ni moments.
Also, the molecular field coefficients, used in determining the exchange field, were obtained
from paramagnetic data. Since the moments for Ni, at 1.7 K, and the values deduced from
Curie constants are different, this analysis can influence the values of exchange interaction
parameters. In spite of the above approximations the estimated critical fields from the two
different sets of data are in reasonable agreement.

The magnetic susceptibilities for LaNi5, at low temperatures (T � 10 K), follow a relation
of the form χ = χ0(1 + dT 2), typical for a Pauli-type paramagnetic system. The d value
obtained from band structure calculation agrees well with that experimentally determined. As
mentioned, above T � ≈ 150 K, the reciprocal susceptibilities follow a Curie–Weiss-type
behaviour with a negative paramagnetic Curie temperature. The experimentally determined
trend, in this case, is in agreement with the prediction of the spin fluctuation model [38]. The
model is based on the concept of temperature induced moments for systems which have a
strongly enhanced paramagnetic susceptibility or are weak ferromagnets, such as nickel in
the present system. In the case of LaNi5, the wavenumber dependent susceptibility has a
large enhancement due to electron–electron interactions for small q values. The temperature
dependence of χq is significant only when q values are small. The average amplitude of the
local spin fluctuations 〈S2

loc〉 = 3kBT
∑

q χq is a temperature dependent quantity and increases
with temperature until it reaches an upper limit determined by the charge neutrality condition,
at a temperature T �. The moments are localized in q-space. The spin fluctuations are saturated
and the effective moment corresponds to given electron configuration only for a system which
shows a strong exchange enhanced susceptibility, for example YCo2 or LuCo2 compounds
having a high exchange enhanced (Stoner) factor [39]. For LaNi5, the exchange enhancement
factor is not so high and consequently the effective moment value seems to be nonsaturated.
The determined effective Ni moment (2.15 µB/atom) is smaller than the characteristic value
for Ni2+ ions considering only the spin contribution (2.83 µB/atom). For compounds with
x � 0.2, nickel shows, at low temperatures, a weak ferromagnetism. Thus, the presence
of effective nickel moments in the paramagnetic range may be also considered in the spin
fluctuation model. The effective nickel moments decrease when increasing gadolinium content
and exchange interactions, respectively. This behaviour may be ascribed to gradual quenching
of spin fluctuations by internal fields.

The matter of quenching of spin fluctuations by external field was theoretically
analysed [40–42]. According to Brinkman and Engelsberg [41] a magnetic field, Heff, of the
order of the characteristic spin fluctuation temperature, Ts , is required to quench spin fluctuation
enhancement. The effective field is given by Heff = kBTs/µBs1/2. If the magnetic field is
sufficiently large so that the Zeeman splitting energy of opposite spin states is comparable to
or larger than the characteristic spin fluctuation energy, then the paramagnet no longer has
sufficient energy to flip spins and therefore the inelastic spin-flip scattering is quenched. Beal-
Monod [40] showed that the decrease in heat capacity, at 0 K, for a nearly ferromagnetic Fermi
liquid is proportional to H 2. Hertel et al [42] reported that the electronic contribution to the heat
capacity would be depressed by a few percent, at 0.1 MOe, if the Stoner enhancement and the
mass enhanced due to spin fluctuations are large and also if the spin fluctuation temperature is
small. Experimentally, there has been shown in a field of 0.1 MOe a reduction of the electronic
specific heat coefficient by 4% and 10% in strongly exchange enhanced paramagnets YCo2

and LuCo2, respectively [43]. The analysis of our experimental data in the above models
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shows a better agreement with the model of Hertel et al [42], although the agreement with
H 2 dependence [40] was also good.

Previously [44, 45], we showed that by increasing the exchange fields acting on Co
in RCo2 compounds, when replacing non magnetic Lu by magnetic rare-earths, there is a
decrease of the effective cobalt moment along the series from 3.86 µB/atom in LuCo2 or YCo2

up to 2.60 µB/atom in GdCo2. This behaviour was attributed to partial quenching of spin
fluctuations by internal fields. The effective cobalt moments vary linearly with the reciprocal
of the exchange field. A decrease of 6% for the effective cobalt moments, in the above series,
was shown when the internal field increased by 0.1 MOe. The above data may compare with
nearly the same decrease in the electronic specific heat coefficient in nonmagnetic compounds
of the RCo2 series (R = Y, Lu) [43]. The effective nickel moments in Gdx La1−x Ni5, as in
RCo2 systems, vary linearly with the reciprocal of exchange field, Meff(Ni) = 0.35H −1

exchµB,
where Hexch is given in MOe. We also evaluated an effective field required to quench the spin
fluctuations as suggested by [40]. This is of the order of 0.8 MOe, in rather good agreement
with the above experimentally observed dependence.

We note the great variation of the effective nickel moments in the composition range
0 < x < 0.2. There is also a diminution of the paramagnetic Curie temperature (in absolute
magnitude) from −1104 K to the asymptotic value of −45 K (x = 0.2). These changes may
be attributed to the transition from a system in which the magnetic properties are dominated,
at x = 0, by spin fluctuations to one in which, for x = 0.2, the ferrimagnetic ordering is
important.

Finally, we conclude that in the Gdx La1−x Ni5, system there is a transition from spin
fluctuation behaviour, characteristic for LaNi5, to a ferrimagnetic type ordering for x > 0.2.
The nickel moments, at 1.7 K, above a critical field, increase almost linearly with the exchange
fields. The same trend was shown for mean nickel moments obtained from band structure
calculations, these being little higher than those determined from magnetic measurements. The
4f–3d exchange interactions are mediated by the R 5d band. The Gd 5d band polarization is
due both to local 4f–5d exchange and 5d–3d and 5d–5d band hybridizations by short range
exchange interactions with neighbouring atoms. The mean effective nickel moments decrease
when increasing gadolinium content, an opposite behaviour to that shown for Ni moments
determined at 1.7 K. The magnetic behaviour of nickel seems to be best described in the spin
fluctuation model. The decrease of the effective nickel moments was connected to gradual
quenching of spin fluctuations by internal field, as the gadolinium content and exchange
interactions respectively increase.
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