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Abstract

The exchange enhanced paramagnets based on LaNis-, YCo,- and Y-Co-B compounds show a transition
from a T? dependence of the magnetic susceptibilities, to a Curie-Weiss behavior, as temperature
increases. The band structure calculations were used to describe the low temperature magnetic
susceptibilities as well as their temperature dependences. The magnetic behavior of Co and Ni, in the
above systems, were analysed in spin fluctuation model.

1. Introduction

The study of the magnetic behavior of R-M- and R-M-B-based compounds, where R is
a rare-earth or yttrium and M = Co or Ni is useful for understanding the magnetic phenomena.
The 3d electrons of Co and Ni, as function of composition, show a diversity of magnetic
behaviors, from well established magnetism, crossing the situation when this collapse, up to
exchange enhanced paramagnetism [1]. In this paper we analyse the magnetic behavior of
exchange enhanced paramagnets of R-M- and R-M-B-based compounds where R is a
nonmagnetic rare-earth or yttrium and M=Co or Ni. The magnetic properties of the exchanged
paramagnets are difficult to be studied. The presence of small quantities of magnetic ordered
impurities can modify the real magnetic susceptibilities. Thus, a careful preparation of the
compounds as well as the analysis of the data, in ordered to eliminate the contributions to
susceptibilities from magnetic ordered phases, is necessary.

In previous papers [2-7] we showed interesting properties of exchange enhanced
paramagnets based on YCo,- and LaNis- compounds. In high temperature range there is a
change in their magnetic behavior, the systems showing a similar behavior as for those

characterized by local moments. As an on-going work, we present in this paper the magnetic

! Invited lecture presented to TIM-05 conference, 24-25 November, 2005, Timisoara



behavior both in low and high temperature range of some exchange enhanced paramagnets. In

addition band structure calculations were performed.

2. Experimental and Computing Method

The YCo,xMx with M = Si, Cr, Cu and Ni [5], LaNis«My with M = Al, Cu [2,3],
Y,Co7.xNixB3, and YCosz.xNixB compounds were prepared in induction furnace or in arc
furnace in purified argon atmosphere. The samples were thermally treated in vacuum between
900 and 1000°C for one weak. The X-ray analyses show that the Y Co,.xM form solid solutions
having cubic MgCuy-type structure for x < 0.25 (Ti), X < 0.40 (Cr), x < 0.2 (Cu) and x < 0.3
(Si). When M = Ni, solid solutions are formed in all the composition range. LaNis.xMx with M
= Cu or Al, forms solid solutions having hexagonal CaCus-type structure for x < 2. The YCos.
xNixB with x < 2 and YCo;xNixB3 compounds with x < 4 crystallize in a hexagonal structure
having P6/mmm space group.

Magnetic measurements were performed in the temperature range 1.7 — 800 K. The
magnetic susceptibilities, x, were determined from their field dependences according to the
relation ym = 3 + cMsH™, by extrapolating the measured values ym to H* — 0. We denoted by
c a presumed magnetic ordered impurity content and M; is their saturation magnetization. By
this method any possible alteration of the magnetic susceptibilities, due to presence of small
quantities of magnetic ordered phase is avoided.

Band structure calculations were performed by using the ab intio tight binding linear
muffin tin orbital method (LMTO) in atomic sphere approximation [8-10]. In the framework of
local density approximation (LDA), the total electronic potential in the sum of the external,
Coulomb and exchange correlation potential [11]. The frozen core approximation was
employed in the generation of the potential and parameterization of VVon-Barth and Hedin [12]
was used for the exchange correlation part of the effective one electron potential, obtained

within the local spin density approximation of the density functional theory.

3. Experimental results

The thermal variations of reciprocal susceptibilities of YCo0,4Six, YCo02xNix, YCos.
xNixB, Y,Co3NisBz and LaNisxCux compounds are plotted in Fig.1. The magnetic
susceptibilities increase up to a temperature, Trmax, and then decrease. Above a characteristic

temperature, T*, a Curie-Weiss type behaviour was shown.
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In the low temperature range, the magnetic susceptibilities follow a variation which

can be described by a T? dependence — Fig. 2.

% = xo(1+aT?) (1)
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Fig.2  Temperature dependences of the magnetic susceptibilities, for YCo,,M, (M=Ni,Ti) (a) and LaNis.Al
(b) compounds at T < 10 K.
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Fig. 3  The effective cobalt moments in YCo,,M, (M = Co,Si) (a) and YCos,Ni,B and Y,Co3Ni,B; (b)
compounds.

Fig. 4 The effective nickel moments in
LaNis M, (M = Cu,Al).

X

Above the temperature T*, there is a change in magnetic behavior; the x'l vs T for all
the systems follows linear dependences — Fig.1. The effective magnetic moments of cobalt,
Me(Co), in YCo2xNix and YCo,4Six, YCo3xNixB and Y,CosNiysBs are plotted in Fig.3. In
Fig. 4 the effective nickel moments in LaNis.xMy with M = Cu, Al are plotted. The effective

cobalt moments in YCo,«Niy are little dependent on composition, while in case of YCo0,.4Siy,



YCos.xNixB and Y,CosNisB; systems, the M¢s(Co) decrease rather rapidly when increasing
silicon content. A decrease of effective nickel moments can be shown in nickel based
compounds, when nickel is substituted by Cu or Al.

In order to obtain more information on the above behaviour, band structure
calculations were performed.

The total density of states as well as of Co3d ones for YCo,; YCo;7Sips,
YCo1625Nig 375 are plotted in Fig.5 and the total density of states in case of LaNis, LaNisCu
and LaNisAl compounds are given in Fig.6. From the above data, we computed the magnetic
susceptibilities at 0 K. The values thus obtained, in LaNisxMy systems, as well as those
experimentally determined are given in Fig.7. There is a rather good agreement. The high
decrease of the y values in LaNis.cAlx can be attributed to hybridization effects of Ni3d and
Al3p states. This is not observed in copper substituted system where separate Cu and Ni bands
were shown as evidenced in Fig.6. The effect of hybridization may be better observed in
Y Co,.Six system -Fig.5. In YCo, the Fermi level is situated above the characteristic double
sharp peak structure of the local DOS of cobalt d states. The double peak structure of Co d
states decrease in intensity and is broadened by p-d hybridization and in addition the Co3d
band is shifted to lower energies. In this way can be explained the rather high decrease of the
cobalt moment in silicon doped compounds. No much changes can be observed in the band

structures Y Co,-xNix compounds.
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Fig. 5 Band structures of YCo, (a),
Y Co041.6755i0.125 (D), YC01625Nio.a75 (C)
compounds.
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The coefficients, a, describing the slope of %™ vs T as mentioned in relation (1) were

calculated by considering a paramagnon model [13,14]. In this model the a term is given by:

2 12
a=“—[2”——1.2”—2j 52 )
6 n n Ec

We denoted by n, n’ and n” the state density at the Fermi level and their first and
second of their derivatives and by s the exchange enhancement factor. From band structures
we determined the n(Er), n’ (Er) and n”(Eg) and thus the a values. As seen in Table 1 there is

a rather good agreement between the computed and experimentally determined values.

Table 1: The experimentally determined and computed a parameters

a-10” (K
Compound experimental theoretical

LaNis 1.30 1.22
LaNisAl 0.23 0.17
LaNi,Cu 1.00 0.94
YCo, 1.80 2.06
YCo16Niga 1.30 1.52
YCOl_gTio_l 1.068
YCo1.875To.125 0.996
YCo8Tio.2 0.91
YCoy.75Tlo.25 0.895
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structure calculations and the experimentally <S%>!2 yalues and those computed in
determined values, at 1.7 K, for LaNis.,M, with Y (CoxNiy4), compounds
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As already evidenced, there is a transition from a T2 dependence of the magnetic
susceptibilities, characteristic to a Pauli-type paramagnetism, to a Curie-Weiss behavior
typical for localized moments. This behavior can be analysed in the spin fluctuation model
[15]. The model is based on the concept of temperature induced moments for systems having
a strongly enhanced paramagnetic susceptibility. In this model, the wave number dependent
susceptibility, x4, for a nearly ferromagnetic alloy has a large enhancement due to electron-
electron interaction for small g values. The y4 shows significant temperature dependence only
for q values close to zero. The average amplitude of spin fluctuations <S?> = 3 kgT X Ya
increases with temperature and reaches an upper limit at a temperature T*. For T > T* a
Curie-Weiss type behaviour is predicted, similar as in systems having local moments. The
moments are localized in g space. The spin fluctuations are saturated only for samples having
high enhancement factor, as YCo,, where s = 10. In LaNis-based systems, the exchange
enhancement factor s = 5-6 and thus the spin fluctuations are not saturated. In first case the
effective moments are close to that of free Co®* ions, white in second one these are smaller
than that of free Ni?* ion. We analysed the temperature dependences of the magnetic
susceptibilities in YCo,.xNix system, in which the spin fluctuations seem to be saturated in
high temperature range [4]. The contributions of spin fluctuations were considered to obey a
classical gaussian statistics [16,17]. In this model, it is possible to estimate quantitatively the
contributions to the susceptibilities, xs, from the spin fluctuations, in terms of a realistic
density of states as [16-19]:

Xs_lzal—owgag <82>+§a5 % +§a7 <8234 . (3)



where the mean square value of the fluctuating magnetization, <S?>, is given by:
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We denoted by aj, as, as and ay the expansion coefficients of the free energy with respect to

the square of the magnetization density and o, gn and A denote the molecular field
coefficient, the cut-off wave vector of spin fluctuations and the exchange stiffness constant,
respectively.

In the following, the series expansion development up to terms in <S*> was

considered. The explicit expressions for a; coefficients were given as [18,19]:
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As previously, n™ and n"" are the derivative of three and fourth order, respectively, of
the state density. The temperature dependences of <S*> values were determined, according to
the above relations, in YCo,«Niy system up to temperature of 800 K. The values thus obtained
close to saturation (Tz 800 K) are given in Fig.7 together with those experimentally
determined. The computed values are only little smaller than the experimental ones. The
differences can be attributed to limitation of the number of terms in series development of
values as well as to the fact that <S?> values were computed only up to 800 K. We evaluated
also the exchange stiffness constants A. These values decrease gradually when the nickel
content increase. This is in agreement with the decrease of the exchange enhancement factor,

as evidenced from susceptibilities data in Y Co,«Nix compounds.

4. Conclusions

The exchange enhanced paramagnets show a spin fluctuations behavior. A transition
from a T dependence of the magnetic susceptibilities, to a Curie-Weiss behavior was shown,
as temperature increases.

The magnetic susceptibilities of Y-Co, Y-Co-B and La-Ni- based systems show a
transition from a T2 dependence to a Curie-Weiss behavior as temperature increases. The
above data can be analysed in spin fluctuations model. The model reconciles the dual

character of electron, which as particle requires a real space description and as a wave, a



momentum space description. The spin fluctuations model considers the balance between the
frequencies of longitudinal spin fluctuations, which are determined by their lifetime and of
transverse fluctuations, which are of thermal origin. These effects lead to the concept of
temperature-induced magnetic moment. The XPS studies performed on the studied systems
show that the 3d band of Ni and Co, at 300K, are not filled, in agreement with the magnetic
measurements.

The low temperature magnetic susceptibilities are well described in paramagnon

model, by using the densities of states determined from band structure calculations.
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