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The pressure evolutions of cobalt moments in rare-earth compounds are studied by 
using band structure calculations. The computed magnetic moments are compared with 
those experimentally determined. The peculiar features of the magnetic-nonmagnetic 
transitions are analysed. The magneto-volume effects are discussed in correlation with 
the localization degree of transition metal moments. 

Key words: rare-earth-transition metal compounds, band structures, magnetic properties, 
pressure effects. 

1. INTRODUCTION 

The magnetic ordered rare-earth or yttrium (R)-transition metal (A) 
compounds are intensively investigated both from scientific reasons as well as for 
their technical uses. The presence in the same compound of R and A atoms give 
rises to interesting properties as high anisotropy and magnetostriction [1], giant 
magnetoresistance or magnetocaloric effects [2, 3]. The R-A compounds are used 
also for manufacturing high energy permanent magnets [1, 4]. 

In the above compounds, as function of composition and crystal structure, the 
transition metals (Fe, Co, Ni) have a wide range of magnetic behaviours starting 
from strong ferromagnetism up to exchange enhanced paramagnetism, crossing the 
situation when their moments collapse. Generally, in RAX compounds, iron 
moments are rather well localized while nickel shows a weak ferromagnetism or is 
not magnetic. A more complex behavior has been evidenced for cobalt. It behaves 
as strong ferromagnet in RCo5 or R2Co17 compounds or as a weak ferromagnet in 
RCo2 series with magnetic rare-earths. In compounds with non-magnetic R (R = Y, 
Lu) elements, at low temperatures, cobalt shows an exchange enhanced 
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paramagnetic susceptibility. In high field, a magnetic moment is induced. 
Intermediate degree of localization can be seen as for example, in R-Co-B [5] or 
RCo4Z (Z = Si, Al, Ga, Ge) [6] compounds.  

The magnetic interactions between R and A atoms can be described by 4f-5d-
3d model [7]. The 4f electrons of rare-earths polarize their 5d bands and there are 
also R5d-A3d short range exchange interactions. The R5d band polarizations, in 
compounds with magnetic A atoms, are determined both by local 4f-5d and R5d-
A3d short range interactions [8]. The exchange interactions between rare-earths 
seem to be mainly the result of R5d-R5d band hybridization, as already suggested 
[9, 10]. The strong coupling between R and A magnetic sublattices provides a 
significant response of the magnetic properties to the action of pressure or 
magnetic field. 

In this study the pressure dependences of cobalt moments in R-Co, R-Co-B 
and R-Co-Si compounds are theoretically analysed. The computed moments are 
compared with experimentally determined values. The magneto-volume effects are 
discussed in correlation with the localization degree of transition metal moments. 

2. EXPERIMENTAL AND COMPUTING METHOD 

The experimentally studied compounds were prepared by the levitation or 
arc melting methods. The samples were then thermally treated in vacuum for one 
week at temperatures between 1000 oC and 1100 oC. The X-ray analyses showed in 
all cases the presence of only one phase. The magnetic properties were studied in 
the temperature range 4.2-1000 K, and field up to 7 T. The facilities used in 
neutron diffraction studies were already presented [11, 12].  

The ground state electronic structures and magnetic properties have been 
studied by using tight-binding linear muffin tin orbital method (TB-LMTO) in 
atomic sphere approximation [13]. The local density approximation was used for 
the exchange correlation potential within Vosko-Wilk-Nussair parameterization 
[14]. The valence basis consists of s-, p- and d-types orbitals, whereas the 4f 
orbitals were considered as open core states that do not hybridize with conduction 
electrons but having polarization calculated self-consistently. The ground state was 
obtained by minimizing the total energy with respect to lattice parameters.  

3. MAGNETIC BEHAVIOR OF RARE-EARTH-COBALT COMPOUNDS 
UNDER PRESSURE 

The pressure effects on the magnetic properties of RCo5 (R = Y, Gd), RCo4Z 
(Z = Si, Ga), R-Co-B and RCo2 compounds are analysed. In these compounds, at 
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ambient conditions, cobalt behaves either as a weak feromagnet or shows a strong 
ferromagnetism. 

The RCo5 (R = Y, Gd) compounds crystallize in CaCu5-type structure [1]. In 
this lattice the cobalt atoms occupy 2c and 3g sites while R ones are located in 1a 
position. The YCo5 is a ferromagnet having saturation magnetization Ms = 7.7 μB/f.u.. 
The gadolinium and cobalt magnetizations in GdCo5 are antiparallely oriented, the 
magnetization at 4 K being Ms = 1.4 μB/f.u. The previous pressure studies were 
mainly focused on YCo5 compound [15-18], Kitagawa et al. [15] evidenced 
theoretically a collapse of cobalt moment in YCo5, when their volume decreases, 
up to 90 %, as effect of pressure. Rosner et al. [16, 17] studied both experimentally 
and theoretically the transition of cobalt moment from high spin (HS) to low spin 
(LS) states, as effect of pressure, in correlation with crystal structure of YCo5. At a 
pressure p = 18 ± 2 GPa, corresponding to a reduced volume v/v0 = 0.90, an 
isomorphic structure transition was also shown. The transition is of first order and 
accompanied by a stepwise drop of cobalt magnetization and by an isomorphic 
lattice collapse of peculiar anisotropic kind. In a preliminary report [18], we 
showed an isomorphic structure transition also for GdCo5 compound. 

The RCo4Z (Z = Si, Al, Ga), compounds crystallize in a hexagonal structure 
of CaCu5-type. The RCo4B compounds have also an hexagonal type lattice, but of 
CeCo4B-type [6]. The structure is derived from CaCu5 one by replacing every 
second layer, the Co2c atoms by boron ones. The cobalt atoms are located in 2c 
and 6i sites. The evolutions with pressure of Curie temperatures and saturation 
magnetizations in RCo4B (Ce, Y, Gd) [19], YCo4Si [20] and YCo4Ge [21] 
compounds were also reported.  

The magnetic properties of RCo2 compounds were studied as function of 
pressure in a large temperature range or external fields. The pressure dependences 
of the Curie temperatures were analysed by using magnetic and resistivity 
measurements [22-29]. Contradictory data were obtained. The neutron diffraction 
measurements, at p ≤ 4.6 GPa, on RCo2 (R = Tb, Ho) compounds, evidenced a 
gradual decrease of cobalt moments while those of rare-earths are only little 
affected [11, 12]. 

The magnetic measurements performed on the above mentioned R-Co series 
allowed to determine their properties generally at ambient pressures. Additional 
information on their magnetic behavior can be obtained starting both from band 
structure calculations as well as experimental studies, under pressure, particularly 
by neutron diffraction. 

The total energies of RCo5 (R = Y, Gd) compounds in the magnetic ordered 
state are given in Fig.1 in the (a, c) lattice parameters plane. The equilibrium lattice 
constants are close to those experimentally determined [16]. The total densities of 
states (DOS) at reduced volume v/v0 = 1.0 and after the transitions from high spin 
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(HS) to low spin (LS) state are presented in Fig.2. The computed magnetic 
moments per formula unit, at ambient pressures are close to those experimentally 
determined. At normal pressure (v/v0 = 1.0), the Fermi level for Co2c and Co3g 
atoms in spin-up sub-band is situated close to a peak in the density of states. In 
spin-down sub-band, at EF, there is a low DOS as expected for a strong 
ferromagnet. When pressure increases, relative volume decreases, respectively, the 
bands broaden.  There is also a gradual shift of the spin-up sub-band at lower 
energies and of the spin-down one at higher ones. As a result, the peaks in DOS 
located at ≅ 0.1 eV above EF for YCo5 and at ≅ 0.2 eV for GdCo5, in the spin-up 
sub-bands, cross the Fermi level. The density of states at EF in spin-down sub-band 
increases as result of the above mentioned shift. The exchange splitting of cobalt 
band is continuously diminished as pressure increases, parallelly with gradually 
decrease of cobalt moments. A change of cobalt moments at both sites with a rate 
of ≅ –0.02 μB /GPa can be shown – Fig.3. There is a transition from HS to LS state 
at v/vo = 0.90 for YCo5 and at 0.86 for GdCo5. At these relative volumes, there is a 
higher decrease (by ≅ 0.3 μB), of the MCo(3g) than for MCo(2c) moment. This 
behavior can be correlated with their different local environments. Thus, in YCo5, 
at ambient conditions, the distances between Co3g-Co3g atoms are by ≅ 0.72 Å 
smaller than those between Co2c-Co2c atoms and close to those between Co2c-
Co3g. At v/v0 = 0.90, the decrease of the distances between cobalt atoms at 2c and 
3g sites is of ≅ 3.4 %. Since of smaller separation between cobalt atoms at 3g sites, 
at normal pressure, a higher degree of 3d band hybridization is expected and larger 
band widths, respectively. This is really observed when analysing the pressure 
evolution of their DOS. Above HS-LS transition, the magnetic moments at both 
sites decrease with a rate of ≅ 0.07 μB/GPa.  

 

  
Fig. 1 – The total energies as function of lattice parameters for YCo5 and GdCo5 compounds.  
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Fig. 2 – The total densities of states of YCo5 at v/v0 = 1.0 and 0.845  
and for GdCo5  at v/v0 = 1.0 and 0.70. 
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Fig. 3 – The dependences of cobalt moments at 2c and 3g sites on relative volumes  

in RCo5 (R = Y, Gd) compounds. 
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The mechanism involved in HS to LS transition has been discussed in YCo5 
compound [16-18]. As the narrow peak located at 0.1 eV above EF in spin-up sub-
bands shift to Fermi level, the corresponding density of states increases. In 
addition, the densities of states in spin-down sub-bands also become higher. Thus, 
the Stoner’s generalized stability criterion is no more fulfilled [17]. The type of 
magnetic ordering seems to do not influence the transition features as evidenced by 
a similar behavior of cobalt moments in both YCo5 and GdCo5 compounds. The 
smaller relative volume, where HS-LS transition is observed in GdCo5, can be 
correlated with higher cobalt magnetic moments as determined at ambient pressure. 

The evolutions with pressure, relative volume, respectively of Y4d (M4d) and 
Gd5d (M5d) band polarizations are given in Fig. 4. Both M4d and M5d polarizations 
are antiparallely oriented to cobalt moments. The M4d polarization is induced by 
Y4d-Co3d short-range exchange interactions, through their band hybridization. The 
Gd5d band polarization is the result of both local 4f-5d (M5d(f) and Gd5d-Co3d 
(M5d(d)) short range interactions. The value M5d(f) = 0.17 μB has been determined 
at reduced volume where the cobalt moment collapsed. This value is close to that 
obtained by analyzing the band polarizations of heavy rare-earths RCo5 compounds 
[8]. Assuming, the additivity of the polarizations, the M5d(d) values were obtained 
– Fig. 4a. Both M4d and M5d(d) follow a linear relation as function of i Coiz M∑  
with a rate of 1·10-2, close to that determined in RCo5 series – Fig.4b. By zi is 
denoted the number of cobalt atoms of i type (i = 2c, 3g), situated in neighborhood 
of an R one and CoiM  are their magnetic moments. 
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Fig. 4 – The M5d, M5d(d) and M4d band polarizations in GdCo5 and YCo5 as function of relative 
volume (a). In (b) are plotted the M4d and M5d(d) values as function of  i Coiz M∑ . 

The partial and total densities of states for Co2c and Co3g in YCo4Si and for 
Co2c and Co6i in YCo4B, at ambient pressure, are plotted in Fig. 5. The partial 
substitution of Co by Si, decreases significantly the Co2c magnetic moment as 
compared to the value determined in YCo5. A linear diminution of cobalt moments 
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at both sites, with the same rate, can be shown when the relative volume decreases 
as effect of pressure. At the HS-LS transition, located at v/v0 = 0.92, the moments 
at both sites sudden change to 0.32 μB and then these linearly decrease. The above 
behavior is rather similar to that evidenced in YCo5 compound.  

 

 
Fig. 5 – The states densities of Co2c and Co3g in YCo4Si (a) and Co2c  

and Co6i in YCo4B at v/v0 = 1.0. 

 
Fig. 6 – The evolutions of Co2c and Co3g magnetic moments  

in YCo4Si as function of relative volumes. 
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The pressure response of cobalt moments at 2c and 6i sites in YCo4B is 
somewhat different – Fig.7. At the transition, there is a direct collapse of MCo(6i), 
at a reduced volume v/v0 = 0.90. The MCo(2c) moment, at the transition decreases 
up to 0.16 μB and collapses only at v/v0 = 0.85. At normal pressure the cobalt 
moment at 6i site is strongly affected by their local environment, as evidenced by 
their low value. In this case a direct magnetic-non-magnetic transition is observed. 
The one step magnetic transition has been evidenced by band structure calculations 
also in Y3Co11B4 and Y2Co7B3 compounds, where the cobalt moments at various 
sites are rather low. In all the above compounds the mechanism involved in the 
evolution with pressure of the cobalt moments, particularly at the transition, is 
similar as that discussed for RCo5 compounds although there is a sudden collapse.  

 

 
Fig. 7 – The dependences of Co2c  and Co6i magnetic moments  

in YCo4B as function of relative volumes. 

The total and partial, densities of states of cobalt atoms at 9e site in  type 
structure of TbCo2, as determined at T = 10 K and p = 0 or 4.1 GPa, are given in 
Fig. 8. As the volume decreases, there is a direct transition from magnetic to non-
magnetic state at v/v0 = 0.92. The experimentally determined cobalt moments in 
RCo2 (R = Tb, Ho, Er) decrease with a pressure rate of –0.1 μB/GPa [11, 12] – 
Fig. 9. The computed dependence shows a lower pressure rate than that above 
mentioned. When increasing pressure, as example in TbCo2, there is a shift, on 
energy scale, of the bands corresponding to all Co9e orbitals. Thus the 
nondispersive band at 0.25 eV along L-Z and Γ-F directions. (p = 0 GPa) shifts at 
0.15 eV along L-Z direction, at EF in Z-Γ one and below EF in Γ-F direction  
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(p = 4.1 GPa). In spin-down sub-band, the feature at –0.20 eV (p = 0 GPa) along  
Z-Γ direction cross the Fermi level and shifts above EF (p = 4.1 GPa). In such a 
way the cobalt magnetic moments diminishe [11]. The presence of anisotropic 
exchange interactions is suggested. As effect of pressure, the state densities at EF of 
spin-up and spin-down sub-bands are changed and the stability condition of cobalt 
moment is not more fulfilled for a reduced volume v/v0 = 0.92. There is a strong 
hybridization of Co3d and R5d bands. As a result of this coupling the R5d band 
polarizations follow qualitatively similar pressure dependence as those of cobalt 
moments. 

 

     
Fig. 8 – Total and partial densities of states of Co9e in TbCo2 at p = 0 and 4.1 GPa. 
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Fig. 9 – The pressure dependences of cobalt moments in RCo2 (R = Tb, Ho, Er),  

determined by neutron diffraction measurements at T = 10 K. 
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4. MAGNETO-VOLUME EFFECTS IN RARE-EARTH-TRANSITION 
METAL COMPOUNDS 

The analysis of magnetic properties of R-Co and R-Fe compounds in 
correlation with volume variations can give information particularly on the 
localization degree of transition metal moments. In order to characterize these 
effects, the Γ parameter can be used: 

 c c

c

1 dT dlnT=
κT dp dlnv

Γ =  (1) 

By κ is denoted the compressibility, v volume and Tc the Curie temperature. 
The volume variations can be the result of pressure effects or by increasing 

the lattice parameters as for example by doping, the given structure, with interstitial 
atoms (C,N). The R2Fe17 [30] or R2Fe14B [31] are classical examples.  

The correlations between Γ parameters and Curie temperatures were 
theoretically analysed starting from the itinerant model of transition metals 
magnetism [32], as well as when these show localized features [33]. The last 
analysis has been based on Stearns’model, used to describe the magnetic properties 
of iron [34]. The model supposes that a small fraction of 3d electrons (5 %) are 
fully itinerant, the greatest part (95 %) being situated in narrow bands and thus 
considered as localized. The model predicts a linear dependence of Γ parameter on 
Curie temperature [33]. 

 
( )

2 2
B 0eff

c2
b

k N g I5 dlnJ 52 – T
3 dlnv 8 S S+1 J Ieff

Γ = +  (2) 

where N0 is the Avogadro number, g Landè factor and Jeff characterizes the 
coupling of local spin S with itinerant electrons. By I is denoted the effective intra-
atomic exchange integral, which is reduced from its bare value, Ib, by many body 
correlation effects.  

The dependences of Γ parameter as function of Curie temperatures have been 
determined from previously reported data on R2Fe17C2, R2Fe17Ny [35-37] and 
Y2Fe17-xMxNy [38, 39] compounds with high content of interstitial atoms – Fig. 10. 
The above values were obtained on compounds prepared in different conditions, 
the content of interstitial atoms being not in all cases accurately determined. As a 
result the data are somewhat scattered. The Γ evolution with Tc can be fitted with 
the relation (2)  

 Γ = a – bTc (3) 

where a = 40 and b = 0.0067 K-1. These values are close to those determined in 
R2Fe17C2 compounds [40]. 
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Fig. 10 – The dependence of Γ values on the Curie temperatures in R2Fe17C(N)y compounds having a 

high content of interstitial atoms. The respective dependence obtained from the previous published 
data [19] in RCo4B (R = Gd, Y, Ce) is also given. 

 A similar dependence as described by relation (2) can be found in RCo4B (R 
= Gd, Y, Ce) compounds, when using the previously reported pressure studies [19]. 
In this series values a = 11.4 and b = 0.017 K-1 have been obtained. According to 
relation (2) values dlnJeff/dlnv = 19 and 5 were obtained for R2Fe17C(H)y and 
RCo4B series, respectively. The effective exchange parameter is near four times 
more sensitive to the volume variations in R2Fe17C(H)y than in RCo4B compounds.  

When the itinerant model of transition metals magnetism is used, a linear 
variation of Γ values as function of 2

cT  is predicted [32]: 

 –2
c

5– +BT
3

Γ =  (4) 

were 

 2
F

b

5 IB IT
6 I

=  (5) 

and  = Iη(EF), η(EF) being the density of states at the Fermi level, TF is the 
effective degeneracy temperature which is related to Curie temperature by the 
expression Tc = TF( -1)1/2.  
 The dependence of Γ parameter for R2Fe17Cy (y = 0.5, 1.0), R2Fe17N<2.5 [35, 
36, 38-40] or RCo2 compounds can be described by the relation (4) – Fig.11. 
Interesting is the fact that the data obtained on RCo4B follow also the relation [4]. 
By fitting the experimental data, the following expressions were obtained: 
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Figure 11 - The Γ values as function of Γ for R2Fe17Cy (y=0.5 or 1.0) compounds. In inset are given 
the evolutions of Γ values as obtained in heavy rare-earths RCo2 compounds. The volume variations, 
for RCo2 compounds, were determined from lattice parameters obtained at ambient temperature (1)  

or at 10 K (2). 

 From band structure calculations on Gd2Fe17 compounds [11], a value Iη(EF) 
≅ 1.14 has been estimated. This is somewhat lower than that reported for pure iron, 
Iη(EF) = 1.5-1.7 [42]. Admitting Tc≅ 460 K, as experimentally obtained in Gd2Fe17, 
a value TF ≅ 1300 K has been obtained. The TF thus determined is little higher than 
1000 K as reported in RxFey compounds [32]. 

Starting from band structure calculation on YCo4B, the estimated value, 
Iη(EF) = 1.22 is also somewhat smaller than that determined in cobalt metal,  
Iη(EF) = 1.6-1.8 [42]. When using the Curie temperature of YCo4B, Tc = 392 K, 
values TF ≅ 800 K and I/Ib = 0.92 were obtained. The above data suggest that the 
cobalt moments in RCo4B series can have both localized and itinerant behavior, 
being at the border where one of the above feature dominates.  

Linear relation Γ vs –2
cT  can be evidenced in heavy rare-earths RCo2 

compounds [12] – Fig. 11 inset. Although having the same rates, the data obtained 
when using the pressure dependence of lattice parameters determined at room 
temperature [22], are translated to higher Γ values as compared to those when the 
lattice constants at 10 K [11, 12] are used. From the analysis of the above data, 
values TF ≅ 240 K and I/Ib = 0.85 were obtained. 
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5. CONCLUSIONS 

The band structure calculations evidence a nearly linear decrease of cobalt 
moments in rare-earth compounds up to a critical pressure, volume variation, 
respectively. Such a trend is confirmed by the experimental data, the corresponding 
variation rate being higher than evidenced starting from computed values.  

In all cases, the band structure calculations predict a magnetic transition at a 
characteristic reduced volume. The transition can involve one step or multiple 
steps, depending on the degree of cobalt moment localization. The transitions can 
be correlated with the evolution with pressure of the band structures. There is a 
shift of the spin-up and spin-down DOS in opposite directions, on energy scale, the 
exchange splitting of the cobalt band decreasing with pressure. The collapse of 
cobalt moments can be correlated with the instability determined by the high 
density of states at the Fermi level in both sub-bands.  

There is a strong correlation between the sample volumes and the Curie 
temperatures in the studied systems, although the involved mechanisms are 
different in R2Fe17- and R-Co- based compounds. As a result, there is a higher 
sensitivity of the effective exchange interaction parameter in R2Fe17C(H)y than in 
R-Co system. This behavior can be correlated with the peculiarities of the crystal 
structures and the transition metal moments. The iron atoms in R2Fe17C(H)y  
structure occupy four types of lattice sites with different distances between them 
[1]. The exchange interactions involving iron atoms situated at distances d ≤ 2.45 
Å are negative, while those associated with more distant atoms are positive. The 
negative interactions are not satisfied and consequently a large magnetic energy is 
stored. This brings about the low magnetic ordering temperatures. When the 
volume increases, by doping with interstitial atoms, the negative exchange 
interactions diminishe and finally cancel and as a result the Tc values increase 
significantly even the iron moments are only little modified. The volume expansion 
leads to narrow bandwidth and thus the iron shows more localized features. As a 
result, by increasing the number of interstitial atoms, volumes increase, 
respectively, there is a change in Γ dependence from  as predicted by an 
itinerant model, to Tc one when transition metals were expected to show more 
localized magnetic features. 

The cobalt moments are significantly affected by pressure and can be 
correlated with the exchange splitting of 3d band [43, 44]. As a result the exchange 
interactions diminishe parallelly with the Curie temperatures. Thus, in R-Co 
compounds the volume effects can be correlated mainly with variation of cobalt 
moments and their contributions to exchange interactions. The above features can 
explain the higher sensitivity of the effective exchange parameters to the volume 
variations in R2Fe17C(H)y compounds than in R-Co ones. 
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