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Abstract: The magnetic properties of RCo3B2 compounds, with heavy rare earths, are investigated 

by using magnetic measurements and electronic structure calculations. The cobalt sublattice 

magnetizations are very small and antiparallel oriented to rare earths moments. Contributions of 

cobalt moments to the Curie constants were also shown. The cobalt magnetic behavior has been 

analyzed in spin fluctuations model. The presence of short-range order above the Curie 

temperatures in RCo3B2 compounds with R=Tb, Dy, and Ho has been attributed to reminiscent R5d-

Co3d interactions.  

Keywords: magnetization; band structure; paramagnetic behavior; cobalt magnetism; short range 

order; exchange interactions 

 

1. Introduction 

The RCo3B2 compounds, at ambient conditions, crystallize in a CeCo3B2-type structure, space 

group P6/mmm. This is derived from CaCu5-type lattice, by replacing Co atoms by B at 2c site. The 

R atoms are located on 1a site, Co in 3g and B on 2c positions [1]. At T<Tc=27 K, the TbCo3B2 

crystallizes in orthorhombic type structure, space group Cmmm [2]. 

The RCo3B2 compounds show interesting physical properties. An anomaly in the temperature 

dependence of the magnetic susceptibility, at T≅150 K, was shown in YCo3B2 [3]. Small magnetic 

moments were also determined, at T=4.2 K, in this compound [4,5]. Anomalies in the magnetic 

susceptibilities of TbCo3B2 at T=150 K, were also shown and attributed to the collapse of cobalt 

sublattice magnetization [6,7]. The careful analysis of the magnetic properties of the YCo3B2 

compound evidenced that really it is a paramagnet [8,9]. The magnetic susceptibility, χ, at T<10 K 

follows a T2 dependence, then the χ values increase with temperature up to a maximum located at 

T≅150 K. For T>300 K, the magnetic susceptibility follows a Curie-Weiss type dependence. A similar 

behavior has been shown in RCo2 compounds with R=Y or Lu [10]. The cobalt magnetic behavior in 

these compounds, can be well analyzed in the spin fluctuations model [11].  

The RCo3B2 borides with magnetic heavy rare earths, R= Gd [5,9,12–17], Tb [5,14,15,18–20], Dy 

[5,8,14,15,17,21–23], Ho [24] and Er [12,14] are magnetically ordered. Starting from magnetic 

measurements was assumed that cobalt, at T<Tc, either has a small cobalt ordered moment 

[5,6,15,16,21] or the cobalt moment is nil [12,19]. The presence of a small cobalt moment, in DyCo3B2, 

antiparallel oriented to Dy one, was shown by magnetic Compton profile analysis [25]. A parallel 

alignment of Ho and Co moments in HoCo3B2 was also reported [7], in contradiction with general 

trend of magnetic properties of heavy rare earth-transition metal-boron compounds [26]. The band 

structure calculations on GdCo3B2 also showed the presence of a cobalt moment, MCo≅0.1 μB/atom, 

antiparallel oriented to gadolinium one [27]. The Curie temperatures of RCo3B2 compounds are rather 

low, below 53 K. Crystalline electric fields (CEF) at R sites were evidenced. The Tb moment in TbCo3B2 

was assumed to be induced in the singlet ground state by a component of exchange field 
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perpendicular to the crystalline electric field, which admixes higher lying states into singlet ground 

state [19].  

 The magnetic susceptibilities. χ, of RCo3B2 compounds with heavy rare earths, were 

investigated in a limited temperature range, mainly at Tc < T< 300 K. The experimental data were 

fitted assuming a Curie-Weiss type behavior. A change of χ vs T slopes, at T ≅ 300 K, was shown in 

case of RCo3B2 compounds with R = Gd and Dy, the Curie constants being determined only from the 

data obtained at T < 300 K [5]. The reported effective moments per formula unit, were assumed to be 

close to those of R3+ free ions [5–7,12,18,20,24]. A nonlinear temperature dependence of the magnetic 

susceptibilities was later shown in ferrimagnetic GdxY1-xCo3B2 system with x > 0.2. The effective cobalt 

moments, μ ≅ 1.4μB/Co atom, determined at 350 K< T < 700 K, where linear temperature dependences 

of susceptibilities were shown, are little dependent on composition [8]. By magnetic diffuse scattering 

on TbCo3B2, the clusters of aligned moments which fluctuate over time, was shown at T > Tc [19]. The 

above behavior has been attributed to the existence of a nonmagnetic singlet ground state, well 

separated from the first excited state by an energy gap, which leads to rapidly fluctuating magnetic 

exchange fields (MEFs). The minimum of the correlation length was found to be ξ=6.5(2.5) nm. The 

short-range order, above Tc, was also reported in DyCo3B2 [22] and HoCo3B2 [24] compounds, as well 

as in RCo2 series [28], where the R moments are close to gJ values.  

 In this paper, the magnetic behavior of heavy rare-earths RCo3B2 compounds, in a large 

temperature range as well as their electronic structures, have been investigated. A small cobalt 

moment was shown in magnetic ordered state, as well as their contributions to the Curie constants. 

The magnetic behavior of cobalt has been analyzed in the spin fluctuations model. No magnetic phase 

transition was shown, at T≅150 K. The presence of short-range order, above the Curie temperatures, 

in some RCo3B2 compounds was correlated with reminiscent R5d-Co3d magnetic coupling.  

2. Materials and Methods 

The RCo3B2 samples with heavy rare earths were prepared by arc melting the constituent 

elements in purified argon atmosphere and re-melting several times to ensure a good homogeneity 

[8,9]. A little higher rare earth content, of about 1%, than corresponding to stoichiometric sample, 

was used to compensate their loss during the melting and to avoid the formation of phases with 

higher Curie points. The samples were treated under vacuum at 1000 oC, for ten days. 

Magnetic measurements were performed in temperature range 4.2 K - 700 K or 800 K and fields 

up to 7 T. In the temperature range Tc <T < 200 K, the magnetic susceptibilities were determined from 

their field dependence, according to Honda-Owen plot [29], 𝜒୫ = 𝜒 + cM௜/H, by extrapolating the 

measured values χm to H-1→0. By c is denoted a presumed magnetic ordered impurity content and 

Mi is their magnetization. By this method the possible alteration of magnetic susceptibilities is 

avoided, even if some magnetic ordered impurities are present. Very small amounts of impurities 

were shown, in some samples, in a limited temperature range above Tc. 

The ground state electronic structure and magnetic properties of RCo3B2 compounds have been 

determined by means of the tight binding linear muffin-tin orbital (TB-LMTO) method in its atomic 

sphere approximation (ASA) [30,31]. The standard combined correction terms have been used to 

compensate the errors due to ASA [32]. The local spin density approximation (LSDA) has been 

employed for the exchange and correlation potential of the electronic gas, assuming the Von Barth 

and Hedin parameterization [33]. The valence band consists of s-, p- and d- orbitals whereas the 4f 

orbitals of R atoms have been considered as open core states that do not hybridize with conduction 

electrons but having the polarizations calculated self-consistently. All electronic structure 

calculations have been performed for the experimental values of the lattice spacings. Due to the non-

closed-packed structure of CeCo3B2-type lattice, an empty sphere was inserted at appropriate 

interstitial position, without breaking the crystals symmetry, in order to fulfill ASA space filling 

requirement. The atomic radii used have been chosen such that the overlapping maintains within 

permissible ASA limit. The analysis of the data has been made starting from 4f-5d-3d exchange 

interaction model [34].  
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3. Results and Discussions 

The X-ray analysis, at ambient conditions, showed the presence of only one phase having 

hexagonal structure, P6/mmm space group. The lattice parameters, including those for GdCo3B2 

compound [8] are given in Table1. The a lattice constants decrease according to lanthanide 

contraction while the c ones are little dependent of R partner. In the structure, the R atoms have (2R, 

2Co, 6B) and cobalt (4R, 6Co, 4B) nearest neighbors, their physical properties, particularly of cobalt, 

being determined by their local environments. The distances between Co atoms are of about 0.252 

nm and those between Tb and Co of about 0.2935 nm. The distance between cobalt and boron, of 

about 0.209 nm, is smaller than the sum of metallic radius of Co (0.125 nm) and B (0.088 nm), and 

consequently a strong hybridization of Co3d and B2p orbitals occurs [1].  

Table 1. Lattice parameters and magnetic data. 

R 
Lattice parameters (nm) Magnetization (μB/f.u.) 

C  

(emuK/f.u.) 

Meff (Co) 

(μB/atom) 

a c M4.2a) M0b) Ctotal CCo  

Gd 0.5058 0.3020 6.42 6.54 8.63 0.74 1.40 

Tb 0.5051 0.3007 6.03 7.73 12.70 0.88 1.53 

Dy 0.5029 0.3020 8.23 9.44 15.10 0.96 1.60 

Ho 0.520 0.3023 8.57 9.76 14.61 0.48 1.13 

Er 0.5004 0.3023 8.37 8.90 12.72 1.28 1.84 

Y 0.5032 0.3025 - - 0.674 0.674 1.34 

a) at T = 4.2 K, H =7 T; b) extrapolated at T = 0 K and H → ∞. 

The total and partial densities of states of Ho1a, Co3g and B2c atoms in HoCo3B2 compound, are 

given as example in Figure 1. There is a strong hybridization of Co3d and B2p bands, resulting in an 

induced magnetic moment of about 0.002 μB/B atom. A hybridization of Co3d and R5d states is also 

shown. The R5d band polarization, M5d, as previously stated [35], is induced by both local 4f-5d 

exchange, M5d(f), as well as by R5d-Co3d short range interactions, M5d(d), Mହୢ = Mହୢ(d) + Mହୢ(f) 
with M5d(d)=-0.04 μB and M5d(f) = - αG, where G is the De Gennes factor, G = ൫g୎ െ 1൯ଶJ(J + 1)-Figure 

2. The rate, α =1.1*10-2 μB/G, is similar with that determined in RNi2 series and somewhat smaller than 

that obtained in RCo2 compounds (1.9*10-2 μB/G) [35]. The M5d(d) is the induced polarization by the 

R5d interactions with the zi cobalt atoms situated in their environment. As previously stated, the R5d 

band polarization is a measure of the exchange interactions between R and Co moments, as already 

evidenced in RCo2 [36] as well as RFe2 [37] series. 
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Figure 1. Orbital decomposed total (a) and partial (b-d) densities of states of Ho, Co and B atoms in 

HoCo3B2 compound. 
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Figure 2. The dependence of R5d band polarizations on de Gennes factor in RCo3B2 series. 

The computed cobalt moments in RCo3B2 compounds with R= Gd, Tb, Dy, Ho and Er are 

antiparallel oriented to those of rare earths and decrease from 0.09 μB/atom (R=Gd) down to 0.03 

μB/atom for R=Er, The small cobalt moments, as already mentioned, are the result of strong 

hybridization of Co3d and B2p bands. The contributions of cobalt sublattice to the RCo3B2 

magnetizations, decrease from about 4%, (R=Gd), down to about 1% (R=Er). There is a linear 

dependence of cobalt moments on the R5d band polarizations, with a rate of 0.58, confirming their 

induction by 4f-5d-3d exchange path -Figure 3. The ratio Mହୢ(d)/∑ z୧Mେ୭౟୧ ≅ 10ିଵ, determined in 

RCo3B2 series, is by one order of magnitude higher than that in RCo2 compounds [35]. The exchange 

interactions between cobalt atoms are of short range. The radius of R5d orbitals, of 0.533 nm [38] is 

sensitively higher than the distances between neighboring R-Co or R-R atoms and consequently there 

are R5d-Co3d and R5d-R5d exchange interactions, in addition to those through conduction electrons 

[35,39]. 
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Figure 3. Cobalt magnetizations and Curie temperatures as function of R5d band polarizations in 

RCo3B2 compound. 

The magnetization isotherms at T=4.2 K, for RCo3B2 (R=Gd to Er) compounds having small 

anisotropies are nearly saturated in fields up to 7 T -Figure 4. High anisotropies are evidenced in case 

of compounds with R=Tb, Dy and Ho, their magnetizations, being far from saturation in field of 7 T. 

The Curie temperatures are rather low and follow a nearly linear dependence on R5d band 

polarization M5d, De Gennes factor, respectively -Figure 3. The Tc value for TbCo3B2 is smaller than 

the predicted trend, probably due to peculiar terbium magnetism. The Curie temperatures of RCo3B2 

with R=Tb, Dy and Ho increase when increasing external field, with a rate of about 0.6-0.7 K/T, as 

also estimated from magnetocaloric investigations [18,21,24]. 

 

Figure 4. Magnetization isotherms at T=4.2 K. 

The magnetizations determined at T=4.2 K, correspond to those at reduced temperatures 

T/Tc=0.34 (R=Er), 0.25 (R=Ho), 0.19 (R=Dy), 0.155 (R= Tb), 0.073 (R=Gd) and thus corrections for 

thermal variations of magnetizations must to be taken into account, in order to obtain their values in 

fundamental state, Ms(0). In addition, the saturation magnetizations of compounds having high 

anisotropy, can be obtained only by extrapolation of experimentally determined values at H-1→ 0, 

according to the approach to saturation law. The magnetizations, at T=4.2 K, in field of 7 T, as well 

those obtained by extrapolation at H-1→ 0, taking into account the thermal variation of 

magnetizations assuming Brillouin type dependences with J value characteristic for each rare earth, 
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are listed in Table 1. The Ms(0) values, thus determined, except for TbCo3B2 are by 0.1-0.5 μB smaller 

than the gJJ values of rare earths, as expected for a ferrimagnetic type ordering. The estimated ordered 

cobalt moments from magnetic measurements, are thus in the range 0.07-0.16 μB/atom, in roughly 

agreement with the data obtained from band structure calculations. In the case of TbCo3B2, the CEF-

only ground state of Tb ion is a non-magnetic singlet and at the magnetic ordered transition, the Tb 

moment is induced into the singlet ground state by a component of exchange field and consequently 

can be smaller than predicted by the gJJ value [19]. 

The thermal variations of reciprocal susceptibilities of RCo3B2 compounds with R=Gd, Tb, Dy, 

Ho and Er are given in Figure 5a,b. These are little nonlinear, and can be approximated with linear 

trend, with a change in slope, at temperatures T≅300 K. The deviations from a linear trend, decrease 

as the relative contributions of cobalt sublattice, CCo/Ctot, to the Curie constant, Ctot, diminishes. 

According to the addition law of magnetic susceptibilities and assuming that the effective R 

moments, are given by their free ions values, the effective cobalt moments were determined. These 

are in the range of 1.13-1.84 μB/Co atom, close to those previously determined in GdCo3B2 [8] or 

YCo3B2 [9] compounds -Table 1. The ratio r between the number of cobalt spins Sp, determined in 

paramagnetic range and S0, obtained from saturation measurements (band structures), r = S୮/S଴ =8 െ 12, is very high, showing a high degree of itinerancy. 

 

Figure 5. Thermal variations of reciprocal susceptibilities for RCo3B2 compounds with R=Gd, Tb, Dy 

(a) and R=Ho, Er, Y (b). 

The magnetic behavior of cobalt in heavy rare earths RCo3B2 compounds, as well as in YCo3B2, 

can be analyzed in spin fluctuations model [11]. The model considers the balance between the 

frequencies of longitudinal spin fluctuations, which are determined by their lifetime and of transverse 

fluctuations that are of thermal origin, the concept of temperature induced cobalt moment, 

respectively. For an exchange enhanced paramagnet as YCo3B2, or a weak ferromagnet, as cobalt in 

RCo3B2 series with magnetic heavy rare earths, the wave number dependent susceptibility, χq , has a 

large enhancement due to electron-electron interactions, for small q values. The average amplitude 

of spin fluctuations, ൏ S୪୭ୡଶ ൐= 3k୆T∑χ୯ increases with temperature and reaches an upper limit 

determined by the charge neutrality condition, at a temperature T*. At T>T*, when the frequency of 

thermal fluctuations is higher than of longitudinal ones, a Curie-Weiss behavior is evidenced, as in 

systems having local moments. The moments are localized in q space. Similar behavior was shown 

already, for cobalt in RCo2 series [10,40]. 

 No magnetic ordered phase, having a Curie temperature at T≅150 K, was shown in the 

investigated RCo3B2 series. The same conclusion can be obtained by the analysis of the temperature 

dependences of volume thermal expansion [2] and electronic specific heat [2,18,41], in TbCo3B2. The 

Grüneisen ratio [42], Γ(T) ∝ β(T)/C(T), where β(T) and C(T) denote the contributions of volume 

thermal expansion and electronic specific heat, respectively, diverges at the approach to the quantum 

critical point (QCP), according to a 1/Tε law [43,44]. The volume thermal expansion coefficient, β(T), 

in the temperature range 70 < T < 200 K is well described by the relation predicted by the three-

dimensional Gaussian scenario [43,44], with rates β(T)/T = 0.7·10-7/T1/2 K-1.5 and the electronic 

contribution to the specific heat by C(T)/T = -0.061T1/2 J/mol·K1.5. There is only one divergence of Γ(T), 
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by approaching to Tc = 37 K. No others QCP points were evidenced at higher temperatures, 

confirming that the compound is in paramagnetic state at T>Tc. The observed anomaly, at T ≅ 150 K, 

already reported in some RCo3B2 compounds, can be attributed to the presence of magnetic ordered 

impurity content or due to location of small cobalt content at B2c site, during sample preparation. 

Since β(T) ∝ Tଵ/ଶ and C(T) ∝ Tଷ/ଶ, respectively it results that Γ∝1/T. The Gruneisen exponent, ε=1, 

suggests that the magnetic behavior of TbCo3B2 follows the 3D Spin Density Wave (SDW), QPC 

prediction, in agreement with the neutron diffraction study [19]. 

The presence of a short range order (SRO) of the Tb sublattice, extending up to T≅160 K, was 

reported in TbCo3B2 and attributed to the fluctuating magnetic exchange fields, created by induction 

of Tb moment in singlet ground state [19]. Accordingly, these lead to formation of clusters of Tb ions 

with partially admixed levels which tend to align. The short-range order, above Tc, was also reported 

in DyCo3B2 up to 100 K [41] and HoCo3B2 up to T=50 K [24], where no such mechanism for induced 

R moment is present. 

The short-range order, at T>Tc, as in case of RCo2 compounds [45,46], can be analyzed starting 

from the 4f-5d-3d interaction model [34,35]. The short-range exchange interactions between cobalt 

atoms cancel at the Curie point, as well as the M5d(d) contribution to R5d band polarization. Since of 

large extension of R5d orbitals, there are reminiscent R-Co and R-R magnetic couplings [39,45,46] and 

consequently cluster formation. In such a cluster the R and Co moments are still antiparallel aligned 

in a limited temperature range above Tc [28,46]. As function of temperature and external field, 

different arrangements of R and Co are possible [28,46]. The exchange interactions, strongly 

connected with R5d band polarizations [36,37], are diminished. The R5d-Co3d magnetic coupling 

cannot be observed in RCo3B2 compounds, at T>Tc, since the cobalt moment is very small and cannot 

be determined by neutron diffraction. Such a magnetic coupling was found in RCo2 series, with R=Tb, 

Ho and Er, in the presence of magnetic field, when MCo is by one order of magnitude higher than in 

RCo3B2 series [47–50]. The paramagnetic clusters have been ascribed to reminiscent rare earth-cobalt 

magnetic coupling [45,46]. The intensities of R5d-Co3d interactions, although present, are not enough 

to induce a magnetic order, as confirmed by polarized neutron diffraction studies at Tc < T < 300 K, 

on RCo2 compounds with R=Tb, Ho, Er and Tm [45,46,48–50]. There is a linear dependence of the 

projections of cobalt on the rare earths moments, with rates dependent on the intensities of R5d-Co3d 

magnetic coupling [45,46]. Although the compounds were in paramagnetic state, the observed cluster 

has been attributed, in early studies, to the presence of a Griffits phase, a kind of low temperature 

remnant magnetic order of undiluted system [28]. The polarized neutron diffraction study, on the 

exchange enhanced LuCo2 paramagnet, at T=100 K, in field of 5.72 T, evidenced an induced cobalt 

moment of 0.016 μB, as well as an antiparallel oriented Lu5d band polarization [51], confirming the 

presence of Co3d-Lu5d coupling in paramagnetic state 

 In high fields and close to Tc, a deviation from linear trend of the field dependence of 

magnetization was also shown, in RCo2 series, in agreement with the increase of Curie temperature, 

when increasing external field [36].  

The presence of short-range order in TbCo3B2 extends up to T=160 K [19], 100 K in DyCo3B2 

compound [41] and 50 K in HoCo3B2 one [24]. A higher thermal energy, as compared to that 

corresponding at Tc it is necessary for magnetic decoupling of atoms situated in a cluster and to 

achieve classical paramagnetic state with fluctuating single moments. These interactions can be also 

influenced by the cobalt magnetic behavior which increases with temperature and saturates at T*>300 

K. The thermal energies (Et) for breaking the reminiscent R5d-Co3d coupling, determined from the 

maximum temperatures, where short range interactions are present, were estimated in RCo3B2 and 

RCo2 compounds -Figure 6. These decrease linearly with de Gennes factor, the intensities of magnetic 

coupling, respectively with a higher rate in RCo3B2 series. The difference can be correlated to a higher 

reminiscent R5d-Co3d interactions in RCo2 series, than in RCo3B2 system. 
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Figure 6. The thermal energy for decoupling the interactions in the paramagnetic clusters in some 

RCo3B2 and RCo2 compounds. 

4. Conclusions 

The RCo3B2 compounds with R=Gd, Tb, Dy, Ho and Er are ferrimagnetic. When magnetization 

is determined at 4.2 K, corrections for their thermal variation must be made in order to obtain their 

value in fundamental state. High external fields are necessary to overcome the anisotropy in 

compounds with R= Tb, Dy and Ho. The cobalt sublattice magnetization is rather small, due to the 

strong hybridization of Co3d and B2p states, as evidenced from band structures analysis. Low values 

of effective cobalt moments are evidenced in paramagnetic regions. No magnetic transitions at T=150 

K are observed. The itinerancy degree of cobalt is rather high, showing a weak ferromagnetism. The 

magnetic behavior of cobalt can be well described by spin fluctuations model. The short-range order 

evidenced in RCo3B2 compounds with R=Tb, Dy and Ho, above the Curie temperatures, were 

attributed to reminiscent R5d-Co3d magnetic coupling, whose intensities are not enough to induce 

magnetic order. The energies necessary for breaking these interactions decrease linearly with the R5d-

Co3d-R5d magnetic coupling, band polarizations, respectively. This behavior seems to characterize 

the systems with low Curie points, where the Co-Co interactions cancel at the Curie point, those of 

R5d-Co3d type, being still present at higher temperatures. 
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