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The microscopic justification for the dimerization in ladder-type rare-earth higher borides RBsy assumed by
Mori [in Handbook on the Physics and Chemistry of Rare Earths, edited by K. A. Gschneidner, Jr., J.-C. G.
Biinzli, and V. K. Pecharsky (North-Holland, Amsterdam, 2008), Vol. 38, p. 105] is presented. We consider
a phenomenological model of crystal-field interactions and introduce Heisenberg antiferromagnetic exchange
interactions between the rare-earth ions on the ladder rungs and the indirect exchange fields generated by
magnetic interactions along the ladder legs. The crystal-field parameters and the exchange integrals for the
rare-earth dimers are determined from modeling the temperature dependences of the heat capacity and static
magnetic susceptibility. The field dependence of the low-temperature magnetization of polycrystalline samples
of borides RBs is simulated by making use of the proposed empirical expression for the renormalized magnetic
moments of rare-earth ions. The characteristic anomalies of the thermal and magnetic properties of TbBs,
DyBsy, HoBsy and ErBs are successfully reproduced within the framework of this approach.
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I. INTRODUCTION

Borides of rare-earth (RE) metals with a high boron content
RBsy (R =Tb —Lu), as well as their pseudoisostructural
analogs RB44Si,, crystallize in an orthorhombic structure with
the space group Pbam [1]. This structure has several specific
details. The unit cell of RBsy contains more than 330 atoms,
and its volume V is rather large, in particular, V = 2754.5 A3
for LuBs5( [2]. Rare-earth atoms are located inside cavities in a
boron cluster’s matrix, forming ladders which propagate, sim-
ilarly to the B, icosahedra chains along the ¢ axis (see Fig. 1)
[3]. The cavities containing the RE atoms have a peanut-type
shape, and are not centrosymmetric. As a consequence, the
RE atoms may occupy different closely spaced sites in the
double-well cavity potential and form two-level centers in
RBs [2].

Measurements of specific heat and magnetic suscepti-
bilities of RBsy borides [4—6] and isostructural rare-earth
borosilicides RB44Si, [7] revealed pronounced anomalies at
low temperatures, which were assigned to transitions of the
RE subsystem from the paramagnetic to the antiferromag-
netic phase [4]. It is worth noting that the transition tem-
peratures of these suggested phase transitions (from 4.6 K
in ErBsy to 17.5 K in TbBsj) are unexpectedly rather high
for magnetically dilute systems. The entropy increment with
temperature appeared significantly less than RIn 2. Neutron
diffraction measurements [8] did not reveal antiferromag-
netic structures at temperatures below maxima of the mag-
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netic susceptibilities. These specific features as well as the
broadness of anomalies and the absence of any changes
with the substitution of nonmagnetic ions for the magnetic
ones, along with the one-dimensional characteristics of the
electron paramagnetic resonance spectra of GdBsg [9], gave
evidence of short-range antiferromagnetic correlations only in
the magnetic subsystems of RBsy and isostructural RB44Si;
compounds [8]. Mori and co-workers assumed that the ob-
served anomalies of the susceptibility temperature depen-
dences and field dependences of the magnetization take their
origin from the specific ladder structure of higher borides
where the alternative distances between the rungs are sig-
nificantly larger than the rung length that leads to the for-
mation of strongly coupled RE dimers [3,8,9]. However,
this assumption has not been justified at a microscopic level
[10,11].

Investigations of low-temperature thermal and magnetic
properties of RE borides of different chemical compositions
RB, (x =2, 4, 6, 50, 66) described in Refs. [3,12-16] re-
vealed the remarkable influence of crystal fields affecting RE
ions in these compounds on their physical characteristics.
An analysis of the experimental data presented in Ref. [17]
has shown that the observed anomalies of the heat capacity,
thermal expansion, magnetic susceptibility, and magnetization
of YbB5y can be successfully described within the corre-
sponding crystal-field model. The study of the specific heat
temperature dependence in the temperature range from 0.6 K
up to room temperature, as well as of the low-temperature
magnetic properties of YbBsp, did not reveal any anomalies
which might be correlated with the magnetic ordering or the
spin-glass state.
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FIG. 1. (a) The fragment of crystal structure of RB5, borides.
The small circles indicate boron atoms, while the large circles
indicate RE atoms. (b) Ladders of RE atoms: The length of the rungs
(0.386 nm) is less than the alternating distances between neighboring
rungs (0.443 and 0.502 nm) along the ¢ axis.

The main goal of the present study is to uncover the nature
of the specific temperature dependences of the thermal and
magnetic properties of RE borides RBsp at low temperatures
by making use of a phenomenological crystal-field model in
the analysis of the specific heat, the low-temperature magne-
tization, and the magnetic susceptibility of higher borides.

II. EXPERIMENTS AND EXPERIMENTAL RESULTS

The samples of RBsy (R = Tb, Dy, Ho, Er, Tm) were
synthesized by the boron thermal reduction of RE elements
from their oxides in vacuum. Details of the synthesis were de-
scribed in Refs. [12—-16]. The composition and homogeneity
of the synthesized samples were controlled by x-ray phase,
chemical, and spectral analysis. The lattice parameters at
room temperature for the synthesized samples are presented
in Table I. Small deviations of changes of the lattice parame-
ters along the series Tb-Dy-Ho-Er-Tm-Lu from the expected
monotonic decrease of a, b, and ¢ due to the well-known lan-
thanide contraction, noted also in Ref. [4], are likely induced
by the differences in the sample composition from the RBs
stoichiometry [1].

Magnetic susceptibilities x(T) = M (B, T)/B in the 1.8—
300 K temperature range were measured using a Quantum De-
sign magnetic property measurement system superconducting

TABLE 1. Lattice constants (nm) of the synthesized samples.

LUBSO TmBSO EI'BSO HOBSO DyBSO TbB 50
a 16632  1.6597 1.6534  1.6608 1.6583 1.6598
b 1.7593 1.7606 1.7589  1.7614  1.7598 1.7603
c 09413 09469 09425 09459 09445  0.9466

quantum interference device (MPMS SQUID) magnetometer
with an external magnetic field B of 0.1 T applied. Field-
dependent magnetization M(B,T) along the field Bupto 7 T
was measured at 1.8 and 300 K.

The measured temperature dependences of the magnetic
susceptibility and the field dependences of the magnetization
of the borides studied in the present work are presented in
Figs. 2-6. At elevated temperatures (7 > 100 K), the inverse
magnetic susceptibilities versus temperature (not shown) are
successfully approximated by straight lines in accordance
with the generalized Curie-Weiss (CW) law,

x(T)=xo+C/(T —©), ey

where x is the temperature-independent magnetic suscepti-
bility, C = Na Mgff /3kg is the Curie constant (kg is the Boltz-
mann constant, N is the Avogadro’s number, and e iS the
effective magnetic moment of an ion), and © is the Curie tem-
perature. The values of parameters xo, tes, and ® obtained
from the fitting of the measurement data on the basis of Eq. (1)
are presented in Table II. As seen in Table II, the effective
magnetic moments are close to the magnetic moments of the
corresponding free trivalent RE ions ugr = g;[J(J + D1V ug
(here, g is the Landé factor of the ground multiplet with the
total angular momentum J, and pp is the Bohr magneton).
The obtained parameters describing the high-temperature sus-
ceptibilities agree satisfactorily with the literature data [4].
The effective magnetic moments evaluated from the x(7)
high-temperature tails are close to theoretical values for free
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FIG. 2. Measured [solid red lines (the present work) and symbols
[14]] and calculated (dashed lines) (a) magnetic susceptibility, (b)
magnetic field dependences of the magnetization at the temperatures
1.8 and 300 K (the dotted line corresponds to the calculated powder-
averaged single-ion magnetic moment M,,), and (c) contributions of
the Tm subsystem to the heat capacity of TmBs.
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FIG. 3. Measured [solid blue [4] and red (the present work) lines
and symbols [13]] and calculated (dashed lines) (a) magnetic suscep-
tibility, (b) field dependences of the magnetization at 7 = 1.8 K [the
dotted line represents the calculated powder-averaged magnetization
of a single (Er**), dimer in the crystal and magnetic fields], and (c)
contributions of the Er subsystem to the heat capacity of ErBs.

R** ions. For all studied polycrystalline samples of RE higher
borides, the Curie temperatures have a negative sign pointing
to the dominant antiferromagnetic interactions between RE
ions. Decreasing along the RE series from terbium to erbium,
the absolute values of the Curie temperature correlate with
the de Gennes factor (1 — g;)?J(J + 1) for RE ions coupled
through the conduction electrons [7].

The quasilinear temperature dependence of the inverse
susceptibility of TmBs is observed down to the lowest tem-
perature of 1.8 K (there are twelve 4 f electrons localized at
the Tm3* ions). Similar behavior of the 1/x(7) curve was
observed in Ref. [7] for the isostructural thulium borosilicide
TmB44Si2.
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FIG. 5. Measured [solid blue [4] and red (the present work)
lines and symbols [15]] and calculated (dashed lines) (a) magnetic
susceptibility, (b) the field-dependent magnetization at 7 = 1.8 K
[the dotted line shows the calculated magnetic moments for a single
(Dy**), dimer in the crystal and magnetic fields], and (c) the
contributions of the Dy subsystem to the heat capacity of DyBs.

However, more complex behavior of the magnetic
susceptibilities of other borides containing RE ions with
less filled 4f electronic shells is observed. In particular, the
susceptibility of the DyBsy sample has a broad maximum at
the temperature 7y = 8.1 K (slightly larger than 7jy = 6.2K
reported in Ref. [4]), but a sharp upturn appears with a further
decrease in temperature, indicating a dominating paramag-
netic contribution [Fig. 5(a)]. Similar maxima in the magnetic
susceptibilities of TbBsy, HoBsp, and ErBs, at temperatures
Ty presented in Table II were observed in Ref. [4], but these
specific features of the low-temperature susceptibilities are
hidden in the curves measured in the present work. Our
measurements reveal only pronounced changes of the slopes
dyx /dT at temperatures close to Ty, and strong increases of
the susceptibilities of TbBs5y, HoBsy, and ErBsy at lower
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FIG. 4. (a) Temperature dependences of the magnetic suscepti-
bility, (b) the magnetic field dependences of the magnetization, and
(c) contributions of the Ho subsystem to the heat capacity of HoBs.
The experimental data are represented by symbols [16], blue [4]
and red (the present work) solid lines, dashed lines correspond to
the results of simulations, and the dotted line shows the calculated
magnetic moment of Ho** ions for a single dimer in the crystal and
magnetic fields.
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FIG. 6. Measured [symbols [12], solid blue [4] and red (the
present work) lines] and calculated (dashed lines) (a) magnetic
susceptibility, (b) the magnetic field dependence of the magnetization
at T = 1.8 K [the dotted line shows calculated magnetic moments for
a single (Tb**+), dimer in the crystal and magnetic fields], and (c) the
contributions of the Tb subsystem to the specific heat of TbBs.
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TABLE II. Parameters of the magnetic susceptibility [see Eq. (1)], temperatures 7), of the susceptibility maximum, magnetic fields H¢ for
the magnetization upturn, and exchange integrals for RE dimers (in degrees Kelvin). The effective (u.r) and free ion (pp) magnetic moments

are in units of the Bohr magneton.

Compound Xo (emu/mol) Mett / LFL 6 (K) Ty (K) Hc (T) Jetr (K) i (g
TbBs 0 9.95/9.72 —13.0 292 —0.565 0.020
—0.007* 10.3/9.72% —15.3¢ 17.5% 3.0¢

DyBs 0.015 11.0/10.65 —132 8.1 1.76 —-0.330 0.035
11.9/10.65* —13.7% 6.2¢ 1.8%

HoBsg 0.003 10.4/10.61 —8.10 1.65 —0.248 0.035
11.5/10.61* —13.7* 7.5% 1.6*

ErBs 0.002 8.9/9.58 —4.70 0.95 —0.120 0.052
9.74/9.58* —54% 4.6 0.8¢

TmBs, 0 7.61/7.56 —-8.2 0.084

2From Ref. [4].

temperatures. The differences between our and the literature a RE ion is considered in the present work,

data are due partly to different magnetic fields used in the

measurements, namely, of 0.1 T in the present work instead H = Hcg + Hy. 2)

of 1 T for TbBsy, HoBsg, and DyBsg, and 0.5 T for ErBsg in
Ref. [4].

The magnetic field dependences of the magnetization of
TmBs5( exhibit no features in the range of available tempera-
tures [Fig. 2(b)]. Of note is the absence of saturation even at
the base temperature of 1.8 K in strong magnetic fields up to
7 T. However, a steplike behavior of M(B) curves at a temper-
ature of 1.8 K, similar to that reported in Ref. [4], is observed
for borides containing RE ions with fewer electrons in the
4f shell. The most pronounced upturn of the field-dependent
magnetization with the increase of the external magnetic
field appears in the field Hc = 3T for TbBs, [Fig. 6(b)].
Similar but weaker features are observed at lower fields H¢
corresponding to the maxima in dM/dB (see Table II) for
DyBsg, HoBsg, and ErBs [Figs. 5(b), 4(b), and 3(b)].

As follows from a comparison of the low-temperature mag-
netic susceptibility and magnetization measured in the present
work and those published earlier in Ref. [4], the magnetic
properties of borides RBsy are strongly sample dependent.
Differences between the slopes of the magnetization curves in
weak magnetic fields give evidence of different concentrations
of paramagnetic defects in the polycrystalline RE borides
studied in Ref. [4] and in our samples. The maxima in the
temperature dependences of the magnetic susceptibility at
low temperatures observed in Ref. [4] for TbBs,, ErBsg, and
HoBs, can be connected with antiferromagnetic correlations
of magnetic moments. However, this effect is hidden by the
contribution from paramagnetic defects, presumably of RE
single-ion type, in the samples studied in the present work.
Rather large concentrations of defects also cause differences
in the field dependences of the low-temperature magnetization
in the range of weak magnetic fields where the nonlinear
increase of the magnetic moments of RE ions is observed
instead of the quasilinear behavior of the dimer magnetization
that is considered below.

III. THEORETICAL AND EMPIRICAL MODELING

A. Single-ion approximation

The following Hamiltonian operating in the space of states
of the ground multiplet with the total angular momentum J of

Here, Hcp corresponds to the interaction of 4 f electrons with
the static crystal lattice, and H; is the Zeeman interaction
with the local magnetic field. The observation of magnetic
moments with values of several Bohr magnetons for non-
Kramers RE ions in polycrystalline low-symmetry samples
gives evidence for relatively weak low-symmetry components
of the crystal fields (CFs). We write the CF Hamiltonian in the
following form,

Hey = B4(09 +503) + Bs(02 —2103) + Y "BLOL. (3)

PP
pk

where Of, are the Stevens operators including the correspond-
ing reduced matrix elements [18] and BP,B’I‘, are the CF
parameters. The CF parameters are determined below from
the analysis of the experimental data. Accounting for the high
density of boron atoms in the unit cell, we identify (following
Ref. [17]) the dominant cubic CF component defined by
the parameters B, and Bg. Additional relatively weak low-
symmetry CF components are defined by the parameters Bf).
Because of the low symmetry at the RE sites, we are not
able to connect the considered coordinate frame with the
crystallographic system of coordinates. The direction of the
local magnetic field By is defined by the spherical angles 6
and ¢. Following the mean-field approximation (MFA), we
determine the local field as

By, =B+ AM, “)

where B is the external field, M(B) is the equilibrium magnetic
moment of the considered RE ion, and A is a molecular field
tenor. The Zeeman energy of the 4 f electrons takes the form

Hz = gjup(Jycosgsind + Jy,sing sin@ + J; cos 0)Bisc. (5)

In accordance with the definition, the magnetic moment of
a RE ion is determined by the expression M(B) = —(g,;ugJ),
where the angular brackets mean quantum-statistical aver-
aging, (A) = Tr[Aexp(—H/kgT)]/Trlexp(—H /kgT)]. Thus,
we obtain a self-consistent equation for the magnetic moment
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TABLE III. Crystal-field parameters B;‘, (cm™") for RBs5; borides
obtained from fittings of the magnetic susceptibility and heat capac-
ity data.

TABLE IV. Calculated crystal-field energies (cm™!) of the
ground multiplet sublevels for R** ions in RBs.

Tb3+ Dy3+ H03+ Er3+ Tm3+
p k R=Tb R=Dy R=Ho R=Er R=Tm (F) (Hisp) CIs) (*Isp2) (He)
4 —45 —45 —34 —37.2 —17 0 0 0 0 0
6 —26 —14.5 —10.2 -2.2 —6.9 1.45 3.11 0.15 2.23 0.16
2 0 —15 —22 —21 -9 -3 11.3 4.83 2.88 10.1 1.79
2 2 —14 —14 —12 -8 -5 12.9 10.4 254 48.1 9.03
4 4 -25 —10 0 -5 -3 17.3 101.8 37.4 49.3 13.2
6 4 4 -5 —-20 0 3 75.2 108.0 47.5 59.2 62.5
4 2 -30 —-25 —28 —20 -5 78.5 121.4 58.1 60.4 62.7
6 2 15 18 15 5 5 82.2 125.7 58.3 64.8 64.4
6 6 5 25 25 8 2 82.3 64.1 70.1
92.3 64.6 70.3
93.1 67.5 70.4
in the fixed local field By, 95.2 85.0 70.7
Ty (= (He + Hy) ks T 1) 104.7 128.9 86.1
I'J exp | —Uicr z)/KB
M = —gup . © 100
Tr{ CXp[—(HCF +Hz)/kBT]} 136.7
The magnetic moment dependence on the external field iiii

M (B) can be obtained numerically for a fixed temperature
T from Eq. (4), where the nonlinear function B),.(M) stands
for the inverse function (6) M (B, ). For simplicity, neglecting
magnetic dipole-dipole interactions and the anisotropic terms
of the exchange interactions between the RE ions, we consider
the molecular field tensor in Eq. (4) as a scalar quantity. For
polycrystalline samples, the average values of the magnetic
moments were calculated numerically by making use of the
integral over the projections of magnetic moments on the
external magnetic field B for a set of spherical angles [see
Eq. (5)] uniformly distributed over a sphere using steps of
AO =m /20 and Agp = 7 /15,

M (B, T) = ﬁ / M(B, T)sin(0)d0dg. 7

The fitting procedure for the susceptibility and magneti-
zation curves involved simultaneous calculations of the heat
capacity of the RE subsystem to account for the actual scale
of the CF energies,

N
kgT?

The temperature dependences of the heat capacity for different
higher borides RB5y were measured earlier in Refs. [12-16].
The CF parameters and the corresponding CF energies of
Tm3* ions in TmBs5, obtained from the analysis of the exper-
imental data are presented in Tables III and IV, respectively.
Three lower CF levels originate from the I's triplet in the
cubic CF component with the effective g-factor g ~ 6. The
single-ion approach considered above allowed us to describe
satisfactorily the temperature dependences of the magnetic
susceptibility and the heat capacity neglecting magnetic inter-
actions between the Tm>* ions [Figs. 2(a) and 2(c)]. However,
this approximation leads to significantly overestimated (up to
30%) magnetic moments of Tm>* ions at low temperatures
in strong magnetic fields [see the dotted line in Fig. 2(b)].
The measured magnetization can be reproduced in the frame-
work of MFA but only with the field-dependent parameter A
(increasing approximately linear with the applied field B) in

Cr(T) = [(H?) — (H)]. ®)

Eq. (4) that can be connected with the increasing polarization
of the charge carriers. We found it possible to significantly
simplify the simulation procedure by introducing the renor-
malized powder-averaged magnetization

M(B,T) = Mp(B, T)[1 4+ kMay(B, )], ©)

where the factor k was considered as the fitting parameter.

The semiempirical expression (9) is qualitatively consis-
tent with the linear dependence of the mean-field parameter
A on the field B. For « = 0.0864 ,u;;', we obtained the field
dependences of the magnetization of TmBsy [the dashed
curves in Fig. 2(b)] that match well the measurement data in
the total magnetic field range from O to 7 T at temperatures
1.8 and 300 K.

We found it impossible to reproduce the observed non-
monotonic variations of the magnetic susceptibility with tem-
perature and the sharp rise of magnetic moments in the
increasing external magnetic fields in the RE borides TbBs5y,
DyBsg, HoBsg, and ErBsg in the framework of the single-site
MFA [Eq. (4)]. Remembering the main structure motif of
higher borides, i.e., ladders with alternative bonds, we turn
to the next step of our analysis of the electronic structure of
RE ions to the nearest-neighbor pairs of RE ions forming the
rungs of the ladders.

B. Rare-earth dimers

The Hamiltonian of a RE dimer is written in the form
Hiim = Hi + Hy — JeieJ 1 - J 2, (10)

where H;(i = 1,2) and J; are the single-ion Hamiltonian (2)
and the angular momentum operator, respectively, and the
last term on the right-hand side of Eq. (10) is the isotropic
exchange interaction. The local magnetic field By, = B +
AqaM affecting the ions in a dimer is determined now by the

054409-5
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molecular field constant A; that corresponds to interdimer
interactions along the ladder legs.

The expression for the average magnetic moment of an ion
in a single dimer along the external field B takes the form

MyB.T) = —gyup3Tr[(J1 +J2) - Bp(B, T)I/B,  (11)

where

p(B, T) = exp(—Haim/ksT)/Tr[ exp(—Hgim/ksT)]  (12)

is the corresponding equilibrium density matrix. The powder
averaging is performed in accordance with Eq. (7). The heat
capacity of the RE dimer subsystem can be calculated using
the expression

Na
2kgT?

The results of simulations of the temperature dependences
of the heat capacity and magnetic susceptibility and the cal-
culated magnetic field dependences of the magnetic moments
of the RE ions at the temperature 2 K in the borides DyBs5y,
HoBsg, ErBsg, and TbB5 in the framework of a dimer model
are compared with the measurement data in Figs. 3—6. The
CF parameters obtained from the fitting procedures and the
corresponding CF energies are presented in Tables III and
IV, respectively, and the effective exchange integrals Jeg for
dimers of different compositions can be compared in Table II.
It is possible that narrow maxima in the simulated heat ca-
pacity curves at low temperatures [see Figs. 3(c), 5(c), and
6(c)] are significantly broadened by magnetic interactions and
random strains in the studied higher borides ErBsg, DyBsy,
and TbBs, [19]. We suppose that the measured magnetization
curves in weak magnetic fields and the susceptibility curves at
low temperatures contain remarkable contributions from the
paramagnetic defects. The approximation of noninteracting
dimers leads to a significant overestimation of the magnetic
moments My ay(B, T') calculated in accordance with Egs. (11)
and (7) for strong magnetic fields [B > 2.5 T; see the dotted
lines in Figs. 3(b)-6(b)] as compared with the experimental
data. The fitting procedure in the framework of the MFA
leads again, similarly to the presented above analysis of the
magnetization of TmBs, to the field-dependent molecular
field parameters A,. To account for the antiferromagnetic
interactions between the RE ions belonging to the nearest-
neighbor rungs in the ladders and the possible screening of

Cr(T) = [(Hgm) — (Haim)?]- (13)

RE ions by polarized charge carriers, we employed expres-
sion (9); the corresponding renormalization factors « for the
polycrystalline samples studied are presented in Table II.

The single-ion operator of the total spin moment is de-
fined as S; = (1 — gy)J;. Variations of the effective exchange
integrals along the RE series, from Tb’* to Er’* ions (see
Table II), correlate with the factor (1 — g;)> = 1/4(Tb*"),
1/9(Dy**), 1/16 (Ho*"), and 1/25 (Er**). Thus, we can as-
sume that the value of Jx in the generic form of the exchange
Hamiltonian (Hex = —JexS1 - S2) is nearly constant. This ex-
plains why no signs of dimer-type magnetic correlations have
been observed for the magnetic susceptibility and the low-

temperature magnetization of TmBsy [(1 — g,)2 = 1/36] in
the present work and YbBsq [(1 — g,)2 = 1/49] in Ref. [17].

IV. CONCLUSION

In the present work, we demonstrated the possibility of re-
producing successfully the specific features of the temperature
dependences of the heat capacity and dc-magnetic susceptibil-
ity, and the magnetic field dependence of the magnetization of
high-molecular terbium, dysprosium, holmium, and erbium
borides RB5y within the framework of the RE dimer model.
Our analysis confirmed the existence of short-range magnetic
correlations in the RE subsystems predicted earlier by Mori
et al. [8,9] on the basis of the studies of neutron scattering,
dilution effects, and electron paramagnetic resonance spectra.
The temperatures 7j; of the observed maxima of the dc-
magnetic susceptibilities determine the strength of the ex-
change interaction in the RE dimers on the rungs of the ladders
which are the main structural motif of the RE subsystem in
higher borides and borosilicides [1]. Despite the low point
symmetry at the positions of RE ions in the crystal lattice
of higher borides, the CF component of cubic symmetry
plays a dominant role in the formation of the spectra of CF
excitations. Accordingly, one may suppose that the RE ions
are coupled through the charge carriers. Understanding the
mechanisms responsible for the formation of relatively weak
crystal fields and exchange interactions in boron compounds
containing paramagnetic ions remains a challenging problem.
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