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Abstract

The electron spin resonance (ESR) spectra of Eu2þ ð4f7; S ¼ 7
2Þ in LaB6 single crystal show a single Dysonian resonance for the

localized Eu2þ magnetic moments. It is shown that the Eu2þ ions are covalent exchange coupled to the (B) 2p-like host conduction

electrons.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The lanthanum hexaboride compound, LaB6, is a very
stable and hard refractory material characterized by strong
covalent bonds [1]. Due to its very low work function,
�2:7 eV, it was found to be a very interesting material for
electron emitters [2,3]. Besides, LaB6 was found to be
superconductor at T ¼ 0:45K [4].

In this work we report on the Electron Spin Resonance
(ESR) experiments of diluted Eu2þ in LaB6. In this cubic
metallic compound we found that the Eu2þ (4f7; S ¼ 7

2
)

ground state, as far as the crystal field effects are
concerned, behaves as Gd3þ and Eu2þ (S-state) ions
diluted in any other cubic metallic/semimetallic/isolating
hosts [5]. We shall show that the Eu2þ and Gd3þ ions are
probing, via the exchange interaction, different type of host
conduction electrons in LaB6.
front matter r 2007 Elsevier B.V. All rights reserved.
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2. Experiment

Single crystals of LaB6 were grown as described in
Ref. [6]. The cubic structure (space group 221, Pm3m, CsCl
type) and phase purity were checked by X-ray powder
diffraction and the crystals orientation determined by Laue
X-ray diffraction. The ESR experiments were done in �1�
1� 0:5mm3 single crystal in a Bruker X, and Q-bands
(9:48 and 34:4GHz) spectrometer using appropriated
resonators for low-T measurements coupled to a T-con-
troller using a helium gas flux system for 4:2tTt300K.
The Eu concentration was obtained from a Curie–Weiss
fitting of the susceptibility data, assuming meff ¼ 7:94mB
for the Eu ions. Magnetization, MðT ;HÞ, measurements
for 2pTp300K were taken in a Quantum Design
Magnetic Properties Measurement System SQUID
Dc-magnetometer.

3. Experimental Results

Figs. 1(a) and 1(b) show, respectively, the low-T ESR
spectra for 2200 ppm of Eu in LaB6 at X and Q-bands for

www.elsevier.com/locate/physb
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Fig. 1. Low-T X and Q-band ESR spectra of Eu2þ in a La1�xEuxB6

(x ¼ 0:0022) single crystal for Hk30� in the ð1 1 0Þ plane.
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Fig. 2. T-dependence of the Q-band ESR: (a) linewidth, DH, and

(b) g-value of Eu2þ in La1�xEuxB6 ðx ¼ 0:0022Þ single crystal.
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the magnetic field Hk30� from the ½0 0 1� direction when H

is rotated in the ð1 1 0Þ plane. No resolved fine structure
splitting, due to crystal field effects, is expected for this
orientation [7]. In all our experiments the ESR spectra
showed a single resonance of dysonian (metallic) shape [8].
Within the accuracy of the measurements for this orienta-
tion the linewidths (DH ’ 72ð5ÞOe) are approximately the
same at both frequencies, consistent with negligible
residual inhomogeneous broadening of the resonance.
The measured g-value indicates that there is a negative g-
shift (Dg ¼ �0:009ð2Þ) relative to the g-value found in
insulators (g ¼ 1:993) [7], in contrast to the positive g-shift
found for Gd3þ in LaB6 [9].

Figs. 2(a) and 2(b) display, respectively, the T-depen-
dence of the resonance linewidth, DH, and g-value for the
resonance of Fig. 1b. The thermal broadening of the
linewidth was fitted to a linear behavior, DH ¼ aþ bT ,
with a ¼ 62ð5ÞOe and b ¼ 1:70ð5ÞOe/K. For lower con-
centrations ð�1000 ppmÞ the signal to noise/ratio was
lower, but the parameters, a and b were found to be
independent of concentration, within the accuracy of our
measurements. This allows us to assume that the system is
in the unbottleneck regime [10]. Similar results where
obtained at X-band. Within the studied T-interval and
accuracy of the experiments the g-value was found to be T-
independent, indicating the absence of dynamic and/or
interaction effects between the localized Eu2þ magnetic
moments [10].

4. Analysis and Discussion

Our results show that the Eu2þ resonance in LaB6

presented a negative g-shift (Dg ¼ �0:009ð2Þ) in contrast to
the positive g-shift (Dg ¼ 0:018ð3Þ) found for the Gd3þ ions
in the same host [9]. This change in sign may be understood
in terms of a two band model [11] involving the exchange
interaction between the Eu2þ and Gd3þ 4f7-localized
electrons with: (i) the conduction (R) 5d-like electrons

and; (ii) the (B) 2p-like electrons. The exchange interaction
with the (R) 5d-like electrons is assumed to be of atomic-
type, Je

at40, and that with the (B) 2p-like electrons of
covalent origin, Jh

cvo0. Thus, the g-shift can be written as

Dg ¼ Dgd þ Dgp ¼ Jd
atð0ÞZ

d
F þ Jp

cvð0ÞZ
p
F, (1)

where Jd
atð0Þ and Jp

cvð0Þ are the q ¼ 0 component (zero-
momentum transfer between electrons) [12] and, ZdF and ZpF
the local density of d and p electrons at the Fermi level per
spin direction, respectively. Although Eu2þ and Gd3þ ions
are in a S-ground state with the same electronic config-
uration (4f 7; S ¼ 7

2
), due to their different effective ionic

charges the Coulomb interaction with the conduction
electrons of LaB6 will be larger for of Eu2þ in LaB6.
Therefore, we argue that in the total g-shift, Dg ¼

Dgd þ Dgp, the Jd
atð0ÞZ

d
F term becomes dominant in the

case of Gd3þ and negligible in the case of Eu2þ, leading to
Dg � Dgd ¼ Jd

atð0ÞZ
d
F and Dg � Dgp ¼ Jp

cvð0ÞZ
p
F for Gd3þ

and Eu2þ in LaB6, respectively.
The linear thermal broadening of the homogeneous part

of DH shown in Fig. 2a indicates that the spin-lattice
relaxation of the Eu2þ ions occurs via the exchange
coupling between the 4f and the conduction electrons
(Korringa mechanism). Therefore, the so-called Korringa
rate in the unbottleneck limit, DH=DT , [10] should be given
by [12]

b ¼ ðpkB=gmBÞ½hJ
p
cvðqÞiFZ

p
F�

2. (2)

In the case that there is a contribution from only one
type of conduction electron band and no q-dependence of
the exchange interaction, i.e., Jp

cvð0Þ ¼ hJ
p
cvðqÞiF ¼ Jp

cv, the
Korringa rate becomes: b ¼ ðpkB=gmBÞ½Dgp�

2. Using the
measured g-shift for Eu2þ, Dgp ¼ �0:009ð2Þ, (see Fig. 2b)
we obtain b � 1:9ð4ÞOe/K in excellent agreement with the
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value measured experimentally. Hence, we conclude that
the Eu2þ ions relax to the lattice basically via an exchange
interaction with the (B) 2p-like electrons. Similar analysis
of the data for the case of Gd3þ in LaB6 [9] lead us to
conclude that the Gd3þ ions relax to the lattice via an
exchange interaction with the (R) 5d-like electrons. In this
case Luft et al. [9], assuming that ZdF may be approximated
by the total density of state obtained from the electronic
specific heat corrected by the electron–phonon mass
enhancement of LaB6, ZdF � 0:50 states/eV mol spin, have
estimated the exchange parameter, Jd

at � 40ð1ÞmeV. How-
ever, band structure calculations suggest that the total
density of states at the Fermi level is approximately equally
distributed between the (La) 5d and (B) 2p-like electrons

[13]. Then, assuming that ZdF ¼ ZpF � 0:25 states/eV mol
spin we estimate, from the experimental g-shifts and
Korringa rates, Jd

at � 80ð2ÞmeV and Jp
cv � �34ð3ÞmeV

for Gd3þ and Eu2þ in LaB6, respectively. Although we
are confident in the analysis our data, in view of the
assumptions made, the values for the exchange parameters
have to be taken with care.

5. Conclusions

In this work we have shown for the first time, using our
data and those from others, [9] that in the same metallic
host (LaB6) two different magnetic ion impurities with the
same electronic S-ground state configuration (4f7; S ¼ 7

2)
but with different effective ionic charges (Eu2þ and Gd3þ),
are selectively probing, via an exchange interaction, the
presence of different type of conduction electrons at the
host Fermi level. We have argued that this unique behavior
is a consequence of the Coulomb repulsion potential
between the ion effective charges and the host conduction
electrons. We observed the simultaneous presence of (R) d
and (B) p-like conduction electrons at the Fermi level of
LaB6 by ESR, a result, to the best of our knowledge, not
simple to obtain via other experimental techniques. The
angular dependence of the spectra is currently being
analyzed at the moment, and will be the subject of a
forthcoming publication.
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