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Local environment of Gd** and Eu*" 4f” ions, S=7/2, in Ca, EuB, (0.0001 <x <0.30) and Ca,Gd B,
(0.0001 <x < 0.01) is investigated by means of electron spin resonance (ESR). For x <0.001 the spectra
show resolved fine structures due to the cubic crystal electric field and, in the case of Eu, the hyperfine
structure due to the nuclear hyperfine field is also observed. The resonances have Lorentzian line shape,
indicating insulating host for the Gd’* and Eu* ions. As x increases, the ESR lines broaden due to local
distortions caused by the Ca/Gd,Eu ions substitution. For Gd (x = 0.001) and Eu (x = 0.02), the spectra
present superposition of Lorentzian and Dysonian resonances, suggesting a coexistence of insulating and
metallic hosts for the Gd** and Eu* ions. The Gd’* and Eu* fine structures are still observable up to
x~0.003 for Gd and x = 0.15 for Eu. For larger values of x the fine and hyperfine structures are no longer
observed, the line width increases, and the line shape becomes pure Dysonian anticipating the metallic
and semimetallic character of GdB, and EuB,, respectively. These results clearly show that in the low
concentration regime the Ca, R B, (R = Gd, Eu) systems are intrinsically inhomogeneous. No evidence of
weak ferromagnetism (WF) was found in the ESR spectra of either metallic or insulating phases of these
compounds, suggesting that, if WF is present in these materials, the Gd** and Eu™* 4f"-electrons are shield-
ed from the WF field.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The simple cubic system (space group 221, Pm3m) of Ca, R B, (R = rare-earths, specially La) has be-
come the focus of extensive scientific investigations since the reported weak-ferromagnetism (WF) at
high-temperature 7, ~ 600—800 K in these materials by Young et al. [1]. Over the last few years, enor-
mous efforts were devoted, both, theoretically [2—8] and experimentally [1, 9—17] to establish the origin
of this WF in Ca,_La B, and its relationship with the actual conducting nature of R doped CaB,. How-
ever, the nature of the WF of the parent compound CaB; is still controversial. Studies of the de Haas—
van Alphen effect [10, 11] the plasma edge in optical spectroscopy [12, 13] and some electrical resistiv-
ity measurements [18] support a semimetallic character for CaB; whereas NMR [14] thermopower [16]
angle-resolved photoemission (ARPES) [15] and a different set of resistivity measurements [12, 17]
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suggest that CaB, is a well defined semiconductor. High-resolution ARPES by Souma et al. [18] re-
vealed an energy gap of about 1 eV between the valence and conduction bands and a carrier density of
the order of 5 x 10" cm™ for their CaB, single crystals. Vonlanthen et al. [12] reported that, depending
on the crystal growth method, undoped CaB, could also show WF. They argue that self-doping attributed
to defects might occur. Terashima et al. [19] reported strongly sample dependent data for Ca, gosLay 49sBs
and, lately, doubts about the intrinsic nature of the WF in these systems were raised [20]. It has been
argued that CaB, is a ~1 eV-gap semiconductor and that the intrinsic WF could be hidden by the FM of
Fe and Ni impurities at the surface of the crystals [21].

The electronic configuration of Eu?" ions (4f7, S= 7/2) is identical to that of the Gd** ions. However,
the effect of Gd*' and Eu®" doping in CaB; is expected to be quite different since Eu®" has the same va-
lence as Ca*", while Gd** delivers an extra electron to the system creating a hydrogen-like donor state
with large Bohr radius. The insulator to metal transition should be then reached when the Gd donor
bound-states overlap and start to form a percolative network. Since not all Gd-sites participate in this
network, a coexistence of metallic and insulating phases may be expected for Gd concentrations of about
1000 ppm. The substitution of Ca*" by Eu*" impurities does not yield a donor bound state. Instead, the
broken translational invariance of the lattice introduces a localized split-off state from the va-
lence/conduction band. The energy of such state lies in the gap of the semiconductor and its spatial ex-
tension is of the order of one unit cell. Thus an impurity band for Eu*" only forms at much higher con-
centrations than for Gd*, as it is indeed observed in the experiments that we will show below.

Therefore, an ESR study, probing the local Gd** and Eu*" environment in Ca, R B, (R = Gd, Eu), is
of great interest to understand the magnetic/non-magnetic and metallic/non-metallic properties of these
materials. In this work we present a systematic Gd°* and Eu*" ESR study of Ca, R B, single crystals
(0.0001 <x <0.01 for Gd and 0.003 <x <0.30 for Eu). Preliminary X-band data in some of these sam-
ples were already presented previously [22] and a complete set of data for the case of Eu*" was reported
in Ref. [23]. For EuB4 (x =1.00) Urbano et al. [24] have recently attributed the broad line width ob-
served in their ESR experiments to a spin-flip scattering relaxation process due to the exchange interac-
tion between the Eu*" 4f” and conduction electrons. As a consequence, the observed field, temperature,
and angular dependence of the ESR line width could be associated with the Fermi surface of the conduc-
tion electrons and the formation of magnetic polarons.

2 Experiments

Single crystals of Ca, R B; (R=Gd, Eu; 0.0001 <x<0.01 for Gd and 0.003 <x <0.30 for Eu) were
grown as described in Ref. [1]. The structure and phase purity were checked by X-ray powder diffraction
and the crystal orientation determined by Laue X-ray diffraction. Most of the ESR experiments were
done in ~1 x 0.5 x 0.3 mm® single crystals in a Bruker spectrometer using a X-band (9.479 GHz) TE,,
room-7 cavity coupled to a T-controller using a helium gas flux system for 4.2 <7<300 K. M(T, H)
measurements for 2 <7< 300 K were taken in a Quantum Design SQUID-RSO dc-magnetometer. The
Gd** and Eu*" concentrations were obtained from Curie—Weiss fits of the susceptibility data.

3 Experimental results

Figure 1 presents the X-band ESR spectra of Eu*" in Ca, [Eu By single crystals at room-T and H || [001].
For x = 0.003 the spectrum shows the fine and hyperfine structures corresponding to seven groups (417,
S'=17/2) of twelve hyperfine resonances due to the '>'Eu*" (47.8%; I =5/2) and 'Z*Eu*" (52.2%; I =5/2)
isotopes [25]. The line shape of the individual resonances is Lorentzian as expected for Eu?" ions in an
insulating host. The observed isotropic g-value (1.988(4)) and anisotropy of the fine structure confirms
that the Eu®' local symmetry is cubic. These results are in agreement with the data reported by Urbano et
al. [9]. For x =0.023, 0.07, 0.15 and 0.30 the data show that the individual resonances and the spectra, as
a whole, become broader as x increases. Nonetheless, the Eu*' resolved fine structure is still observed up
to Eu concentrations of x =~ 0.15.
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X band Ca EuB_ 29K Fig. 1 Exp.erimental X-band ESR spectra of Eu* in
1x— " x 6 Ca, Eu B, single crystals for 0.0003 <x <0.30 at room-7 and

x=030 | H ||[001].
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Figure 2 displays the X-band ESR spectra at room-7 for the x =0.023, 0.07, and 0.30 samples of
Fig. 1. The experimental spectra for x = 0.023 and 0.07 were simulated (S) by the superposition of two
different Eu*" ESR spectra: a spectrum with resolved fine structure of Lorentzian resonances (fsL) corre-
sponding to Eu?* ions in an insulating host and a single Dysonian (D) resonance associated to Eu®* ions
in a metallic phase [26]. For x = 0.30 the spectrum can be simulated with just the D resonance. These
results unambiguously confirm, for the Eu®* ions in Ca, Eu B, the coexistence of two different phases in
the concentration range of 0.023 <x <0.15.

Figure 3 presents the X-band ESR spectra of Gd*" in Ca,_,Gd B, single crystals at 4.2 K and H || [001].
For x =0.0001 the spectrum shows the seven resonances (4f’, S = 7/2) corresponding to the fine struc-
ture [25]. The line shape of the individual resonances is Lorentzian indicating an insulating host for the
Gd*' ions. The observed isotropic g-value (1.993(4)) and anisotropy of the fine structure confirms that
the Gd*' local symmetry is cubic. These results are in agreement with the data reported by Urbano et al.
[9]. For x=0.0013 and 0.003 the data show that the Gd*" resolved fine structure is still observed up to
Gd concentrations of x = 0.003. This is in contrast to Eu*' in Ca, [Eu B, where Eu concentration larger
than x = 0.15 was necessary to collapse the entire spectrum into a single metallic line [9].

Figure 4 displays the X-band spectra at 4.2 K for the x =0.0013 and 0.01 samples of Fig. 3. The ex-
perimental spectra were simulated (S) by the superposition of two different Gd*" ESR spectra: a spectrum
with resolved fsL resonances corresponding to Gd** ions in an insulating host and a single D resonance
associated to Gd*" ions in a metallic phase. For x = 0.01 the spectrum can be simulated with just a single

X band
9.481 GHz

Ca, EuB_ 29K
-X X 6

Fig.2 (online colour at: www.pss-a.com) X-band ESR
spectra for x = 0.023, x = 0.07 and x = 0.30 at room-7 and H||
[001]. Open symbols are experimental data. The fsL (blue)
spectrum corresponds to the 7 resonances in a cubic insulat-
ing phase. The single D resonance corresponds to the metal-
lic phase. For x=0.023 and x = 0.07 the simulations S (red)
of the data correspond to the superposition of fsL and D. For

H // [001] v cor .
. L ! . x=0.30 S is given by a single D resonance (see text).
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X band Ca GdB 42k Fig.3 Experimental X-band ESR spectra of Gd** in Ca, Gd B,
9.478 GHz T x6 single crystals for 0.0001 <x <0.01 at4.2 K and /A || [001].
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D resonance. These results unambiguously confirm, for the Gd*" ions in Ca, Gd B, the coexistence of
two different phases in a very narrow concentration range of 0.001 < x < 0.003.

4 Analysis and discussion

The spectra of Gd** and Eu** in Ca, R B, (R = Gd, Eu) presented in this paper show three different con-
centration regimes. For low R concentrations the resonance line shapes are Lorentzian, therefore, the
Gd*" and Eu®' environment is insulating and, as a consequence of the relatively slow spin-lattice relaxa-
tion, the fine and hyperfine (Eu®") structures are fully resolved. From the isotropic g-value and anisotropy
of the fine structure (not shown in this work) it is inferred that the Gd** and Eu*" local symmetry is cubic.
For intermediate R concentrations the ESR spectra present a superposition of a resolved fsL structure and
a single D resonance (see Figs. 2 and 4). In this regime the ESR line shape begins to show a Dysonian
shape, i.e. it starts to display metallic character (see Figs. 1 and 3). So, the microwave skin depth became
comparable with the size of the metallic phase. For higher R concentrations the ESR line shape is pure
Dysonian, i.e., there is spin diffusion and the crystal becomes metallic. In this regime the fine and hyper-
fine structures can no longer be resolved. For Eu*" and x <0.60, the g-value and line width are
T-independent down to ~20-30 K [23, 24]. The absence, or negligible, 7-dependence for these param-
eters assure us, within the experimental error, that above ~30 K there is no direct or indirect magnetic
interaction between the R ions in these systems.

X band
9.478 GHz

Fig. 4 (online colour at: www.pss-a.com) X-band ESR
spectra for x =0.0013 and x=0.01 at 4.2 K and A || [001].
Open symbols are experimental data. The fsL (blue) spec-
trum corresponds to the 7 resonances in a cubic insulating
phase. The single D (green) resonance corresponds to the
metallic phase. For x =0.0013 the simulation S (red) of the
data corresponds to the superposition of fsL and D. For
x=0.01 S is given by a single D resonance (see text). The

H // [001 . .
....[...]......... A P R inset is a blow-up of the central part of the spectrum.
3.1 3.2 3.3 3.4 3.5 3.6 3.7
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In the small x limit for Ca, ,Eu,B,, each Eu®’ represents a charge neutral substitution, which gives rise
to a bound state in the gap of the semiconductor, as a consequence of the broken translational invariance.
The impurity states are localized within the extension of about one unit cell. As the number of impurity
states increases with x, they start to overlap and eventually form a percolative network. The critical con-
centration for nearest neighbor (nn) site percolation on a simple cubic lattice is x, = 0.307 [27]. The per-
colation threshold is reduced to x, = 0.137 if next-to-nearest neighbors (nnn) are included, which corre-
spond to neighbors in the [110]-directions. Third neighbors are along the diagonals of the cube, but this
direction is blocked for the wave functions because of the large BY anions. Our data clearly indicate a
phase separation into an insulating and a metallic phase for concentrations of Gd and Eu above x = 0.001
and 0.01, respectively. These values are well bellow the percolation threshold for nn, nnn and next to nnn
(x,=0.307, 0.137, and 0.099). Thus, as previously reported by Wigger et al. [28] for Eu, ,Ca B, from
their high resolution transmission electron microscopy data (HRTEM), we have also observed two
phases, one of Ca and the other of Eu or Gd rich, in crystals grown in the same way. However, the ESR
data indicate that the separation occurs at much lower concentrations than x =~ 0.27 as reported by
HRTEM. Besides, the presence of a Dysonian line shape indicates that the size of the Eu or Gd rich re-
gions should be of the order of the skin-depth. From the resistivity data of pure EuB; and GdB, and the
ESR data we estimate that the extension of these regions is as large as one micron, in contrast with the
5to 10 nm observed by HRTEM. This raises the interesting question, of what really constitute these
metallic phases observed by ESR. For example, no indication of a FM transition coming from possible
EuB; “clusters” at 7~ 15 K is observed in these samples. In the HRTEM study by Wigger et al. [28] they
found that their x = 0.27 sample presented separated regions rich in Ca?" (insulating) and Eu?" ions
(semimetallic). According to these results, we may associate the fsL spectra in Figs. 2 and 4 with regions
rich in Ca®* and the D resonance with regions rich in Eu®'. This is actually similar to the case of
Ca, Gd B, where coexistence of insulating and metallic phases is inferred from the Gd** ESR spectra,
although, at much lower of Gd concentrations (see Figs. 1 and 3).

The data at room-7 shows a gradual broadening of the individual Eu*" resonances with increasing x
(see Fig. 1). We argue that this cannot be attributed to Eu?*—Eu?" magnetic correlations because the
g-value and the line width are 7-independent down to ~20—-30 K (see above). Thus, the broadening may
be attributed to site symmetry breaking due to Ca/Eu substitution. This inhomogeneous broadening is
probably responsible for hiding the Eu*" fine and hyperfine structures as x increases. Weak or no
T-dependence is expected from this inhomogeneous broadening.

With respect to the controverter scenario about the conducting nature of stoichiometric CaB,, the Eu*'
ESR results in Ca, ,Eu,B, for x <0.003 and those in Ca, ,Gd, B, for x < 0.001 [9], revealed an insulating
host for the dopants, Eu*" and Gd**, supporting that pure CaBy is a “wide-gap” semiconductor.

Regarding the reported sample dependence for Ca, R B4, we would like to point out that in our study
neither the Eu?* ESR spectra nor the M(H) data in Ca, [Eu B, were found to be sample dependent. Our
M(H) measurements show that all our crystals presented a WF < 0.5 emu/mole, i.e., smaller than for La-
doped CaB; crystals which were grown using the same method [1, 9]. Furthermore, for x > 0.10, the WF
component became difficult to measure due to the large M of Eu**. The above results suggest that the WF
is probably caused by self-doping or extrinsic impurities which are inherent to the employed materials
and crystal growth method. These results are quite different from those observed in the ESR data
of Gd-doped CaB, where strong sample dependent ESR spectra were reported for concentrations of
x~0.001-0.002. This is to be attributed to the donor states provided by the Ca/Gd substitution.

5 Conclusions

In summary, we have reported ESR results in Ca,_ R B, for R = Eu, Gd. As a function of the R concen-
tration, an evolution from insulating to a metallic phase is observed from the change in the line shape of
the Eu*" and Gd** ESR spectra. The threshold for the percolative transition between these two regimes is
estimated to be at x = 0.14 for the Eu doped samples, indicating that nnn bound states are already con-
tributing to the percolative network. For an intermediate range of R concentration, coexisting of insulat-
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ing and metallic phases are observed. Similarly to Ca, Eu,B coexistence of insulating and metallic
phases was also found in Ca, ,Gd B, however, due to the Gd** doping extra electron the Dysonian reso-
nance and the percolative interval is found at a much lower level of Gd concentration (x = 0.0015) than
that for the Eu doped crystals.
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