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Abstract

This work presents a systematic Raman scattering study and first-principles calculations for the
EuBg system. Evidence for the presence of an incipient (~1x10~* A) tetragonal symmetry
break of its crystalline structure was found. Forbidden Raman modes at wrm(1) ~ 1170 cm™!,
®Rm(2) ~ 1400 cm™!, and ®Rm3) ~ 1500 cm™! were observed. The tetragonal symmetry of
®irm(2) and wmwrm3) together with spin-polarized first-principles simulations of the structural and
magnetic properties fully support such a break of symmetry. Our data and calculations explain
the occurrence of ferromagnetism in Eu hexaborides, previously reported.

1. Introduction

The hexaborides RBg (R = alkaline-earth metal) are one of the
most intensively studied groups of intermetallic compounds
due to their large variety of physical ground states [1]. In
particular, the family R;_,A,Bg (A = magnetic rare earth)
has attracted considerable interest due to the intriguing
connections between their magnetic [2], transport [3], and
optical properties [4, 5]. The available crystallographic data
indicate that these compounds are cubic with the unit cell
belonging to the Oy space group (@ ~ 4.19 A) [6]. The
divalent alkaline metal occupies the central position on a cube,
surrounded by eight B¢ octahedra, at each vertex [6].

EuBg is a ferromagnetic (FM) metal, characterized by a
quite small effective carrier density at high 7 (~10~2 per unit
cell) [7-11, 3, 12]. Actually, the physical processes occurring
below T < 16 K are a matter of debate. Siillow et al [7] have
shown that EuB¢ presents a FM transition at 7¢; = 15.3 K
where the spins order parallel to the [100] direction. A drop
of an order of magnitude in its resistivity was also observed
at this temperature and magnetic polaron overlap had been
invoked to account for these features [8]. Andreev reflection
spectroscopy combined with Hall effect and magnetoresistivity
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data indicated that EuBg has a semimetallic band structure with
a fully spin-polarized hole band and an unpolarized electron
band [9]. Eu-derived conduction band splitting due to coupling
to core electrons at each Eu site was found to be the origin
of the phase transition at T¢; [10]. The intimate correlation
between magnetism and transport properties is believed to
originate from the strong exchange interaction among spins of
charge carriers and local f electrons [8]. At T, = 12.5 K spins
undergo a reorientation transition to the [111] direction [7].
Below Tc, all Eu** spins participate in the long-range FM
order [7, 13, 14]. Ferromagnetism in this case was found
to arise from the half-filled 4f shell of Eu*t ions, whose
localized spins account for the measured magnetic moment of
~T7 pg/fu. 7,11, 3].

Evidence for the occurrence of these two magnetic
transitions below 77 < 16 K was found from muon spin
rotation microscopic measurements by Brooks ez al [15]. They
concluded that the ferromagnetic state of EuBg is reached via
two magnetic transitions at 15.5 K and 12.6 K, respectively.
Two distinct components were resolved in the muon data, one
oscillatory and one non-oscillatory, which arose from different
kinds of magnetic environments [15].

© 2009 IOP Publishing Ltd  Printed in the UK
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The transition temperatures decrease with Ca con-
tent [3, 16] and are completely suppressed for x < 0.30 [17].
Electron microscopy data indicate the coexistence of insu-
lating Ca-rich and metallic Eu-rich regions that percolate at
x ~ 0.30 [17]. Moreover, Urbano et al [18] recently ana-
lyzed the behavior of the Eu>" electron spin resonance (ESR)
linewidth and concluded that the percolation of the impurity
bound states has already started at x ~ 0.15, i.e., involving
next to nearest neighbors.

The intriguing fact concerning EuBg is that symmetry
constraints prevent the occurrence of FM order in the cubic Oy
space group [19, 7]. Lattice symmetry must be lowered to one
of the Oy, tetragonal subgroups to allow ferromagnetism [7, 19].
High resolution 7-dependent x-ray diffraction measurements
by Siillow et al [7] failed to observe direct evidence of
this symmetry breaking. However, they had observed an
anisotropic intensity distribution of the Bragg peaks in all &l,
hk, and k! planes that presented four symmetrically arranged
wings around each peak. Strain at the sample surface, lattice
disorder, vacancies or an incipient structural distortion were
enumerated as possible origins for the wings but were not
conclusively assigned. ESR g-value measurements on the
Ca;_,Eu,Bg series suggested that the crystal symmetry may
be lower than cubic [20].

The purpose of this work is to find a possible symmetry
breaking in the crystal structure of EuBg¢ that could explain the
appearance of the FM ordering reported. For this reason we
carefully studied the polarization and temperature dependence
of the Raman scattering (RS) spectra of EuBg single crystals
and performed ab initio calculations.

2. Experimental details

Single-crystalline samples of EuB¢ were grown in a flux of
99.999% pure Al, using the starting elements of Eu and B with
purities of 99.95% and 99.99%, respectively [6]. Magnetic
and transport characterization data can be found in [20]. The
crystal’s shapes were plate-like with typical dimensions of
0.5 x 4 x 6 mm®. Raman measurements were carried out
using a triple spectrometer equipped with a LN, CCD detector.
Each spectrum was corrected by the spectrometer response
obtained by measuring the emission of a tungsten lamp and
comparing it with the emissivity of a black body at the same
temperature. The 514.5 nm line of an Ar™ ion laser was used as
the excitation source. The laser power was kept below 12 mW
on a spot of diameter of about 100 pm. All measurements were
made in a near-backscattering configuration.

For the cubic Oy, RBg unit cell, the zone-center Ty, E,,
and A, phonons are Raman active. These modes correspond
to internal displacement of B atoms in the B¢ octahedron [21].
Previous RS works [21-29] have reported these modes at ~780
(Tag), ~1150 (E,), and ~1260 (A;,) cm~'. Besides these
phonons, additional modes at ~200 and ~1400 cm~! were also
reported. The former was conclusively assigned to two-phonon
RS [26] and the latter has had no clear assignment yet.
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Figure 1. Room temperature unpolarized RS of EuBg, showing the
expected phonons of the Oy, cubic structure as well as the forbidden
ones.

(This figure is in colour only in the electronic version)

3. Results and discussion

Figure 1 presents the EuBg RS spectrum taken at 300 K. It
shows the Tss, Ey, and Aj, phonons of the cubic phase at
775, 1137 and 1264 cm™', respectively. Also, extra broad
modes at ~1170, ~1400, and ~1500 cm™" were observed.
To verify the phononic origin of these extra modes we used
another laser line (488.0 nm) to excite the sample. All modes
were observed at the same Raman shift. The spectral intensity
response was five times larger when the excitation was the
514.5 nm, indicating a possible resonant behavior. We shall
label these extra modes as forbidden Raman modes fRm(1),
fRm(2), and fRm(3), respectively. The other compounds of the
Ca;_,Eu,Bg series showed similar spectra. The intensity of
the fRms appeared larger for x = 0.10.

For x = 1 and x > 0.30 a shoulder close to the E,
phonon was observed (not shown). This shoulder was always
~25 cm™! above the E, phonon frequency. For CaBg and EuBg
it was attributed to the charge imbalance arising in the boron
octahedron [21, 22, 27]. It is worth mentioning that the E, peak
had a symmetric shape for x = 0.05 and 0.10.

The polarized RS experiments were performed on the ab
and ac planes at room 7 (figure 2). The a,b and ¢ axes
correspond to the [001], [010], and [100] crystallographic
cubic directions [6]. The smaller crystal thickness determines
the ¢ axis (see the inset of figure 2(b)). The expected selection
rules are summarized in table 1. It was found that Ay, E,,
and T,, phonons had the expected selection rules for the Oy
space group. Analysis concerning the fRms is shown in table 2.
Thus, the fRm(1) has a cubic Aj, symmetry. Instead, fRm(2)
and fRm(3) did not appear on the T, channel probed with the
(a, b) configuration (figure 2(b)) but were clearly observed on
the same channel in the (c, a) case (figure 2(d)). Thus, we
concluded that the symmetry of fRm(2) and fRm(3) is A, of a
non-cubic group. The above, is strong evidence of an incipient
breaking of the cubic symmetry. It is possible to consider
that:
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Figure 2. Room temperature polarized RS spectra for EuBg in the

configurations listed in table 1. The inset of (b) shows the typical
crystal shape and the a, b and ¢ axes.

Table 1. Polarization selection rules in the Oy, space group.

Irreducible
Configuration  representation
a, b ng
a,a A, +E,
a/,a/ A]g +Eg+T2g
a/, b Alg + Eg
c,a Ty
c,c A, +E,
C/,C/ A]g +Eg+T2g
c,a E, + Ty,

(i) the fRm(1) is a doublet of the A, phonon originating
from the charge imbalance arising in the B¢ octahedron,
resembling the E, doublet, and

(i) the fRm(2) and fRm(3) are bands activated by the subtle
non-cubic symmetry of the lattice.

The temperature dependence of the RS spectra is
displayed in figure 3. The fRm(1) kept its intensity almost
constant while the fRm(2) and fRm(3) modes presented a
strong intensity increase at low temperatures, 7 < 20 K. The
total integrated area of fRm(2) and fRm(3) increased nearly
6 times between 400 and 14 K. For T > 400 K, the peak’s
intensities were nearly constant.

Ogita et al [27] observed a broad peak at ~1400 cm™!,
probably due to the superposition of fRm(2) and fRm(3) bands.
These authors assigned it to an overtone of the T»; phonon.
This interpretation is incorrect for the following reasons: (i) the

EuB, b(a’,a)b
7
| |
’ }[f
E 1 “W':‘f
e I
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2 | /
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Figure 3. Temperature dependence of the RS spectra at a’, a’
polarization.

Table 2. Experimentally observed selection rules for the fRms.

fRm(1) fRm(2) fRm(3)
A +E; + Ty, X X X
Alg —+ Eg X
Ty, (a, b) — — —
Eg 4 Ta, - - -
Ty (¢, a) —

energy of this broad mode is smaller than twice the T», phonon
frequencys; (ii) the selection rule for this mode is incompatible
with any combination of the Oy irreducible representations
(IR), contrary to what was expected from the direct product
T2g®T2g = Alg + Eg + Tlg + ng [30], and (111) the
temperature dependence is incompatible with a two-phonon
RS process. These authors also observed a low frequency mode
at ~200 cm~!, in agreement with other authors [22, 25, 26].
Since this mode was conclusively assigned to two-phonon
RS [25] its selection rules will not be explored in this work.

Another scenario corresponds to considering the fRms
as disorder-activated infrared-active phonons or combinations
of Raman-active and infrared-active modes. Yahia et al
[23] measured the RS and infrared reflectivity for several
hexaborides. Comparing the frequencies of their infrared-
active modes with the frequencies of the fRms, one concludes
that there are no infrared modes, or possible combinations, that
could be assigned to the fRm peaks. Thus, this assumption
should also be disregarded. The cubic symmetry breaking
proposed here is the straightforward scenario.

Notice that the Ay, Ey, To; and fRm(1) phonons still
have cubic symmetry. This suggests that the overall crystal
distortion may be very small, which explains the difficulties
of bulk techniques that explains x-ray diffraction studies in
resolving large scale subtle symmetry changes.

Currently, high resolution synchrotron x-ray diffraction
experiments (see, e.g., the work of Yang and Ren [31]) have
shown that typical cubic ferromagnets like DyCo,, CoFe;O4,
and Terfenol-D experience a tiny structural change ((¢ —
a)/a < —1.0x1073) to a non-cubic symmetry at Tc. A similar
subtle deviation of the cubic structure is probably appearing in
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the hexaborides. However, the results presented here show that
the crystallographic structure is non-cubic in the 14 and 780 K
probed ranges. The intensity increase of fRm(2) + fRm(3)
below 20 K is probably related to the enhancement of the
(c — a)/a ratio near to the magnetic transition driven by
magnetoelastic coupling. This symmetry breaking may also
allow the FM in this system.

We also performed spin-polarized first-principles calcula-
tions to corroborate these findings. Calculations were based
on the all-electron projector augmented wave (PAW) method
and density functional theory (DFT) within the local den-
sity approximation as implemented in VASP [32, 33]. Simi-
lar computational calculation methodology was recently em-
ployed by Kim et al [34] to successfully explain the optical
conductivity of EuBg.

In order to get the correct correlation among spin
orientations and crystal structure optimization, the spin—orbit
coupling was taken into account in a fully self-consistent way.
The structural equilibrium volume for the [111] and [100] spin
orientations was obtained by optimizing the internal forces
and stress without taking the symmetry into account, i.e., all
possible cell shapes were allowed. An energy cutoff of 500 eV
was employed. A (10 x 10 x 10) grid yielding 1000 k-
points was used for the Brillouin zone interaction. Due to the
small energy differences between spin orientations, the energy
and force convergence criteria were set to 1x107® eV and
0.01 eV/A, respectively. We have also performed LDA + U
calculations [35]. As the Eu f levels are very localized, the
results obtained with LDA + U were almost the same without
the U parameters. Thus, in the following, only the LDA results
will be presented.

It was found that the [111] spin configuration is
3.2 meV/EuBg¢ lower in energy than the [100] one, in
agreement with the magnetic characterization data from the
literature [7].

In all cases, a small lattice distortion along the spin
direction was observed. Although small, it was enough
to break the cubic symmetry of the unit cell, allowing the
occurrence of FM. For the Eu spin in the [111] direction, the
unit cell lattice vectors obtained were

a = 4.13443x + 0.001 24y + 0.001 24%;

-

b =0.00124% + 4.13443% + 0.001 24Z;
¢ = 0.00124% + 0.001 243 + 4.134 432,

The resulting non-cubic unit cell had the boron octahedra
slightly distorted in the spin direction. The values obtained
for the lattice parameters are in excellent agreement with
experimental findings (agreement better than 1.5%).

The [100] spin orientation leads to a slightly non-cubic
structure of tetrahedral symmetry, i.e., a # b = ¢. The
optimized lattice vectors were

-

a =4.12178x; b=4.12171y; c=4.12171%.
Furthermore, a distortion in the boron octahedron structure

was also observed. For example, the u parameter, defined

a) [100]
£
=
Ne)
&
g by [111]
wn
G
o
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2 -‘l 0 ‘ : ‘ :& 5

1 2
Energy (eV)

Figure 4. Local density of states (Eu f-states) for atomic
displacements along the [100] (a) and [111] (b) directions.

as the distance between the center of the unit cell and the
B atoms, is smaller in the [100] direction than in the others:
uipo = 1.2350 A and ugj9 = uoy = 1.2351 A. Although
small (~1x10~* A), these distortions were consistent with the
lower symmetry observed by means of Raman scattering.

The local magnetic moments, the shape of the Eu f
wavefunction and the local density of states for the two
configurations were very similar, and almost spin orientation
independent. Figure 4 shows the projected density of states
(DOS) relative to the Eu f levels for the two spin directions
with magnetization along [100] (upper panel) and [111] (lower
panel) directions. The DOS are very similar, with an exchange
splitting of 4-5 eV. The dashed lines indicate the Fermi level.
The most noticeable difference concerns the level splitting.
Along the magnetization direction with the highest crystal
symmetry ([111]) the levels are sharper than the tetragonal one
([100]). The [100] direction appeared more delocalized and
had more peaks. That is probably due to crystal electric field
effects. The computational simulations clearly show that the
unit cell symmetry should be non-cubic in both configurations,
in order to enable a net magnetic moment to be present in the
unit cell.

4. Conclusions

In conclusion, the experimental results showed the appearance
of three fRms in EuBg that do not belong to the expected set of
Raman-active phonons of the Oy, cubic group. After analyzing
different possibilities it was concluded that fRm(1) is a doublet
of the A, phonon, caused by a charge imbalance in the Bg
octahedron, similar to the E; doublet. Also, the fRm(2) and
fRm(3) bands arise from the cubic symmetry breaking that
induces a non-cubic environment in the B¢ octahedron. First-
principles calculations of magnetic and structural properties
corroborated this symmetry breaking.
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