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Abstract

We have measured Raman spectra of high-quality Zr"*'By,, Lu™B;, and Lu''B;, single crystals with high resolution, and the
observed strong peaks are attributed to specific vibration modes. Besides, there are a number of additional Raman peaks in spectral
ranges, where only Raman-inactive vibrations of the atomic arrangement are expected. Accordingly, it is assumed, that the investigated
crystals contain intrinsic structural imperfections or distortions in sufficient concentration and efficiency to initiate the observed breaking
of phonon selection rules. We suppose boron vacancies, boron isotope effects and displacements of the metal atoms to be reasons for

such imperfections.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Metal-boron refractory compounds are widely used in
modern techniques due to their unique combination of
properties (see [1,2]), such as high melting points, hardness,
thermal as well as chemical stability. Moreover, these
compounds are model substances for numerous physical
investigations, for example to determine the different
boron sub-lattices in MB,, MB,, MBs, MB;> and MBgg
phases (M = metal) with respect to the influence of the
nature of the various metals or metal ions on the properties
of the boride framework.

In this context the consideration of structural imperfec-
tions is very important. In solids with periodic structures
defects are usually taken as weak deviations from the ideal
atomic arrangement. However, for some complex boron
structures (f-rhombohedral boron and boron carbide) it
was proven that disregarding structural defects in band
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structure calculations leads to fundamental errors in the
determination of electronic properties. In extreme cases,
e.g. that of boron carbide, metallic character instead of
semiconducting behavior was predicted (see [3,4]). At
present, it remains to be investigated if in binary boron
compounds like metal hexaborides and dodecaborides the
influences of structural imperfections, defects or distortions
has similarly dramatic effects on the electronic properties.

The investigated boron compounds MB,, (M = Lu, Zr)
may be considered as clathrate-like systems [5] comprising
two sub-structures—the very rigid boron cages and the
relatively weakly bonded metal atoms with atomic
diameters, which are often distinctly smaller than the
accommodating voids of the anionic boron framework.
Nevertheless, while the rigid boron network essentially
determines mechanical and related properties, the metal
atoms and their oxidation states preferably determine
electronic transport and magnetic properties. For instance,
the electrical conductivity of MBg phases can vary from
insulating (CaBy) to metallic behavior (LaBs and some
others). Hardness and chemical resistance of the boride
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phases usually increase with the boron content increasing.
After the recent discovery of high-7 superconductivity in
the otherwise well-known MgB, [6], all boride phases newly
attracted the attention of physicists, inorganic chemists and
material scientists.

The same holds for rare-earth metal dodecaborides
REB >, (RE = rare-earth metal), for which overviews on
properties have been accomplished [7-10]. Zirconium
dodecaboride ZrB;, is a member of this structure family
and it was synthesized as early as 1952; however, apart
from the crystal structure, the knowledge of properties has
remained very limited [11-15], although the Debye
temperature was determined to correspond to 1040K
[16]. Band structure calculations were performed by Shein
and Ivanovski [17], and metallic conductivity and super-
conductivity (7. approximately 6K) are known [18].
Crystal structure and composition imply a similarity to
YBi,, UBj», REBi>, (RE = rare-earth metal) which are
characterized by unusual physical properties like mixed
valency, heavy fermion behavior, superconductivity, and
specific magnetic transitions.

For the stability range of ZrB;, controversial data are
given in the literature: A very large temperature range
extending from ambient conditions to the melting point
has been reported, but also a very narrow one [19,20].
According to Massalski’s constitutional diagram of the
Zr-B binary system it is even limited to temperatures
between 1696 and 2082 °C only, and the phase has a
peritectic melting character [21]. Meanwhile, the prepara-
tion of ZrB,, single crystals, which are stable at ambient
conditions [16,22], solved this controversy.

We report on Raman spectra of ZrB, single crystals for
the first time and compare these to measurements on
LuB,. According to the electron configuration 4d° 5s> for
Zr and 5d' 6s% for Lu, different electron transfers to the
boron substructures may be realized. The effect of these
differences on Raman spectra will be taken into account.

2. Sample material

Large ZrBy, single crystals with a diameter of 6 mm and
a length up to 40 mm [16] are prepared using pure natural
boron (isotope distribution, 18.83% '°B, 81.17% ''B).
X-ray diffraction diagrams of the crushed rod revealed
only the presence of ZrB|,. Moreover, diagrams obtained
from both ends of the large rod evidence single-crystalline
character, and the cell parameter a = 740.72(5)pm agrees
well within the estimated experimental error with the value
of 740.75(1) pm, which was recently reported using much
smaller single crystals obtained by an independent group
[22], and is in agreement with an absence of soluble
impurities in the studied crystals. The hydrostatically
measured specific density of our single crystal corresponds
to 3.60(2) g/cm? and is in good agreement with the density
of 3.61 g/em?®, which is calculated using the experimental
lattice parameters and assuming full occupancy of all
atomic sites. Hence, for ZrB;, a significant concentration

of vacancies in the metallic sublattice (>1at%) is highly
improbable. A significantly higher concentration of vacan-
cies in the boron framework cannot be ruled out due to the
large atomic weight ratio Zr:B of approximately 9:1.

Preparation and some physical properties of the
investigated LuB;, single crystals have been reported
earlier [23]. The purity of the ingredient amorphous
boron was 99.5% and that of the Lu,O3z 99.9985%. The
impurities are assumed to be nearly entirely removed
during the boron reduction of the rare-earth metal oxide
and the subsequent zone melting of the binary compound
as evidenced by chemical analysis of the samples (oxygen
below the detection limit of 0.25 wt%).

The total impurity content of the zone melted
single crystals is below 107%. A hydrostatic density
determination yields results compatible with a composition
LuBy;s36) in close agreement to the chemical analysis
leading to LuB; g¢24). These findings are consistent with a
deficiency of boron atoms in the crystal structure [24].

The cell parameters of different crystals agree within a
small uncertainty range (746.44(2) pm) indicating that this
is the stable composition of the compound, and imperfec-
tions of the idealized structure like vacancies or distortions
may be intrinsic. Intrinsic structural imperfections in
the form of vacancies or anti-side defects occur in the
structure of f-rhombohedral boron and boron carbide,
both essentially based on Bj, icosahedra as structural
elements. There, these imperfections generate split-off
valence states in the band gap, which drastically influence
the electronic properties of these crystals [3,4].

3. Experimental

In order to gain plain sample surfaces, different
preparation methods like cutting, lapping, polishing and
etching were tested. The results of Raman investigations of
differently treated specimen evidence that freshly broken
samples manufactured from plates, which are cut from
single crystals yield exactly reproducible Raman spectra
and reliable spectral positions of the Raman lines.
Accordingly, this preparation method was finally used for
all investigated samples.

The Raman measurements were performed at ambient
conditions with a Jobin Yvon Labram spectrometer using a
HeNe laser of 15mW for excitation and an 1800 g/mm
grating. The spectral resolution corresponds to about
lem™'. The laser spot size on the samples amounts to
about 10 pm in diameter, and the employed notch filter of
the equipment excluded Raman shifts below 100 cm ™' from
detection. The spectra displayed below have been repro-
duced several times and on different samples each.
Artifacts from the equipment have been excluded by
crosschecking the spectra of several hexaborides. There-
fore, even the weak Raman peaks are reliable. However, it
cannot be definitely excluded that in the frequency range
below about 200cm ™" the shape of the Raman spectra is
somewhat affected by the influence of the notch filter.
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4. Results and discussion

The crystal structure of the investigated specimens
(UBy, type) can be described in terms of a modified fec
unit cell with the metal atoms in the center of regular
B,4 truncated octahedra, with B atoms at each of their
24 vertices. An alternative description is a modified NaCl-
type structure formed by metal atoms and Bj, cubo-
octahedra (see [10] and references therein). The atomic
pattern bears a certain similarity to clathrate-type arrange-
ments and may, thus, be considered to consist of two
substructures, condensed boron clusters forming a 3D
network and RE atoms, respectively. Since the links within
the B, cubo-octahedra are strong covalent bonds, the high
melting points and the rigidity of the crystal structures
can be attributed to the chemical bonding in the boron
network.

When local distortions due to defect formation are not
taken into account, the average structure adopts space
group Fm3m. For this idealized atomic pattern, the number
of Raman active phonon modes I' was estimated by a
factor group analysis [25] to correspond to

I'=Ajg + 2E, + 2F»,.

Ay, E; and F>, are irreducible representations for Oy
symmetry. These five phonons represent vibrations of the
boron sublattice only. The vibrations of the metal ions are
forbidden for Raman scattering because they are posi-
tioned on inversion centers. However, it must be obeyed
that these considerations correspond to the idealized
structure of the dodecaborides. Structural imperfections
can more or less lift these selection rules, and in such cases
additional modes appear in the Raman spectra.

In Fig. 1 the Raman spectra of Zr"*'B;,, Lu"*'B,, and
Lu''B;, are displayed. To obtain the fine structure of the
Raman spectra with high accuracy, additional spectra of
the same samples were obtained with five-fold integration
time (typically 1500s) to improve the signal-to-noise ratio
(Fig. 2). The frequencies of the peak maxima are listed in
Table 1. Because of the natural isotope distribution in the
samples (18.83% '°B and 81.17% ''B), the Raman lines are
significantly broadened towards higher frequencies. For a
single vibrating boron atom the frequency shift due to the
mass difference can be estimated to the factor,

w1 /0y = (my/my)"* = (m(By1)/m(Byg))'/> = 1.0488.

Comparing the spectra of Lu™'B;, and Lu''B, with the
average boron atomic mass relation 11/10.8 the corre-
sponding factor is 1.0092. The factors obtained from the
strongest lines of the spectra of Lu™*B;, and Lu''B, are
listed in Table 2. The 784/774cm ™" phonon exactly meets
the expected value; for the others the quotient is somewhat
larger, indicating that other bonding conditions like
distances and bonding forces are not independent of the
boron isotope and may influence the vibration frequencies
as well. A deviation from the statistical distribution of the
boron isotopes assumed for other structure groups of

complex boron compounds could be a further reason for
the frequency shift of lattice vibrations.

The polarization-dependent low-temperature Raman
spectra reported by Fujita et al. [25] allow for attributing
the measured Raman lines in Table 1 to four of the
five specific vibration modes. The observed differences
of line positions compared with the oriented and
polarized low-temperature measurements [25] is in the
range, which we found to be covered by different surface
treatments. The phonon density distributions obtained
using inelastic neutron scattering by Bouvet et al. [26] and
Nefeodova et al. [27] allow assigning numerous of the
weak structures in the Raman spectra to specific vibrations,
which are not Raman active in the ideal lattice. However,
based on more recent investigations on YbB;, Nemkovski
et al. [28] question the interpretation by Bouvet et al. In
particular this holds for the low-frequency range. The
observation of these modes clearly evidences that the
local structure of the boron cages has a lower symmetry
than the average atomic pattern as determined by room
temperature X-ray diffraction. In accordance with this
result, more recent single-crystal diffraction experiments
[29] indicate that at room temperature 1.33% of the
lutetium atoms are located at positions slightly outside the
cage centers.

Since the atomic pattern of ZrB, is essentially the same
as that of LuBy,, the vibration frequencies are expected to
be only slightly shifted. Thus, the conclusions basically
hold for ZrB;, as well. However, additional features are
clearly seen in this spectrum. Obviously, the 1015cm™"
phonon (E,) and the 1043 cm~' phonon (4,), which are
nearly degenerate in LuB;,, are distinctly separated in
ZrBy> (1012 and 1090cm™'). Moreover, in the range
between these phonons two additional shoulders of Raman
peaks are clearly detectable. The offset of metal atoms
changes the boron—metal interaction, and, thus, the
vibration frequency. This seems to be a possible explana-
tion for such additional peaks. However, on the basis of
present data, an unambiguous attribution is not yet
possible.

At wavenumbers up to about 270cm™! several of the
small peaks are found in the spectra of both compounds;
however, for ZrBy, they superimpose a broad strong peak
(218(2) cm™ "), which is absent in the LuB;, spectrum. If we
hypothetically attribute this peak to a vibration of the Zr
atom, the according vibration of Lu is expected at
158cm™! based on the mass-dependent frequency shift
O/ 0z = (er/mLu)l/2 =138, when equal bonding
forces are assumed. Since it is reasonable to assume that
the force constant is larger for the zirconium compound
due to the higher charge of the metal atom as well as
due to the reduced lattice parameter and, thus, shorter
metal boron distances, the corresponding Raman peak of
LuB;, is expected to be located at lower wave numbers
and, thus, may be masked by the strongly decreasing
background signal below approximately 200cm ™" caused
by the notch filter.
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Fig. 1. Raman spectra of Lu™By,, Lu''B;, and Zr™By,. The insert shows the modification of the strongest Raman line of LuB, by the influence of
different isotope concentration.
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Fig. 2. Raman spectra of Lu"'B,,, Lu!'B,, and Zr"*'B,, with improved signal-to-noise ratio (five-fold integration time compared with Fig. 1). The spectra
are vertically shifted relative to one another.
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Table 1

2765

Raman frequencies of Lu™'B;,, Lu''B;, and Zr""B;, compared with Raman results of Fujita et al. [25] obtained from polarization-dependent
measurements and data obtained from phonon spectra of Bouvet et al. [26] obtained by inelastic neutron scattering

LuB,» ZrBy,
Lu™B,, Lu''B;, Fujita Neutron scattering (Bouvet et al. [26]) Zr"'B,,
(this paper) et al. [25] (this paper)
~129 RE optical Mode
152 (1) 152 (1) 151 (1)
169 (1) 169 (1) 171 (1)
187 (2) 187 (2) ~185 Opt. and rot. modes 187 (1)
207 (1) 207 (1) 209 (2)
228 (1) 228 (1) 224 (1)
238 (2) — Weak shoulder
247 (2) — Weak shoulder
266 (2) — ~265 Intermolecular 270 (1)
285 (2) — ~281 vibrations of the By,
300 (2) — cubo-octahedra
310 (2) — Until
328 (3) —
356 (3) 358 (3) ~386
— — Frg (~460cm™") 487 (2)
530 (2)
581 (10) 583 (2)
663 (2) 653 (2) Strong, possibly E, (~650 em™) <= > 642 (1) Middle
degenerated
720 (2)  Weak
784 (1) 777 (1)  Strong, possibly  F», (~815 em™') <= —> 796 (1)  Middle
degenerated
908 (5) — Weak 859 (2) Weak
893 (2)  Weak
942 (2)  Weak
990 (3) 890 (3) Weak shoulder
1015 (2) — Shoulder E, (~1000cm™") < -»> 1012 (1)  middle
1043 (1) 1028 (1)  Strong Arg (~1070cm™") o 1050 (2)  Weak
R 1080 (2)  Shoulder
o 1090 (1)  Strong
— 1058 (1)  Weak shoulder
1155 (3) 1146 (2)  Very weak 1152 (5)  Weak
1297 (4) Very weak
1366 (2) — Very weak 1337 (4)  Weak

Arrows indicate obvious correlations between specific phonons of both compounds.

Table 2
Spectral position of the strongest Raman lines and the relation of the
frequencies

Lu"™B,, (cm™) Lu!''Bj; (cm™) /W,
663 653 1.015 (4)
784 774 1.009 (2)

1043 1028 1.015 (1)

Taking into account a displacement of metal atoms in
the crystal structure of ZrBi, [29] we performed a factor
group analysis with zirconium atoms located on, e.g.,
Wyckoff position 24e revealing three additional modes
(A1g+ E;+ T5,) becoming Raman active. Considering the

metal disorder and the low frequency of the observed
broad structure in the Raman spectra, we suggest attribut-
ing the low-frequency intensity to vibrations of the
displaced metal atoms.

5. Conclusion

Despite the good quality of the investigated ZrB;, and
LuB;, single crystals, both compounds contain consider-
able amount of structural imperfections lifting the phonon
selection rules. This leads to numerous detectable Raman
peaks in spectral ranges, where only Raman-inactive
vibrations are expected. In this context, we like to remark
that the presence of structural defects (B vacancies) is
compatible with the density measurements (see above).
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Fig. 3. Disorder of the metal atoms in LuB;,. By, truncated octahedron
with probability distribution of the displaced Lu atom (LUI12) from the
idealized center position (LUI). Displacement at 295K and 0.361 A In
ZrB,, the displacement is 0.388 A [28].

Another independent confirmation of structural disorder in
LuB;, and ZrB;, results from the structure refinements by
X-ray investigations. While in the idealized structures the
metal atoms are assumed to be accommodated exactly in
the center of the cubo-octahedra, they are partly shifted
towards the square segments of the truncated octahedra
by 0.360 A (4.84% of the lattice parameter a in LuBj,)
and 0.388 A (5.24% of a in ZrB,,), respectively, in the
real structures (for ZrBi,, see also Fig. 3). This result
immediately explains the occurrence of rather strong
Raman lines in the low-frequency spectral range, where
the lattice vibrations related to the movement of the metal
atoms are expected. The sensitivity of Raman spectroscopy
is underlined by the observation that the occupation
densities of the disordered metal sites are only 1.33% for
LuB, [29] (for ZrB;, the according data are not yet
available).

Moreover, point defects are certainly a likely reason for
lifting the selection rules of Raman-inactive lattice vibra-
tions. Although the influence of these intrinsic defects on
the Raman spectra cannot be quantitatively given at
present, Raman spectroscopy is obviously a sensitive tool
to detect such structural distortions in boron-rich solids. In
how far it is possible to correlate such Raman peaks to
specific distortions or disorder phenomena will be subject
of future investigations. Because of the strong influence of
intrinsic structural imperfections on the electronic proper-
ties, as evidenced for f-rhombohedral boron and boron
carbide, more detailed investigations of the real structure
of these solids are highly desirable in order to gain a deeper
understanding of the electronic structure of these com-
pounds with complex building units in their crystal
structures.

In parallel it will be studied, if the Jahn—Teller effect,
which is responsible for distortions of boron cages in
icosahedral boron-rich solids [3,4], is also a reason for
structural distortion in the dodecaborides. A first experi-

mental evidence for an elastic instability is the observation
of a tetragonal distortion in LuB;, at low temperatures
[30].

Comparing the Raman spectra of Lu"*B;, and Lu''B;,
(see Figs. 1, 2 and Table 1) it is obvious that even the
different boron isotopes, distributed in the B, cubo-
octahedra, are sufficiently strong imperfections to lift the
selection rules. The distinct broad Raman signal at wave
numbers below about 600cm™" occurs for Lu™*'B;, only
and is missing for Lu''By,. Moreover, several of the weak
narrow Raman peaks visible in the case of natural isotope
distribution are much weaker or even missing in the
spectrum of isotope-enriched material. According to the
neutron scattering experiments of Bouvet et al. [26] (see
Table 1), most of these Raman peaks can be attributed to
intermolecular vibrations of the cubo-octahedra, which
would be Raman-inactive in a perfect structure.
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