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Pure SrBg single crystals are synthesized under high pressure (5GPa) and temperature (1300°C). The
structure and morphology of the SrBg single crystals are characterized by X-ray diffraction and field
emission scanning electron microscope. The lattice constant of the SrBg crystals with a space group of
Pm-3m is a=4.1975A. The dependence of electric resistivity and Hall coefficient on temperatures from
2 to 300K show that the SrBg single crystals are conductive materials with semi-metallic behavior and
can be considered as electronic current carriers. The results of the band structure calculation show that
Kgywords: the conduction and valence bands meet at the X point at the Fermi Level, which is consistent with the
High pressure . . . R . .
SIB6 experimentally measured conducting behavior of SrBg single crystals. The total and partial density of
states show that the states at the Fermi level come from the 2p orbitals of the B atoms and the 4d
orbital of the Sr atom. The magnetization measurement shows the diamagnetic nature of the SrBg. The

Semi-metallic
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nanoindentation measurement indicates that the hardness of SrBg reached 33 GPa.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Strontium hexaboride is well-known for its excellent properties,
such as high melting temperature (2235 °C), high hardness, and low
coefficient of thermal conductivity [1,2]. It is also extensively uti-
lized for high temperature insulation, nuclear reactor control rods
[1,2].

Although no magnetic elements are present in the CaBg crystals,
weak ferromagnetism have been observed at high temperatures
(T,=600K). Nearly identical magnetic effects with Sr;_yLaxBg,
and Baj_yLaxBg have also been found, along with the maximum
momentidentified atx=0.005[3].In the beginning, this weak ferro-
magnetism was considered to be the spontaneous ferromagnetism
of low-density electron gas which is due to the conduction elec-
trons introduced by La doping [4]. Later, the ferromagnetism was
discovered in the undoped SrBg [5,6], raising new questions about
the origin of the unusual magnetism.

Meanwhile, the electronically conductive nature of SrBg still
remains unknown. Both semiconducting [7,8] and semimetallic
[9-11] behaviors have been observed in experiments and theo-
retical calculations on SrBg. A study using both angle-resolved
photoemission spectroscopy and k-resolved resonant inelastic X-
ray scattering have revealed an X-point band gap of >1 eV for SrBg
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[7]. Based on the results of electrical resistivity investigations at
both zero and non-zero frequencies above He temperatures, SrBg
is close to being a semiconductor [8]. However, it also possesses
metallic behavior below 0.5K. On the other hand, both the local
density approximation [9] and generalized gradient approximation
[10] band structure calculations have predicted the occurrence of
overlapping bands, indicating that SrBg is semimetallic. In addition,
the result of de Haas-van Alphen (dHvA) experiment on SrBg [11]
has been interpreted using the semimetal framework.

Recently, SrBg single crystals have been grown through a molten
aluminum metal flux method [12,13]. Using this method, SrBg sin-
gle crystals with a variety of shapes and sizes can be obtained.
However, traces of aluminum have been found in the examination
of the surface of SrBg plates [13], implying that the SrBg single crys-
tals may be contaminated. Jash et al. have synthesized crystalline
SrBg nanowires using a low-pressure chemical vapor deposition
apparatus [14]. The nanowires consisted of a crystalline SrBg core
with diameters of 10-50 nm and lengths of 1-10 pm that are sur-
rounded by a thin 1-2 nm amorphous oxide shell.

Currently, few studies exist on the use of pure elements to syn-
thesize SrBg single crystals. In the process of synthesizing SrBg
single crystals using pure Sr and B, an unavoidable difficulty is the
violent evaporation of Sr. The high-pressure technique can solve
the problem of Sr evaporation. In this study, we prepare cleaner
SrBg single crystals through the direct reaction of metal Sr with B
powders under high pressure and high temperature (HP-HT). The
resistivity, Hall coefficient, magnetism, and hardness of the SrBg
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single crystals are measured. We also investigated the mechanism
of the SrBg single crystal conductive behavior using first principles
calculations.

2. Samples and experimental methods

Starting with Sr pellets with 99% purity and boron powder with 99.99% purity,
pure SrBg single crystals were synthesized in a large-volume cubic-anvil press under
high pressure (5 GPa) and high temperature (1300 °C) for 3 h. The SrBg crystals were
formed through the liquid (Sr)-solid (B) state reaction [15] and can be expressed as
follows: Sr (1)+B (s)=SrBs (s).

The phase identification of the product was carried out using a D8 X-ray powder
diffractometer (D8 DISCOVER, Bruker AXS) with Cu Ka radiation and a micro-probe
to obtain X-ray information. The morphology of the SrBg crystals was characterized
by HITACHI S-4800 Field Emission Scanning Electron Microscope (FESEM). Using
the Physical Property Measurement System, the electrical resistivity and the Hall-
coefficient of the SrBg single crystal were measured at a range of 2-300K using
the conventional four-probe method and the five-point-contact technique, respec-
tively. Nanoindentation experiments were performed using the nano mechanical
test instruments (Tribolndenter) with a Berkovich diamond tip. The hardness and
reduced modulus were determined from indentation curves measured at the dif-
ferent loads of 2000-10,000 N, in accordance with the method of Oliver and Pharr
[16]. The hardness and reduced modulus were calculated from 9 independent mea-
surements. The indentation size and crack length were measured by in situ atomic
force microscopy (AFM). The calculations of band structure and density of states
(DOS) were performed using density functional theory implemented in CASTEP
code. The calculation was based on a Perdew-Burke-Ernzerhof form of the gener-
alized gradient approximation and ultra-soft Vanderbilt potential. The plane-wave
cut-off Ecut was 270 eV, and the k-point mesh parameters were set to 6 x 6 x 6.

3. Results and discussion

Fig. 1 shows X-ray diffraction patterns along the reflection of the
(100)face of the SrBg single crystal (inset). The strongest diffraction
peak at 43.07° corresponds to the reflection of the (200) crystal
face. The other two peaks are the reflections of (100) and (300)
crystal faces, respectively. The lattice constant obtained from the
diffraction datais a=4.1975 A, which is consistent with a previously
reported result (lattice constant: a=4.1981 A, space group: Pm-3m)
[8].

Fig. 2 shows a typical FESEM image of the synthesized SrBg sin-
gle crystals. The obtained crystals are perfect, and most of them
show a rod-like shape with the longest being about 810 wm. The
composition of the single crystal determined by the EDS analysis is
B and Sr with a ratio of B/Sr=6.02(+0.08).

The resistivities p(T) of SrBg at the temperature range of 2-300 K
are shown in Fig. 3. The measurement was accomplished using
an SrBg single crystal measuring 0.15 mm along one axis (Fig. 3,
inset (a)). The p(T) drops monotonically with the decreasing
temperature. The resistivities at 2K and room temperature are
p(2K)=2.68 Q2 cm and p(300K)=3.80mS2 cm, respectively. The
residual resistance ratio (RRR) is 1.42. Compared with the metallic

(200)

(100)

SrBs

Intensity (counts)

10 20 30 40 50 60 70 80 90
26 (degree)

Fig. 1. The XRD pattern of a single SrBg crystal. The inset shows a single crystal
placed on the Si sample stage.

Fig. 2. FESEM micrograph of the obtained single SrBg crystals.

conductor, the RRR of the SrBg single crystals is very low and the
absolute magnitude of p is rather large, indicating that the crystals
possess semi-metallic conducting behavior. Remarkably, the obvi-
ous variation caused by the temperature dependence of resistivity
can be observed. The positive slope dp/dT increased with increas-
ing temperature at the temperature range of 2-50 Kand 100-300K;
however, it decreased with increasing temperature at the temper-
ature range of 50-150 K. This phenomenon is very similar to that of
CaBg_s (3N) crystal as reported by Cho et al. [17] (Fig. 3, inset (b)).

To understand the observed metallic conductivity of the SrBg
single crystal, first principles calculations of the band structure
were performed. The conduction band and the valence band are
just touching at the X point at the Fermi Level, which supports the
experimentally observed conduction behavior of the SrBg single
crystals (Fig. 4(a)). This result is consistent with that presented in
a previous study [9]. The total and partial DOS are presented in
Fig. 4(b), which shows that the Fermi level is located in a region
of low DOS. From the calculated partial density of states (PDOS) of
B and Sr, we can find the states at Fermi level dominantly come
from the B 2p states of the octahedral Bg cluster. In the PDOS of
Sr, the Sr 5s and 4d states appear together at the range from 4.5
to 10.7 eV, which indicates the orbital hybridization between Sr 4d
and 5s. Comparing the values of Sr 4d and 5s, we know that the
hybridized states are mainly made of Sr 4d orbital. Similarly, from
the PDOS of B, we can see that the orbital hybridizations between
B 2s and 2p appear in the energy ranges of —14.1 to —0.37 eV and
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Fig. 3. The resistivity of SrBg crystal as a function of temperature; The inset (a)
shows a single SrBg crystal measured by the conventional four-probe method along
the lengthwise direction; The inset (b) presents the resistivity CaBg_s (3N) (reported
by Cho et al. [17]) crystals as a function of temperature.



S. Xin et al. / Journal of Alloys and Compounds 509 (2011) 7927-7930 7929

a Hybridized Sr 4d

10 L %

_—
0 B2
P ——=
2 10} Hybridized B 2p
>
o
@ ool Srdp
L
% Srds
G R X M G

o

DOS (electrons/eV)
O N HhO N O OO O

-30 -20 -10
Energy (eV)

Fig. 4. (a) The calculated band structure of SrBg¢ using the CASTEP code. The bands
colored with wine, red and black are the 4s, 4p and hybridized 4d orbitals of Sr,
respectively; the bands colored with pink and blue are the 2p orbitals and hybridized
2p orbitals of B, respectively. (b) Total and partial DOS of the SrBs. Dashed line shows
the Fermi level. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

3.4-12 eV, respectively. This shows that the hybridized B 2p orbitals
are split up into two parts: the bonding states below Fermi level in
the energy range of —14.1 to —0.37 eV and the antibonding states
in the conduction bands from about 3.4 to 12eV. Basing on the
above analysis of PDOS, we confirm the detailed band structures
of SrBg shown as Fig. 4(a). The conduction bands are made of the
6 hybridized B 2p (blue lines), 5 hybridized Sr 4d (black lines) and
1 B 2p (pink lines) bands. The valence bands are composed of 1 B
2p, 9 hybridized B 2p, 3 Sr 4p and 1 Sr 4s bands. Both the valence
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Fig. 5. Hall-coefficient vs. Temperature for SrBg single crystal. The inset shows a sin-
gle SrBg crystal measured by the five-point-contact technique along the lengthwise
direction.

band maximum and the conduction band minimum come from B
2p states and intersect at X (1/2, 0, 0) point in the Brillouin zone.
On the other hand, the hybridized Sr 4d orbitals are almost located
at the conduction bands above the Fermi level in the region higher
than 4.5eV, and have a strong hybridization with the antibond-
ing hybridized B 2p orbitals, which is similar to that of the CaBg
[9,18-20]. By calculating atomic populations, we analyzed the s-d
orbital hybridizations of Sr atoms and found that each Sr atom lost
just 1.73 electrons instead of 2 electrons on the 5s orbital for B-B
bonding. The s-d orbital hybridizations led to the occupation of
0.58 electrons on the hybridized 4d orbital, which came from the
4s and 5s orbitals (0.58 electrons) of the Sr atom.

Fig. 5 presents the relationship between the Hall coefficient
and the temperature of SrBg single crystals. The measurement
was accomplished using a SrBg single crystal measuring 0.38 mm
along one axis (Fig. 5, inset). From 2-300K, the Hall coefficient
Ry dropped monotonically with the decreasing temperature. The
measured negative Hall coefficients Ry reveal that the conducting
carriers are electrons, which mainly come from the 2p orbitals of
the B atoms and the 4d orbitals of the Sr atom. The density n of the
conducting electrons in SrBg single crystals can be estimated using
the relation of Ry = —1/n-e, which is 7 x 1018 electron cm~3 at room
temperature, i.e., 0.52 x 103 free electrons per formula unit.

The room-temperature magnetization measurement indicates
the diamagnetic nature of the SrBg crystals. The diamagnetic sig-
nal in the SrBg single crystal is consistent with the fact that Sr
ions are divalent with completely filled 4p shells, which is consis-
tent with our calculated results showing that the 4p shell is filled
with 5.99 electrons. The susceptibility is —1.60 x 102 cm3 g~1. This
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Fig. 6. The hardness (a) and modulus (b) of the SrBg as a function of the load on the indenter; (c) AFM image of the indention left by the Berkovich tip on the (100) face of

the SrBg.
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result is in accordance with those that have been reported previ-
ously [21,22]. The susceptibility of about —0.22 x 106 cm3¢g-1 in
[21] is much smaller than that found in this study.

The hardness and reduced modulus versus loading for the basic
face (100) of the SrBg crystal are shown in Fig. 6(a) and (b), respec-
tively, and the AFM image of the indention is presented in Fig. 6(c).
The Exponential Decay curve was fitted from 9 independent mea-
surements. The hardness of the SrBg single crystal is 33 GPa, which
indicates that SrBg is a hard material. The averaged modulus is
293.90 + 6.55 GPa. Our measured hardness is much higher than that
reported by Futamoto et al. (Knoop hardness value: 18.9 +£0.7 GPa)
[23]. This may be attributed to the difference of measuring method
and, specifically, the size of the indentation area. In [23], the size of
the longer diagonal of indentation is about 40 wm, which is much
longer than that in our study (no more than 1 wm for each side
of the indentation). Considering the point defects in the crystals,
the smaller measuring area has led to more accurate measurement
results for hardness. Our result reflects the intrinsic hardness of the
SrBg single crystals.

4. Conclusions

The SrBg single crystals were synthesized under high pressure
(5 GPa) and temperature (1300 °C). The SrBg possesses cubic struc-
ture with a=4.1975 A, which has been characterized by XRD. The
FESEM showed that most of the SrBg crystals obtained under these
conditions have a rod-like shape with the longest at about 810 pum.
Resistivity and the Hall-coefficient measurements showed that the
obtained SrBg single crystals have a typical semimetal conductive
behavior with the electronic conducting carriers. The resistivity
and the Hall-coefficient are 3.80 m$2 cm and 7 x 108 electron cm—3
at room temperature, respectively. The calculated band structure
shows that the conduction band and the valence band are just
touching at the X point at the Fermi Level, which confirms the
experimentally observed conducting behavior of the SrBg single
crystal. The total and partial DOS also show that the dominant con-
tributions to the states at the Fermi level come from 2p orbitals
of the B atoms and the 4d orbitals of the Sr atom. The magne-
tization measurement shows that SrBg is diamagnetic, which is
consistent with the fact that the Sr ion in SrBg is divalent with a
completely filled 4p shell. In addition, the hardness measurement

indicates that SrBg is a hard material (33 GPa), and that the averaged
reduced modulus value is 293.90+6.55 GPa. Compared with the
flux method, the HP-HT method can synthesize pure SrBg crystals
through only the direct reaction of pure B and Sr elements.
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