substance: boron compounds
property: structural properties of hexaborides with Bg octahedra

The unit cell of the cubic structure contains onenida weight of ME; (Fig. 1). The boron atos form regular

octahedra positioned at the corners of the unit cell, whose center is occupiedchitahatan. All rare-earth
metals andnoreover Ca, Sr, Ba, Tl and Puroisostructural hexaborides (see [77E)]. Often these structures are
denoted as Captype.

Alkali hexaborides are s@conductors. Hexaborides with divalentetals have been predicted to be
samiconductors or insulators, while hexaborides with trivalewetals are assoed to bemetallic. Sn ions
exhibit an intermediate valence.

Representatives of metal hexaborides [94K, 85E]

(dm-m, Metal-metal interatomic distanag;, metallic radii sumgy—m, ry in A)

Compound dm-m A=a-2ry Conductivity type

M +lB6

NaBg 54B
NaBa;—y Bg 76N
Na,Thi— Bg 76N
NaBsC 98A
M +ZB6

Cab; 4,1525 0.204 semiconductor 86|
SrBg 4.1897 -0.114 semiconductor 92C
BaBg 4.269 -0.077 semiconductor 77N
EuBg 4,1849 0.195 semiconductor 95B
YbBg 4.1479 0.268 semiconductor 95B
LaBg 82B
TbBg 82B
GdBg 83S
NdBg 83S
PrBg 79P

Sm*2.6 B¢ (intermediate valence)

SmBg 4.1332 0.513 gap at 93T

M +3B6

YBg 4.113 0.493 metal 77N

LaBg 4.1466 0.419 metal 930

CeBs 4.1396 0.500 metal 89B

PrBg 41319 0.492 metal 92C

NdBg 4.1259 0.498 metal 94M,
95B

M +4B6

ThBg 4.1105 0.510 metal 77N

Lattice parameters of metal hexaborides compared with the atomic radii of the metal atoms in Fig. 2 [87P].

Lattice paraeters ofmetal hexaborides (lattice constants, bond lengtiesin square displacent) in Figs. 3
and 4 [99T].

X-ray diffraction of CaB, LaBg, YbBg and ThB; in [82B].

MeBg lattice constant depending on the metal atomic number in [87P].

Preparation with the aluminium-flux method [83G].

Temperature dependence of the lattice pmters of CaB, SnmyoCaoBs, ShpsCangBs, SMBg,



Smy sLag 5B, LaBg determined by neutron scattering in Fig. 5 [88A, 91A].

Comparison of calculated and measured lattice constants and interoctahedral B-B distances in [97R].
Correlation between B charge and valence electron concentration in Fig. 6 [97R].

Lattice distortion in mixed crystals of some rare earth hexaborides [99K1].

Preparation of hexaborides solid solution single crystals by zone melting [99K2].

Force constants for some hexaborides [mdyH A400Y]. (numerical parameters of a MVFF treatment to fit the
observed IR and Raman spectra).

Compound| B—-B Bond- Bond- Bond- Bond- M-B B-B B-B-B
intraocta- bond bond bond bond interocta- | bend 135°
hedral 60° 90° non || [l hedral

CabBg 1.464 0.147 -0.071 -0.184 -0.325 0.192 1.708 0.275

SrBg 1.278 0.148 -0.022 -0.135 -0.269 0.180 1.395 0.589

LaBg 1.348 0.145 -0.033 -0.174 -0.337 0.144 1.664 0.168

NdBg 1.434 0.150 -0.038 -0.175 -0.334 0.113 1,743 0.174

GdBg 1.503 0.156 —-0.058 -0.179 -0.428 0.095 1.827 0.190

ThBg 1.560 0.159 -0.060 -0.179 -0.490 0.096 1.860 0.195

DyBg 1.614 0.175 -0.087 -0.180 -0.510 0.089 1.885 0.220

YbBg 1.408 0.147 -0.062 -0.174 -0.302 0.185 1.688 0.428

The magnitude of th&!B nuclear electric quadrupole interaction in divalent and trivalent-metal hexaborides and
mixed-valent SmBdepending on the lattice parameter in Fig. 7 [86B].

Linear relation between the variation in the interoctahedral B-B force constant and the lattice constant in [93N].
Work function and effective magnetic moment in Fig. 8 [59S].

Reflectivity spectra of Lag SmBs, EuBs up to 42 eV in Fig. 9 [81S].

Reflectivity spectra of pure Y LaBg, CeBs, SmBs, Sy ¢Bg and TbR; in Fig. 10 [99W].

Spectroscopic investigation of lattice vacancies in hexaborides [93B].

IR diffuse reflectance spectra of MBompounds with two-valent Yb, Sr and Ca and three-valent Nd, Gd, La,
and Dy metal atoms in Fig. 11 [88T, 93Y].

Representative Raman spectra of hexaborides with twofold and threefold ionized metal atoms in Fig. 12 [88T, 93Y].
Frequencies of the phonon symmetry modgg By, Togand T, for several metal hexaborides in Fig. 13 [86Z].

Phonon frequencies from IR absorption vs. lattice parameter of some metal hexaborides in Fig. 14 [99W].
Magnetic susceptibility of Dyg TbBg and HoR in Fig. 15 [97T].

Thermal conductivity and magnetic susceptibility of alkali and rare earth hexaborides in [65L].

Observed vibrational wavenumbersv/c (in cm™1) of metal hexaborides [93Y].

SrBg YbBB CaBg DyBg
Raman | IR Raman| IR Raman IR Raman IR Assignments
1400 1450 1400 1480 1475 1430 1510 1470| vs+tr (comb)

1300 1330 1340 1310 1500 1340 1400 1330
1225 1200 1258 s| 1200 1270 1260 1314is  131Qv; A1q4(s)

1190 1170... 1125... 1160... |v, F1,(b)
1090 1095 1100

1085

1020

1192 sh 1160 sh 1154 sh 1160 v Vo B4 (S)




1105 1122 m 1125 s 1180 9

1078
1091 m
1081 w
960... |960 800m | 935w v7 Foy (D)
810
845 w 860w | 792
730... 740...
685 685
770 s 760 s 775s 773 m V4 Foqg (D)
752 sh 732 sh 762 sh 715 sh
730
685
470w | 480 510w | 520 526 w| 520 S500w| 480 |vzFq(n)
465w | 475 420w | 460 485w | 470 475
128 250 330 262 Vg F1u (1)
150 250 180
TbhBg GdBg NdBg LaBg
Raman | IR Raman| IR Raman IR Raman IR Assignments

1460 | 1410 | 1430 | 1430 | 1490 | 1480 | 1440| 1430|vs+tr (comb)
1380 | 1375 | 1350 | 1330 | 1395 | 1320 | 1330 1340

1298 1280 1290s| 1260 12853 1260 1242 124Qv4 Aq4 ()

1155... 1160... 1165... 1170... |v, Fyy(b)

1085 1100 1095 1095
1168 s 1156 w 1145 s 1152 S V2 E4(s)
1100 sh| 1142w 1136 sh 1112 $h
918w | 806 940 w 928 790 790 |v7 Fyy (D)
845w | 790 842w | 790 778 690 700

680
715 sh 680 w 685 s 782 w V4 Fag (D)
692 m 690 sh
670 m
490 523 560w | 500 500w | 533 [v3Fq(n)
480 460 530 460

248 242 210 Ve Fyy (1)
185 175 170

s = strong; m = medium; w = weak; sh = shoulder; (s) = stretch; (b) = bend; (r) = rotation; (t) = translation
Multichannel Raman studies of binary alkaline boridess¥M = Ca, La, Sr, Sm) (abstract only) in [86Y].
The micromechanical properties of metal hexaborides [79P].

Study of the electronic structure of rare earth hexaborides (La, Ce, Pr, Nd, Sm, Eu, Gd, Yb, Y) [85G].
Phonon and specific heat analysis in rare-earth hexaborides [99K2].

Charge carriers per Ln atom derived from Hall effect and XCS (X-ray chemical shift) measurements

Compound n(Hall) n(XCS)




LaBg 0.93 0.86(3) 85G

CeBs 1.06 1.00(5)
NdBg 0.88 1.01(5)
PrBg 0.84 0.82(8)
EuBg 0.03 <0.05
GdBg 0.94 1.0(1)
YbBg 0.05 <0.05
YBg 0.96 1.00(2)

Bipolaron formation in icosahedral and octahedral borides [98E].

Pressure dependence of the electrical resistig({y)/o(0) vs. hydrostatic pressupefor some metal hexaborides
in Fig. 16 [81K, 91S].

Pressure dependence of the thermoelectric p8iigrLaBg, YbBg and EuR in Fig. 17 [81K].

Vacancies and thermal vibrations of atoms in the crystal structure of rare earth hexaborides [94K].
Boron-boron bond lengths vs. lattice parameter for some metal hexaborides in Fig. 18 [94K].

Characteristic Einstein temperatures of the RE atoms vs. atomic number of the RE element in Fig. 19 [94K].

Variation of the atomic equivalent temperature factors (normalized?pys. the atomic number of the RE
element in Fig. 20 [94K, 99T.

Entropy of LaR;, ferromagnetic Eugand antiferromagnetic Egbn Fig. 21 [80F].

The working reliability and structure stability of thermoemission lanthanum hexaboride elements in stationary
plasma thruster hollow cathode [98P].

High temperature hardness of single crystals ofg, &&Bs;, PrB;, NdBg and SmB [990].

Review papers

General review article [85E].

On the physical properties of intermediate valent hexa- and dodecaborides [87W].
On band structure calculations of metal hexaborides [87A].
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Fig. 1.

Metal hexaborides. Unit cell withg®bctahedra at the corners and the metal (M) atom in the center.
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Fig. 2.

Metal hexaborides. Lattice parameters of metal hexaborides (lower curve) vs. atomic nhumber of the metal atoms
compared with the atomic radii of the metal atoms (upper curve) [87P].
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Fig. 3.

Metal hexaborides. Lattice parameters of metal hexaborides vs. atomic n¢ad®ron coordinateg; (b)

lattice constantfc) bond length between rare earth metal and boron afdmintra-octahedral and inter-
octrahedral bond length¢e) quantities of the temperature parameters for the mean square displacement of
atoms: circles at 295 K5 for the rare earth metal atoms; down trianglés;-33 for the boron atoms; up
triangle,U1 4 for the boron atoms [99T].
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Fig. 4.

Metal hexaboridega) lonic radius of the RE iongb) intra-octahedral and inter-octrahedral bond lengths and
(c) square root folg, for the rare earth metal atoms vs. lattice parameter [99T].
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Fig. 5.

Metal hexaborides. Temperature dependence of the lattice parametersgpS@gBCa 9fBg, Sy .4C& 6Be:
SmBg, Smy glag 5Bg, LaBg determined by neutron scattering in [88A, 91A].
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Fig. 6.

Metal hexaborides. Correlation between B charge and VEC, the valence electron concentration (number of
valence electrons per unit cell volume). The B charge is determined as the valence charge inside the boron
sphere (withrg = 0.794 A). Assuming localized 4f states for La and Ce or 4d states for Y makes these atoms

divalent [97R].
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Fig. 7.
Metal hexaborides. The magnitude of tH& nuclear electric quadrupole interactia®qQ) in divalent- and
trivalent-metal hexaborides and mixed-valent $mB. lattice parameter [86B]. The right ordinatq |shows

the magnitude of the electric field gradient at the boron nucleus convertedefiq). [Broken and dotted
curves: theoretical calculations [79A].
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Fig. 8.

Metal hexaboridega) Work function andb) effective magnetic moment vs. atomic number [59S].
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Fig. 9.

Metal hexaborides. Optical reflectivity spectR;vs. photon energy. Long-dashed curve, §,a8lid curve,
SmBg, short-dashed curve, EyB31S].
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Fig. 10.

Metal-hexaborides (metallic). IR reflectivity spectra of single-crystal purg, YBBs, CeB;, SmB;, Snt gBg
and Tbg;. Some of the spectra are vertically shifted to avoid superposition. The amount of the shift is indicated

at the spectra in the diagram. It is assumed that the phonon spectra occur in the spectra because symmetry
selection rules are lifted in consequence of structural distortions [99W].
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Fig. 11.

Metal hexaborides. IR diffuse reflectance spectra of representatigecBpounds with two-valent Ca, Sr and

Yb, and three-valent Nd, Gd, La, Tb and Dy metal atoms [88T, 93Y].
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Fig. 12.

Metal hexaborides. Raman spectra, relative intensity vs. Raman shift for hexaborides with twofold and threefold
ionized metal atoms [88T, 93Y].
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Fig. 13.

Metal hexaborides. Wavenumbers of the phonon symmetry mode& Tog and Ty, vs. lattice parameter for
divalent EuB, intermediate valent SmBand trivalent YB, GdB;, NdBs, CeB and LaB [86Z]. Circles,

experimental data; solid lines, averaged and extrapolated; dashed lines, assumed variation based on the
experimental data for EyB
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Fig. 14.

Metal hexaborides. Phonon frequencies obtained from the IR absorption spectra (calculated from the measured
reflectivity spectra in Fig. 10 by Kramers-Kronig transformation). Same symbols are used for phonons in
different compounds, which can be probably attributed to one another. The dashed lines represent the Raman
frequencies in Fig. 11. The full lines combine the plasmon polariton frequencies of the semiconducting
hexaborides EuBand YbEs, and the arrows indicate the shift to the related resonance frequency in metallic
LaBg (softening of the high frequency, Fmode and hardening of the low frequengy, fode) obviously

caused by the high carrier concentration [99W].
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g. 15.

Metal hexaborides. Inverse molar magnetic susceptibiity: vs. T [97T]. xm, in CGS-emu.
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Fig. 16.

Metal hexaborides. Pressure dependence of the electrical resig{pitya(0) vs. hydrostatic pressupe Full
lines, monocrystalline Lag3 EuB; and YbEs [91S], dashed lines, LaB SmB; prepared from starting ratios

Sm:B 1/7, 1/9, 1/12 (effect increases this way), ¥dBuBg [81K].
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Fig. 17.
Metal hexaborides. Pressure dependence of the thermoelectricpfonéaBg, YbBg and EuB [81K].
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Fig. 18.

Metal hexaborides. Boron-boron bond lengths vs. lattice paramétell triangles, hypothetical equidistance)
[94K].
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Fig. 19.

Metal hexaborides. Characteristic Einstein temperatures of the Ln atoms vs. atomic number of the Ln element;
full circles [94K]; triangles [99T].
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Fig. 20.

Metal hexaborides. Variation of the atomic equivalent temperature factors (normaliz@) s the atomic
number of the Ln element (full circles, Ln atom; open circles, B atom) [94K].
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Fig. 21.

Metal hexaborides. Entropy VB for LaBg, ferromagnetic Eug antiferromagnetic EuWB[80F].
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