substance: boron compounds with lanthanides
property: properties of lanthanide hexaborides: Eug;

Structure, chemical bond

Growth and crystal data for preparation by high temperature solution growth [84L] and references therein.
On the pressureless sintering of europium-hexaboride [87K].

Homogeneity range: BWwBg...EUBs g3(see [98S] and references therein)

Structural anomaly in the the range of magnetic transitions [98S].

lattice parameters

a 4.1780 A T=300K see also [56P] and [74M1] 73S,
77E,
79G

4.186 A see Fig. 1, see also [74M1] 78K,
79K
4.1849(1) A single crystal X-ray diffraction 95B
lattice parameters in the homogeneity range
a 4.1844(5) T=304K EuBs, X-ray diffraction, 83P
4.1849(2) Eup.79Be

interatomic distances

(in A)

d 1.7596(12) B-B 95B

1.6954(17) B-B
3.0783(3 B — Me

Electronic properties
EuBg is amagnetic smiconductor. It has been assed that the E2r:4f7 level is located in the band gap. Eu

vacancies would introduce holes in thé dénfiguration. These holes ammall polarons, i.e. E¥f ions trapped
by electrostatic forces on a site near-neighbor to the vacancy (acceptoy aghdihe negative Seebeck

coefficient indicates that electron donor sites with> n, are also present. These are rare eartmsatas

substitutional impurities, represented in Fig. 2 byt 8Pnor levels of LA*:4f"-5d! centers. When the density
of the impurity atoms is sufficient, a narrow, partly occupiedl iapurity band is fomed [77E, 73G]. Sme
experimental results seem not to agree satisfactorily with this band scheme [771, 79F, 79W].

The seniconducting behavior in the panagnetic region changes tongenetallic behavior at the fermagnetic
ordering temperaturé- = 13.7 K [81T; 80G1].
Self-consistent APW calculation of the electronic energy band structure in Fig. 3 [8B0OH1].

Calculated density of states in the vicinity of the Fermi level in Fig. 4 [BOH1].

energy gap
= ~1eV T = 300K derived from optical absorption 80G2
43 meV T=7.2..46 K electron-tunneling 98A

An energy diagram for EuHs shown in Fig. 2; for band structure calculation, cf. [75P, 77P].



energy gaps (or activation energies for conduction)

= 0.38 eV electrical conductivity 69F

0.30 eV electrical conductivity 73G,
77E
0.032 eV electrical conductivity (cp. remark 80L
below (impurity and defects))

0.05...0.1 eV electrical conductivity 81T

pressure dependence of the energy gap

dEg/dp — 1.5meV/kbar T = 300K 80L

optical transition energies

(in meV):

high-purity EuB;:

= 9.55(10) 300 K impurity to band 99w
13.2(3) impurity to band or direct forbidden interband
20.1(5) direct allowed interband
32.8(2)

carbon-doped EuH1.1 at. % C total; 0.81 at. % C substituted for B atoms in the structure):

= 7.6(3) T=300K impurity to band QoW
15(2) impurity to band or direct forbidden interband
34(3) direct allowed interband

OEc 18 T = 300K carbon donor level (estimated from carrier 99W

concentration depending on C content)

FIR absorption spectrum in Fig. 5 [99W].

g-factors
g 2.004(1) ESR 72H
2.000(2) ESR 76G1,
76G2
1.995(10) ESR 790

For temperature dependence of ESR resonance points and linewidth, see Fig. 6; for further ESR investigations,
see [73S1, 73S2, 75G1, 75G2, 76G2, 76G3, 76G4, 79M1, 79K1].

effective mass of electrons
My 0.225my T=300K 99A

Optical absorption spectrum in the range of the absorption edge in Fig. 7 [80G2].

reflectivity maxima indicating high energy interband transitions
(EineV)
E(Rmax 3.5 T=300K reflectivity spectra 920G

5.5
7.1
9.4
11.6
15

FIR absorption spectrum in Fig. 5 [99W].
average inner lattice potential

] 12.7 eV experiment 86K
11.03 eV theory

average work function of electrons

@, 4.11eVv experiment 86K
5.778 eV theory



B K emission and absorption spectrum (compared with &Sanll Lag) in [820].

Impurities and defects

The electronic properties of EgBare strongly influenced by carbon. Even very small C contents (C

substitutional on B sites) lead to a degenerate semiconductor, in which carrier concentration and antiferro-
magnetic interaction increase with C content [81T]. Possibly many of the experimental results available are
influenced in this way.

For effects of carbon on lattice parameter, paramagnetic Curie temperature and resistivity, see Figs. 1, 8, 9; for
effects on the magnetism of EgiBee [79K].

EU BG_X CX

In [81T1] the carbon atoms are assumed to be associated in pairs in the covalent B-C sublattice. Each carbon
pair introduces two extra electrons in the material, one being localized in the anionic sublattice and the other

delocalized in the conduction band. This assumption is in contrast to [99W], where the results seem to indicate

that the C atoms are statistically distributed on single regular B sites and act as donors with activation energies,
that are similar to those in classical semiconductors.

On the pressureless sintering of europium-hexaboride [87K].
lattice parameters

a 4.1835(5) A T=300K x = 0.03, X-ray diffraction 81T
4.1818(5) A x =0.05

Variation of the lattice parameters depending on the C content and indicating the solubility limits for different
temperatures in Fig. 10 [78K].

Variation of the carrier concentration depending on the C content in Fig. 11 [99W].

ESR study of EuB.,C, including the comparison with some corresponding ¢k8y, SrBs—Cy, Etj— G0y Bg,
Ew«SrBg and Ey_4La,Bg compounds in [81T].

Paramagnetic Curie temperature depending on carbon content in Fig. 12 [81T].

carrier concentration
deduced from Hall effect using a one-band model (infgm

Ne 1.74-1020 EuBs 97C0.03 81T
2.3(5y10%0 EuBs 95C0.05



plasma frequencies and derived carrier concentrations T(= 300 K)

Vpls™ Ne [cm™3

2.41014 2.510%9 high-purity (C< 0.1 at. %) 99W
9.1:10% 4.1:10%0 C=1.1at. % total; 0.81 at. % substituted for B
2.41014 7.81020 C=143 at.%

Lattice properties
phonon wavenumbersof EuBs oCp 1
(in cn )
vic 1247 T=300K FT Raman 97S
1185
1110
776
271
258

167
122

FT-Raman spectrum of E4BCq 1in Fig. 13 [97S].
Raman spectrum and frequencies seefaisperties of lanthanide hexaborides: YbR (Optical prop.)
IR phonon wavenumbers

vic 860 cntl T=300K 99w
147 cml

IR reflectivity spectrum in Fig. 14 [99W].

Transport properties

Pressure dependence of the electrical resistiyty)/p(0) vs. hydrostatic pressuge (compared with Lag
SmB; and YbE) in Fig. 15 [81K, 918].

resistivity
p 6.16-164Q cm T=300K see Figs. 16, 17 80G1
8.47-165Q cm T=300K 75S
1-102Q cm T=300K see Fig. 18 77E,
74M1
2Qcm T=300K possibly carbon-doped 69P,
75S
5.104Q cm T=300K semimetal 79F

pressure dependence of resistivity

(dlogpldp)p=o —27-163kbarl  T=300K 80L
For pressure dependence of resistivity (samples of different composition), see Fig. 19.
temperature coefficient of resistivity

(L/p)dpldT +0.09-162K-1 T =3mK 75S



resistivity ratios p(T)/p(300K) for T =Ty and Teo
(T¢1 andT.o: ferromagnetic transition temperatures)

p(T)/p(300K)  Teq [K] Te2 [K]
86 15.3 12.7 98S
35 14 9 80K
60 13.7 not observed 79F
52.5 13.7 not observed 80G1
1 (Tn ~ 5K)¥) not observed 771
56 145 not observed 80W
40 12.5 not observed 78K
*) Antiferromagnetic transitions, induced by carbon impurities
Temperature dependence of the electrical resistivity between 1.5 and 300 K in Fig. 20 [98S].
Magnetoresistance measuredBojj [100] at 15 K in Fig. 21 [98S].
electron concentration
n 1.7-18%¢cnr3 T=4.2K electrical conductivity and Hall 80G1
3.5-13%cnT3 T=100...150 K effect, see Fig. 22
3.109¢cnr3 T=4.2.300K 79W
electron mobility
Un 2560 cr#/V s T=42K electrical conductivity and 80G1
300 cn#/V's T=100...150 K Hall effect
2000 cn#/V s T=4.2K 79W
325 cmiV's T=77K
100 crmd/V s T=290K
pressure dependence of galvanometric effects
d log un/dp 10(4)-16%barl T=4.2K 79W
25(15)-16%barl T=77K
=0 T=290K

For pressure dependencemfee Fig. 23, of magnetoresistance, see Fig. 24

For electrical conductivity, Hall effect of Eg4Bsee also [73G, 73M, 76M, 77E, 81K]; for conductivity, carrier
concentration, mobility of EuBwith deviations from exact stoichiometry, see [79G, 79C].

thermoelectric power

S —75uv K1 T=300K see Fig. 25 see also [73M] 73G
—17.7uv K1 T=300K 75S
—38.5uv K1 T=300K 69P

Pressure dependence of the thermoelectric power in Fig. 26 [81K, 91S].

For Hall coefficient, see [62S].

thermal conductivity

K 19.26 WmlK-1 T=90C 73S
19 W nT1K-1 T=90C 81S

Optical properties

lattice dielectric constant

(derived by extrapolating in the range of the plasma edge, see Fig. 27)

& 6.1(1) T=300K single crystal, high-purity (C< 0.1 at. %) 99W
7.0(2) C =1.1 at. % total; 0.81 at. % substituted for B

8.9(1)

C=143at.%



Dielectric function up to 42 eV in Fig. 28 [81S].
Reflectivity spectrum in Fig. 29 [81S].

For reflectivity see also [74M1, 74M2], see afsoperties of lanthanide hexaborides: YbB (Optical prop.).

IR reflectivity spectrum in Fig. 30 [99W].

Further properties

compressibility

(in Pal)
K 0.8310711
0.60(3)10711 T=300K
0.63-1011
heat capacity
see Fig. 31
density
d 4.938 g cm3 T=300K
4.94 g cm3
4.91 g cm3
melting point
Tm 2150°C
2580°C
> 2500°C
> 2580 °C

linear thermal expansion coefficient

a 6.86-105K-1 T=300K
7.4-106K-1 T=293..1273 K

work function

® 4.9 eV

3.95...403 eV A=29..120
Acnr2K—2

4.32(7) eV

emissivity at 655 mn

£ 0.83

microhardness

Hk 1840 kg mm?2 T=300K
2140 kg mm?2 T=300K
1780 kg mm?

magnetic moment

Peff 8.1ug
7.90(1)up
7.76 U

Pcalc 7.94g

ferromagnetic Curie temperature
Tc 8.5K

80G1
pure EuB, X-ray power diffraction 82L
EuBg— Cy, Xx=0.2
X-ray 75S
pycnometric 73S
pycnhometric 81S
75S
73S
80H1
melting with decomposition 96G
75S
73S
75S
A'is defined byis = AT 2exp(-® /KT), 78B
whereig is the saturation current density
80F
75S
Knoop hardness; load 1 N (see also 81S
[79F])
cube, average value; load 50 g 96G
cube, average value; load 200 g
effective magnetic moment 67P
79V
78F
theoretical (divalent Eu ion) 79V
polycrystal (?) 77B



13.7K Eu_,Be, single crystal 78F

14 K single crystal 79V
polycrystal 771,
68G
asymptotic (paramagnetic) Curie temperature
O, +9K 77B,
67P

Entropy for ferromagnetic and antiferromagnetic guBFig. 32 [80F].

Field dependence of the specific heat between 0 and 10 T in Fig. 33 [98S].

Temperature dependence of the magnetic susceptibility in Fig. 34 [98S].

Temperature dependence of the exchange field JE&R).35; magnetic phase diagram {EBg): Fig. 36.

For further investigations on ferromagnetism in gu8ee [71F, 71W, 73K, 74S, 75G1, 75G2, 76G1, 76G2,
76L, 77B2, 79V1].

Low field magnetic susceptibility of EuBg: Fig. 37 [79F].
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Fig. 1.
EuBg_,Cy. Lattice parameter vs. composition [78K].
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Fig. 2.
EuBg. Energy diagram according to [77E, 73G].
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Fig. 3.

EuBg. Self-consistent APW energy band structure for gwBh the local-spin-density approximation exchange.

(a) Majority spin electrongb) minority spin electrons [80H2].
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Fig. 4.

EuBg. Partial density of states for various bands as a function of energimetine numbeN shows that the

density of states is due to tNeth band. For the #7and the 18 bands of the majority spin electrons (also for

the 18" and 11" bands of the minority spin electrons), the energies of the two bands were exchanged near the X
points, so that the bands cross each other around the X point [BOHZ2].
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Fig. 5.

EuBs. FIR absorption spectrum calculated from the reflectivity spectrum using a Kramers-Kronig

transformation. Empirical slope for the free carrier absorptibZ for phonon scattering) subtracted from the
measured absorption approximately yields the interband absorption (lower curve).[ 99W].
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Fig. 6

EuBg. a) ESR line width vs. temperature at 35.47 GHz. b) Temperature dependence of the ESR resonance points
at 35.47 GHz [79K]AH,.: peak to peak line width,: resonance field im-direction. (For qualitatively similar

results at 24.58 GHz, see original paper.).
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Fig. 7.

EuBs. Absorption coefficientr vs. photon energy. Insert: Plot in relative units according to direct forbidden
interband transitions [80G2].
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Fig. 8.

EuBg_,Cy. Paramagnetic Curie temperature vs. composition [78K, 79K].

20 T T
K EUBS_)([:)(
10
® S~
0
—

0 003 006 009 012 015 018 021 0.2

X o——



Fig. 9.
EuBg_,Cy. Electrical resistivity for x = 0 and x = 0.05 vs. temperature [78K, 79K].
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Fig. 10.

EuBg :C. Lattice parameter depending on the carbon content; full circles, [79S], open circles, [78K]. Preparation
of the samples in [79S] by hotpressing at 1400°C and subsequent annealing at the temperatures marked in the
diagram to determine the temperature-dependent solubility limits.
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Fig. 11.

EuBg:C, YbBg:C. EuBs: Carrier concentration vs. C content; data at C =0.43 at. % and 0.71 at. % from [81T].

The points for the pure crystals suggest that the upper limit of 0.1 at.% C, given for the purest samples, is too
high and the real C content is about 0.05 at. % only. The arrow marks the relation between the chemically
determined total C content of 1.1 at.% and that one in the BfiBe, which according to experience is roughly

estimated to be about 25 % lower in sintered E&@BS]. YbB;: Only the data for 0.43 at. % C [81T] and upper
carbon limit for the pure crystal are available. A dependence similar to that gissagsumed [99W].
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Fig. 12.

EuBg. Variation of the paramagnetic Curie temperatiines. x for Eug—Cy [81T].
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Fig. 13.

EuBg. FT Raman spectrum of EgBCq 1 at 300 K; Raman intensity vs. Raman shift. The reproducible Raman
peaks are indicated by arrows [97S].
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Fig. 14.

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. 15.

Metal hexaborides. Pressure dependence of the electrical resig{pi4a(0) vs. hydrostatic pressupe Full
lines, monocrystalline Lag EuBs and YbB; [91S10], dashed lines, LgBSmB prepared from starting ratios

Sm:B 1/7, 1/9, 1/12 (effect increases this way), ¥HdBuBg [81K].
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Fig. 16.
EuBg. Resistivity of a single crystal Bt= 0 andB = 1.5 T vs. temperature [80G1]. Insert: same pl&=at0 and
B = 0.95 T.Ap/p changes sign at about 5.5 K [79W] (cp. also [771]).
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Fig. 17.
EuBg, YbBg. Electrical conductivity vs. reciprocal temperature [77E, 73M, 73B]. Cp. also [69F, 75S].
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Fig. 18.
LayEu,_,Bg. Resistivity vs. temperature [77E, 74M1].
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Fig. 19.
EuBg. Magnetoresistance vs. magnetic field (squared) at 77 K for different pressures [79W].
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Fig. 20.

EuBg. Temperature dependence of the electrical resistivity of single-crystalling EigBrt: Low-temperature

resistivity in the range of the magnetic transition; circles, experimental data; solid line, calculated fit to the data
below 10 K [98S].
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Fig. 21.
EuBg. Magnetoresistance measuredBdf [100] at 15 K [98S].
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Fig. 22.

EuBs. a) Hall resistivityeqy = Ry4-B + Rs-4riM (R4 = normal Hall coefficientRs = anomalous Hall coefficienB

= magnetic inductionM = magnetization of the sample) at 4.2 K vs. magnetic induction [80G1]. Solid curve
calculated withRy = —3.7-162 c® C1 and Rg = —4.8:163 cm® CL b) Relative Hall resistivity in the
paramagnetic regiorq/Ha = Ry + {(1-N)Ryq + R}-4mxef (Ha = applied field;N = 0.633 (demagnetizing
factor)) vs. the effective susceptibiliggs = x/(1 +4riNy) [80G1].
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Fig. 23.
EuBs. Electrical resistivity ratiogo(p)/p(0) vs. hydrostatic pressure [79G]. Curve |: Euiepared with a
stoichiometric ratio Eu to B in the starting charge; curves Il and IlI: with B surplus.
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Fig. 24.
EuBg. Magnetoresistance vs. magnetic field (squared) at 77 K for different pressures [79W].
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Fig. 25.
EuBg, YbBg. Thermoelectric power vs. temperature [77E, 73M, 73B]. Cp. also [75S].
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Fig. 26
Metal hexaborides. Pressure dependence of the thermoelectricpfonéaBg, YbBg and EuB [81K].
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Fig. 27.

EuBg :C. Real part of the dielectric function vs. wavenumber squared. The extrapolagigrn=t0 yields the
plasma frequencies, the extrapolation to wavenumber = 0 yields the lattice dielectric constant [99W].
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Fig. 28.
EuBg. Dielectric function vs. photon energg, real partg, imaginary part-Im &1 energy loss function [81S].
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Fig. 29.

Metal hexaborides. Optical reflectivity spectR;vs. photon

SmBg, short-dashed curve, EyB31S].
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Fig. 30.
EuBg. Reflectivity vs. wavenumber (pure EgB~0.8 at.% C content, 1.43 at.% C content), insert: plasmon-
phonon-polariton resonances; for resonance frequencies see lattice properties [99W].
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Fig. 31.

EuBg. a) Heat capacity vs. temperature. Open circles: ferromagnetic samples; open triangles: antiferromagnetic
samples, full circles: Lagfor comparison [80F]. b) Low temperature heat capacity of antiferromagneticifcuB

different fields applied along a [100] axis: ld:= 0, b:H =0.2 T, ¢ccH = 0.6 T,d: H = 1.2 T. Data for the
ferromagnetic EuBatH = 0 are also shown by the dashed curve [80F].
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Fig. 32.

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

EuBg. Field dependence of the heat capacity measured on a crystal showing no anofaglysalid line,

33.

calculated [98S].
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Fig. 34.

EuBs. Magnetic susceptibilitya) Inverse susceptibility ¥, vs.T; B = 0.1 T, in different directiongb) xm vs.
T for B || [100]; solid line, 0.005 T, circles, 0.01T; squares, 0.02T; up triangles, 0.05T; down triangles, 0.1T;
diamonds, 0.27c) xm for B || [111]; for symbols sef) (for B || [110] see [98S]).
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Fig. 35.

EuBg. Exchange field in bulk (I) and low-electron-density (II) material vs. temperature. Results obtained by EPR
[76G1].
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Fig. 36.

EuBg. Magnetic phase diagram derived from Mdssbauer (full circles) and magnetic (triangles) data. Ordering

temperatures vs. lattice parameter (P: paramgnetic; F: ferromagnetic; M: micromagnetic; AF: antiferromagnetic).
The second scale relatago the approximate conduction electron concentration. (Open circles: paramagnetic
Curie temperatures according to [78K]). [79C1]. See also [80G1, 80T].
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Fig. 37.

Eu;_,Bg. Low field magnetic susceptibility of an Al-grown EyBg single crystal vs. temperature (the units of
X assume an exact EgBomposition) Insert: Saturation magnetic moment per Euggnys. temperature
derived from Arrot plots (accuracy 20%) [79F].

EU1 éﬁ
3 -X
o Hlla

—
Pett = 16815 oy
®, =13.7K fuion N
: \
/ 0 5 10K
L =]

0 15 30 45 60 K 75

3
o
—

-~
N

1Vyp ——
o




	Back to start
	Symbols,abbreviations
	List of properties
	References:
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.
	Fig. 11.
	Fig. 12.
	Fig. 13.
	Fig. 14.
	Fig. 15.
	Fig. 16.
	Fig. 17.
	Fig. 18.
	Fig. 19.
	Fig. 20.
	Fig. 21.
	Fig. 22.
	Fig. 23.
	Fig. 24.
	Fig. 25.
	Fig. 26
	Fig. 27.
	Fig. 28.
	Fig. 29.
	Fig. 30.
	Fig. 31.
	Fig. 32.
	Fig. 33.
	Fig. 34.
	Fig. 35.
	Fig. 36.
	Fig. 37.

