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We report the optical properties of high-quality single crystals of low temperature superconductors zirco-
nium dodecaboride ZrB12 (Tc = 5.95 K) and yttrium hexaboride YB6 (Tc = 7.15 K) in the range 6 meV - 4.6
eV at room temperature. The experimental optical conductivity was extracted from the analysis of the re-
flectivity in the infrared range and ellipsometry measurement of the dielectric function in the visible range.
The electronic band structure of these compounds was calculated by the self-consistent full-potential LMTO
method and used to compute the interband part of the optical conductivity and the plasma frequency Ωp.
A good agreement was observed between the interband part of the experimental optical conductivities and
the band structure calculations. Different methods combining optical spectroscopy, resistivity, specific heat
measurements and results of band structure calculations are used to determine the electron-phonon coupling
constant.

1 Introduction Since the discovery of superconductivity at unexpected high temperature in MgB2 [1],
boride phases attract the attention of scientists on a quest for new superconducting compounds. At high
concentration, boron has a tendency to form clusters (octahedral B6 clusters in MeB6, cubooctahedral B12

clusters in MeB12) that play a key role in the superconducting properties. Although the physical prop-
erties of these compounds have been already intensively studied, some contradicting results of different
investigations are reported. One of these controversies concerns the electron-phonon interaction which has
been reported as strong coupling by point contact spectroscopy [2] and scanning tunnelling spectroscopy
[3]. On an other hand, transport, specific heat measurements point to a weak electron-phonon interaction.
In this work, the optical conductivity calculated from the electronic band structure has been compared to
the measurement. The electron-phonon coupling was obtained using different methods combining optical,
resistivity, specific heat measurements and information from band structure calculations.

2 Optical measurement ZrB12 and YB6 single crystals were grown by zone melting under argon at-
mosphere as described in Refs [4, 5]. Optical measurements are performed on a surface with dimensions
about 4× 4 mm2 (ZrB12) and 4× 8 mm2 (YB6), polished using diamond abrasive disks with grain size of
0.1 µm.

In the photon energy range 0.8-4.6 eV, the dielectric function was determined using spectroscopic el-
lipsometry at an incident angle of 60o. For photon energies between 6 meV and 0.8 eV, the reflectivity of
the sample was measured using a Bruker 66 Fourier transform infrared spectrometer with MCT detector
in the middle infrared spectral range and a bolometer in the far infrared. The reflectivity calibration of the
spectrometer was made by in situ gold evaporation. In order to obtain the optical conductivity σ1 in the
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infrared region we used a variational routine [6] yielding the Kramers-Kronig consistent dielectric func-
tion which reproduces all the fine details of the infrared reflectivity data while simultaneously fitting the
complex dielectric function in the visible and UV-range. This procedure ’anchors’ the phase of the infrared
reflectivity to the phase at high energies measured with ellipsometry [7].

3 Electronic band structure and optical conductivity The calculation of band structure has already
been reported for ZrB12 [8, 9] and YB6 [10, 11, 12]. In this work, the band structure has been calculated
using a full potential plane waves LMTO program [13] within a Local Density approach and Generalized
Gradient Approximation [14]. The density of states (DOS) was calculated by the tetrahedron method.

The interband contribution on the real part of the optical conductivity can be obtained from the electronic
band structure from the equation :

σ1(ω) =
e2

12π2m2ω

∑
f,i

∫
d3k|Pfi|2δ[Ef (k) − Ei(k) − h̄ω] (1)

with the probability for transitions given by the matrix :

Pfi =
h̄

i
< f |∇|i > (2)

where m is the mass and e the charge of electrons, h̄ω is the energy of the incident photon, Ei(k) and
Ef (k) are the energy of the initial (occupied) and final (empty) states, respectively. k is the wave vector
inside the BZ where the transition Ei(k) → Ef (k) occurs. Only direct transitions are taken into account.

4 Discussion The Drude-Lorentz model is commonly used to describe optical properties :

ε(ω) = ε∞ −
∑

k

Ω2
p,k

ω(ω + iGk)
+

∑
j

Ω2
p,j

(ω2
0,j − ω2) − iωGj

(3)

where Ωp,k and Gk are the plasma frequency and the scattering rate for the Drude peaks and ω0,j , Ωp,j

and Gk are the central frequency, the ”plasma” frequency, and the scattering rate of the Lorentz oscillators.
ε∞ is the high-frequency dielectric constant.

The upper graph in Fig. 1 shows the experimental (dot-dash line) and the Drude-Lorentz fit (solid line)
of the optical conductivity. The Drude part (dotted line) and the Lorentz part (symbols) can be splitted
and the latter compared (bottom graph in Fig. 1) to the optical conductivity calculated from the band struc-
ture (dashed line). To simulate the scattering, the optical conductivity spectrum was convoluted with a
Lorentzian broadening function B(E), with a constant width Γ(E) = 0.5 eV−1. The result is the solid
line which is in good agreement with experimental curve for both compounds. The measured optical
conductivity of YB6 presented here agrees with a previous report [15].

The unscreened plasma frequency was determined from Drude peaks of the models, Ωp = 6.3 eV
for ZrB12 and Ωp = 5.2 eV for YB6. These values are in good agreement with the value given by
integration of the Fermi surface (Ωp = 6 eV for ZrB12 and Ωp = 5 eV for YB6). Knowing the value of the
plasma frequency is very useful to extract the transport electron-phonon constant λtr from the temperature
dependence of the resistivity. This analysis will be described with more details elsewhere but we will
briefly summarize the method. The temperature dependance of the resistivity can be modelled by the
generalized Bloch-Grüneisen formula :

ρ(T ) = ρ(0) +
4π

Ω2
p

ωmax

0

α2
trF (ω)f(

ω

T
)dω (4)
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Fig. 1 Top: Optical conductivity of
ZrB12 (right) and YB6 (left). Experi-
mental data (-·-) are fitted by a Drude-
Lorentz model (-). Bottom: The Lorentz
contribution (-o-) is compared to the
optical conductivity calculated from
band structure (· · ·) smeared to mimic
scattering (-).

where

f(x) =
xex

(ex − 1)2
(5)

with x ≡ ω/T . The α2
trF (ω) function can be decomposed into a basis of Einstein modes (ωi) :

α2
trF (ω) =

∑
α2

i Fiδ(ω − ωi) (6)

where α2
i Fi is a weight function which is directly related to the coupling constant:

λtr =
∑

i

λi =
∑

i

2α2
i Fi

ωi
(7)

The fit of the resistivity curves (Fig. 2b) leads to a λtr = 0.61 for ZrB12 and λtr = 1.04 for YB6. Figure
2a shows the partial contributions λi of each mode of the basis to the electron-phonon coupling function
for transport λtr. For both compounds, the main part of the total coupling can be attributed to a principal

Fig. 2 a) Projections of the electron-
phonon coupling constant on a ωi

phonon frequencies base. b) Resistivity
temperature dependencies.

mode at 8 meV for YB6 and 15 meV for ZrB12. The value of λtr, comparable to λ [16], is connected to
the electronic contribution to the specific heat γel and the density of states at the Fermi level NEF

by the
equation:

1 + λ =
γel

π2

3 k2
BNEF

(8)
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For ZrB12, the electronic specific heat γel = 3.53 10−9eV K−1at−1 [17] and the total density of states
at the Fermi level NEF

= 0.121eV −1at−1 lead to λ = 0.19. For YB6, γel = 6.02 10−9eV K−1at−1

[17] and NEF
= 0.133eV −1at−1 lead to λ = 0.86. These values are obtained by the combination of the

density of state calculated from the band structure and the extraction of the electronic contribution from
the specific heat. The large error on both parameters leads to an indicative value of λ that we will not use
for discussion. It is also possible to get an estimation of the electron-phonon coupling constant from the
Tc using Allen and Dynes equation [18]:

Tc =
ωlog

1.20
exp

(
− 1.04(1 + λ)

λ − µ∗ − 0.62λµ∗
)

(9)

With µ∗ = 0.10, ωlog = 273K for ZrB12 (101K for YB6), Tc = 5.96K for ZrB12 (7.15K for YB6), λ =
0.58 for ZrB12 (0.96 for YB6).

As ZrB12 seems to be in a weak coupling regime (λ � 0.6) it is more difficult to conclude for YB6

(λ � 1) at the limit of strong coupling behavior. Although the comparison with MgB2 is difficult because
of the unusual two gap regime [19] in the latter, the electron phonon coupling constant measured in this
work for ZrB12 and YB6 is close to those of MgB2 (0.6 < λ < 0.9) [19, 20, 21, 22]. It is worth noting
that the lower Tc is probably due to the lower energy of the main coupled phonon which is above 60 meV
in MgB2 [23] and only 15 meV and 8 meV in ZrB12 and YB6 respectively.

5 Conclusions In this work, optical properties of ZrB12 and YB6 have been measured and compared
to theoretical calculations (LDA-LMTO). These optical parameters, combined with resistivity and specific
heat measurements have been used to extract and discuss the electron phonon coupling constant of these
two compounds. The superconductivity is mainly driven by a low-lying mode (8 and 15 meV) coupled to
electrons.
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