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Optical properties and electronic structure of MgAuSn
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The optical conductivity spectrum of single-crystal MgAuSn was measured by spectroscopic ellipsometry in
the energy range 1.5–5.0 eV. The spectrum has a large peak at 2.9 eV and a small shoulder around 4.3 eV. The
band structure, density of states, and interband contribution to the optical conductivity were calculated with the
tight-binding linear muffin-tin orbital method in the atomic-sphere approximation. The intraband contribution
to the optical conductivity was added using the Drude response fitted to the experimental data. The total
theoretical spectrum, including the intraband contribution, agrees well with experimental data.
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I. INTRODUCTION

Optical properties, such as reflectivity, color, dielect
function, and skin depth, provide useful information in ch
acterizing materials. The optical response to incident lig
especially in the visible range, involves interband transitio
of bound electrons from occupied states below the Fe
energy to empty states above. The intraband contributio
the optical response, which is important in the infrared
gion, can be treated classically within the framework of t
Drude model, based on the motion of free electrons. T
optical properties of MgAuSn are interesting because
shows a purple color. These optical properties can be
plained by a combination of a first-principles calculatio
and the phenomenological Drude model. As far as we kn
there has been no theoretical calculation on MgAuSn, wh
is essential for the interpretation of the optical spectrum
this paper we present ellipsometric measurements of the
tical conductivity of MgAuSn and calculations of the re
part of the diagonal conductivity, the density of states~DOS!
and the band structures of MgAuSn obtained by the tig
binding linear muffin-tin orbital~TB-LMTO! method. For
the fit of the dispersive part of the optical spectrum in t
lower-energy region, the Drude model is employed. The s
of the two calculated contributions agrees well with the e
perimental data. Drewset al.1 measured the reflectivity o
ternary and quaternary colored compounds of MgAB (A
5Pd, Pt,B5Sb, Sn! and LiMgCSn (C5Pd, Pt! with the
same structure as our samples. They used mechanically
ished polycrystalline samples in the energy range of 0.5–
eV. No peak was observed in the reflectivity spectra betw
3.0 and 4.0 eV while our measurement for MgAuSn show
noticeable peak at 3.5 eV. The first-principles calculat
also predicts a large peak in this energy region. Mechan
polishing may have caused the loss of a possible peak.
sample was a single crystal with a good surface quality;
mechanical polishing or etching was performed before
optical measurement.
0163-1829/2001/64~12!/125112~6!/$20.00 64 1251
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II. EXPERIMENT

A. Sample preparation and characterization

Large single crystals of MgAuSn were grown by a se
flux technique.2 Starting elements, magnesium~99.98% pu-
rity!, gold ~99.99% purity!, and tin ~99.8% purity! were
sealed into a tantalum crucible in the ratio
Mg0.36Au0.10Sn0.54. This was done in order to minimize th
loss of magnesium due to its high vapor pressure. The
cible was then sealed into a quartz ampoule with a par
pressure of argon. This ampoule was placed in a box furn
and heated to 800 °C. The melt was cooled to 650 °C ov
period of 2 h then cooled to 500 °C over a period of 60 h. A
this temperature the crystals were separated from the rem
ing melt by inverting the ampoule and spinning in a cen
fuge, forcing the still-liquid flux out through quartz woo
which was filled above the crucible. The quartz wool in t
crucible acts as the filter during the flux removal.

Crystals grown in this way display an octahedral mo
phology and a typical size of 125 mm3. MgAuSn crystal-
lizes in the cubic AlLiSi (F4̄3m) structure as shown in Fig

1. The sites~000!, ( 1
4

1
4

1
4 ), and (12

1
2

1
2 ) are occupied by Sn

Au, and Mg, respectively. The Au and Sn sublattices fo
the zinc-blende structure. The surface of the as-gro
samples was clean and flat enough to use for optical m
surements without further mechanical or chemical treatm
Cu-Ka x-ray data on crushed MgAuSn single crystals we
collected at room temperature. Rietveld refinement3 of the
crystallographic parameters was made using Si as an inte
standard. A 3% impurity level is estimated from peak heig
of the nonindexed peaks. The lattice constant was de
mined as 6.419 Å, which agrees with the previously repor
result4 of 6.41 Å.

For electrical resistivity measurements, single cryst
were cut to form a bar using a wire saw. Typical bar leng
were 2–3 and 0.5 mm in width and thickness. The electr
resistivity r was measured between 1.8 and 300 K usin
standard four-probe technique, with an LR400 ac bridge
erating at 16 Hz and an excitation current of 3 mA. Electric
©2001 The American Physical Society12-1
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contact was made to the samples using epoxy, with typ
contact resistances of 1–2V. Due to the uncertainty of the
bar dimensions and the contact separation, there is an
proximate uncertainty of610% in the absolute values of th
resistivity obtained for the sample. The resistivity vers
temperature plot of MgAuSn shows typical metallic beha
ior. The resistivities at 2 and 300 K are 3.1 a
11.1 mV cm, respectively. The residual resistivity rati
r~300 K!/r~4.2 K!, is 3.58, which indicates that the quality o
the sample is acceptable. dc magnetization was meas
using a commercial Quantum Design superconducting qu
tum interface device~SQUID! magnetometer, in a variety o
applied fields up to 5.5 T and temperatures from 1.8 to 3
K. The magnetization measurements show a typical diam
netic character.

B. Ellipsometry

Ellipsometry is widely used to characterize surfaces,
terfaces, and thin films. Ellipsometry5 is based on the fac
that the state of polarization of light is changed on reflecti
This change is directly related to the dielectric function
the reflecting material. With rotating analyzer ellipsome
~RAE!,6 one measures the complex ratio of the reflect
coefficients defined by

r̃5
r p

r s
5Ur p

r s
UeiD5tanCeiD, ~1!

where r p , r s are the complex amplitude reflection coef
cients forp- ands-polarized light, andC andD express the
change in amplitude and phase betweenp ands components
of polarized light reflected from a surface.C and D are
quantities directly measurable from ellipsometry. For a b
sample without surface overlayers, the complex dielec
function «̃ is related to the complex reflectivity ratior̃ by

FIG. 1. Crystal structure of MgAuSn.
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«̃5sin2f01sin2f0tan2f0F12 r̃

11 r̃
G 2

, ~2!

wheref0 is the angle of incidence, 68° in this experimen
From this dielectric function«̃5«11 i«2, the complex opti-
cal conductivitys̃5s11 is2 can be obtained by

«̃512
4ps̃ i

v
. ~3!

The absorptive component of the optical conductivitys1
is related to the imaginary part of the dielectric function«2
by s15v«2/4p.

Equation~2! is obtained using the two-phase model a
suming that the system consists of an isotropic ambient
an isotropic semi-infinite, homogeneous solid. But in re
situations, there is a surface overlayer of certain thickness
the top of the single crystal. We have studied the overla
problem on single crystals of LuAl2 and YbAl2 by using a
three-phase model, air-overlayer-bulk single crystal.7 In or-
der to estimate the optical conductivity~dielectric function!
of clean bulk LuAl2 and YbAl2 with the three-phase mode
we assumed a constant effective refractive index for
complicated oxide layer. Correcting the data with a thre
phase model, we found the oxide overlayer reduced the m
nitude of the optical conductivity. We applied the same p
cedure to MgAuSn and the results are in the discuss
section.

III. BAND-STRUCTURE CALCULATIONS

For our band-structure calculation, the tight-binding line
muffin-tin orbital ~TB-LMTO! method based on the atomic
sphere approximation~ASA! with the inclusion of spin-orbit
coupling is employed. The spin-orbit interaction lifts some
the degeneracies of the energy bands at high symm
points or lines ink space. It couples the spin-up and spi
down states and doubles the size of the Hamiltonian ma
from that of the scalar-relativistic Hamiltonian matrix. Fo
the TB-LMTO calculation, we used the room-temperatu
lattice constant of 6.419 Å for MgAuSn from the x-ra
powder-diffraction pattern. In the vacant fcc sublattice s
an empty muffin-tin sphere with zero nuclear charge w
inserted. The exchange-correlation potential is included
the local-density approximation~LDA ! with the von Barth-
Hedin form.8 Thek-integrated functions have been evaluat
by the tetrahedron technique with 144k points in the 1

48

irreducible wedge of the Brillouin zone. Once the se
consistent potential and charge are obtained, the real pa
the optical conductivity can be calculated. In cubic system
is necessary to calculate only one of the three diagonal c
ponents of the conductivity tensor. We used Kubo’s line
response theory,9 which leads to interband contributions t
the conductivity of the following form:
2-2
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sxx5
pe2

3m2v
(
f ,i

E
BZ

d3k
2

~2p!2
upf i u23 f i~k!3@12 f f~k!#

3d@Ef~k!2Ei~k!2\v#, ~4!

where BZ denotes Brillouin zone,f (k) is the Fermi distribu-
tion function andi, f stand for the occupied initial and unoc
cupied final energy band states at wave vectork, respec-
tively.

pf i5
\

i
^ f u¹u i & ~5!

is the dipole matrix element between the occupiedEi(k) and
unoccupiedEf(k) one-electron states. The so-called co
bined corrections were used for the matrix elements to
prove the ASA by taking into account the real form of a ce
The calculated spectra are unbroadened quantities. To
prove this formalism the interaction between correlated e
trons as described by the quasiparticle picture was con
ered. This picture describes changes in the single-par
picture using self-energy terms. The self-energy is usu
momentum and energy dependent and consists of
parts,10

S5S11 i S2 . ~6!

The real part represents a shift of the one-electron ene
of a state, while the imaginary part describes the broaden
of the energy level caused by the finite lifetime of a state.
consider the broadened experimental optical conductiv
the theoretical optical conductivity was convoluted with
energy-dependent Lorentzian broadening function11 of width
equal to the imaginary part of the complex self-energy wh
was set to constant value ofS250.2 eV. The real part of the
self-energy was not considered in this calculation beca
the shift of the theoretical peak positions from those of
experimental spectra is small (,0.3 eV). From the energy
bands and the TB-LMTO eigenvectors, we calculated
total and orbital projected density of states. The comp
dielectric function consists of two parts, intraband contrib
tions from free carriers and interband contributions due
band-to-band optical transitions. The intraband term of
dielectric function can be described quantitatively within t
framework of the Drude model12 as

«1~ intraband!512
vp

2t2

11v2t2
,

«2~ intraband!5
vp

2t

v~11v2t2!
, ~7!

wherevp5(4pNe2/m* )1/2 is the plasma frequency andt is
a relaxation time for conduction-band electrons. N is
number density of free electrons andm* is an effective mass
of the electrons.
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IV. RESULTS AND DISCUSSION

The experimental real and imaginary parts of the comp
dielectric function are shown in Figs. 2 and 3 as dotted lin
The imaginary part of the dielectric function«2 from the
TB-LMTO method in the local-density approximation
which contains only interband contributions, agrees w
with the experimental data in the measured energy ran
This is because the intraband contribution to«2 is very small
in the visible and UV regions. The agreement between
experimental data and the calculated interband contribut
of the real part of the dielectric function«1 is poorer, as
shown in Fig. 2. The large negative intraband contribution

FIG. 2. Real part of the pseudodielectric function. Dotted: e
periment; dashed: calculated interband contribution; solid: in
band contribution from the Drude model; dot-dashed: sum of
calculated interband contribution and the intraband contribut
from the Drude model.

FIG. 3. Imaginary part of the pseudodielectric function. Dotte
experiment; dashed: calculated interband contribution; solid: in
band contribution from the Drude model; dot-dashed: sum of
calculated interband contribution and the intraband contribut
from the Drude model.
2-3
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«1 from the free electrons cannot be ignored for the pho
energies below about 3.0 eV. The Drude model given in
~7! contains two parameters,vp andt. Typical plasmon en-
ergies\vp and relaxation times for metals are of the order
a few eV and 10214 s, respectively.13 To carry out the esti-
mation of the free electron contribution to«1, we varied the
plasmon energy and scattering time until the total«1 ~dot-
dashed line in Fig. 2! fit the experimental data~dotted line in
Fig. 2!. The best-fit values for\vp and t were 6.0 eV and
1.0310214 s, respectively. The intraband contributions fro
these parameters are shown by solid lines in Figs. 2 an
The dot-dashed lines in Figs. 2 and 3 represent the t
dielectric function from the interband and intraband pa
the dotted is for experimental data, the dashed is the ca
lated interband contribution. and the solid line is for the
traband contribution from the Drude model. The interba
contribution to«1 at 2.5 eV is large enough to overcome t
intraband contribution as shown in Fig. 2. As a result,
total «1 is positive between 2.2 and 3.0 eV. The sign of t
experimental«1 is positive between 2.1 to 2.8 eV.

The dielectric function of MgAuSn resembles those
Cu, Au, and AuAl2 ~Refs. 14–19! because, with one excep
tion, the electronic structures are similar. The bands withi
eV of the Fermi level are nearly free-electron like, giving
prominent Drude term for energies below about 2 eV, w
little ~MgAuSn! or no~Cu, Au! interband contributions to«2,
and a constant contribution to«1. Then at higher energie
strong interband transitions begin. These are, at least in
from the top of the 3d band ~Cu! or 5d band ~Au!, but in
MgAuSn the Au 5d states lie further belowEF than in Au
and AuAl2, and only inter-s-p band transitions occur below
5 eV. The interband transitions also affect the loss functi
Im(21/«̃)5«2 /(«1

21«2
2), in similar ways. Mazinet al. dis-

cussed in detail on the characteristic energy loss spectr
4d metals from Y to Pd using the interband transition p
tures within the density-functional technique.20 The positive
interband contributions to«1 cause the«1 spectrum to cross
or nearly cross, zero. If«2 is sufficiently small near this
crossing, a well-defined peak in the loss function occu
Such a ‘‘screened plasmon’’ peak is very prominent in
loss function spectrum of Ag, but in Cu and Au,«1 does not
quite reach zero, and no well-defined peak occurs. A sim
effect occurs in MgAuSn. A well defined peak occurs at 2
eV, near which«1 crosses zero and«2 is not too large.

The optical conductivity is related to the dielectric fun
tion by Eq.~3!. The absorptive part of the optical conducti
ity is shown in Fig. 4. There are two peaks in the measu
spectrum, a large one at 2.9 eV and a small one at 4.2
The calculateds1 of the clean bulk MgAuSn obtained usin
the three-phase model for an assumed overlayer thickne
10 Å with an effective refractive index 1.5 is shown as d
dot-dashed line in Fig. 4. The magnitude of the optical c
ductivity of the clean bulk sample becomes enhanced 7
at the peak~2.9 eV! in the optical conductivity spectrum. T
analyze the origin of these peaks, the electronic band st
ture and density of states were calculated using the
LMTO method. The electronic structure of MgAuSn
shown in Fig. 5 along the high-symmetry points in the Br
12511
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louin zone for the fcc lattice. The transitions around 2.9
occur near the linesK-L and K-G, while the transitions
around 4.2 eV occur near the linesX-G and X-W. These
transitions are marked as solid and dashed arrows in the e
tronic structure in Fig. 5, respectively. The occupied and
occupied bands involved in the transition are primarily
Sn-p, Mg-p, and Au-p characters hybridized with Sn-d,
Mg-d, and Au-d bands. The lowest occupied bands betwe
28 and 210 eV are primarily Au-d character hybridized
with Mg-p states. The occupied bands between24.5 and
26.5 eV are primarily of Au-d states hybridized with Sn-p

FIG. 4. Absorptive part of the optical conductivitys1. Dotted:
experiment; dashed: calculated interband contribution; solid: in
band contribution from the Drude model; dot-dashed: sum of
calculated interband contribution and the intraband contribut
from the Drude model; dot-dot-dashed: the calculateds1 of the
clean bulk MgAuSn obtained using the three-phase model wit
constant refractive indexn51.5 and thickness of 10 Å. Arrows in
the dash-dotted curve show peaks in the optical conductivity.

FIG. 5. Band structure along the high-symmetry lines
MgAuSn calculated from the TB-LMTO method with the LDA i
the atomic-sphere approximation, including spin-orbit interacti
Strong direct interband transitions corresponding to the meas
peaks are marked by arrows.
2-4
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states. The partial densities of states forp and d states are
plotted in Figs. 6 and 7. The Mg-p, Au-p, and Sn-p states
show quite similar densities of states, except for differ
magnitudes. The magnitude of the Sn-p partial DOS is larger
than those of Au-p and Mg-p. But for d states, the magni
tude of the Au-d partial DOS is larger than those of Mg-d
and Sn-d states, especially below the Fermi energy. T
shape of the Au-d DOS below the Fermi energy is differen
from that of the other twod-states. Two peaks at22.8 and
21.5 eV are observed for Au-d states while there are n
noticeable peaks in Mg-d and Sn-d states below the Ferm
energy. There are two large peaks in the density of st
above the Fermi energy for bothp andd states, the first at 2.7
eV and the second at 4.0 eV. Between these two peaks, t
is a valley at 3.5 eV. Another valley exists between 1.5 a
2.0 eV as shown in Figs. 6 and 7. The Drude plasma ene
can be obtained from the band structure.21 The N(EF) and
EF from the TB-LMTO method were 0.95 states eV21 cell21

and 10.13 eV, respectively. From these values, the obta
Drude plasma energy is 8.17 eV. This is fairly good agr
ment with the fitting value of 6.0 eV.

V. SUMMARY AND CONCLUSIONS

The optical conductivity spectrum of single-crystal
MgAuSn has been measured between 1.5 and 5.0 eV

FIG. 6. Partial density of states for MgAuSnp states calculated
from the TB-LMTO method.
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agrees well with the calculated values including both int
band and intraband contributions. The interband contribut
to the optical conductivity was obtained from the se
consistent TB-LMTO method based on the LDA formalis
and the intraband contribution from the classical Dru
model. The complex dielectric function was derived by i
cluding both contributions and compared with experimen
data. The agreement of theory and experiment was good
including the intraband contribution due to the large negat
free-electron gas contribution to«1 in the visible region. The
electronic structure and the partial density of states
MgAuSn were calculated. From thep andd partial density of
states of Sn, Au, and Mg, the peaks in the optical conduc
ity spectrum can be analyzed. The large peak at 2.9 eV is
to transitions from occupiedp states to unoccupiedd states
2.6 eV above theEF . The small shoulder at 4.1 eV is du
to occupiedp states to unoccupiedd states 4.0 eV above
the EF .
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FIG. 7. Partial density of states for MgAuSnd states from the
TB-LMTO method.
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