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We report on the results of calculation of low-energy dielectric response and optical properties of MgB,. The
calculations have been performed with full inclusion of the ab initio electron band structure making use of
random-phase and time-dependent local-density approximations. The role of local-field and exchange-
correlation effects in MgB, dielectric function is thoroughly examined. Index of refraction, extinction coeffi-
cient, and normal-incidence reflectivity exhibiting strong anisotropy were calculated for electromagnetic waves
polarized along the a¢” and ¢* axes by using the evaluated electron-density-response functions. Our results are

in good agreement with recent x-ray and optical measurements performed on MgB, single crystals.
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I. INTRODUCTION

The discovery! of superconductivity in MgB, at remark-
ably high transition temperature 7-~39 K has stimulated
numerous theoretical and experimental studies devoted to de-
tailed analysis of its electronic structure, electron-phonon
coupling, atomic vibrations, etc. The important part in the
investigations of superconducting properties of this com-
pound has been based on the use of ab initio methods and, in
particular, on its calculated band structure,”> which was
found to be consistent with photoemission measurements.®~!3
On the other hand, during the initial period a worse agree-
ment between normal-state optical properties of MgB, ob-
tained in early spectroscopic works on policrystals'4~!® and
oriented films'®2? with the ones obtained on base of ab initio
band structure posed some problems. Optical spectroscopy is
a powerful tool to measure important parameters such as
scattering rate, plasma frequency, and superconducting gap.
Thus the plasma frequency w, is an important electrody-
namic quantity, providing possibility to compare calculated
band structure with experiment. Therefore the fact that sig-
nificantly smaller values of plasma frequencies obtained
from optical studies in comparison with those derived from
the band-structure calculations>*2! was rather puzzling. Fi-
nally, recent optical experiments’’>> have resolved major
problems in this respect, establishing that this discrepancy
was mainly due to the strong distortion of the measured
spectra at optical frequencies by the presence of electronic
collective modes, predicted by ab initio calculations?®?’ soon
after the discovery of superconductivity in MgB,.

During the last years, several experimental and theoretical
groups reported on the collective electronic excitations in
this material, which exhibits peculiar features related to its
band structure. The MgB, energy band structure presents
strong anisotropy related to its atomic lattice. MgB, crystal-
lizes in a hexagonal-layered structure formed by alternating
graphitelike honeycomb boron layers and hexagonal Mg
planes. Its band structure at the Fermi level is characterized
by two distinct electronic bands coming almost entirely from
the boron states: the almost two-dimensional o bands,
formed by hybridized s-p,, orbitals, and the three-
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dimensional 7 bands of p_ symmetry.>*2! This strong aniso-
tropy of the band structure in MgB, is reflected quite vividly
in its anisotropic low-energy electronic excitation spectra.
Thus a long-lived collective mode between 2.5-4.5 eV for
momentum transfer along the ¢* axis?® was predicted in Refs.
26 and 27. It results from interband transitions between bo-
ron 7 and magnesium ¢ electron bands?’ (see Fig. 1) that
have almost parallel dispersions in the I'KM plane of the first
Brillouin zone (BZ). At small momentum transfer along the
a* and b* axes the corresponding mode has significantly
smaller energy?® due to the o-7r interband transitions. The
signatures of those collective modes were observed in the
early electron energy-loss*® and photoemission microscopy’
experiments. Joint theoretical and experimental study of the
plasmon structure in MgB, at small momenta*® detected in
MgB, a peak at 2.4 eV and several peaks for higher energies.
A thorough experimental analysis of the energy-loss peak
positions in the excitation spectra has been performed in Ref.
31. In general, a good agreement with the ab initio peaks
positions?®?” was observed, and the strong anisotropy of the
MgB, dielectric response properties was confirmed. It was
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FIG. 1. Band structure of MgB, along the high-symmetry direc-
tions of the first BZ. The Fermi level is at zero energy. The inset
shows the symmetry points and directions in the hexagonal plane at
k,=0.
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concluded?! that agreement between theoretically calculated
and experimental peak positions is at the same level as the
uncertainties in both the calculations and the experiment.
Nevertheless, some discrepancies have been pointed out and
additional theoretical analysis has been proposed. Very re-
cently joint experimental and theoretical studies’? have
added further information on the peculiar dielectric proper-
ties of MgB,, showing how the long-lived collective mode in
the 2.5-4.5 eV energy range evolves with a cosinelike oscil-
lating dispersion at large momenta along the ¢* axis. Recent
optical experiments®>? reported that because of these collec-
tive modes the color of MgB, samples depends on the polar-
ization of the light being bluish silver for Ella™ polarization
and yellow for Ell¢* one. Very recently, in another
publication,?* on base of the existence of these modes, MgB,
has been proposed as a component of a negative-index
metamaterial at visible frequencies with interesting photonic
applications.

Despite the extensive theoretical study of the collective
electronic modes in MgB, some relevant issues have not
been investigated in detail yet. To the best of our knowledge,
an explicit analysis of how local-field and exchange-
correlation effects influence its dielectric and optical proper-
ties and, in particular, how they affect the collective charge
excitations does not exist. In few publications these topics
have only been addressed partially. For instance, Zhukov et
al.?¢ studied collective modes in MgB, along different mo-
mentum directions within the random-phase approximation
(RPA) with full inclusion of local-field effects. Later on Cai
et al.’*> demonstrated the decisive role of local-field effects in
the peculiar oscillating dispersion of the 2.5-4.5 eV mode at
large momenta along the ¢* axis. On the other hand, from the
excellent agreement between the energy of this mode at
small momenta obtained within both the RPA (Refs. 26 and
27) and the time-dependent local-density approximation
(TDLDA) (Ref. 32) one can figure out that the role of ex-
change correlations is not important, but the whole picture
cannot build up. Additionally, whereas the strong anisotropy
of the dielectric properties in magnesium diboride in perpen-
dicular and parallel directions has been established, 23! the
detailed momentum-resolved analysis in the parallel plane is
still missing.

It is the purpose of the present paper to perform detailed
theoretical investigation within an ab initio approach of the
excitation spectra in MgB, for all three symmetry momen-
tum directions. The role of local-field and exchange-
correlation effects beyond the RPA in the dielectric and op-
tical properties of this material is explicitly investigated as
well.

The paper is organized as follows: In Sec. II the calcula-
tion procedure is described. In Sec. III we present the main
results,, which include the MgB, loss spectra along the main
three symmetry momentum directions. The data for the an-
isotropic optical constants for this compound are presented
in this section as well. In Sec. IV we summarize the obtained
results. Atomic units (A=e’=m,=1) are used unless other-
wise stated.

II. CALCULATION DETAILS

A key quantity in the description of both single-particle
and collective electronic excitations in a many-electron sys-
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tem is the dynamical structure factor S(q+G,w),** which
determines the rate to transfer momentum q+G and energy
w to the periodic solid. Here the wave vector q is in the first
BZ and G is a reciprocal lattice vector. In linear-response
theory the fluctuation-dissipation theorem relates the dy-
namical structure factor to the Fourier transform of the
density-response function y(r,r’,w) of an interacting elec-
tron system as follows:
S(q + G, 0) =-2Q Im[xge(q, )], (1)
where () is the normalization volume. In general, x(r,r’, )
is a nonlocal energy-dependent function. In the time-
dependent perturbation theory an integral equation®

ni"d(r,w)=fdr'X(r,r’,w)Ve’“(r’,w) )

determines the induced electron density n™(r, w) in the elec-
tron system caused by an external potential V**(r, ). Within
the framework of time-dependent density-functional
theory3637 y(r,r’, ) obeys the integral equation

X(r,r’,w)=X°(r,r’,w)+fdr1fdrzxo(r,r1,w)

X [U(rl - rZ) + Kxc(rl’rZ, (l))]X(rz,r’,(.l)),

3)

where x°(r,r’,w) is the density-response function for the
noninteracting electron system, v(r—r’) is the bare Coulomb
potential, and K**(r,r’, w) accounts for dynamical exchange-
correlation effects. In the present work we perform calcula-
tions with the use of two forms of the kernel K*¢, namely,
RPA, i.e., when K**=0 and adiabatic extension of TDLDA,8
in which K*(r,r’,w) is energy independent and approxi-
mated by the functional derivative of the exchange-
correlation potential evaluated within local-density approxi-
mation (LDA)

Vipalp(r),r]

2p(0) (4)

Krpipa(r,r’) = 8r-r’')

The LDA exchange-correlation potential, V|§,, is obtained
as a result of the ab initio band-structure calculation. In the
case of a periodic crystal one can expand all the involved
quantities in Fourier series. Hence the integral in Eq. (3)
transforms into a matrix equation

) + 2 2 XGG, (q,w)
G, G,

X [v6,(4) 06,6, + Ka,6,(4- @) ]xG,6' (4, ).
(5)

XGG’(q, w) = X(();G/(q’

The Fourier coefficients )(OGG,(q,w) can be calculated nu-

merically with the use of several methods.>**3 Here we use

an approach based on the evaluation of a spectral function
GG,(q,w) as follows: 4044
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S?;G,(q, (1)) = 62 E E <¢nk|e_l(q+G).r|lr/jn’k+q>
k n .

X<¢n’k+q|ei(q+G,)'r|wnk>6(8nk —&pkiqt w).
(6)

Here the factor 2 accounts for the spin, n and n’ are the band
indices, and &, and i, (r) are Bloch eigenvalues and eigen-
functions of the Kohn-Sham Hamiltonian. The wave vector k
is confined in the first BZ. In practice, the matrix elements of
S(();G,(q,w) are evaluated by replacing the & function by a
Gaussian with some small broadening. In present work we
fix this broadening value to be 0.1 eV. Once one has obtained
S(();G,(q, w), the matrix elements of the imaginary part of

X?;G,(q, w) are calculated through the equation

S0 (8,0) = Zsen(o)Imlxg (a,0)], ™)

while the real part of the )((()}G,(q,w) matrix elements are
obtained from the corresponding imaginary part by the Hil-
bert transform with the use of the energy cutoff of 50 eV. x°
is related to the dielectric function, €, as e=1 —vXO/ (1
—K..x"). Finally, the loss function, —Im[e;G,(q,w)], is given
in terms of the density-response function, y, by the equation

o (8,0 = Sgr +v6(@)XGe (6, ). (8)

The index of refraction, n, and the extinction coefficient, «,
are related to the real and imaginary parts of the macroscopic
dielectric function

M(w) = lim_I; )

40 €G_oGr=0(Q> @)
through the equations
Re é’=n?- K2, (10)

Im é” =2n«k, (11)

and the normal-incidence reflectivity, R, is defined by the
Fresnel equation

_(}’1—1)2+K2

_m. (12)

Present calculations have been performed for the hexago-
nal lattice with the MgB, experimental lattice parameters a
=5.8317 a.u. and ¢=6.6594 a.u. The one-particle energies
e, and wave functions ¢, (r) were evaluated as a self-
consistent solution of the Kohn-Sham equations with the use
of exchange-correlation potential Vi}, in the form of Ref.
45. In our calculations the core-valence interaction was taken
into account by means of nonlocal norm-conserving pseudo-
potentials for Mg and B generated according to Ref. 46. Va-
lence electronic wave functions, i, (r), were expanded in a
plane-wave basis with a kinetic-energy cutoff of 24 Ry. In
the Fourier expansion of the XO, X, and € matrices we in-
cluded 25 reciprocal vectors G, which ensures convergence
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of the results obtained. In Eq. (6) the sum over k includes a
108 X 108 X 80 sampling that corresponds to 933 120 points
in the first BZ.*” The sum over n and n’ includes all occupied
and unoccupied energy bands up to energy of 50 eV above
the Fermi level. Note, that in the present calculations the
local-field effects are incorporated through the inclusion of
nondiagonal matrix elements in the evaluation of ygg'(q,®)
through Eq. (5).

III. CALCULATION RESULTS AND DISCUSSION
A. MgB, dielectric properties

The electronic band structure is the starting point in our
investigation of the dielectric properties of MgB,. In Fig. 1
we show the evaluated band structure of this compound
along various symmetry directions of the BZ, which is in
agreement with the previous calculations.>*?%?7 In the fig-
ure two boron p, -derived bands and two boron p -derived
bands crossing the Fermi level are marked by o and 7 sym-
bols, respectively. The unoccupied free-electron-like band
corresponding to a conducting state of magnesium of s sym-
metry is depicted in the figure by (.

In Figs. 2-4 we present the loss function,
—Im[e;’l:OG,:O(q,w)], as a function of energy w along the
three perpendicular directions of momentum transfer (.
These data have been obtained with the use of the RPA ker-
nel. Comparison of these three figures shows that the excita-
tion spectra in the ¢* direction is very distinct from that in the
a*b”  plane, in agreement with previous ab initio
calculations®® and inelastic x-ray scattering (IXS)
experiment.3! Along the ¢* axis a very sharp plasmon peak
C, with a cosinelike periodic energy dispersion is clearly
seen for energies between w,=2.46 eV and w,=4.48 eV, in
close agreement with dispersion obtained in recent IXS ex-
periment and ab initio calculation.® In Fig. 4 one can see
that the experimental dispersion®” of this mode almost coin-
cides with the calculated one for all momentum transfers.
This long-lived collective mode was predicted at small g« in
MgB, soon after the discovery of superconductivity in this
compound.?®?’ Subsequent experiment,>! whose data are
shown by dots in Fig. 4, confirmed its existence and pointed
out to its long-lived character for all values of transferred
momenta studied. At small g« the narrow C; mode peak in
the loss function, as seen in Fig. 5, has its origin in the sharp
onset at w=4.5 eV in the imaginary part of dielectric func-
tion due to interband transitions between almost parallel
electronic 7 and ¢ bands.?’” The small value of Im[e] at w
=2.5 eV, where the zero crossing of Re[ €] takes place, en-
sures the appearance of a very narrow peak in the loss func-
tion. For comparison, in the upper panel of Fig. 5 we also
plot Im[e] calculated with the use of other ab initio
methods.>!3 In general, a good agreement in the interband
peaks positions obtained by different groups is observed, al-
though some differences can be detected in the amplitudes. A
detailed theoretical analysis of the origin of the remarkable
cosinelike periodic energy dispersion of the C,; collective
mode with momentum transfer seen in Fig. 4 has been per-
formed in recent publication.>” The mechanism behind this
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FIG. 2. (Color) Map of MgB, loss function,
—Im[e(_;lzoc,:o(q ,w)], calculated with inclusion of local-field effects
within the RPA as a function of energy and momentum transfer .
Filled circles show the peaks positions in the experimental energy-
loss spectra from Ref. 31. Filled square marks the peak position
extracted from measured spectra reported in Fig. 3(b) of Ref. 31.

behavior is the strong coupling between the collective and
single-particle excitation channels mediated by large local-
field effects® that redistribute absorption strength from the
C; mode at g.»=Q).+ to the higher qy.=Q)++2mn/c har-
monics. At the same time, the analysis of Ref. 32 of the
physics behind this mode dispersion was restricted to mo-
menta q.+=Q)»+2mn/c with small value of Q. with n
=0, £ 1,... We note, however, that when g.= approaches to
qy0~= /¢ the situation is remarkably different. In this case, a
well-defined plasmon peak does not exist anymore for any
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FIG. 3. (Color) Map of MgB, loss function,

—Im[e;;:OG,:O(q, w)], calculated with inclusion of local-field effects
within the RPA as a function of energy and momentum transfer qy;.
Filled circles show the peaks positions in the experimental energy-
loss spectra from Ref. 31. Filled square marks the peak position
extracted from measured spectra reported in Fig. 3(b) of Ref. 31.
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FIG. 4. (Color) Map of MgB, loss function,
—Im[e&LOG,:O(q, w)], calculated with inclusion of local-field effects
within the RPA as a function of energy and momentum transfer q.
Filled circles and squares mark the peaks positions in the experi-
mental energy-loss spectra from Refs. 31 and 32, respectively.

particular matrix element in the dielectric matrix as it is dem-
onstrated in Fig. 6. Indeed, the sharp C; mode peak disap-
pears in —-Im[€g_g, G/=o(qjc*» ®)]™" (i.e., when local-field ef-
fects are not taken into account) at momenta larger than
q1e+=0.32 a.u.”1.?" In Fig. 6 one can see that the real part of
€ does not reach zero in this energy region. This leads to the
appearance of only a weak peak in —Im[€!] around
=3.8 eV, ie., close to w=3.7 eV, where the local maximum
in Im[ €] due to the 7 intraband transitions is presented. A
dominant peak in the loss function at w=4.48 eV (when the
local fields are taken into account) is a result of the presence
of a local minimum in Det[ €] at this energy. The C, peak
location in the pseudogap in Im[e] between w~4.2 eV and
w~5.8 eV ensures its very narrow width, i.e., its long life-
time.

From Fig. 5 one can extract that the C; mode peak in the
loss function is upward shifted by 0.1 eV when the local-
field effects are taken into account. This gives evidence that
their influence is not only limited by the transmittance of
absorption strength from low-momentum harmonics to the
higher-momentum ones, but that there also exists some feed-
back that leads to some increase in the C; mode frequency.
This also leads to some modification of the macroscopic di-
electric function (i.e., when the local fields are included) in
comparison with the microscopic one (without inclusion of
the local fields). This effect is illustrated in the upper panel
of Fig. 5, where thick (thin) dashed and solid lines refer to
the real and imaginary parts of the dielectric function with
(without) taking into account the local-field effects.

A close inspection of Fig. 4 reveals an additional sharp
feature in the loss function along the ¢* axis even for smaller
energies. This feature labeled by C, is clearly seen for all g«
and evolves periodically with increasing g« as wc,
=ng"|sin(§quc*) . Hence the energy of the C, mode is pro-
portional to |Q,.+| at momenta gy.«=Q++27n/c with small
magnitude of Q.+ and reaches its maximum value of wg‘;"
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FIG. 5. (Color online) Upper panel: The real (dashed lines) and
imaginary (solid lines) parts of the RPA dielectric function calcu-
lated at ¢;+=0.039 a.u.”!. Calculated Im[€(w)] of Ref. 5 is shown
by thin dotted line. The interband contribution to Im[e(w)] evalu-
ated in Ref. 15 is presented by thin dashed-dotted line. Bottom
panel: Corresponding loss function. Solid and dashed lines stand for
results of present RPA and TDLDA calculations, respectively. The
C; mode peak is marked by corresponding symbol according to Fig.
4, while a low-energy peak corresponding the C, mode is not vis-
ible on a chosen scale. In both panels thick (thin) solid and dashed
lines correspond to the calculations with (without) inclusion of
local-field effects.

=0.5 eV at gqe=m/c=0472 au”! and g =37/c
=1.416 au.”'. In Fig. 6 a well-defined peak at 0.35 eV is
seen in Im[ €] at gy.+=1r/c due to the intraband transitions in
o bands, while Re[€] presents only a local minimum at
=0.45 eV. Nevertheless, as seen in Fig. 6 this local mini-
mum in Re[€] leads to the appearance at almost the same
energy of a pronounced peak in the loss function, —Im[e™'],
as obtained in the calculation without taking into account the
local-field effects. The inclusion of the local-field effects
shifts upward this peak to w=0.53 eV and moderately en-
hances its amplitude. This effect is not as strong as in the
case of the upper C,; collective mode, however it is promi-
nent. This low-energy peak has been neither addressed in the
previous ab initio studies nor resolved in IXS
experiments,’!3> where it could be masked by the elastic
peak. A more detailed analysis of this feature is given
elsewhere.*8

From comparison of solid and dashed lines in the bottom
panels of Figs. 5 and 6, a role played by the exchange-
correlation effects beyond the RPA can be deduced. Figure 5
verifies that at small g.+’s their effect on the excitation spec-
tra in MgB, is small. The only visible effect is a ~0.1 eV
downward shift of the peak corresponding to the C; collec-
tive mode, thus bringing its energy in close agreement with
the evaluated in Ref. 32. At ¢;.+=0.472 a.u.”! the situation is
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FIG. 6. (Color online) Upper panel: The real (dashed line) and
imaginary (solid line) parts of the RPA dielectric function at g
=0.472 a.u.”!. Bottom panel: Corresponding loss function. Thick
(thin) lines correspond to the calculations with (without) inclusion
of local-field effects. Solid and dashed lines stand for the results of
RPA and TDLDA calculations, respectively. The C; and C, mode
peaks are marked by corresponding symbols according to Fig. 4.

similar: TDLDA leads to the same (~0.1 eV) downward
shift of the C; mode peak. Additionally, it slightly increases
—Im[e'] for =4 eV and w=6 eV. Hence the use of dif-
ferent exchange-correlation kernels leads only to slight
modifications of —Im[€ '], and the main effect of the inclu-
sion of TDLDA kernel is the ~0.1 eV downward shift of the
dominant C; collective-mode peak for all momenta along
this symmetry direction.

Comparison of —Im[€™!] along the a* and b* symmetry
directions in the hexagonal boron plane reveals a rather sur-
prising and not previously commented fact. In Figs. 2—4 it is
seen that being both very distinct from the excitation spectra
along the ¢* axis, they are also rather distinct from each
other. While for small momenta the spectra in Figs. 2 and 3
are very similar, with momentum increase they show differ-
ent behavior. Along the @ axis the dominant A, peak dis-
perses from w=3 eV at small momenta (where it is very
sharp) up to =10 eV at g,+=0.8 a.u.”! acquiring signifi-
cant width. The dispersion of this peak is in a good agree-
ment with the experimental data’! (shown in Fig. 2 by sym-
bols) and the early ab initio calculations.?® A more detailed
inspection of Fig. 2 also reveals that this feature has a pro-
nounced horizontal valley around w=4.6 eV for momenta
close to g=0.2 a.u.”!. As momentum decreases the strength
of this mode reduces and another feature labeled by A, at
smaller energy starts to emerge. At g,~— 0 the latter gains
strength very fast and at vanishing ¢, it is the only domi-
nant peak in the considered energy range. In Fig. 7 the
imaginary and real parts of € and loss function, —Im[e!], are

shown for ¢,+=0.04 a.u.”!. We also plot in the figure
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FIG. 7. (Color online) Upper panel: The real (dashed line) and
imaginary (solid line) parts of the RPA dielectric function at gy,
=0.04 a.u.”!. Calculated Im[ e(w)] of Ref. 5 is shown by thin dotted
line. The interband contribution to Im[ €(w)] evaluated in Ref. 15 is
presented by thin dashed-dotted line. Bottom panel: Corresponding
loss function. Solid and dashed lines stand for results of present
RPA and TDLDA calculations, respectively. Thick (thin) lines cor-
respond to the calculations with (without) inclusion of local-field
effects. The A; and A, mode peaks are marked by corresponding
symbols according to Fig. 2.

Im[e(w)] calculated in the optical limit by other groups.
Again, as in the case of the ¢* polarization, for the a* polar-
ization different calculations agree very well in reproducing
the peaks positions in Im[e]. The origin of the above-
mentioned rearrangement of the absorption strength between
peaks A; and A, at small momenta is a presence of a peak in
Im[e] at w=2.4 eV originated from the interband o-7 tran-
sitions in the vicinity of the M point in the BZ.">* This
forces the real part of € to cross zero three times at w=2,
2.35, and 3.3 eV, giving rise to the appearance of two peaks
in the loss function at w=2 eV and w=3.5 eV. As seen in
Fig. 7 the previous ab initio optical calculations also place
the interband o-7 peak in Im[e] at nearly the same
energy.>!>* This o- transition peak was also observed in
optical measurements®>>* at slightly higher energies. Thus in
Ref. 22 this peak was found at 2.6 eV and in Ref. 24 the
value of 2.8-2.9 eV has been reported. By passing note, the
infrared measurements?® reported on the presence of a peak
at energies of 0.3-0.5 eV in Im[ €] in normal state due to the
interband transitions between two o bands, which is also
present in our calculations.

Figure 2 reveals several additional weak features in the
loss function, —Im[ '], due to intraband and interband tran-
sitions. Thus an arc-shaped dispersing peak is centered
around o=1 eV at g;,»~0.4 a.u.”'. Another notable feature
has the negative dispersion at large ¢;,+’s and it tends to zero

as qg— 4777 =2.155 a.u.”'. An additional broad peak struc-
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FIG. 8. (Color online) Upper panel: The real (dashed line) and
imaginary (solid line) parts of the RPA dielectric function at g,»
=1.077 a.u.”'. Bottom panel: Corresponding loss function. Thick
(thin) lines correspond to the calculations with (without) inclusion

of local-field effects. Solid and dashed lines stand for the results of
RPA and TDLDA calculations, respectively.

ture disperses from w~5 eV at ¢,+~0.4 au.™" up to ®
~10 eV at g «~1.1 au."

The role of local-field and exchange-correlation effects in
the loss function, -Im[ € '], for momentum transfer along the
a”* axis is demonstrated in Figs. 7 and 8. The bottom panel of
Fig. 7 demonstrates that at small momenta both factors for
this polarization play only minor role in the formation of the
excitation spectra since all four curves are almost nondistin-
guished on the scale of the figure. The only visible effect is
seen around the A; peak. Figure 8 shows that at large ¢,+’s
both those factors lead to moderate changes in the amplitude
of —Im[ '] without significant modification of its shape.

As it was pointed out above, along the b* direction for
medium and large momenta —Im[e '] is notably distinct
from that along the a” one. First of all, the dominant B, peak
(with almost the same dispersion al small momenta as A
along the a* axis) disperses along this momentum direction
up to w=8 eV and at higher energies it is presented as a
quite weak feature. Similar to the a* axis case, at small g«
the B, peak arises at w=2 eV. It also disperses upward with
increasing momentum and is clearly visible up to w
~3.4 eV at ¢;»=0.2 a.u.”!. An additional weak peak struc-
ture (labeled by B; in Fig. 3) with positive dispersion arises
around =5 eV at g;;,=0.05 a.u.”! and merges to the main
B, peak at w=6 eV around g,»=0.35 a.u.”!. Also a strong
B, peak, which does not exist along the a* axis, is centered at
w=4 eV around g;,=0.6 a.u.”'. Some other weaker peak
structures can also be detected in Fig. 3 due to numerous
intraband and interband transitions.

In Fig. 9 we present the imaginary and real parts of € and
loss function, —Im[e"'], for q“b*=%=0.622 aul, ie., at
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FIG. 9. (Color online) Upper panel: The real (dashed line) and
imaginary (solid line) parts of the RPA dielectric function at g+
=0.622 a.u.”'. Bottom panel: Corresponding loss function. Thick
(thin) lines correspond to the calculations with (without) inclusion
of local-field effects. Solid and dashed lines stand for the results of

RPA and TDLDA calculations, respectively. The B, and B5; mode
peaks are marked by corresponding symbols according to Fig. 3.

the border of the first BZ. Again, as in the case of the dielec-
tric function at gy.«=m/c, we do not find zero crossing in the
real part of €. On the other hand, inclusion of the exchange-
correlation effects within the TDLDA leads to significant en-
hancement of the peak amplitude of —Im[e '] around
~4 eV with small downward shift of its energy position.
Additionally, the inclusion of the TDLDA kernel at this mo-
mentum leads to some increase in —Im[€ '] at all energies.
The peak at =2.7 eV in Fig. 9 is clearly visible in Fig. 3 (the
Bs peak structure) as a feature dispersing downward from
¢=0.622 a.u.”! for both decreasing and increasing momenta.
Similar to Fig. 2, the dominant B, peak dispersion along the
b* axis is in good agreement with previous calculations® and
experimental data.3! At the same time, the experimental
peaks’! at w=4.5 eV for ¢ 4+=0.4 au™! and at
=4.8 eV for g,;+»=0.45 a.u™! do not correspond to any
theoretically derived peaks in both ¢* and b* directions. The
theoretical peak B, at g~ 0.6 a.u.”! along the b* axis has not
been observed in Ref 31. We attribute this to the fact that the
experiment in Ref. 31 was not angle resolved in the a*b*
hexagonal plane.

B. MgB, optical properties

We have calculated the optical constants for MgB, for
polarization along all the three symmetry directions through
Egs. (10)—(12) with the use of macroscopic €¥(gq,w) calcu-
lated for small momenta g. In Fig. 10 we show the optical
data for the c¢*-axis polarization. The very sharp reflectivity
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FIG. 10. (Color online) Upper panel: Calculated index of refrac-
tion n(w) and extinction coefficient «(w) for the light polarization
along the c¢*-axis direction are shown by solid and dashed lines,
respectively. Bottom panel: Calculated for the same polarization
normal-incidence reflectivity R(w) is shown by thick solid line. The
measured reflectivity is presented by thin solid line (Ref. 24) and
thick dotted line (Ref. 22). The theoretical curves are evaluated with
the use of macroscopic dielectric function €Y for g
=0.039 au.”.

plasma edge is clearly seen in our data at 2.4 eV, in close
agreement with other calculations.!>?”*° The measured re-
flectivity plasma edge’>?* is in fairly good agreement with
the calculations for this polarization. Nevertheless the ex-
perimental edge is more diffuse. At present it is not clear
whether this is the consequence of some imperfections of the
MgB, samples used or due to some intrinsic mechanisms not
included in the theory. The calculated dip at 2.7 eV in the
reflectivity is followed by a broad region with R reaching 0.4
at w~6 eV.At w=4.6 eV the normal reflectivity has a local
maximum where it reaches the 0.6 value due to the presence
of a peak in n and a sharp onset in « at almost the same
frequency. This high-energy behavior of R correlates with
that obtained in other calculations,'>?”4 although one can
note some differences in fine details among data obtained by
different groups.

Figure 11 shows refraction index n, extinction coefficient
k, and reflectance R for the light polarization along the a*
axis that are also in agreement with other theoretical
data.’>* We obtain the same results for the polarization
along the b* axis. In our calculation a reflectivity plasma
edge for this polarization is at ~1.7 eV. With increasing
energy the reflectivity reaches the local minimum at w
=2.1 eV and its local maximum is observed at w=2.6 eV.
The calculated reflectivity behavior at the plasma edge is in
good agreement with the data of recent optical experiments
performed on MgB, single crystals.?>->* Thus the local mini-
mum in the experimentally measured R is observed at 2.3 eV,
i.e., only at slightly higher energy than our calculated value.
Also the positions of the local maximum in the experimental
R are close to the calculated one although they are somewhat
blueshifted in comparison with our data. In the experiment of
Ref. 24 this maximum is centered at w ~3 eV, and the mea-
surements of Ref. 22 performed for different samples place it
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FIG. 11. (Color online) Upper panel: Calculated index of refrac-
tion n(w) and extinction coefficient «(w) for the light polarization
along the a* axis are shown by solid and dashed lines, respectively.
Bottom panel: Calculated for the same polarization normal-
incidence reflectivity R(w) is shown by thick solid line. The mea-
sured reflectivity is presented by thin solid line (Ref. 24), two thick
dotted lines (obtained for two different samples) (Ref. 22), and
thick dashed line (Ref. 23). The theoretical curves are evaluated
with the use of macroscopic dielectric function €Y for g,
=0.04 a.u.”!. Thin dotted line shows R calculated with the use of
" for q,,+=0.08 a.u.”!.

at ~2.8 eV and reveal strong influence of the sample quality
on the behavior of R at w=2 eV.

The downward shift of the in-plane reflectivity plasma
edge by about 0.5 eV with respect to the one along the ¢*
axis is a result of strong o- interband transitions producing
peak at 2 eV in Im[e(qg— 0, w)] for this polarization as seen
in Fig. 7. A slightly redshifted calculation value for these
interband transitions with respect to the experiment can be
explained by a smaller energy separation between the calcu-
lated o and 7 bands at the M point of the BZ. On the other
hand, Fig. 11 reveals that the same level of mismatch exists
between experimental data obtained on the best quality
samples,””>* suggesting that there is a room for further
modifications in the experimental data. Detailed inspection
of the calculated dielectric functions at small finite momenta
in the a*b™ plane reveals strong dependence of the evaluated
reflectivity R on the momentum value. This is linked to the
strong dispersion of the peaks in —Im[€!(g,w)] at small
momenta in the 2-4 eV energy range in Figs. 2 and 3. To
illustrate this, in the bottom panel of Fig. 11 a thin dashed
line shows R evaluated with the use of €Y(q,w) for ¢
=0.08 a.u.”'. One can see how the local maximum in the
calculated R shifts from 2.6 eV obtained with the use of
(g, w) for g=0.04 a.u.”! to 2.8 eV in this case. This strong
dependence of evaluated R on the used momentum value
suggests that the quality of a sample can dramatically affect
the position of this maximum in reflectivity and that for even
better quality MgB, samples the blue color observed for this
polarization nowadays might acquire some greenish tint.

IV. CONCLUSIONS

We presented the results of an ab initio study of dielectric
and optical properties of MgB, in the low-energy domain.

PHYSICAL REVIEW B 78, 224502 (2008)

The excitation spectra have been investigated for the three
symmetry momentum directions. Our calculations reveal
that, additionally to a known strong anisotropy in dielectric
properties of this compound along the ¢* axis and in the a*b*
plane, remarkable difference also exists between the results
for the a* and b™ axes. Our analysis showed that the origin of
a long-lived 2.5-4.5 eV collective mode along the ¢* axis
depends on the momentum. Whereas transmittance of this
mode to the momenta g.~=Q)++27n/c (with n#0) with
small magnitude of Q).+ is due to large local-field effects,*? at
GQie+=Qyex+2/ ¢ with Q== 1/ c the effect of the local fields
is even more peculiar: a sharp peak in the loss function is
entirely due to these effects as no dielectric matrix element
alone has any pole. In the 0-0.5 eV energy domain we found
additionally a sharply peaked collective mode, which has a
sinelike oscillating dispersion at all momenta. The dispersion
of this mode closely follows the upper edge of the region of
intraband o transitions and is linear at momenta g.+=Q)
+2mn/c given Q. are small. In the case of the 0-0.5 eV
mode the effect of inclusion of local fields beyond the RPA is
also important, making this mode peak more pronounced.

We reported on the substantial anisotropy between loss
spectra along the a* and b* axes for finite momenta. At small
momenta the position of a dominant mode in these directions
is determined by the interband o- transitions in vicinity of
the BZ M point. The dominant mode has fairly similar dis-
persions in both directions, although substantial anisotropy
in the dispersion and especially in the width of this mode
was observed. The band-structure anisotropy in the a*b*
plane reflects itself also in the excitation spectra, leading to
other various peaks presented for finite momenta along both
a* and b* symmetry directions.

The effect of exchange correlation beyond the RPA has
been investigated. Along the ¢* axis their impact is limited
by the downward rigid shift by 0.1 eV of the 2.5-4.5 eV
mode at all momenta and small enhancement of —Im[ e™!] for
the higher energies. In the a* and b* directions the inclusion
of exchange correlations within the TDLDA approach pro-
duces more notable effects on the loss function, significantly
enhancing its amplitude for all energies without appreciable
changes in the peaks positions.

In general, the dispersion of the main peaks is in good
agreement with the data of the recent IXS experiment,’! al-
though some inconsistencies between our calculations and
the experiment have been observed, mainly being in the a*b*
plane. In order to clarify this it is desirable to perform angle-
resolved experimental study within this plane too.

The presence of a collective mode in the region of optical
frequencies strongly affects the optical properties of MgB,.
Our calculated optical constants reveal strong anisotropy be-
tween Ell¢* and Ella*b* polarizations. The sharp plasma edge
in normal reflectivity for the light with Ell¢* polarization is
placed at 2.4 eV, followed by a region of zero reflectivity at
2.6 eV. In the a*b" plane the plasma edge is more diffused
and shifted to w=1.7 eV. Our optical results are in close
agreement with other ab initio calculations and recent ex-
perimental optical data obtained with the use of single-
crystal surfaces.
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