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Résumé. — A partir du schéma de bandes ab initio et autocohérentes, nous présentons les premicres études théori-
ques de propriétés optiques d’aluminium sous pression hydraulique. En accord avec les expériences, nous observons
les déplacements des pics d’absorption en fonction des pressions. Nous mettons en évidence les changements
respectifs dans les structures de bandes pour expliquer ces déplacements.

Abstract. — The first theoretical study of optical absorption in aluminium under hydraulic pressure, based on a
self-consistent ab initio band scheme, is presented. The shifts of the absorption peaks under high pressure, in agree-
ment with the experimental data, are observed. The relevant changes in the band structures are pointed out to

explain these shifts.

1. Introduction.

During the last two decades the optical properties of
Aluminium under normal pressure have been exten-
sively studied [1-17].

Recently, Tups and Syassen [17] have studied the
optical reflectivity of aluminium (Al) under high
pressure in the range of 300 kbar at room temperature.
They observed a shift of the reflection peaks towards
the higher energies as a function of increasing pressure.
These shifts are satisfactorily explained on the basis
of the corresponding changes in the pseudopotentials
U(111) and U(200). The peak positions are simply
twice of these pseudopotentials. In this approach a
very fundamental assumption is that the Al crystal
retains its nearly free electron nature even at very
high pressure.

Our aimi, in the present work, is to study the optical
properties of Al at high pressure using a self-consistent
ab initio band structure. For this purpose we use the
method of Linear Muffin-Tin Orbitals (LMTO)[18, 19]
with spherical correction to calculate the energy bands.
No adjustable parameters are introduced. The
exchange correlation is taken care of by the local
density theory [20]. The pressure effect is introduced
by the corresponding changes in the crystal volume.

In the second section, we present the band structures
at different pressures and, then (Sections 3 and 4) these

(*) U.A. au CNRS n° 306.

band schemes are used to calculate respectively the
electronic pressure and the imaginary part of the
interband dielectric function &5(w). In section 5, we
shall discuss and compare our results with those
obtained experimentally and the last section will
conclude the paper.

2. Band structure.

The method of the Linear-Muffin-Tin Orbitals has
become such a common feature these days that we
shall not describe it here. The theoretical and practical
aspects of the method are presented in detail else-
where [18-19]. We consider a frozen core and treat 3s,
3p and 3d as band electrons. Once the energy bands
with spherical correction are obtained we use only
the atomic sphere orbitals of the proper function to
calculate the dipole matrix elements.

It is well-established that Al retains its fcc crystal
structure even under high pressure [15, 17]. The band
structures are obtained for Al in fcc phase as a function
of volume changes corresponding to different pres-
sures. The self-consistency is attained after about
fifteen iterations. The detailed band scheme and the
density of states are calculated with a fine mesh of
946 points in the 1/48th Brillouin Zone (BZ).

Figures 1 and 2 show the band schemes obtained at
ordinary pressure (ie. crystal volume = V,) and
under a pressure where the crystal volume V' = 0.8 V.
The corresponding densities of states are presented in
figures 3 and 4. Figures 1 and 2 clearly show the effects
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Fig. 1. — Electronic structure of aluminium for V/V, = 1;
4 is the Mid-point of I' — X.
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Fig. 2. — Electronic structure of aluminium for V/V, = 0.8.
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Fig. 4. — The same as in figure 3 but for V/V, = 0.8.

of pressure on the parallel bands where the interband
transitions take place. The partial density of states
(Fig 3 and 4) reveals the importance of the d electrons
around the Fermi level and hence their participation
in band to band transitions at low energy. A compara-
tive study of the present band structure with other
theoretical [12, 13] and experimental [21] schemes is
presented in table I. We shall discuss its main features
in section 5. In table II we give some physical quantities
as a function of V/V . From this table one can easily
conclude that :

i) Though the total number of « d » electrons (N,)
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Table I. — Energies (in €V) at some high symmetry points in Al. E is the reference level.

S ot Present work Self-consistent APW Experimental

ymmetry VIV, =1 VIV, =08 LCGO [12] [13] values [21]

I, (band width) - 11.41 — 13.10 - 11.10 — 11.05 — 106 + 0.2
X, - 1.92 - 210 — 164 - L77 - 115 + 0.04
X, — 294 - 34 — 296 — 276 — 283 + 0.04
Gap at X
(e X, — XJ) 1.02 1.34 1.32 0.99 1.68 + 0.08
L, — 485 - 579 — 464 — 453 — 4.55

Table II. — For a crystal volume V at high pressure as compared to volume V , with crystal constant « a» = 7.62a.u,,
a certain number of physical quantities are presented. Ey is the Fermi level. N, is the total number of i type electrons
below the Fermi level, n(Ey) is the i-th partial density of states at the Fermi level, PV is product of the pressure P
and volume V, PV, (i = s, p, d) is the partial PV.[N,, n{Eg) and PV, are given for one spin.]

VIV, E-(Ry) N, N, N, n(E) n(E) n(E) PV(Ry) PV,Ry) PV,(Ry) PV,(Ry) P (kbar)
1 — 00478 05652 07239 02108 05772 12835 08089 — 00236 00541 — 0.0214 — 0.0445 —31.624
09 0.0049 0.5349 0.7405 02246 04506 11573  0.8071 0.0393  0.0589 0.0029 — 00423  58.504
0.8 0.0713 05093 07514 02392 01990 09745  0.6600 0.1435  0.0713 0.0377 — 00372 240.446
0.7 0.1564 0.4863 0.7587 02550 0.1679  0.8865  0.6503 02979  0.0916 0.0864 — 0.0290 570.446
06 02718 04639 0.7636 02725 0.1342  0.8009  0.6302 0.5290 0.1225 0.1577 — 00157 1181.857

in the occupied states is small (14 %) yet around the
Fermi level the d states ny(E) are very important.

ii) The d electrons become more and more impor-
tant as we increase the pressure.

Under these observations we insist that for any
theoretical study of the optical absorption, it is neces-
sary to include p=d transitions. The observable
changes in the Fermi surface of Al are illustrated in
figure 5 where the Fermi surface contours in the high
symmetry plane [100] for V/V, = 1 and 0.8 are pre-
sented.

3. Electronic pressure.

For the calculation of the electronic pressure P at
0 K, we use the formula derived by Nieminen and
Hodges [22] and Pettifor [23] from the virial expression
given by Liberman [24] :

Eg _
3PV =23 j dEn(E) SHX(E, 5) (—‘—,‘%'(S@) M

where :

— dD(E)

s = (O(B) + 1+ 1) (Dy(E) - 1) +

+(E-V(S)—E, + V,)S?
)]
and :
S O0P(E,r)
D(E) = ?(E, S) ’6r

r=S§

V is the volume of the unit cell, S is the atomic sphere
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radius. D/(E) is the logarithmic derivative of the radial
wave function ¢(E, r) at the cell boundary. V(S) is the
potential at r = §. V,. is the exchange correlation
potential [20] and E,  is the exchange correlation
energy density obtained from homogeneous electron
gas.

The electronic pressures obtained for different
volumes are given in table II. Figure 6 shows these
pressures in comparison to other experimental and
theoretical results.

Usually the zero-point vibrational corrections are
ignored which is certainly true when the crystal is
under high compression but at normal volume it
may not be so. The easiest way to include this correc-
tion is to use the Debye model [25, 26] where the zero-
point energy E, is :

Ey = % ky 0, (Ry/atom) @
and the corresponding pressure is :
Py = yEo/V ©)]

kg is the Boltzmann constant, 6, the Debye tempera-
ture, y the Griinseissen constant and V the cell volume.
Following Janak et al. [26] the zero-point pressure at
volume V = ¥V is calculated in the present case. We
obtain P, = 8.94 kbar. As compared to the electronic
pressure — 31.624 kbar, the zero-point pressure is of
opposite sign and roughly 1/3 in magnitude. Adding
this contribution does not change the overall picture
and moreover it is calculated through an empirical
procedure with a measured Debye temperature.
31
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=

Fig. 5. — The Fermi surface contours of Al at normal
pressure (a) and at V/V,, = 0.8 (b). The full and the dashed
lines indicate 3rd and 2nd band contours respectively.

Hence we shall limit ourselves to the electronic pres-
sure in our further discussions.

4. Optical absorption.

The imaginary part ¢,(w) of the dielectric function,
for a given photon energy  (in atomic units /4 = 1,
e’ = 1/m = 2), is the sum of two contributions.

(i) The free charge carriers or free electrons give an
important effect at low energy limit which is also called
Drude’s term and then

(ii) the interband transitions give rise to structures
in the optical absorption curves :

£,(0) = &5(w) + &3() C))
where the free electron &5(w) is [1] :
4 1N, ¢? T 4o
f f f 0
= = 5
82(60) m* w(l n (1)2 T?) (O(l + (1)2 sz) ( )
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Fig. 6. — Pressure versus volume curve; — - — present

work (--- Friedli and Ashcroft (Ref. [10]); open and closed
circles from Ref. [17] and [31]).

N; is the number of free charge carriers per unmit
volume. In metals, it is the number of s-p conduction
electrons which can be determined through band
structure. m* is the optical effective mass and it may
also be determined from energy bands or more easily
through the sum rules [4] (in a.w.) :

1 1 ®
e mj w&() do ©
and :
1 1 ®
— = 1 — e NfL wel(w) do . @)

The relaxation time 7, is determined from experimenr+al
measurements.

The interband contribution to the imaginary part
of the dielectric function at 0 K (ina.w.) is :

b - 1 I Pnn'(k) l2 ds 8
£2(®) 2 nw? Zn: ; s I V, @, (k) I ()
where :

Op(k) = E (k) — E,(k)
E(k) < Ep < E, (k)

S ={k; o,k =w}

o is the photon energy and Eg the Fermi level.
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Figs. 7 and 8. — The total ¢,(w) and interband &5(w) ima-
ginary part of the dielectric constant for V/V, = 1 (Fig 7)
and V/V, = 0.8 (Fig. 8).
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Po(k) = (k| P|n'k>

| nk > is the proper function for the energy E,(k). The
proper function |nk ) when expressed in terms of
atomic sphere approximation is very appropriate
to calculate the dipole matrix elements P,,(k) [27].
The integration over the k space is performed by the
tetrahedron method [28].

e5(w) is calculated in the low energy range (ie.
® < 025 Ry). The results obtained are presented in
figures 7 and 8 for V/V, =1 and 0.8 respectively.
In figure 9 we have plotted the positions of the two
peaks thus calculated at different volumes and com-
pare them with other experimental and theoretical
data.

5. Discussion.

The electronic structures obtained by LMTO under
different pressures give parallel bands intersecting
the Fermi level. The comparison of the first two
figures reveals the fact that the separations of the
parallel bands change significantly when the crystal
is subjected to a pressure. Though, from our numerical
analysis, it is possible to obtain all the k-points in the
whole BZ which contribute to the two peaks in &5(w),
but the major contributions to the peaks A and B at
the lower and higher energy sides are due to the tran-
sitions between the second and the third bands follow-
ing the directions U-4 and K-I' respectively. The
displacements of these peaks towards higher energy
under pressure is evident from figures 1 and 2.

Figures 3 and 4 representing the total and partial
density of states show that

i) under pressure the energy bands become wider
and the separation between the high density of state
regions is increased;

ii) there is a shift of the Fermi level E. towards
higher energy and

iii) the partial density of « d » type states is quite
appreciable, particularly around the Fermi level.

0.8 0.7

1 03 V/ Ve
Fig. 9. — &5(w) peak positions versus volume; — present
work; 4 Tups and Syassen (Ref [17]); (O Callaway and

Laurent (Ref. [12]); A Bos and Lynch (Ref. [3]); ¥ Hunderi
and Nilsson (Ref. [34]).
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From these observations one can easily predict
that the absorption peaks will move towards higher
energy under pressure as already stated previously.
Moreover, the intensity of the absorption peaks
should decrease at higher pressures and lastly the
presence of «d» electrons cannot be ignored for
interband transitions.

The present calculation gives the occupied states
band width (ie. Ez — I';) as 11.41eV (Table I)
which compares well with other theoretical values [12,
13] under normal pressure. A recent angle resolved
photoemission experiment by Levinson et al. [21]
shows that this width is rather 10.6 + 0.2 eV. The
discrepancy between the measured and the theoretical
values is mainly due to the absence of the non-local
effects in any local density approximation for exchange
and correlation potentials [21]. Another interesting
value is the gap at critical point X (ie. X; — X}).
We obtain X; — X, = 1.02eV. It is very close
to the one obtained by Szmulkowicz and Segall [13]
but smaller than that obtained by Singhal and
Callaway [12]. Comparing columns 2 and 3 of table I,
one will notice that the band width (Ez — I';) and
the gap at the critical point X increase when the pres-
sure is applied.

In figure 5a and b, we present the Fermi surface
contours in [100] plane for normal volume and for
V|V, = 0.8 respectively. The major contribution
to the Fermi surface comes from the 2nd band. At
normal pressure there is also a small contribution
near W and a larger one around K from the third
band. These are often referred to as the third zone
electron pockets and have been experimentally
observed [29]. As the pressure is applied, the third
zone electron pocket near K shrinks and eventually
disappears while that near W grows (Fig. 5b). Tups
and Syassen [17] have also obtained this particular
behaviour with four-plane-wave-model. The present
LMTO band calculation shows that the total area
of the Fermi surface at V/V, = 0.8 is about 86 %
as compared to that at normal pressure. Hence, under
pressure Al Fermi surface reveals some striking
changes which have not been yet observed experi-
mentally.

We have used the crystal parameter «a» =
7.62 a.u. [30] which is the measured value at room
temperature. At 0 K this parameter gives us a kind
of inflated crystal and hence a negative pressure
(Table II). It would be more realistic to obtain a crystal
constant which gives a zero pressure at 0 K, but this
search will increase the calculation time considerably
and will not give anything new in the relative behaviour
of the band schemes at different pressures. Also,
even with this enlarged crystal our calculated pres-
sures at different volumes (Fig. 6) agree quite well
with the experimental data [17, 31] at 300 K and the
theoretical results at 0 K of Friedli and Ashcroft [10].

Figures 7 and 8 show the interband dielectric
constants e(w) and also the total ¢,(w). Before adding

JOURNAL DE PHYSIQUE

Ne 3

& (w) to &3(w) to obtain &,(w) we have added a life-
time broadening as a Lorentzian to &3(w) to take
the interbahd relaxation into account.

For the calculation of &5(w) one needs to know
many parameters and one of them is the optical
effective mass m*. Using the sum rule (7) we have
calculated it at V/V, =1 and 0.8 from calculated
e3(w). Since the calculations have been performed
for o < 025Ry, we have added an exponential
tail to &3(w) to take the contribution from the higher
energies into account. We obtain the effective optical
masses m* = 2.32 and 2.84 for V/V, =1 and 0.8
respectively [17].

Though the calculated optical masses show an
upward trend as a function of pressure, as observed
experimentally [17], they are much greater than
the corresponding experimental data. Tups and
Syassen [17] obtained m* = 1.45 at normal pressure
and 1.98 at 310 kbar (ie. V/V, = 0.78 = 0.8). This
discrepancy requires some comments. It should be
noted that the structure observed in &3(w) are local
properties for some given photon energies w whereas
the optical mass is an integral quantity. Hence the
agreement in peak positions and magnitudes does
not necessarily entail the agreement of the optical
masses.

Though we have a satisfactorily good agreement
with the experimental peak positions we do not
obtain a very rapidly decreasing &3(w) at higher
energies as it is in experimental measurements.
This slow decay of 5(w) beyond the peak B (Figs. 7
and 8) makes an important contribution and hence
we obtain a very high optical mass. The reason of
the slow decay of &5(w) at higher energies in the present
case are two.

— First, with the increase of the photon energies,
the effect of N-electrons (which is not taken into
consideration in one-electron band scheme) becomes
more important,

— Second, at higher energies the atomic sphere
approximation is not sufficient and it will be more
appropriate to use full LMTO for the interband
transitions.

The later point has been also raised by Uspenski
et al. [32). To test the merits of full LMTO over
LMTO-ASA these authors have calculated the dia-
gonal current density matrix at a fixed k point for
copper in two cases. They obtain a better result
in the first case and hence they conclude that the
optical properties should be calculated with full
LMTO. To prove the superiority of full LMTO for the
optical properties it will be more convincing to use
LMTO-ASA and full LMTO respectively and cal-
culate the optical properties of a given solid because
the diagonal current density matrix is only an intra-
band effect while the structures in the absorption
curves are due to interband transitions. Moreover,
the optical properties are global contributions in
the whole k space and not a single k point effect.
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In a separate article [33] we have made this compa-
rative study where we calculate the optical properties
of Al and ferromagnetic iron with LMTO-ASA as
well as with full LMTO. Thus we could show that for
Al a better agreement with experimental observation
in the high energy range is obtained when the full
LMTO are used. On the other hand, to obtain the
peak positions LMTO-ASA gives as good a result
as full LMTO. Besides LMTO-ASA is three times
faster. Under these circumstances, it seems to us
that the ASA part of LMTO is sufficient to study the
behaviour of two main absorption peaks of Al under
pressure.

Since we have an appreciable discrepancy in our
calculated optical masses in LMTO-ASA when com-
pared to experimental values, we decided to calculate
&5 (w) with the measured zero energy conductivity o,
and the free electron lifetime ;. At normal pressure
(ie. V[V, =1) the experimental values given by
Bennett and Bennett [2] are o, = 15.55Ry and
77! = 0.082 eV and the corresponding values mea-
sured more recently by Tups and Syassen [17] are
12.62 Ry and 0.09 eV respectively, one can choose
any one of these two sets, but in figure 7 we have
included the Drude correction with the first set of
parameters [2]. At higher pressure the only measure-
ments are those of Tups and Syassen [17]. At 310 kbar
(ie. V/Vy =0.780 = 0.8) 6, = 523 Ry and 7, ' =
0.18 ¢V. In figure 8 we have employed these values
for the free electron term at V/V, = 0.8. For the
Lorentzian broadening of the interband part &3(w),
the usual procedure is to choose a relaxation time ©
which brings the calculated e5(w) in agreement with
the measured optical absorption. In the present case
we have taken 7 equal to t, for V/V, = 1. Figure 6
(at V/V, = 1) shows clearly two peaks at 0.84 eV (A)
and 1.5eV (B) respectively. When we add the free
electron (Drude correction) and the lifetime broaden-
ing, the lower energy peak A disappears and we are
left with only B which is the experimental situation
in most measurements. With increasing pressure
these two peaks are displaced towards the higher
energy (Fig. 9) and they are broadened (Figs. 7 and 8).
Looking at the interband part &5(w) at V/V, = 0.8
(Fig. 8) we notice that a less broadening effect is
required since the peaks are already much broader
as compared to those in figure 7. So, we chose arbitra-
rily 7! = 0.03 eV. The aim is simply to see the effect
of the relaxation time broadening and the Drude
correction. We obtain an « observable» A peak
at 1.82 eV due to the fact that now it falls into the
energy range where the Drude corrections are not
important. The positions of these two peaks versus
volume are indicated in figure 9. We obtain a very
good agreement with the experimental measure-
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ments [17] at different pressures for peak B. Other
measured or calculated values [1-9, 12, 13] of B at
V|V, =1 are not very far from our result.

Unfortunately, the same cannot be said for peak A.
When the free electron contribution is properly
subtracted from the total optical data, a structure
is obtained at about 0.5 eV by Bos and Lynch [3],
Dresselhaus et al. [6] and Tups and Syassen [17].
Thus our peak A at 0.84 eV lies somewhat on the
higher energy side as compared to the experimental
measurements. On the other hand, it is at the same
position as that obtained by Callaway and Laurent [12]
using a fully self-consistent ab initio band scheme.
Szmulkowicz and Segall [13] have performed an
ab initio band calculation of Al using Augmented-
Plane-Waves but to obtain an agreement with experi-
mental data they used a parametrization approach
to reproduce parametrized bands. Only then, they
could obtain the low energy absorption peak at
0.5 eV. Thus, the two self-consistent calculations [12
and the present work] give exactly the same peak
position for A. We must add that Hunderi and
Nillson [34] have observed weak structures at 0.85 eV
and 2.0eV and also another formation at 2.4eV
which compare well with our peak positions at
0.84, 2.0 and 2.3 €V as indicated in figure 7.

6. Conclusion.

The effect of pressure on the optical properties of
aluminium, based on the self-consistent ab initio
band structures are presented. Without using any
adjustable parameter, we obtain the main peak B
at different pressures in very good agreement with
those observed [17]. The low energy peak A is not
in total agreement with the scattered experimental
data but it is almost at the same position (for V/V,=1)
as that obtained by Callaway and Laurent [12]
We obtain structures at 2.0 eV and 2.3eV (Fig. 7)
which agree with those observed by Hunderi and
Nilsson [34]. It is comforting to note that a self-
consistent ab initio band scheme explains satisfacto-
rily the optical properties of aluminium at different
pressures.
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