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Nested Fermi surfaces, optical peaks, and laser-induced structural transition in Al
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Electronic structure and optical properties of Al are reexplored by using the highly precise first-principles
band method. The spin-orbit interaction, albeit small, plays a critical role in determining the topology of the
Fermi surface and yields finite gap for interband transitions. The characteristic optical peaks in Al are shown
to arise from the massive interband transitions between two parallel bands over the nested area of two Fermi
surfaces. The laser-induced structural transition originates from this massive interband transition which causes
the lattice softening via the excitation-driven charge transfer from the tetrahedral bonding to the octahedral
antibonding sites.
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Optical properties of Al have been studied for decaded-ermi surfaces: the second and third Fermi surfaces are dis-
theoretically and experimentally® Very recently, an inter- connected, once the SOl is taken into account.
esting structural transition induced by the irradiation of 1.55 We have investigated the electronic structure and the op-
eV laser pulses has been reportédt is expected that the tical conductivity of Al by employing the highly precise first-
transition occurs due to the band-structure collapse and therinciples local-density full-potential linearized augmented
lattice instability caused by the strong interband electron explane-wave(FLAPW) band method® The SOI is included
citation across a pair of parallel bands in Al. In fact, opticalby the second variational methéti.The Hedin-Lundgqvist
transitions with peaks at about 1.5 and 0.5 eV as well as théorm for the exchange-correlation energy was employed in
Fermi-surface properties are well described by the nearlyhe local-density approximatiofLDA). Interband contribu-
free electrofNFE) model with two potential parameters and tion to the optical conductivity is obtained based on the for-
the effective mass'? However, the assignments for the in- mula derived from Kubo's linear response thebhach in-
terband transitions in terms of the band structure are nderband transition is broadened to simulate the lifetime
consistent among existing calculations. The 1.5-eV peak walsroadening with width of 0.1 eV. Intraband Drude contribu-
assigned to the interband transitions at points Mégoint,”  tion is considered by taking parameters from experiméhts:
or at points on the line#°In contrast, the 0.5 eV optical ¢(0)=3.23x10' sec !, 7=1.13x10"** sec. The FLAPW
peak has received little attention. Lee and CHimgsigned method is successfully applied to explore various optical
0.5-eV peak to the transitions at points n&sron W-U-A properties of solids, such as optical conductivity, dielectric
plane. constant, magneto-optical Kerr effect, and magnetic circular

In this Brief Report, we show that the transitions occurdichroism'’ The calculations are performed for fcc Al with
not only at specifik points on symmetry lines but massively the room-temperature experimental lattice constant of 4.049
in a wide k-space region determined by nested Fermi surA,!® since the optical properties are usually measured at
faces. Therefore the previous assignments correspond to onlgom temperature® We have used the cutoff energy of 14.44
a part of massive transitions between two parallel bands od®Ry and muffin-tin radius of 2.6 a.u. for Al. The Fermi-level
curring in a relatively widek space. Further, based on the Er and the self-consistent charge were obtained by using
analysis of electronic states responsible for these massivi992 speciak points® in the irreducible part of Brillouin
interband transitions, we show explicitly that the laser-zone(IBZ) after a convergence test & within 2.5 meV.
induced structural transition occurs due to weakening ofOptical conductivity was calculated with a larger setkof
bonding strength associated with the interband transitions. points (419,220 pointsin the IBZ in order to remove any

Another closely related issue is the onset frequency o€rror due to the insufficient number kfpoints.
interband transitions. The onset frequency is usually assigned Figure Xa) presents energy band structure of Al along the
at the minimum frequency af; or €,, whereo; ande, are ~ symmetry lines. The bands from the NFE model are also
the real part of the optical conductivity and the imaginarygiven in comparison. Ashcroft's potential parameters were
part of the dielectric constant, respectively. A zero gap for theised in the NFE model calculatidwhile the effective mass
interband transition was first suggested by BASzmulow- is set to 1.05 to fit the band width from the FLAPW
icz and Segaflalso obtained a zero gap, but they addressedgalculation?® The effective mass does not affect the shape of
the possibility of finite gap due to the spin-orbit interaction the Fermi surface. Bandstructures from the FLAPW and the
(SOI). However, Lee and Chaffjobtained finite gap by us- NFE model agree quite well around-. Since the NFE
ing the pseudopotential method without the SOI. We havenodel is known to fit the experimental Fermi surfaces, our
found that the inclusion of the SOI indeed gives rise to theband structure should also give correct Fermi surfat&se-
finite interband gap. We also show that the SOI, albeit smalllow E¢, however, small deviations are found at the first band
does play a critical role in determining the topology of thealongX-W and along.-K. Deviation becomes significant at
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: L FIG. 3. Cross sections of the Fermi surface of Al aroundkhe
-12 point in (a) (100 and(b) (111) planes. Numbers on lines represent
r X WK I L K a W b e band indices. Inset ita) shows an expanded vie{@0x 30) near

the touching poinR.

(a) (b) cult to be identified in total optical conductivityr;.
) However, as shown in the inset of Fig. 2, all the important
FIG. 1. Electronic energy band structure Of Al. Energy band_s bYiransitions in Al can be found in the second derivative of the
the FLAPW band method are shown in solid lines. For Compansonlogarithm ofo;. Negative peaks are recognized at 0.38 eV
the energy bands by the NFE model and the free-electron model araend 1.44 eV. 'Il'he negative peak at 0 eV is due to the Drude
shown in dashed lines i@ and(b), respectively. intrabénd te}m
In Fig. 2, there are no structures at energies higher than 2
eV. This is contrary to previous calculations which show sev-
eral step$:1° Our result indicates that the steps are not in-
. : ~ trinsic but artifacts resulting from the usage of insufficient
Figure 2 shows the optical conductivities both from ourp mper ofk points for numerical integration of the matrix
calculation and the experimefft.The solid line represents elements. The integration requires a large sek gfoints

the c;alculated total optical conductivity which is the sum fhecause the interband transitions occur only at limited re-
the intraband Drude term and the interband contributionyigns in the reciprocal space and the matrix elements vary

Two characteristic peaks are seen at 0.38 eV and 1.44 eV ig‘rastically. In addition, the Fermi levé- should be ob-

the interband contribution represented by the dotted line. Th?ained ; ; ;
) ’ precisely since the shape of the Fermi surface depends
experimental peaks are found at 0.487 and 1.53%\ence sensitively on the value . . Lee and Charlq obtainede,

the cglculateq pgak positions are in good agreemer?t_with.tr\ﬁith the artificial steps even though they used the largest set
experiment within error of 0.11 eV. Lower peak positions N of k points among previous calculation®0 562k points in

the calculation would be attributed to the LDA, which un- the IBZ). Our result indicates that these artifacts can be

derestimates the energy separation between occupied and un- . ; ; L
occupied bands. The interband transition at 0.38 eV is diffi-{%hvglﬁ?’eg by using a larger setbfpoints(419 220k points in

energies higher than 5 eV abokg , indicating that the NFE
model is valid only arouné&g . Figure 1b) will be explained
later when discussing the Fermi surface in Fig. 3.

Figure 3 presents the Fermi surfaces where the SOI is
explicitly taken into account. There are three pieces of the

100 . Fermi surfaces: the second zone hole Fermi surface around
‘% 50 L\ | I', the third zone electron arm Fermi surface arokndnd a
5 . ] \ e small electron Fermi surface neét The arm Fermi surface
& \/ 7 is a part of the toroidal Fermi surface arouxidn the square
g 80 i ] face of the BZ. The small Fermi surface nd&fris not an
® 100 e independent Fermi surface but a part of the third zone Fermi

Frequency (V) surface due to the inversion symmetry with respeciton
the X-W-X line. Thus, the Fermi surface consists of two
- parts: a large hole Fermi surface arouhidand a toroidal
o 2 4 & 3 10 Fermi surface in the square face.

As mentioned above, there is a controversy about the con-
nectivity of two Fermi surfaces near W. Ashcrofroposed

FIG. 2. Calculated optical conductivity of Al in comparison with disconnected Fermi surfaces by fitting experimental Fermi
the experimerf (dashedl The solid line represents the total optical Surfaces using the NFE model. But he mentioned a possibil-
conductivity including the intraband plus interband terms while theity of a connected Fermi surface based on magnetoresistance
dotted line represents only the interband contribution. The inseeasurement. However, a connected Fermi surface was pro-
showsd?In o /dw?. posed in the other NFE model calculatfand also by using

Frequency (eV)
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the APW calculatiof. A connected Fermi surface implies 10 10
that there is only a large single sheet of Fermi surface and
that there is no gap for the interband transition between the 87 87
second and third bands. In addition, a giant orbit can be
formed in the(100 plane by the second zone Fermi surface 2 6 6
bridged by the small third zone Fermi surface. g

We have obtained a connected Fermi surface when the g7 4 4
SOl is not included. However, when the SOI is taken into & wy/
account, two Fermi surfaces are separated as shown in the 27 ' i 2] \7
inset of Fig. 3a). The inset is an enlarged view of the Fermi ] N
surface aroundR p(_)int by 30x 30, _WhereR is t.he expected . O XWK T LK 0 W b o
point for the Fermi surface touching. Accordingly the possi-
bility of the giant circle in the(100) plane is ruled out. The (a) (b)

minimum gap between the second and the third bands is

~11 meV atk=(0.410,0.967,0). Hereafter, reciprocal vec- FIG. 4. Momentum component of the oscillator strength,

tors G are given in unit of (2r/a), wherea is the lattice ~ “(k,), along the lines in Fig. 1.

constant of Al. Since this gap is smaller than the room tem-

perature(25 me\), the Fermi surface should be measured atum component of the oscillator strength(k,w), along the

low temperature. Note that, due to the lifetime broadeninglines in Fig. 1. Integration of(k,w) overk gives the optical

the calculated interband contribution in Fig. 2 has finiteconductivityo(w). As seen in Fig. @), if o(k,w) is plotted

value at zero frequency. The above discussion reflects th@long the symmetry lines, strong transitions take place only

the SOI, in spite of its small magnitude, plays a critical roleat small regions arountV and K, which is not enough to

in determining the topology of the Fermi surface and theyield two characteristic peaks. Figuréo# however, clearly

interband gap of Al. shows that the massive interband transitions take places in
In Fig. 3a), one can notice that the two Fermi surfacesthe nested area. The interband transitions regield the

are nested in thé€110) direction between the second and 1.44-eV peak inr(w), while the transitions nearyield the

third zone Fermi surfaces. Fermi-surface nesting is inducef-38-€V peak. Thus, the characteristic peaksr(w) arise

by a constant crystal field|®,,J which lifts the degeneracy from the massive interband optical transitions between two

between the second and third bands in @0 plane of the parallel bands over the nested area of two Fermi surfaces.

reciprocal space. Heré,y is the Fourier coefficient of the ~ The structural transition induced by laser of 1.55 eV

crystal potential aG=(200). In the shaded region between energy! can be ascribed to these massive interband transi-

two nested Fermi surfaces, the second and third bands al@ns occurring inside the nested area of two Fermi surfaces.

parallel with a band splitting of |¥,04. Using the NFE In order to see the effect of 1.55-eV transition, we have

model, Ashcroft estimated |¥,,d=1.53 eV which corre- plotted in Fig. 5 the charge-densﬂy distributions (fL0)

sponds to the optical peak position at 1.53 eV. FurthermoreRlane for the secontbelowEr) and third(aboveEr) bands

there are other nested Fermi surfaces in(ttig) plane aris-  at the pointa. Interestingly, two bands give very different

ing from the second and third zone Fermi surfagggy.  interstitial charge distributions. As shown in Figlah the

3(b)]. Here the Fermi-surface nesting is induced by a conSecond band has bonding character with interstitial electrons

stant crystal field /;,4 which is related to the 0.487-ev at the tetrahedral sites, whereby four surrounding Al atoms

optical peak. are strongly bound. In contrast, the third band has an anti-
Figure Xb) shows energy bands along certain lines inside

the shaded regions of Figs(@ and 3b). The FLAPW band

is compared with the free-electrdi¥E) band. The second

and third bands are degenerate ngaiin the FE band. Two

degenerate bands result from two wave vector&laf) and

(111) at thea point and from(000) and(111) at thec point,
respectively. These degenerate bands are split by the crystal ¢
field. One can estimate the splittings from the NFE model to
be 2Vgd~1.5eV and #Vy;~0.5eV at thea and ¢
points, respectively, which agree well with the calculated
peak positions at 1.44 and 0.38 eV.

Previous investigatiods'®1%on the interband transitions
alongI'-K or I'-W lines give only partial information on the (a) (b)
massive interband transitions occurring in the shaded region
of Fig. 3(a). Also the characteristic peak at 0.38 eV in the F|G. 5. Partial charge density fdg) the second andb) third
calculation arises from the massive interband transitions odands in(110 plane. Core charges are not plotted. Darkness is
curring in the shaded region of Fig(l8. In order to see the proportional to the charge densifyandO represent the tetrahedral
parallel band effect explicitly, we plot in Fig. 4 the momen- and octahedral sites, respectively.
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bonding character with high charge density between Al andstic optical peaks at 0.5 and 1.5 eV are identified as the
the octahedral site, as shown in Figh Therefore, once the interband transitions occurring between two parallel bands
electrons are excited from the second band to the third ban@ver the nested area of two Fermi surfaces. The origin of the
the bonding strength between Al atoms becomes weak angructural phase transition induced by intense laser pulses of

accordingly the structural phase transition occurs through latl-55 €V is shown to be the massive interband transitions
tice softening. inside the nested Fermi surfaces, which soften lattice by

In conclusion, we have calculated the optical conductivitytransferring charge from the tetrahedral bonding to the octa-
o4 of Al very precisely by using a huge numberlofpoints ~ nedral antibonding sites.
and by including the SOI explicitly in the calculation. The  This work was supported by KISTEP/CRI of Korean min-
SOl plays a critical role in determining the topology of the istry of Science and Technology. B.l.M. acknowledges the
Fermi surface and gives finite interband gap. The charactesupport by the KOSEF through the eSSC at POSTECH.
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