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Intraband transitions in simple metals: Evidence for non-Drude-like near-IR optical properties
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By combining optical methods with photoelectron spectroscopy on crystalline, Alhs, clear evidence is
provided for a non-Drude-like behavior of the intraband contribution to the optical response. The deviation
from simple Drude theory is related to a non-free-electron-like density of states, which differs from the
standard band shape assumed in the calculation of intraband excitations in ordered simple metals. The close
connection between intraband optical and electronic properties is supported by results from amorphgus Auln
films, for which a free-electron behavior is consistently observed by both metf&@ik63-18207)07335-9

Among the various properties of crystalline solids, theserved differences in the optical response between a poly-
optical response to incident light is one of the standard pheerystalline sample and the corresponding single-crystalline
nomena used to characterize materials. Usually, two distinghaterial.
contributions are considered in the discussion of optical data, |n this contribution we will demonstrate that there exists
arising from momentum-conserving interband transitions anénother important aspect which has not yet been considered
non-momentum-conserving intraband transitions betweefh the discussion of intraband excitations in simple metals—
states separated by the photon enefgy. In simple metals  the details of the electronic structure. Since all the above
like, e.g., noble metals or noble-metal-based alloys, interthegries assume free electrons to be scattéired a para-
band transitions are observed to dominate the optical progsglic conduction bang we have investigated both the com-
erties at higher photon energies, whereas in the near-IR dejex dielectric function and the electronic density of states
main m_traband transitions are known to be resp0n3|blt_e fO(DOS) of polycrystalline Aul in order to clarify the role of
the optical response. For photon energies below the intefhe actual band structure. In the following we provide evi-
band absorption edge, the complex dielectric function dence that the description of intraband excitations within the
=g +ie, can be treated within simple Drude theory as  pryde model as proposed for the similar compounds AuAl

2 2 (Ref. 4 and AuGa (Ref. © fails in our case due to incon-
er=1+e,— “pT , (1) s?stenc@es in the resulting physical parameters. These_ incon-
1+ w?7? sistencies are not solely due to scattering effects typical for
) polycrystalline materials, but rather are a consequence of the
wpT non-free-electron-like DOS as determined by x-ray photo-

L2271+ w2 ) @ electron spectroscopkPS). The close connection between
intraband properties and the DOS will be supported by
complementary measurements on samples in the amorphous
state, where a free-electron behavior is consistently observed
in both the optical constants and the electronic structure.

is assumed. Hereyp denotes the plasma frequency angd All samples were prepared as thin film® €30 nm)

the core polarizability. Several models have been proposeevaporated under high-vacuum conditions for the optical and
to account for electron-phonon, electron-electron, andiltra high-vacuum conditions for the photoemission experi-
electron-impurity collisions;? leading to a quadratic depen- ments, respectively. For the crystalline alloy, reflection and
dence of the scattering rate on photon energy as given by Etransmission coefficients were measured under ambient con-
(3). Very often, the above relations have been used to pheditions on a two-beam spectrophotometer Car\&rian) in
nomenologically describe the intraband contributions inthe photon energy range from 0.4 to 6.7 Ebstrates 0.4—
polycrystalline materiald:’ For such systems, however, ad- 1.0 eV S{100, 0.9-6.7 eV quarfz From these data, the
ditional effects may be important. Grain-boundary scatteringoptical constants were calculated according to the method
and surface scattering have been predftied cause devia- described in Ref. 10. To analyze the influence of the oxide
tions from formula(3), yielding an explanation for the ob- overlayef present in these measurements, independent ex-

if a frequency-dependent scattering rate',

T i=101+ Blho)?, (3
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periments have been performeéa situ by means of the - - -
attenuated-total-reflectiofATR) techniquet! which is espe- ol J— do
cially useful for the investigation of thin films. Experimen-
tally, different lasers were coupled to the vacuum chamber 50
operating at a finite number of frequencies in the photon

energy range between 1.6 and 2.7 eV.

enlarged view
for c-phase -4-5

The transformation into the amorphous state was accom- (a)
plishedin situ by bombarding a crystalline sample with 350- & 1
keV Ar* ions at 77 K*? followed by the optical character- 150 F T
ization using the ATR technique. In this case, optical o aphme:insiv |
measurements under ambient conditions could not be per- 200t [ T e Drude fit c-phase
formed due to the low crystallization temperature of the - - Drude fita-phase
amorphous phaseT& 200 K). To be able to exclude any 250 ) , , ) ) ) 20
influence of implanted Ar atoms or substrate atoms backscat- o 1 2 3 4 5 6 7
tered by the ion bombardment into the film on its optical Photon Energy (eV)

properties, a crystalline sample was also irradiated with simi-
lar fluences at room temperature. In this case, the film main-
tained its as-prepared crystalline state and no changes of the 150 +
optical properties could be detected. The photoemission ex-
periments were done on a FISONS ESCALAB-210 electron

spectrometer, which is equipped with a high-power x-ray

source(monochromatized AK«). Depending on the sub-

Binding Energy (eV)
== (=} ~ <
PR

1

strate temperature during evaporati@i7 K, room tempera- & F x |10
ture), the amorphous or crystalline phase was obtained. In
either case, negligible contamination was found by core- SO enlarged view

for c-phase

level spectroscopy, which, in addition, allowed us to verify
the stoichiometry of the alloy. For the characterization of the

DOS, the overall instrumental resolution was adjusted to ol e e ——— o
0.35 eV/[full width at half maximum(FWHM)]. . . . . \ \

In Fig. 1 the real and imaginary parts of the measured o 1 2 3 4 5 6 7
dielectric functiong; (a) ande, (b), are presented for crys- Photon Energy (eV)

talline and amorphous Aujn Concentrating first on thex o _
situ results for the crystalline phassolid lineg, the real part FIG. 1. Real(a) and_ imaginary(b) parts of the complex dielec-
is found to be negative over the whole energy range with éI’IC function of.AuInZ in the ordered as we!l as the amorphous
pronounced structure at about 1.8 eV due to strong interbanp(rase‘ respectively. The dottédashed line indicates the free-

- S . electron contribution in the crystallinemorphouy state, as deter-
transitions. These can similarly be observectin Here, a mined from the Drude model by means of a least-squares fitting

broad maximum is VIS.IbIlJ[eg at 2.2 eV’. which, ac_cordlng to procedure. The inset shows the energy-band structure for the or-
band-structure calculationscan be attributed to direct tran- ygeq compound along tHeX direction (Ref. 13.

sitions betweers p-like states along, e.g., tHé-X direction
[see the inset of Fig.(lh)]. At higher photon energies, addi- both atomic structures. To judge the reliability of this proce-
tional small structures are observablesinande,, indicat-  dure, however, the physical meaning of the parameters has to
ing that noble-metadl states come into play. Thus deviations be examined, too. For the plasmon energy this can be
from a monotonic, Drude-like behavior are evident for ener-achieved by means of photoemission from inner shells,
gies above 1.5 eV, where interband transitions start to domiwhich is usually accompanied with the excitation of bulk
nate the optical response. This is also confirmed byithe plasmons at wave vectogg=0, leading to additional struc-
situ measurements of the crystalline phdepen symbols  tures (plasmon loss peaksn the corresponding core-level
which agree well with the data obtained under ambient conspectra. Photoemission results for the bulk plasmon energies
ditions. In the disordered state, the optical properties signifihave been added to Table |, showing only a small difference
cantly differ from those of the ordered phase. Now, a monobetween the ordered and disordered states of Arsimi-
tonic behavior can be recognized for energies up to 2.7 eVlar behavior is known for, e.g., liquid and solid Shwhere

To obtain quantitative results, the intraband contributionthe difference in plasmon energy can be attributed to the
to the complex dielectric function has been estimated fosmall density change upon melting. Comparing the Drude
both phases by fitting Eq$1)—(3) to the experimental re- parameterg wp with the experimental results, almost perfect
sults. For the crystalline alloy, the energy range has beeagreement is observed for the amorphous alloy, but a signifi-
restricted to values below 0.5 eV as proposed for AuGacant discrepancy is visible for the crystalline phase. This
(Ref. 6; for the amorphous alloy, all measured data werealready is a strong argument against the applicability of the
used for the numerical analysis. In Table I, the Drude parambrude model for the ordered compound in contrast to the
eters of Aulp are summarized together with a selection ofassumption of previous studi&&though confirming this ap-
results, reported earlier on similar ordered and disorderegroach as useful for the amorphous phase.
systems. Apparently, the free-electron parameters of Auln Since we are interested in correlations between the intra-
appear reasonable in comparison with the other alloys foband properties and the actual electronic structure, XPS va-



6504 BRIEF REPORTS 56

TABLE |. Drude parameters of crystalline and amorphous Aulkcompared to results from similar
systems. In the case of amorphous Aula constant relaxation timg8E0) was sufficient to fit the experi-
mental data in accordance with earlier studies.

hop To B oS
Alloy ev) (10" ** sec) (10 sectev?) €x (ev) Ref.
c-Auln, 7.30 0.44 11.6 2.89 12.6 this work
c-AuGa 4.72 0.602 10.2 2.70 6
c-AuAl, 6.368 5.435 3.882 6.30 4
a-Augslng; 12.1 0.0425 2.37 12.2 this work
a-Au,cSnys 9.8 0.037 19
a-Au;Gey, 12.46 0.0285 1.78 20

lence band spectra of both phases are presented in Fig.fa&r as the general shape is concerned, including the total
(solid lineg. It is well knowrt® that an XPS experiment on a bandwidth, the Au B-band features, and the existence of a
polycrystalline sample provides information about the DOSpeak at a binding energy of about 2 eV, which can be attrib-
of the material, since the momentum selection rules are avjted to states with purep symmetry1.3 Our results on the
eraged out. No azimuthal dependences of spectra occur lik§rdered phase are partially supported by earlier
in photoelectron diffraction experiments, where high-qualityinyestigations® which, due to lower instrumental resolution
single-crystalline materials are needed. Thus an XPS spegnq poorer statistics, could not resolve the intensity maxi-
trum taken from a polycrystalline sample represents the sum,,m 4t low binding energy, clearly visible in our data. Since
of angular-momentum-projected densities of states weighteghore i good overall agreement between the theoretical and
by the corresponding photoionization cross sections. To geéxperimental band shapes for the ordered compound, the

moﬁrir'gi:ﬁl?;érxalthethg'sctgr?ggogng‘;n‘:o;guscgogctsrtjrtﬁ%?rphotoemission results may be considered as a reliable repre-
bolycry 0, P 9 P Y sentation of the occupied part of the DOS, which can also be

be interpretetP along the calculated DOS of the single- expected for the spectrum of the amorphous phase.

crystalline phasé® broadened to account for lifetime effects . :
and the instrumental resolutiofFig. 2, dotted curve A With the results for the crystalline and the amorphous

close resemblance is observed between both sets of data Ri¥2Se: it is straightforward to examine whether or not free
electrons are responsible for the optical properties at low

photon energies as commonly assumed by theory in calcu-
lating the influence of scattering effects in ordered simple
metals. This can be achieved by a closer inspection of the
DOS at low binding energies, shown enlarged in the inset of
\ Fig. 2. Obviously, a negative slope can be identified for the
%\a polycrystalline specimen for energies up to the Fermi level,
0

XPS (hv = 1486.6eV)

Er, where the instrumental resolution leads to a smearing of
the steplike Fermi function. This result is at variance with the
assumption of a free-electrofsquare-roo}-like DOS near

the Fermi surface, giving a second experimental argument
against the applicability of the Drude model for the ordered
phase. For the amorphous sample, however, the absence of
the sp-band maximum turns out to be the most distinguish-
ing feature between both structures, beside small changes in
the Au 5ds,-band shape and its position. Additionally, for
this sample a plateaulike DOS is observed, extending to
binding energies as high as 2.5 eV. This behavior appears to

amorphous
(exp.)

crystalline
(exp)

Intensity (arb. units)

Ausd SR S ’ be much closer to a slowly increasing square-root-like DOS
(cale) . as expected for a free-electron model.

crystalline

Thus a close connection between the electronic structure
and the intraband optical properties emerges from the above
data, since both the failure of the Drude model for the or-
dered state as well as its applicability for the disordered

FIG. 2. XPS valence band spectra of Awin the polycrystal- Phase can consistently be related to the DOS at low binding
line and amorphous stateolid lineg, compared with DOS results €nergies. The failure of the Drude model to describe the
(Ref. 13 for the ordered compoun(tiotted ling. The theoretical Near-IR properties of a crystalline metaf, more generally,
curve has been broadened to account for lifetime and instrument&f the assumption of free electrons to be scatteigdot too
resolution effects. The experimental data, which have been acquirdgnexpected, since this approach suffers from a considerable
under normal incidence, are corrected for secondary electrons byonceptional problem: Whereas the interband excitations
means of a Shirley type of backgroufidef. 2J). are generally treated within the framework of band-structure

10 8 -~ 6 4 2 0
Binding Energy (eV)
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calculations and electric dipole transitions between singleenergy range generally used to investigate the optical prop-
particle Bloch state$/!"8the intraband transitions are at- erties. Consequently, it remains a questionable procedure to
tributed to a different class of statéthe free electronsne-  subtract a “Drude background” from the optical constants
glecting all selection rules except energy conservation for thgrior to the discussion of interband excitations as has been
excitation process. However, since a band-structure calculgfone earlier for ordered metals similar to AgiIn

tion describes all valence electrons present in a given system, |y conclusion, Auln films have been investigated com-
intraband transitions must necessarily occur between thSining optical methods with x-ray photoemission as well as
same electron states used to calculate the interband part FEfw-temperature ion bombardment with irsitu ATR tech-

the dlelectrlc_functlon. 'Therefore, to arrive at a more consispique. By analyzing the optical and electronic properties for
tent description, 'ghe intraband transitions should_ also_ b@jifferent atomic structuregpolycrystalline, amorphous a
treated on the basis of band-structure results, coupling diffets|gse connection is found between the intraband contribution
ent electronic states by means of scattering matrix elementg the optical response and the details of the electronic struc-
(describing collisions with other electrons, phonons, grainy e This provides clear experimental evidence for the fail-
boundaries, surfaces, impurities, and defeatsd dipole se-  re of the standard procedure analyzing optical data based on
lection rules. This point of view is supported by the fact thatsubtracting a “Drude background” and, thus, offers an im-

intraband transitions—like interband transitions—must NeCportant new aspect in the discussion of intraband excitations
essarily change the symmetry of the excited electron in ordef, ordered simple metals.

to account for the angular momentum of the absorbed pho-

ton. Depending on the details of the electronic structure, de- Financial support by Schweizer Nationalfon@éF) and
viations from a simple Drude behavior may occur not onlyDeutsche Forschungsgemeinschd~G) is gratefully ac-
below the interband absorption edge, but within the wholeknowledged.
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