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Symmetry-resolved density of states from valence band photoelectron diffraction
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We suggest that valence band photoelectron diffraction can be used to decompose a solid’s density of states
(DOY) into components of different symmetry. This approach is illustrated by breaking down the density of
states of aluminum into itsandp components. The results reveal a msiike DOS at the bottom of the band
and a morep-like DOS near the Fermi level, in qualitative agreement with calculations. A quantitative com-
parison does, however, show that the measured DOS contributions are narrower, i.e., more “atomiclike” than
the calculated ones. Possible reasons are discussed.
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Understanding the electronic structure of new and comiations as the core levét§even though the initial-state wave
plex materials is a major challenge in current solid-statfunction is delocalized. The reason is an effective localiza-
physics. The electronic states very close to the Fermi leveion which could either be “reaf® or caused by an integra-
are of particular interest because they are responsible for ipn over all initial states in momentum spaté. Recently,

large number of phenomena: metal-insulator transitionsStUck and co-workers have shown that this valence band

high-T, superconductivity, and magnetoresistance. A Iorornphotoelectron—diffraction effect can be used to extract the

- \ ) chemically resolved PDOS of an alloy, gAu.’8
ising approach for measuring the density of sta2®S) of Using yVBPED to determine th}é %;mmetry—resolved

complex materials is soft x-ray .flluorescence.spectros_t’:opyPDOS is more difficult because of the small effect that the
This technique offers the possibility to determine chemicallyjnitial-state symmetry has on the diffraction pattern. While
resolved and symmetry-restricted partial densities of stategyidence for such an influence has been reported for transi-
(PDOS if a suitable core level is available. In this paper, wetion metals’®° a systematic decomposition has not been
discuss valence band photoelectron diffractio8BPED) as  attempted up to now, to the best of our knowledge. Here the
an alternative method which potentially combines the possis andp PDOS contributions of aluminum are determined by
bility of higher spectral resolution with stringent symmetry comparing the energy-resolved VBPED modulations to the
restrictions. We use this technique to break down the densitPED modulations of the Al € and 2 core levelstaken at
of states of aluminum into the andp contributions. the same kinetic energgnd thus under the same scattering
Photoelectron diffractiofiPED) is an effect known from  conditions. Aluminum is a good test candidate because its
core-level spectroscopy: The photoelectron wave undergoagiasi-free-electron character renders it a “worst case” ex-
a multiple-scattering process at the neighbors of the emittingmple for the experiment. If the decomposition works on Al
atom such that modulations of the measured photoemissioin will most probably also work on materials with more lo-
intensity are observed as a function of emission angle ocalized bonding.
electron kinetic energ$At high photon energies and/or high  The AI(002) sample was prepared by cycles of Ar ion
temperatures the valence band shows the same PED modsputtering and annealing. This resulted in a sharx 1)
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energy range multiple scattering is important and the PED

:‘. to0 _(b)". (Y ) . .:', patterns cannot t_>e u.nderstood simply.by considering the
0.95 ' h .’._"‘" -ﬂ‘ crystallographic directions. The modulations of thand p
core levels are rather similar. There are, however, some small
0.95 — but well-reproducible differences, the most important being
0.90 — the stronger modulation of thecore level. Another differ-
0:90 ence is the smaller relative intensity of the shoulders at the

sides of the¢p=0° peak for thes core level. Figure (b)
shows the same for data set Il. As in the first data setsthe
component shows a somewhat stronger degree of modula-
tion. It also has a smaller intensity arousge-45°, i.e., at the

i center of the scan. The same behavior and nearly the same
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Integrated Core Level Intensity (arb. units)
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J results can also be found in simulated data sets obtained
o7 using themscp packagé?
In Fig. 2 the result of the corresponding scans of the va-
40 20 40 60 lence band are given. The left-hand side of the figure shows
Azimuthal Emission Angle 6 (°) the raw data. Every column of the displayed matrix corre-
sponds to an energy distribution curfieDC). The black area
FIG. 1. () Integrated intensity of the Al € (dashedland 2p  at the top is due to the cutoff character of the Fermi function.
(solid) core levels for an azimuthal scan 35° off normal with a Below the Fermi edge the intensity is decreasing until the
kinetic energy of about 400 eV. The curves have been multiplied bypottom of the band is reached. At the lowest kinetic energies
an arbitrary factor in order to permit a better comparist.The  the intensity is increasing again due to the surface-plasmon
same but for 56° off normal with a kinetic energy of about 350 eV.|losses associated with the photoemission from the valence
Inset: definition of the azimuthal angle scale. band. The VBPED is already visible in the raw data but it
emerges much more clearly in the modulation function
low-energy electron-diffraction pattern and a contaminatiorshown on the right-hand side of Fig. 2. This modulation
level below the limit of x-ray photoelectron spectroscopy.function is formed for each row of constant kinetic energy by
The data were taken at the SuperESCA beamline at the syitaking [ () — 1]/, wherel(¢) is the measured intensity
chrotron light source ELETTRA. The experimental geometryand | is the average of(¢). Above the Fermi level this
is such that the electron energy analyzer is mounted 40formalization procedure results in intense noise because of
away from the incoming light, in the plane of polarization. the fact thatl ; has values very close to zero. In the valence
All data shown here are so-called azimuthal scans: the poldsand data for set | as given in Figla? one easily recognizes
emission anglé was kept fixed and the photoemission in- the three main peaks already seen in the core-level data. A
tensity for the core levels and the valence band was me&iloser inspection reveals that the VBPED signal depends on
sured as a function of the azimuthal emission anfléThe  the binding energy: at the bottom of the valence band, from
zero of the azimuthal scale is defined in Fig. 1. Note that theabout 11 eV to 6 eV below the Fermi level, the modulation is
azimuthal scans should be symmetric arodrel0° because stronger(i.e., the maxima are higheand the shoulders of
of a mirror plane in the crystal. Two data sets consisting ofthe ¢=0° peak are smaller. When comparing this to the
several core-level and one valence band azimuthal scan haeere-level data it qualitatively suggests that the bottom of the
been taken, one at a kinetic energy of about 400 eV and diand is mores like than the top of the band. For data set Il in
0®=35° away from the surface normé&talled set | in the Fig. 2(b) the energy dependence seems less pronounced. At
following), the other at a kinetic energy of about 350 eV, atthe bottom of the band the intensity arougier 40° is a little
®=56° off normal (set Il). Both were taken at a sample smaller, also indicative oé-like states and in the immediate
temperature of 673 K. Choosing such a high temperature is @icinity of the Fermi level the total modulation is stronger,
convenient way to suppress the contribution of the direct, unlike in data set I.
conserving, transitions to the valence band spéctaence For a more quantitative analysis it is necessary to consider
band azimuthal scans were also taken at lower energies aﬁbp intensities of the valence band and the core levels rather
lower temperatures in order to investigate the effect of thdéhan the modulation functions. We follow a procedure out-
direct transitions. lined by Stucket al. for the decomposition of the valence
Figure Xa) shows the result of the Al2and 2 azi- band of CyAu into the copper and gold contributiohgs-
muthal ang|e scans for data set I, |e'@t: 35° off normal Suming that the final-state diffraction for tb@ndp partS of
and a kinetic energy of about 400 eV. For the sake of comthe valence band are exactly the same as for the correspond-
parison the curves have been multiplied by an arbitrary facing core levels, we write the energy-resolved valence band
tor. Two main features are observed in the data. The peaks Eitensity 1'%(¢,E) as a sum over the integrated core-level
¢==45° are the shoulders of a pronounced forward-intensitiesS®"(¢) andS;°"(¢),
scattering peak which appears in thE01]-like crystallo-
graphic directions of the face-centered-cubic structure, i.e.,
for a situation where®.=q§_=45°. The peak atgb=0f’ is. |VB(¢,E):l2 Sicore(qs)cidi\/B(E). 1)
close to the bulK112] direction. Note, however, that in this i=s,p
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FIG. 3. Partials and p density of states for Al obtained from
comparing the valence band data in Fig&) 2nd 2b) to the cor-
responding core-level data. Crosses: result from the scans taken at
35° off normal with a kinetic energy of about 400 eV; open circles:
from 56° off normal with a kinetic energy of about 350 eV. Solid
lines: calculated PDOS after Ref. 12, convoluted with a Fermi dis-
tribution.

Binding Energy (eV)

taken core-level scans at three different kinetic energies
spanning the valence band region and interpolated the inten-
sity in between. The energy-resolved valence band intensity
IVB(¢,E) was obtained by subtracting a Shirley-type back-
ground from the raw data.
The result of the decomposition is given in Fig. 3. The
20 40 60 20 40 60 resulting PDOS components for both data sets are plotted
Azmuthal Enision dingle 1% together with the theoretical PDdS cut off by a Fermi
distribution. Each set of curves is normalized such that the
FIG. 2. (a) Photoemission intensity from a valence band scan@'€@ under the experimental curves is the same as under the
corresponding to Fig.(a). The lowest values are black, the highest calculated curve. The theoretical PDOS was obtained by
white. Left: raw data. Right: modulation functidi () —1,]/1 means ofab initio density-functional calculations using the
calculated for each kinetic energp) The same, corresponding to local-density approximation. The self-consistent solution of
Fig. 1(b). the one-electron Schdinger-like equation was obtained by
) . . means of the linear muffin-tin orbital method in the so-called
The factorsc; contain cross sections which are assumed tq P&tomic spheres approximatidhApart from thes andp com-
independent ofy andEBas well as the number of electrons in yonents, a decomposition of the theoretical DOS also yields
the s and p states.d;"(E) is the PDOS. In practice, the 3 smalld component in the upper part of the band and a very
decomposition is achieved by finding the factat$®(E)  small f component. The relative contribution of these com-
such that the right side of the equation represents the best fionents is, however, small enough with respect to the preci-
to the left side for every kinetic energy. If the values of the  sion we aim for here. The valence band DOS is split in two
are unknown, this procedure results in the PDOS forghe regions: the bottom of the band is maréike and the top of
and p states on an arbitrary scale. We have determined thghe band is more like, in accordance with naive intuition
core-level intensitiesS°"%(¢#) in Fig. 1 using a fit with a and the visual inspection of Fig. 2. This ordering is also
Shirley-type background. When comparing the core-levefound in the theoretical predictiafalso plotted in Fig. Bbut
scans to the valence band, one has to take into account tioer PDOS contributions are more “atomiclike,” i.e., the
large width of the latter and the possibility of changing dif- andp components are narrower. Note that the result is very
fraction conditions in this energy range. We have thereforesimilar for both data sets even though they correspond to
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The next possible source of error is the background in the
valence band data. The background might show modulations
similar to the actual photoemission intensity, depending on
its nature(intrinsic or extrinsig. It is well established that
such modulations are present in the losses from core-level
datd® and also in Fig. 1 modulations are evident below the
bottom of the band, in the region of the surface-plasmon
loss. Note that the subtraction of the Shirley background
from each EDC in the valence band data does, to some ex-
tent, take care of this problem.

Another questionable point is our assumption that the
initial-state-dependent modulations of the valence band are
exactly the same as those of the corresponding core-levels.
The possible problem here is that the initial-state symmetry
of a fully occupied core level is different from a partially
filled valence band state and this can lead to different diffrac-
tion effects'®!’We do not think that this is a severe problem

40 0 40 -40 0 40 here due to the high symmetry of the crystal.
Azimuthal Emission Angle ¢ (°) Finally, we have identified thelY®(E) directly with the
PDOS. This is only approximately correct since thé(E)

FIG. 4. Azimuthal scan of the valence band taken at 45° offmight have a directional dependerchirst of all, the dipole
normal and a sample temperature of 128 K. Left: raw data. Rightselection rules only allow transitions from certain initial
modulation function. The direct transitions are visible as narrowstates, although this condition will be relaxed by the interac-
and strongly dispersing features. tion with phonons. A more severe reason for the directional
rather different scattering conditions. The sharp spike irsthe d€Pendence could be the fact that the ratio between the con-
PDOS from data set Il is caused by the strong modulation dfibution of surface and bulk PDOS to the measured signal
this binding energy which can be observed in Fig)2its ~ Will change strongly as a function of the polar emission
physica| Origin iS, however, unclear. angle. This pOInt is discussed below.

Before discussing reasons for the difference between ex- After these words of caution we can now come back to
periment and theory we would like to address the possibléhe question of why there are differences between our experi-
sources of error in this way of analyzing the data. The firstnental PDOS and the theoretical prediction. We have two
problem is purely statistical: the difference betweenthad Possible explanations. The first is that the measured PDOS is
p core-level scans is clear but it is small. Note that this dif-& superposition of surface and bulk PDOS. In general one
ference could be increased by changing the experimental g€xpects a band narrowing at the surface which changes the
ometry. Indeed, it might be possible to decomposestaad ~ shape of the occupied PDOS. In the particular case of
p contributions to the valence band by taking data in twoAl(001) the Shockley-type surface state at fh@oint of the
different geometries, one where the photoemission intensitgurface Brillouin zone plays an important role. This surface
of the s states is exactly zero and one where it is Hot. state is situated in the bulk band gap near Xhpoint. It is

The fact that we obtain similar results for both data sets|ocated very close to the band edge and penetrates deeply
however, suggests that the statistical errors may be only ito the bulk. The surface state is considerably increasing the
minor problem and we have to examine the sources of sydecal density of states in the first layers. In order to keep
tematic error. The first is the possible residual intensity ofcharge neutrality, this is compensated for by an overall band
direct transitions. These are suppressed by the high temperaarrowing*® consistent with our observations. A comparison
ture and the high photon energy but they could still represertbetween photoemission experiments of0all) at low pho-

a problem in view of the small difference betwesandp  ton energies and the calculated electronic structure has also
scattering. We have therefore performed detailed studies déd to the conclusion that the local density of states at the
the direct-transition intensity as a function of photon energysurface of A{001) is dominated by the surface stafdf the

and temperature from which we can conclude that the reehanges of the PDOS at the surface were indeed responsible
maining direct-transition intensity is of no significance for our results, one would in principle expect this effect to be
herel® Note also that direct transitions appear as sharp strucstronger for data set | than for data set Il because of the
tures in plots like Fig. 2 and would be easily recognized.higher polar emission angle and the lower photon energy. In
This is illustrated in Fig. 4 which shows an azimuthal scan ofthe case of a deeply penetrating surface state, however, this
the valence band taken @&t=45° off normal, a kinetic en- difference would be small. The real importance of the sur-
ergy of about 194 eV and 128 K. The low photon energy andace PDOS contributions could be checked by a calculation
low temperature increase the intensity of the direct transiof the layer-resolved PDOS of &I0J).

tions. They are clearly observed in the raw data and even Another possible explanation is that the reason lies in the
better in the modulation function. In view of these argumentameasurement itself. Consider a picture where, for whatever
and data, we exclude direct transitions as a major source @éason, the electrons which give rise to the VBPED effect
systematic error here. can be viewed as locally emitted from near the atom cores. In
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such a case the VBPED experiment would primarily probeproblem lies less with the experiment than with the interpre-
the wave functions near the core and the resulting PDO#%ation of the result. Note that we achieve the decomposition
would probably be more atomiclike than the total PDOS. Itisby a comparison to measured core-level data. Alternatively,
clear that this “artificial” band narrowing would be stronger one could compare to calculated symmetry-resolved modu-
on our free-electron-like metal Al than ahandf systems  |ations which would remove the problem of having to com-
where the initial state is already rather localized. pare the valence band data to a core level with a different
In conclusion, we have shown that VBPED can be used t9nain quantum number. In the future, VBPED could comple-
decompose the DOS of a solid into contributions of differentyent x-ray fluorescence experiments, in particular in the case
initial-state angular momentaymmetry, even in the case of ¢ i estigations where high spectral resolution and symme-

a free-electron-like metal. We get rather similar results fromy, eqyriction is required, but the fundamental physics be-
data sets taken under different scattering conditions. TheMind the technique is still not completely understood

show the right ordering of the andp dominated regions in
the DOS but the quantitative comparison with the calculated The authors gratefu”y acknow|edge Stimu|ating discus-
DOS is unsatisfactory. An experimental approach to solvingjons with N.E. Christensen, T. Greber, J. Osterwalder, G.
this problem could be to attempt a similar experiment on aryampieri, and E.W. Plummer. H. Li thanks the Danish For-
apparatus where the polarization conditions of the light Canign Ministry for financial support. This project was sup-

be chosen such that the difference betwsandp becomes  ,qreq py the Danish National Research Council and the
much bigger. However, the similar results from the two set uropean Union.

of data presented in the present work make it likely that the
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