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Electronic structure of copper studied by electron momentum spectroscopy
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We present electron momentum spectroscopy measurements of the electronic structure of copper single
crystals. Generally, good agreement was found with the band dispersion as measured by photoemission. The
energy-resolved momentum densities are quite anisotropic. Observed diffraction effects can be disentangled in
first order, and the experiment compares well to calculated momentum density. Deviations of the Fermi surface
from spherical symmetry are resolved by this scattering experiment. Many-body effects cause lifetime broad-
ening of the quasiparticle peak and a smooth tail extending to higher binding energies, but no clear satellite
structures were found.
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I. INTRODUCTION all-electron,GW calculations show much smaller self-energy
H 0
Copper is probably the best studied metal. Our knowledg&Orections. |
of the properties of electrons in Cu is extensive. For ex- 1€r€ We present electron momentum spectros¢apss)
ample, copper has been the testing ground for techniqué%ata of single-crystal copper films. We descrllbe to what ex-
mapping the Fermi surfac@le Haas—van Alphen effdgt tent EMS can reveal the many known properties of electrons

measuring the band dispersigshotoemissiof) and the de- 1N copper(dispersion, shape of the Fermi surface, momen-
termination of momentum densities using positrontUM densities We explore if the energy-resolved momentum
annihilation®4 Generally, the electronic structure of copper densities can shed light on the deviations found in the Comp-

is supposed to be well understood, and these measuremeffy profiles a'nd' if many-body corrections are required to get
' ood description of dispersion. As EMS measures densities

are often seen as a test of the spectroscopy, rather than agbgwell as dispersion, it is, in principle, a more complete test

test of the understanding of Cu. . of theory than either Compton scatterifmeasuring a pro-
One c_)f the oldest.and conceptually S|mp_lest probes of th‘fection of the momentum densjtgr photoemissioimeasur-
electronic §tructure is Compton scatterinl.is thus some- ing dispersion A truly quantitative interpretation of EMS
what surprising that state-of-the-art Compton measuremenigata is more difficult than Compton scattering data as the
show a considerable difference between the calculated angdcoming and outgoing electrons interact strongly with the
measured Compton profilés.he measured profiles were too target, and hence multiple scattering effects are non-
low in intensity for low momentum values, and the calcu-negligible. Dispersion measurements by EMS can suffer
lated anisotropy exceeded the measured anisotropy signifirom limited energy resolutiofi=1 eV) in cases wherein
cantly. These differences can be explained only in part agfetime broadening is negligible, but this high-energy tech-
electron correlation effectsThis suggests that standard den- nique has the advantage that it is not significantly affected by
sity functional theory(DFT) does not describe the momen- deviations of the final state from that of a free electron, and
tum densities well. it does not have any problems associated with the loss of
Our knowledge of the electron dispersion is based on @nformation ofk, at the surface. Thus, EMS has a combina-
large number of angle-resolved photoemissigfRPES  tion of qualities that gives it a unique window on the elec-
studies. Comparing the ARPES results with theory based otronic structure of materials. Here we compare the EMS re-
standard DFT calculatior’s, one finds generally that the sults of copper with results obtained from other techniques.
measured total bandwidth is somewhat smaller than the cal- An EMS experiment is age, 29 experiment in the high-
culated one(8.6 eV relative to the calculated value of energy limit where the plane-wave impulse approximation is
9.3 e\?). In addition, the agreement for the actual positionvalid.'®> An incoming electron with an accurately known mo-
and the width of thel band is less than perfect. The binding mentum and energy has a binary collision with a target elec-
energy of the top of thd band is underestimatédalculated tron. This electron is ejected and both scattered and ejected
binding energy is too small by about 0.5 e&hd the calcu- electron are analyzed for energy and momentum. Using the
latedd band width is too largécalculated width exceeds the laws of energy and momentum conservation, we can deter-
experimental width by 0.3 e Recently, band dispersion mine the energy and momentum transferred to the target, as
calculations including self-energy effects have become e=E.~E.—E (1)
available!®'Here the self-energy is calculated in terms of o =1 ==
the Green'’s functioi® and a dynamically screened Coulomb — ko — ke — K ?)
interactionW (GW approximation. In the calculations from 4=Ko~ K17 ¥z
Marini et al!* based on a pseudopotential approach, muchvith the subscripts 0,1,2 referring to the incident and emitted
improved agreement with experiment was found. Howeverglectrons, respectively. The frequency of occurrence of a co-
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FIG. 1. (Color onling The dispersion as calculated by the full-potential linear tin-muffin orbital method along the three major symmetry
directions(upper pangl The momentum densities, split up for the different bands, is shown in the lower three panels; the linestyle of each
momentum density curve is the same as that of the dispersion of the corresponding band.

incident event with a certaiKe,q) combination is propor- Il. EXPERIMENTAL DETAILS

tional to the magnitude of the spectral momentum density The spectrometer details are described extensively
(SMD) at that(e,q) combination. Within a one-electron pic- e|sewheré®-18 Here we restrict ourselves to a brief descrip-
ture this can be rephrased. In that case the measured intensifygn of the spectrometer and some details specific to the cop-
at(e,q) is simply proportional to the probability that a target per samples. In our spectromet€ig. 2) a well collimated
electron has a binding energy, momentum combinatiorhigh-energy electron beam with an enekgyof 50 keV, and
(e,—0) a corresponding momentukg of 62.1 atomic unitgl a.u. of

In these one-electron theories, the electronic structure ig10omentum corresponds te1.89 A™), impinges on a thin
traditionally plotted as a band structure, i.e., energy versutrget. Electrons scattered over an angle of 44.3° are detected
crystal momentung.,, and the wave function is presented for in coincidence at energies near 25 k&{,=44.3 a.u. The
that reduced momentum by Bloch functiong/i(r) exact energy of both detected electrd@fs ,) and their azi-

:EGC{;e—i(qCJfG)-r with j the band index. Dispersion along muthal angle¢; , (and hence momenturk, ;) are deter-

symmetry directions is plotted in Fig. 1, as well as their MN€d. In our experiment the scattering geometry is chosen

occupation|Cj6|2(q). These calculations were based on the'” such a way(=44.3°) that recoil momentum of detected

full potential linear muffin-tin orbitalFP-LMTO) theory4 ﬁ]o;?ig'ge;lco en e\tlﬁ mz‘;r;lé%i;l:lz( |s£|re:t§)dér|]r:j (i]tgon(?n aa?]?trlj)é(g
but similar results are obtained using the atomic sphere a = oro 'ortiongl t(g; — =% g
proximation LMTOZ® For a givenqg,, the top panel gives the hrop 1T

band . h ; the bott | find th Some bands do not contribute density according to Fig. 1.
an ener_glzes, whereas from the bottom panel we find ey qoes not mean that these bands are unoccupied or that
value of |CL|* at q=q.+G.

i . o . they cannot be measured by EMS. In this paper we present
These experiments are done at high kinetic enelges  measyrements of the energy-resolved momentum density
of keV for all electrons involved Hence, the approximation along high-symmetry directions; i.e., lines in momentum
that these electrons can be described as plane waves becoraggce that contain zero momentum. If we change the scatter-
a very good one. In addition, any refraction at the entrance oihg angle(of either one or both of the detectpmway from
exit surface can be shown to be negligibly small. Hence9=44.3° we would obtain the momentum density along a
many of the problems associated with the interpretation ofine (in momentum spagehat does not contain zero momen-
angular-resolved photoemissigfinal state wave functions, tum. By changing the scattering angle in such a way that the
k, not conserveplare not present in EMS. The experimental measurement line shifts by a reciprocal lattice vector, the
estimate of the spectral function is obtained directly by thedispersion will remain unchanged, but the contribution of
data acquisition software, without the computer being feddifferent bands to the observed intensity will be completely
any information about the sample under investigation. different, and the “invisible bands” may contribute. For the
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FIG. 3. Acut through reciprocal spageith pi11,=0) showing
the first three Brillouin zones. The free electron Fermi sphere for
one electron per unit cell is drawn as a dashed circle. The three
directions along which the spectral momentum density was deter-
mined are indicated by dashed lines. Some of the special points
customarily used to describe high-symmetry points of the Brillouin
zone are indicated as well.

(b) © | @

corrected by rotating the samgpite situ.

FIG. 2. In(a) we show a schematic representation of the mea- The measurements were done with the spectrometer
surement. Incoming electrorgnomentumko) impinge on a thin  y-axis oriented along thé100 (111), and(011) directions
film and two analyzers, measuring simultaneously a series of azi¢the dashed lines in Fig.)3as explained in Fig. 2. For a
muthal anglese; , and energiess, 5, select coincident pairs of polycrystalline sample, elastic scattering causes a smooth
emerging electrons with momenka andk,. The sample is indi-  hackground in the observed momentum densities, but for a
cated as a block with a surface normal along @gl,1) direction,  single crystal, diffraction of the incoming and/or outgoing
the edges oriented along tk&1,1 and(1,0,0 crystal directions. In  electrons can cause additional sharp structures in the mea-
(b) we measure the SMD along tk&,0,0 direction, and the incom-  sured spectral momentum distribution. For the case of silicon
ing beam is directed alon@,1,1). The outgoing electrons are mov- these effects have been discussed extensi¥ely.
ing close t0(0,1,0 and(0,0,1 directions. In(c) we measure the As the incoming momentum and outgoing momenta are
SMD along the same direction, but the crystal has been rotategather large, the diffraction conditiorkg-Gi+Gi2:0 requires
along they axis by 10° moving the incoming and outgoing elec- thatG; is almost perpendicular tq (j=0,1,2. Inspection of
trons away from high-symmetry directions. (d) the crystal was  the incoming and outgoing electron trajectories with respect
rotated along th€0,1,1) axis by 54.4° and the SMD along(@, 1,  to the crystal lattice will point to the reciprocal lattice vectors
1) direction is measured. A rotation over 90° results in a measurethat are most likely to contribute. Often one can minimize
ment along(0, 1, 1. diffraction by rotating the sample around the spectrometer’s

y axis[see Fig. 2c)]. This does not affect the direction along

case of silicon, the effects of changing the scattering angl#hich the SMD is determined, but for a suitable rotation
have been described elsewhéte. angle will reduce the number of possible reciprocal lattice

The single-crystal Cu film was grown on<al10) NaCl vectors that contribute to diffraction.
crystal at the University of Aarhus. The film thickness was
100 nm. The NaCl was dissolved in deionized water and the
copper was transferred to the sample hol@eshim contain- IIl. ANISOTROPY IN SINGLE-CRYSTAL FILMS
ing an array of 0.2-mm-diameter hojeas a freestanding A. General remarks
film, with the copper covering many holes. Subsequently the _
film was sputter-thinned until it became completely transpar- By rotating a film along it0,1,1) surface normal, we
ent and the film broke for some of the covered holes. Nacan align the spectrometer axis (the measurement direc-
attempt was made to anneal the sputtered samples, and de&n) with the(1,0,0, (1,1,1, and(0,1, directions(see Fig.
fects will be present in the surface layer. Measurements werg). As we can rotate the sampie situ only over a limited
subsequently done on an adjacent hole that was completetpange, we prepared three different samples, each close to a
covered by an intact thin Cu film. The film orientation was desired orientation. At zero transferred momentum, the
initially judged from the known crystal orientation of NaCl shapes of the spectra for all three samples were very similar
substrate on which it was grown, and subsequently checke@ee Fig. 4. A broad peak stands out clearly at 9 eV binding
by transmission electron diffraction. Misalignments wereenergy, and corresponds to electrons emitted from the bottom
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R N normalization factor between theory and experiment should
" 100> E ?‘; . 00<q<0.1(au.) be able to describe all three sets of data.
% % é A few remarks should be made about the alignment of the
° <0115 - : .
; - energy scales of the different measurements. It must be re-
* <111 g membered that we are doing spectroscopy with an energy

resolution of 1 eV, while the energies of the particles in-
volved are 50 and 25 keV. The point at which the sample
intersects the electron beam can change by up to 0.3 mm

-% : : from sample to sample. This causes a noticeable shift
; P T § g (0.5 eV) in the position corresponding to the Fermi level.
8 f“*ﬁﬂ*"&.’ﬁ ; Hence, we have to align slightly the energy scales of the
= M omom & ; i different measurements.
g ;’."5 e !ﬁ.ﬁ ‘i : With some care it is possible to establish the Fermi level
L= I o N N il S position with an accuracy of about 0.25 eV, a value signifi-
i 0.8<q<0.9 (a.u.) cantly smaller than the actual energy resolutigreV). The
i actual energy of a spectrum takenkatthat corresponds to
ol : ; the Fermi levele.g., maximum of the peak or 50% of maxi-
; ;boi : § mum at the leading edgeepends on the ratio of momentum
*?”"; i and energy resolution, as discussed for a free electron band

structure by Voset al?° Similar considerations are used here.

AP o e .o For the(1,0,0 and(011) the zero momentum spectra align,
-5 0 5 10 15 20 using the zero energy level deduced from the spectra taken at
Binding Energy (eV) the Fermi momentum. For th@11) direction the band does
not intersect the Fermi level. Hence, we aligned the zero
FIG. 4. Spectra of crystals with different orientations for se- momentum spectra of th@,1,1) direction with those of the
lected momentum intervals. The three measurements for differenty 9 o and(0,1,1) measurement. We infer in this way that for
orientations were normalized for the spectra near zero momentunip e (1,1, direction the band appears to approach the Fermi

of the band. A significant part of the intensity at larger bind-!€ve! to within 0.25 eV. This is in reasonable agreement with
ing energiege.g., near 20 eYis due to multiple scattering, Several calculationge.g., Ref. 11 However, the well known
i.e., ejection of a valence band electron plus additional enCW1,1,] surface state is at a binding energy 0.4 eV,
ergy loss of the outgoing and/or incoming electr¢ag., by ~ Which dictates a minimum binding energy at thepoint of
plasmon excitations The relative probability of these mul- 0.4 eV. The somewhat smaller observed binding energy at
tiple scattering events increases with sample thickness. The$ee L point is due at least in part to the finite momentum
zero momentum spectra were scaled to equal height at tH€solution. Indeed, a substantially larger value of 0.85 V was
maximum intensity. Some differences observed at zero moderived from in photoemission experimeftsthis value
mentum near 3 eV binding energy have to be attributed t¢eems to be at the upper limit of values consistent with the
different amounts of diffraction, but the background at largePresent data.
energy loss, caused by inelastic scattering, is surprisingly
similar. The similar intensity at high binding energies is
somewhat surprising as some variation in thickness between
the samples is expected and, as a result, there should be Obviously the anisotropy of the electronic structure is
different amounts of inelastic scattering. well resolved in the measurements. In order to determine the
As (the g, component of the transferred momentum is dispersion in a systematic way, the peak positions were de-
increased, the main peak disperses to smaller binding energgrmined by curve fitting, including a background subtrac-
but up to 0.4 a.u. the spectra obtained for the three differertion. As the peaks stand well clear from the background,
orientations remain very similar. Large differences are ob+most fits are very straightforward. The dispersion obtained is
served, however, between 0.6 and 1 a.u., a range of momenplotted in Fig. 5 for all three directions. A rather complete
tum values for which the bands are close to Brillouin zonemapping of the band structure is obtained by EMS, most
boundaries. A few examples are shown in Fig. 4. Thus, iroccupied bands have a peak that can be tracked over most of
spite of the presence @bputtering-induceddefects in the the momentum range with significant occupation density.
surface layer, we resolve clearly the anisotropy of the elecSome bands can be followed well outside the range with
tronic structure. This is expected due to the bulk sensitivitysignificant occupation. This is a clear sign that diffraction of
of this high-energy electron spectroscopy. the incoming and/or outgoing electrons is significant. Dif-
The measurements along different symmetry directions alfraction causes a shift in the momentum balance equation by
contain spectra for zero momentum. By scaling the measurex reciprocal lattice vector. As the band structdrethe re-
ments in such a way that all three zero momentum spectrpeated zone schemis periodic in the reciprocal lattice, the
have equal maximum height, we obtain the same intensityntensity associated with diffracted probe electrons coincides
scale for all momenta along the three measured directionsigain with the band structure. For comparison with theory it
Thus, in the study of momentum densities, only a singles more useful to plot the spectra at the special points of the

B. Dispersion
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FIG. 5. A comparison of the measured dispersion with that obtained by a FP-LMTO calculation. The open circles are the band energies
corrected for self-energy effects, as calculated by Magiral 1! Without diffraction, significant intensity is expected only for the part of the
band structure that is indicated by a thick line.

Brillouin zones. This is done in Fig. 6, together with the  The total width of the occupied band structure was found
calculated positions. Note that spectra taken at different loto be 8.7%0.4) eV. This is in good agreement with the pho-
cations in momentum space, but all correspondingl'to toemission datf8.600.05 eV], as given in the compilation
points, have different intensity distributions, but similar peakof experimental data by Courths and HiifAdmit somewhat

positions. smaller than the value obtained by density functional theory
Figure 5 also shows the band structure as obtained from @.3 eV).14

DFT calculationt* Agreement between the standard DFT
band structure calculation and the experiment is less than
perfect. However, the disagreement observed is completely
in line with state-of-the-art photoemission resdf3he total The Fermi surface of copper is well known. De Haas—van
observed band width is slightly larger that the calculatedAlphen measurements have shown that along(1®€) and
band width, but the observedtband width is smaller than (110 directions the magnitudes ok; are 0.827 and
the calculated one. Recently these discrepancies have be@rv43 a.u., respectively. Along tH&11) direction the Fermi

C. Fermi surface anisotropy

explained in terms of self-energy effeéts. surface touches the Brillouin zone boundary. Photoemission
<100> direction <110 direction <111> direction
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FIG. 6. The measured spectra near several special points. Energies as calculated byetvalfihiare indicated by bars. Without
diffraction, intensity is only expected at the thick bars.
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R TN §<100> than 2 eV would describe the experiment. In practice the
< l83au [[200]}=1.85 .1 2 eV line shapes compared somewhat better. This is prob-
181 b, ably due to some additional broadening due to finite momen-
. > tum resolution in the direction perpendiculardp(i.e., in the
- theory q,=0q,=0, whereas in the experiment these compo-
“ - nents have a distribution around zero, due to finite momen-
FAN o0 tum resolution. The shape of the theoretical distribution is in
""" good agreement with the experiment. The experimental esti-
Imﬂ;&: mate of the anisotropy0.05 a.u) is somewhat smaller than

the anisotropy of the de Haas—van Alphen measurements
(0.084 a.u. but this difference is smaller than the momentum
resolution of the experimeni0.1 a.u).

As along the(111) direction the separation of the maxi-
mum of the band fronk; is less than our energy resolution,
we also see two peaks for this direction. These peaks have a
considerably broader momentum distribution as they are de-
rived from a band extremum rather than from a Fermi level
crossing. One would judge from the dispersion alone that the
two main peaks are separated by the length ¢if14) recip-
rocal lattice vector(1.6 a.u), whereas the separation of the
maxima is observed at 1.46 a.u.. Again the difference can be
3 2 1 0 1 2 3 explained by the sharp decline in momentum density with

momentum (a.0.) increasing momentum in combination with finite energy

FIG. 7. The momentum density integrated over a 1-eV-widereS°IUt'On(See Fig. J‘_ L .
window near the Fermi level for the three main symmetry direc- Of more concern is the deviation of the measured inten-

tions. The theory is integrated over a 2-eV-wide window. sity at high momentum magnitudes in tE10) case. Here
the theory predicts a significant intensity component near

has been used with some success to map the Fermi surfacedt.u., whereas the experiment only shows a minor contribu-
copper(see Nielseret al,?® and references thereirbut the  tion. Part of the measured intensity could be related to dif-
interpretation of these data is rather involved due to the unfraction, hence the experiment suggests strongly that the the-
certainties ink, . oretical intensity near 2 a.u. is too large. As the high-

For EMS measurements, information about the Fermi surmomentum component is an indicationatharacter in the
face can be obtained by plotting the measured intensity neavave function at the Fermi surface, this could be rephrased
0 eV binding energy. These measured momentum densitidsy stating that the experiment indicates a wave function of
are shown in Fig. 7 for the different symmetry directions. Inmainly s character at the Fermi surface, whereas the theory
order to improve the statistics, the experiment was integrategdredicts mored character.
over a 1 eV window neaE;. The separation of the peaks is  The(100 and(111) orientations show significant amount
shown in this drawing as well. Besides the main peaksof diffraction (at all binding energies, see Sec. Ill.EHence
smaller peaks are seen at higher momentum. These smallgre observed intensities at high-momentum components,
peaks are separated from the main peak by a reciprocal laivhich significantly exceed the calculated ones, are mainly
tice vector, and are due at least in part to diffraction. Thedue to diffraction, and an analysis similar to tl0 case
separation of the main peaks corresponding to the Ferniwhich displays surprisingly little diffractionis not possible.
sphere diameter is larger in t{&00) direction compared to
the (110 direction. Using a simple interpretation that the
separation of these two peaks ik;,20ne obtains values of
0.72 and 0.67 a.u. respectively, which are somewhat smaller It is clear from the examples in Fig. 4 that the measured
than those obtained by the de Haas—van Alphen techniquintensities extend beyond the energy range predicted by the
However, due to finite energy resolution and finite energyband structure calculations. This intensity has two causes.
integration window, states at a slightly larger binding energyFirstly, the incoming and outgoing electrons may lose energy
and hence with a somewhat smaller magnitude in momenturdue to inelastic scatteringg.g., plasmon excitations, inter-
contribute as well. These effects were simulated semiquantband transitions This results in too large a binding energy
tatively for the case of a free electron solftnd deviations  being associated with afe, 26 event. This we refer to as
of the order observed here are in line with our momenturrinelastic multiple scattering. Its contribution increases with
and energy resolution. The theoretical line was obtained byncreasing film thickness, as the changes of inelastic scatter-
integrating the theory over the outermost 2 eV, rather tharing increases with path length of the electrons inside the film.
exactly at 0 eV binding energy. The 2 eV window is in part  The second cause of intensity at high binding energy is
due to the finite energy resolutigt eV) and in part due to  due to many-body effects of the electronic structure. The
the integration width of the experime(it eV). At first sight  sudden removal of an electron in & 2¢ event can lead to
one would expect that an energy window ¢ eV rather excitations of the electron gas. These excitations are often

Intensity (arb. units)

D. Inelastic multiple scattering
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FIG. 8. (Color-onling In the top-left panel we show an energy loss spectrum, taken with 25-keV incoming electrons. The full line
represents the experimental data, the dotted line an empirical fit used in the deconvolution procedure. In the bottom-left panel we compare
the trajectories in this EELS experiment with those of the EMS experiment. The measured energy loss distribution is used to deconvolute the
EMS data for inelastic scattering. The result of this procedure is shown in the right panel for the measurement &d@gdhection. The
raw data(thin lines are compared after deconvoluti¢aots with GW calculation(blue, dotted linesand cumulant expansion calculations
(thick, red ling

referred to as intrinsic plasmons. Calculations of the spectrahately two times smaller for the average 2¢ event com-
function based on many-body theory should be able to reprgpared to the EELS experiment, as the incoming energy is
duce these effects. The probability of the excitation of intrin-twice as high in the(e, 2¢ case. The probability that an
sic plasmons is independent of film thickness. In this parainelastic event happens in tfie, 2¢ case for the outgoing
graph we try to disentangle both contributions and comparé€lectrons is twice as high, as now two trajectories are in-
the measured spectral function, corrected for inelastic scakolved. The average outgoing trajectory has a length of
tering, with many-body calculations. For x-ray photoelectron0-3/c0g44.3°). Based on these considerations, we assume
spectroscopyXPS), such theories have been developed bythat an energy loss event is 1.4 times more likely in (e
Tougaard(see, e.g., Ref. 24 However, the EMS data are 2€) experiment compared to the EELS experiment.
richer than XPS data, allowing for momentum-resolved stud- \We subtract the effect of inelastic multiple scattering from
ies of the intrinsic satellites of the valence band. the EMS data in the following way: We start at the Fermi
The correction for inelastic scattering is based on thd€vel, whereE=0 and the observe intensity i§£=0). This
measured electron energy IG&ELS) spectrum of the same intensity1(0) is due to “true” events; i.e., they aret con-
film. For this purpose the incoming energy is lowered totaminated by inelastic multiple scattering. Some intensity
approximately 25 keV, and the energy loss distribution isl (E+A) is due to(e, 2¢ events at the Fermi levéE=0) in
determined in the spectrometgiig. 8, top left pangl As the ~ combination with an energy loss event of magnitddge.g.,
analyzer is at the same angle as in (ae2¢ measurement, the incoming electron created a plasmon with eneigye-
all detected electrons have been deflected over an angle ndare the(e, 2¢ event atE=0 occurred. In the energy loss
44.3° by elastic scattering from the potential of a nucleusspectra, with the area of the zero loss peak normalized to 1,
From this measurement we can determine the ratio of evenwge find an intensity ol at an energy loss valug. Thus, in
at zero energy loss and at nonzero energy loss; i.e., the prothe (e, 26 experiment we can expect, at a binding energy
ability of electrons suffering inelastic scattering. The “aver-E+A, a contribution 1.4/1(0) from events atE=0. This
age” EELS event will happen at thicknesstQwheret is the  amount is subtracted from the observed intensity.
sample thickness, and the same applies to¢he events After correcting all intensities at higher binding energy
(see Fig. 8, bottom left paneM/e can compare the effective for the contribution ofl(0), we consider the next energy bin.
path length of both experiments. We do this for the averagét could only have been contaminated frgm 2¢ events at
EELS event and the average, 29 event happening at @.5 the Fermi level plus small energy loss. However, this has
This is only an approximation. The probability that an inelas-been subtracted in the previous iteration. Hence, we can con-
tic excitation occurs along the incoming beam is approxi-sider its modified intensity as being free from contamination
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due to inelastic scattering. Now we use this modified inten-
sity to correct intensity at larger binding energy from con-
tamination from(e, 2¢ events in the second bin. This pro-
cess continues until the high binding energy limit of the
spectrum is reached. This deconvolution procedure depend
on the measured loss spectrum only, without adjustable pa
rameters. It is expected to work well for films of thickness
less or equal to one inelastic mean free path at 25 keV.

400

The results for th€110 direction are shown in the right & 300
panel of Fig. 8, and compar&tbr the high symmetry points S
I, K, andX) with calculations based either on the GW ap- € 200
proximation or the cumulant expansion sch&h&he (110 =
direction was chosen as it is least affected by diffraction £
effects(see Sec. lll E In the calculation we focused on the E 100

peak shape, and no attempt was made to obtain the sell

energy corrections to the band dispersfogquiring calcula-

tions on a dense grid ik-space, rather than several special - -

points. Therefore, we fixed the theoretical band width using Momentum (a.u.)

the LMTO value. In the GW calculation the quasiparticle . ) ) .

peak shape is well described, but it predicts a clear intrinsic-. FIG. 9. The effect of alignment on Fj'macnon a.md p?ak POSI-
- S tions for measurements near tff0,0 alignment. Diffraction ef-

plasmon-type satelliténear 35 eV binding energyot seen ;

: - . . _fects are largest for the best aligned cryg@ben squargs The

in the experiment. For the cumulant expansion calculatio

th ti K sh bet th d d osition of the outer diffracted peaks move slightly inward with
€ agreement In peak shape between theory and decon iﬂéreasing misalignment. This is explained in the top inset. Here the

luted EXper',mem IS rea_sonable' Both experiment ar,‘d CUMUs;¢ through the Fermi surface is approximated by a sphere, and the

lant expansion theory display a rather featureless tail extenqyracted spheregspheres centered on the neighboring reciprocal

ing to higher energies. lattice pointg are shown as well. Peaks are observed when the
measurement line intersects the spheres. The outermost intersection

E. Diffraction and its influence on the measured momentum  moves slightly to lower momenta for the misalignedashed
densities measurement.

In Fig. 7 we see not just peaks akqtbut also peaks that fraction, the intensity is proportional tt(qe) =3 ;A;;(de
are shifted by a reciprocal lattice vector. There are two reas ) (g, +G)*, with A ; determined by the values of the
sons, that, in the experiment, intensity appears at more thaébéfficieentscjo 1 12). "

one momgntum value. . . There are two different types of contributions: those with
In the first place, the valence electrons in solids are Blocq_j and those with # j. The first contribution has a shape
. _ i (G+i . - .. . - .
waves:ij, q (1) =2Ce€ ¢*%'". For an infinitely thin crystal,  gimilar to that without diffraction, but it is shifted by a re-
EMS measures the energy-_resqlvetzj momentum densities a'&ﬂarocal lattice vector. The second contribution is sensitive to
hence determines the contributifmg| of the different plane o phase difference between the wave functiom,&G; and
wave components to the Bloch function. ge+Gj, and would have a distribution that is completely dif-

Secondly, for a crystal of finite thickness the incoming, ferent from that without diffraction. For example, near the
scattered, and ejected electrons interact with the crystal lalgitom of the band only a single plane wave is occupied.
tice. The theory of the influence of diffraction is describedth,s the contribution withi # j is a product of two terms:

extensively elsewher&:2” Here we give a simplified account #(0e*G;) and ¢(qe+Gy)*. At least one of these two terms is

necessary to understand the extent of validity of the dat?ero and hence these off-diagonal terms do not affect the

anal_ysis p.rocedure useq. We can write the wave function of, 5 entum density at the bottom of the band. These off-

the incoming and outgoing electrorg; , as a set of plane  jizgonal terms are most likely to be important for wave

waves W'th.(k amg)l!}ude changing with -~ depthifo.12  fynctions with a large density near the Brillouin zone bound-

=26Co, A7)t 017 GT(Q% O)boundary conditions are that at 51y yith eitherG, or G; corresponding tg0,0,0. We have

the entrance surfacg;™’=1 and all otheiCg=0. Simi- ot yet seen an unambiguous sign of these nondiagonal con-

larly at the exit surfac€s,**?=1 and all othelCF,=0. tributions. Hence, we will try to analyze our data assuming
To keep the language simple we restrict ourselves now tehat only the first type of contribution occurs.

a noninteracting electron system. We measure a certain one- We consider now two measurements: one with the spec-

electron orbital with wave function in momentum spacetrometery direction aligned with th&€100) direction, and a

#(de). Without diffraction, the measured intensitpbserved  measurement of the same crystal with a misalignment of

at momentun, is proportional tol(de) = ¢(0e) (Qe)* With  about 5°(the axis of rotation is the surface normalooking

ge=k;t+k,—ko, the momentum of the ejected electrioafore  at the momentum distribution &;, as displayed in Fig. 9,

the collision [the electron momentum is minus the recoil one observes a large dependence on the alignment of the

momentum as defined in E(R)]. Diffraction can be seen as high-momentum peakéear 1.15 and 2.5 a)u.This indi-

a distortion of the incoming and outgoing waves. With dif- cates that diffraction plays an important role. The best
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-1eV

OeV

2000

1000

Intensity (arb. units)

momentum (a.u.)

Intensity (arb. units)

FIG. 11. The momentum density as measufiited circles),
after subtraction of the diffracted peakpen squargs The mea-
surement is compared to the calculated momentum density without
any broadeningfull line) and with broadening of 0.1 a.ydashed
line)

mains, whereas the outer peaks nggr 2.5 a.u. have disap-

peared. Thus, we think that the part of the peak|ct

3 -2 1 0 1 2 3 =1.15 a.u. remaining after the subtraction is a measurement
Momentum (a.u.) of the contribution ofg/=1.15 a.u. to the Bloch function.

FIG. 10. The momentum profiles on t#00) binding energies Integrated over energy these data present the momentum

as measure(hin lines, and after removal of the diffracted contri- denSIt.y' In the raw data, intensity e_xtends up to .hlgh bm.dmg
bution (thick linesy. energies, and_ hence the energy window for the integration is
not easily defined. Therefore, we deconvoluted the data first
aligned spectra showed largest intensity shifted Gy for inelastic energy losses as o!esc_ribed in Sec. Il E, and then
subtracted the diffracted contribution. The results are shown

=+(2,0,0 from the main peaks. For a well aligned sample: "_.
n Fig. 11 and these data are compared to the LMTO calcu-
the diffraction condition B;-G+G2=0 is fulfilled for G | o b .

_ . for both the i . d : | lation. The clarity with which the second break is observed
=+(2,0,0 for both the incoming and outgoing electrons, asi, yhe calculated distribution depends strongly on the mo-

discussed earlier. Thus, it is expected that near perfect aliginentum resolution assumed. Using a momentum resolution

ment, the diffracted peaks reach maximum intensity. ~ 4f 0.1 a.u., a good agreement between calculated and mea-
Which part of the peaks at £1.15 a.u. is due to diffractiong ;e data is obtained.

and which part is due to contribution of more that a single
plane wave to the Bloch function? This is the question we
will now try to answer. For this we plot the momentum pro-
files for a range of binding energies in Fig. 10 for the mea-
surement well aligned with thél00) direction. Besides the We demonstrated in the previous sections that we can, at
main dispersing feature, a less intense feature is present bamast to the first order, correct the data for inelastic multiple
at low and at high momenta, displaying the sa@it  scattering, and for the main elastic multiple scatteridd-
shifted dispersing behavior as the main feature. For the mofraction) contributions. We now can try to put it all together
mentum distribution near 9 eV binding energy, the threeand compare the data corrected for both types of events di-
peaks correspond to thrdepoints. The theory of the elec- rectly with theory. This is done in Fig. 12 for tH@00 di-
tronic structure of copper predicts that the occupation of theection. Ideally, a full many-body perturbation calculation
inner valence band approaches zero well before the sd¢ondwould be used to compare with experiment. However, it is
point is reachedsee Fig. 1 Thus, we assume that all inten- computationally too costly to do this at a fine enough grid.
sity here is due to diffraction. We establish that ratio of theTherefore, a FT-LMTO calculation was used, broadened with
diffracted intensity to the main intensity &, (C, for the lifetime broadening, taken from jellium calculatioffsThe
diffracted peak at negative momentuf@, for that at posi- calculation was done on a fine momentum gi@015 a.u.
tive). We now subtract from the measuréth=G,s) the  and subsequently integrated over 0.1 a.u. intervals. This pro-
amountC (I(q,e). First, we do this subtraction fay=0 as  cedure gives significantly better results than calculating at a
here the main intensity is not expected to be due to diffracsingle momentum value centered at the experimental interval
tion, and subsequently do the subtraction for lafjggval- — as the integration over the fine grid introduces some effects
ues. The resulting momentum distributions are shown in Figof finite momentum resolution into the calculation.

10 as thick lines. This procedure removes all the smaller The alignment of the measured and calculated péiaks
structures at high momentum values |gf. However, near dispersionis not perfect, and the observed discrepancies are
the Fermi level, part of the contribution fff=1.15 a.u. re- in line with those shown in Fig. 5. Here we want to discuss

F. Comparison of the multiple scattering corrected data
with theory
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FIG. 12. Energy spectra at the indicated momentum values alongl@@ direction. The raw measured intensigoty and after
corrections for the inelastic and elastic energy loss procé#sadine) compared to the LMTO theory with additional life-time broadening
based on jelium calculatior(ghick line).

mainly the peak shapes and intensities. Generally, there isancy between experiment and theory in the<0g< 0.8 in-
reasonable similarity between the calculated and measurddrval.

intensities. One of the noticeable exceptions is nkar From many-body perturbation theory of the electron gas,
(0.7<g<0.9). Although the 8 part of the calculated distri- we know that not all the intensity of the spectral function is
bution has the right intensity, the peak height of #pband  concentrated in the quasiparticle branch, but that about 30%
is more than twice too high. As the Fermi vector in the cal-of the intensity is in a satellite branch, shifted to higher bind-
culation corresponds to 0.78 a(slightly more than the de ing energy by about the plasmon enefgjin the momentum
Haas-van Alphen value of 0.76 g.uhe sp peak is com- density (energy-integrated spectral functjothe quasiparti-
pletely absent in the 0:8q< 0.9 bin, whereas in the experi- cle branch causes a discontinuitykat whereas the satellite
ment it still has a small intensity due to finite momentumbranch reduces in intensity more gradually. Thus, electron
resolution. However, some smearing out due to finite mo-<orrelation effects are expected to reduce the discontinuity in
mentum resolution effects cannot explain the large discrepthe normalized momentum density lat from 1 to =0.7.
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However, attempts, based on Compton scattering, to measuneeasured directly with this technique. Interpretation is very
the discontinuity for metals such as Li have resulted in drastraightforward, and the only complicating factor is multiple
matically lower valueg0.1+0..%° Our result seems to in- scattering. We showed that the inelastic scattering effects can
dicate that the calculated intensity of the quasiparticle peake deconvoluted out quite well, using the measured energy
neark; could be too large, resulting in a calculated disconti-joss spectrum, and that a large part of the elastic scattering
nuity that is too large. _ effects(diffraction) can be corrected for. After making these
Slightly over 1 a.u., the same batafter reaching an ex- cqrrections, the measured intensity distribution shows good
tremum at theX point) crosses the Fermi level again. Be- 5qreement with the calculated spectral function. Near the
tween 1 and 1.2 a.u., the theory predicts significant intensitg-o i jeve| there are some significant discrepancies between

]icn ”:ji?];fba”.d' Hﬁwe_ver, in the expe.rim(.ant,_f.afterl correcltlionstheory and experiment, the main one being that the calcu-
or diffraction the intensity is again significantly smaller. L b
Thus, the main discrepancies between the intensity as préa}tedspdensny is much higher than observed.

dicted by theory and observed in the experiment are close to

the Fermi level.
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