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The spectral-momentum density of electrons in a copper thin film has been directly measured using electron
momentum spectroscopy. The measured spectral-momentum density shows two distinct features. The first is a
free-electron-like parabola with dispersion spanning 10 eV in energy and 0.65 a.u. in momentum. The other is
a weak and extended band located in a narrow range of energies from about 2 to 5 eV below the Fermi level.
A spherically averaged linear muffin-tin orbitdLMTO) calculation of copper reproduces these features in
both the dispersion pattern and the intensity. After taking into account the elastic and inelastic multiple
scattering through a Monte Carlo simulation, the agreement between the calculation and the measurement is
good. The measurement and the LMTO calculation are also compared with an available linear-augmented-
plane-wave calculation for the energy-integrated electron momentum distribution of the valence band and the
agreement is also goopS0163-182@08)00812-1

[. INTRODUCTION whereq is thereal momentum of the bound electron.
Within the independent particle approximation tleg2¢)

The electron spectral-momentum density is the energyeross section is proportional to the modulus square of the
resolved momentum density distribution of electrons in solhound electron momentum space wave functighs,q)|?,
ids, which provides detailed information on the electronicje., the electron spectral momentum dengity,q).*° For
structure of solids. For example, the three-dimensionajjfferent kinematic conditions that correspond to different
energy-momentum dispersion pattern of electrons in a solighomentaq and different binding energiesvia Eq. (1) and
is obviously contained in the measured spectral momenturg (2), the measurement ok(2e) cross sections is thus a
density. Over the last ten years electron momentum spectrogjrect measurement of the spectral momentum depsity)
copy (EMS) or (e,2e) spectroscopy has developed into a uf the hound electrons in the target. Thus the method is com-
powerful technique to measure directly the electron spectralr—nomy referred to as electron momentum spectroscopy. Since
momentum density of crystalline solids and, in particular,ihe measurement does not rely on the crystal momentum,

structurally disordered solids’ _ EMS applies equally to ordere@rystalling or disordered
Electron momentum spectroscopy is based on #h2e] sample<

reaction® In an (g,2e) experiment all kinematical parameters Conventionally, density of state®09) is used to de-
are accurately measured. These parameters are incident elggsipe the electronic structure of solids. The DOS is propor-
tron kinetic energyE, and momentunp,, scattered electron tiona| to the number of one-electron statésegrated over
(fgst electron kinetic energyE; and momentunp;, and  momentum spagein the energy range frome to e+ de.
ejected electrorislow electror) energyEs and momentum  cajculated densities are often compared to x-ray photoemis-
ps. At high incoming and outgoing electron energies andsion spectroscopyXPS) spectra. The spectral intensity of a
large momentum transfé¢ =po—ps, the (e,2e) cross sec- pand state as measured by photoemission depends signifi-
tion is dominated by b|na_ry collisions of the |n_C|d_ent electroncanﬂy on the dynamics of the process since the cross-section
and the bound electron in the target. The binding energy s related to the atomic orbital origins of the band state and
and momentung of the bound electroieforethe collision  the incident energy of the light souréaVe take the photo-
are then determined via energy and momentum conservatioBmission measurement of CuO as an exarfijiiee cross-
neglecting the recoil energy of the ion: section ratios, weighted by the number of electrons per atom,
arec (O 2p)/o(Cu Ad)~2.16, 1.05, and 0.03 for He(R1.2
Eo—e=E+E;, (1) eV), He Il (40.8 eV}, and XPS(AlKa, 1486.6 eV light
sources, respectively. That is, in XPS one has primarily
and emission ofd electrons, whereas in He | and He Il spectra
one sees more or less equally battand p electron emis-
Po+ d=P;i+Ps, (2)  sions. Therefore, detailed information on the DOS and on the
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electron momentum distribution can not be directly obtained TABLE I. Band structure parameters of copper.

by photoemission measurements. Over the past two decades

angle-resolved photoemission spectroscqyRPES has Present Courths
been developed to study the electronic structure of solids, in LMTO  Jepseretal® and Hifne’

particular to map the energy, crystal-momentum dispersion,, energiegeV)
relationship. However, ARPES measurements can only b 932 _936 —8.60(0.09
interpreted for crystalline solids, and in any case give na.’ ' ' o

direct information on the momentum density. For structur-_*2 —2.30 —2:27 —2.780.03
ally disordered solids so far only EMS can provide detailedrlz—r25 0.80 0.75 0.80.06
information on all three aspects, energy, momentum and as-° ~153 —1.54 —2.010.03
sociated density. Xg— X3 3.03 2.80 2.7@.06
To the best of our knowledge there have been no pubZ(S_Xl 3.55 3.40 3.10.04
lished experiments on the spectral-momentum density of3 —1.69 —1.69 —2.250.09
structurally disordered metals containidgelectrons in their L2/ —0.90 —-1.10 —0.850.10
valence band, although the literature on electronic structurks—Ls 1.45 1.40 1.310.07)
of crystalline forms of these metals is overwhelmingop- Ls—L: 3.56 3.29 2.9(0.07
per, situated at the end of the first row of transition metals in-1— L2 (L-gap 5.98 4.90 4.98.10
the periodic table with a filled @ shell and half filled 4  Fermi momentunta.u)
shell, is an interesting system to study with EMS. Elementakg (100 0.78 0.76 0.761
solids previously studied with EMS all have a valence band: (110 0.66 0.68 0.683
consisting of entirelys andp electrons: The valence band of kg (L-W) (neck 0.11 0.15 0.135

copper contains, p, andd electrons. Also, an EMS study of
the valence band of copper would build up a basis for EMSReference 16.
studies of transition metals that have partially fileédands.  Reference 17.
It is known that the properties of the transition metals are to

a considerable degree dominated by the behavior ofdthe accurate linear-augmented-plane-wak:&PW) calculation.
electrons. As can be seen from Table |, our results are in excellent
In this paper we report the measurement of the spectralagreement with those of Jepsetal’® and are in good
momentum density of electrons in structurally disorderedagreement with the experimental values collected in a review

copper using EMS. These measurements are compared faper by Courths and Huer!” A better agreement with a

spherically averaged linear muffin-tin orbitdMTO) calcu-  wide range of experimental data obtained by using various
lation of crystalline copper. The calculation therefore treatsoyrces of low- and high-energy electromagnetic radiation is
the disordered solid as if it were polycrystalline. Although hardly possible to achieve within an independent particle
this spherical averaging may not be a perfect way of dealingnodel. For this purpose a better account for many-electron

with the real electronic structure of a disordered target, itcorrelations is required which goes beyond the scope of the
provides a very useful starting point to interpret the experipresent paper.

mental results and to discuss the roles of tideeBectrons in The momentum density formalism within the LMTO

the valence band. To estimate the contributions to the medramework was developed by Singh and JarlbSrén our
sured result of multiple scattering, stemming from elastic anthrevious work®?° we used essentially the same formalism.
inelastic collisions, the LMTO calculation is convoluted with However, we neglected a so-called overlap correction arising
these collision processes through a Monte Carlo simulatiorfrom the calculation of the Fourier transform by integrating
The measurement and the LMTO calculation are also comgpyer the Wigner-Seitz sphere rather than the unit cell. This
pared with a linear-augmented-plane-wdk&PW) calcula-  correction is computationally expensive to implement, espe-
tion for the energy-integrated electron momentum distribu<ially for complex solids with more than one atom per unit
tion of the valence band. cell, but it does not produce a noticeable change to the elec-
tron momentum density. However, in the present work on
copper, we are able to perform an accurate momentum den-
sity calculation which includes the overlap correction.

As in our previous work on disordered matertag3we The results of the energy band and momentum density
treat the structurally disordered copper as a spherical averagélculation along several conventional fcc symmetry lines
of its crystalline counterpart. We have performed the bandire presented in the top panel of Fig. 1. The valence band of
structure and momentum density calculations on crystallin€opper is comprised of six individual bands, originating from
copper by employing the linear muffin-tin orbitdlMTO)  ones and fived atomic levels. The orbital character is high-
method in the atomic sphere approximat?érWe use the lighted in Fig. 1 by the line width with which the bands are
local density approximation to the density functional theorydrawn. The width is proportional to the modulus squared of
with the von Barth and Hedin parametrization for thethe corresponding orbital components in the LMTO eigen-
exchange-correlation potential. Details of the calculated vector. The part of the band structure that resembles a free
electronic structure of copper are given in Table |. Theelectron parabola has mairgyp character, whereas the bands
LMTO method was applied previously to copper by Jepserwith only minor dispersion have predominantycharacter.
et al1® who calculated the self-consistent potential inside the=or convenience we will often use the nomenclature df “
atomic sphere and used this potential as an input to a mofgand” for those bands with mainlg character and §-p

Il. THEORETICAL MODEL
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FIG. 1. In the top panel we show the band structure of copper given by the present LMTO calculation. The width of the lines in the left
panel is proportional to the-p character of the band at the specific momentum, in the right panel it is proportional doctreracter. The
second row shows the band energy along the three main symmetry directions but only for those bands that have nonzero momentum densities
along those directions. The third row shows the corresponding band-resolved momentum dessitidisated by the line stylesThe total
momentum density summed over the valence band is shown in the bottom panels. The solid line is the present calculation, the dashed line
represents the linear-augmented-plane-w@wPW) calculation of Papanikolao(Ref. 22.

band” for the free-electron-like structure. yield a nonzero momentum density along the chosen direc-
For each major crystallographic direction the energytions.

bands are shown in the second panel using the repeated zoneThe corresponding band-resolved momentum densities

scheme. Only bands belonging to the totally symmetric repare shown in the third panel, using the same line styles as in

resentations, i.el;;, A;, 241, A, etc., are plotted. As dem- the second panel. We plot the momentum density versus real

onstrated by Harthoorn and Mijnaredlisnly those bands momentumg. In the first Brillouin zone(first BZ) q=Kk,
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wherek is crystal momentum, beyond the first BiEk+G,
whereG is a reciprocal lattice vector.

In the three bottom panels of Fig. 1 we compare our cal-
culation for the total, or summed over the all contributing
bands, momentum density with the LAPW calculation of Pa-
panikolaouet al??> Agreement between the two calculations
is very good. Any minor deviations could be due to the much FIG. 2. Schematic representation of the noncoplanar asymmetric

coarser momentum grid used as well as an error introducegeometry used in the EMS measureme(dsThe scattering geom-
by digitizing the plot published in Ref. 22. etry; (b) the incident and outgoing beams relative to the sample.

We should mention another electron momentum de”Si%escription of the spectrometer is given by Stareal 2® and
calculation on copper. Mijnarends and Raffoused the  canneyet al?® In brief, the spectrometer is set up in a non-
Korringa-Kohn-Rostoker(KKR) method. Their results are .qpjanar asymmetric geometry and measurements are made

qualitatively very similar to the present calculation. How- i, 3 transmission mode. A schematic representation of the
ever, they presented the electron momentum density modieometry is shown in Fig. 2. The incident electron energy is

lated by the positron wave function and a direct comparisoyqg g kev plus the binding energy. The thin film sample is

is difficult. _ __held vertically and positioned at an angle of 30° with respect
As was mentioned above, to compare our calculation withy, he incident beam. The fast and slow electrons have ener-
the experiment we perform a spherical averaging over thgjes of 19.6 keV and 1.2 keV, and are measured in coinci-
irreducible wedge of the BZ. The rigorous averaging teChjence with two electron analyzers each measuring simulta-
nigue is described in detail in Ref. 19. Although mathematl-neougy a range of azimuthal angléit of the plang and
cally correct, this procedure gives little insight into the re- energies at polar angles of 13.6° and 76° respectively. With
sulting momentum density which one would expect 10 be&age kinematics the momentum trangfers about 9.2 a.u.
observed in the experiment. For a qualitative analysis it i§1 a.u=1.89 A1) and the measurement is performed near
more transparent to use the plots of Fig. 1 since the ireducpe gethe ridgd” where the momentum transfer is roughly
ible wedge of the fcc BZ is enclosed within the three direc-g o) to the square root of the energy transfer and the ioniz-
tions shown in the figure. So the spherically averaged moy,g hrocess is dominated by the binary collision mechanism.
mentum density is expected to be close to an arithmetigyg glectron analyzer used for measuring the fast electrons is
average of thesg three directions. ) ) a hemispherical analyzer with a pass energy of 100 eV; the
Near thel” point the lower band which has predominantly 5e tor the slow electrons is a toroidal analyzer with a pass

s character disperses upwards along a free-electron-like pgyeqy of 200 eV. By using two-dimensional position sensi-
rabola with nearly constant momentum density. This behavgye getectors in the analyzers, a range of energies and azi-
ior, belng_fawly isotropic, will survive the sphenca} averag- mythal(out of plang angles of the outgoing electrons, 20 eV
ing and is expected to be seen in the experiment. Thenq+1ge for the hemispherical analyzer, and 36 eV ar@f
uppermost band has almost pareharacter near thE point. ¢ the toroidal analyzer, are measured simultaneously. An
It is rather flaj[ and gives very little contnbuuqn to the mo- ,yerall measurable energy range of 56 eV at a given incident
mentum density because of the symmetrg afrbitals. How-  gpergy with a resolution of 0.9 eV and an effective momen-

ever, further away from the point the upper band increases ym range from—3.0 to 3.0 a.u. with a resolution of better
in intensity and disperses upwards before it crosses the Ferfjiz, 0.15 a.u. have been achieved.

surface in the'X andI'K directions, or turns around inthe  The structurally disordered copper sample was prepared
I'L direction. This behavior is again quite isotropic andj, the following way. A dc sputter deposition sour@Eorus,
should be visible in the experiment. Combination of the tWOTRSlC\o was employed to deposit 100 nm of high purity
bands will be seen as a parabo_la extending from the bottor(gg_gg% copper onto a NaCl crystal substrate. The 100 nm
of the valence band at thE point up to the Fermi level fjm was then floated off in distilied water and mounted onto
which has a gap at a few eV beldi . This is exactly the 3 molybdenum sample holder with 0.7 mm diameter holes.
picture one would expect from a conventional representationfer being dried in air the sample was put into a vacuum
of the band structure of copper as a result of the hybridizaghamper. 1on beam thinning was used to thin the film to a
tion of a free-electron-likes-p band and the atomiclikél  thickness that gives a sufficiene,e) coincidence count
bandsz.. _ _ rate. This was done in the ion beam sputtering chamber with
At high momenta in the second and third BZ both thea pase pressure in the low I Torr range. An rf plasma ion
lower and upper bands are rather anisotropic and one woulgh,rc&8 was used to produce a well focused*Aveam with
expect a fairly broad energy spread of the spherically averyaiaple energies from 300 to 1000 eV and a current up to 10
aged momentum density. The amplitude of the momentunhA_ The running pressure was10~5 Torr. The Ar” beam
density is small as compared to the peak intensity observeiih an energy of 800 eV was used for initial thinning of the
in the first BZ. This and. othe_r pred|ct|ons. of the th(_aory are iNgample. During the thinning process, the change of color of
fact reproduced very nicely in the experiment which will bé he film was monitored using a telescope to indicate when

20.8 keV

discussed in Sec. IV. sufficient thinning had taken place. When the thickness of
the sample looked close to that required, the energy of the
IIl. EXPERIMENTAL DETAILS Art beam was adjusted to 300 eV to reduce the thinning

speed and to prevent the sample from breaking. After thin-
The experiment was performed using the EMS spectromning the chamber was pumped back down to the base pres-
eter at The Flinders University of South Australia. A detailedsure and the sample was transferred under vacuum to a
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FIG. 3. The Auger electron spectrum for the self-supportingth€ spectrometer for the self-supporting copper samples compared
copper sample after ion beam thinning and cleaning showing ndvith a LMTO calculation on a spherically averaged crystalline cop-
signs of contamination. per (left and middle panels, respectivelyrhe LMTO result includ-

ing Monte Carlo simulation of multiple scattering effects is shown

reparation chamber where an Auger electron spectrum i:ﬁ the right panel. The binding energy is relative to the vacuum
prep 9 P Um Qlyel. The highest density in each panel has been normalized to

t.he sample was Faken under uItra.h.lgh vacuitiV) condi- unity. The linear grey scale is shown on the right-hand side.
tions to determine the composition of the surface. The

sample was then transferred into the main chamber for thg, o5 are reproduced very well in the LMTO calculation ex-
EMS njeajuremgnt. The pressure ththe main chamber Wag,; 1hat the narrow band appears to have slight dispersion.
maintained at 1.210" ™ Torr during the measurement. AN At first appearance at these measured and calculated

(e,2e) coincidence count rate of 35 counts per minute Wasypecira|-momentum density plots, do not seem to match the
ach|eved. The thickness of this self-supporting sample Wa§ensity of states(DOS) n(s) of copper measured by
est+mhatid to bel about 8 nm. fth | qi hotoemissiof? where the narrovd band dominates the in-

e Auger electron spectrum of the sample measured Jusb ity 1n an energy band calculation of copper there are six

before the EMS measurement is shown in Fig. 3. It can b%ands that accommodate the eleven electromf%a?) in
seen that the sample has a clean surface after thebam o' aience band. Of these six bands five are located in a

th?nn?ng. Because of the Arbgam bombardm_ent during the relatively narrow energy range from 2 to 5 eV below the
thinning process any crystalline structure will be damagedgq i 1evel and a sixth the-p band extends from the

Therefore, we regard this sample as a polycrystalline coppggm; jevel to about 10 eV below the Fermi levabout 14.5

thin film. eV below the vacuum levgl Therefore the calculation of
DOS n(e) of copper shows a peak in the narravband
IV. RESULTS AND DISCUSSION region superimposed on the weaker intensity ingfeband
region. For an amorphous or a structurally disordered target
The measured spectral-momentum density of the selfthe density of statea(e) and the spectral-momentum den-
supporting copper thin film and the LMTO calculation on sity p(e,q) should be related by
spherically averaged copper are presented in Fig. 4 in the left
and middle panels respectively. The LMTO result after the *
Monte Carlo simulation of the multiple scattering is pre- n(s)=87-rj0 daqfp(z,q). )
sented in the right panel in Fig. 4, and will be discussed later.
The binding energy shown in this figure is relative to theThus in the DOS the high momentum components of the
vacuum level, and the estimated Fermi level position is 4.3neasured intensity are weighted much more heavily than the
eV below the vacuum level. The highest density in all plotsmeasured intensity near zero momentum. Using(Egone
has been normalized to unity. The linear grey scale is showshould be able to geh(e) from the measured spectral-
on the right hand side, the darker the higher density. For easpomentum density(e,q) for an amorphous or a structur-
comparison with the experimental result the LMTO calcula-ally disordered target. This works well for elemental solids
tion has been convoluted with an energy spread of 1.5 e\tonsisting ofs andp electron orbitals such as alumindii°
and a momentum spread of 0.1 a.u. and germaniunit but it does not give a reasonable result for
In the experiment one can see as a main feature, a freeopper and nickel? The reason for this is that both copper
electron-like parabola intersected a few eV below the Fermand nickel contaird electrons in their valence bands and the
level by a weak, fairly narrow band, spread out in momen-d electrons have a large momentum spread that is beyond the
tum. This weak and extended band shows no obvious dispelimit of the spectrometefthe upper limit of effective mea-
sion and is considered to be dominateddogiectron orbitals. surable momentum is 3 a)uSo a considerable amount of
The free-electron parabola, relatively intense near zero mdanformation required by Eq.3) is not available. To illustrate
mentum seems to disappear in ithdoand region, but reap- this a calculated partial number of electrons with momentum
pears briefly between the top of tlieband and the Fermi with magnitude between andq+ 69, where6q=0.2 a.u.
level, but with reduced intensity. Also the momentum of thefor g varying from 0 to 4 a.u. is shown in Fig. 5. Below 1
free electron feature seems almost independent of energy ba-u. the electrons are mainly from thes 4evels. The &
tween thed band region and the Fermi level. All these fea- electrons dominate the high momentum region. Even above
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FIG. 5. The calculated partial number of valence electrons ir‘gs

copper in a given momentum range. The total number of electron
from O up to 4.0 a.u. is 6.37 as compared with 11 electrons in the
full momentum space.

nsity

Intel

the momentum of 3 a.u. the partial number of electrons it
still comparable with that below 1 a.u. on average. As &
matter of fact, the integration of the calculated spectral mo
mentum density(e,q) using Eq.(3) from 0 to 4 a.u. gives

a total number of electrons per atom M{=6.37 as com-
pared to the 11 electrons actually present. The density c
states is heavily weighted by the high momentum compo
nents in the spectral-momentum density, as can be seen fro
the momentum spaag® weighting in Eq.(3).

For a quantitative comparison between the measureme!
and the calculation, cuts along the binding energy at interval  §
of 1 eV are shown in Fig. 6. The data points with error bars ;=
are the experimental data. The dashed lines are the results
the LMTO calculation obtained by cutting the calculated

spectral momentum density plot in the same way as that for F|G. 6. The momentum distributions at selected binding ener-
the experimental data. gies for the valence band of copper. The experimental data are
It is obvious from Fig. 6 that the measured momentumshown as data points with error bars. The dashed curves are results
distributions are broader than the calculated ones, evefiom the LMTO calculation and the solid lines are results of the
though the major featurepeaks are approximately in ac- calculation with Monte Carlo simulation of multiple scattering ef-
cord. This is largely due to elastic scattering in the incomingfects.
and outgoing electron channels. In principle there are two
ways to compare the measured and calculated electrongample is assumed to be 8 nm. The depth distribution of the
structure information in the presence of multiple scattering(e,2e) events is chosen homogeneously over the thickness of
One way is to deconvolute the measured data and compatke film. For each event the path length of the incoming and
the result to the theory. This approach was followed by Jonesutgoing electron trajectories is calculated. The energy loss
and Ritter’® The choice of the right response function is Ae and momentum transféxp are then estimated for each of
complicated by the asymmetric nature of our experimentthe trajectories involved using fairly standard procedures in
The other approach, followed by Vos and Bottethis to  these type of simulationS.The elastic differential cross sec-
model the multiple scattering using theoretical models andions were obtained in the Born approximation for electron
incorporate the result in the theory. Here we use the lattescattering from copper atoms using Hartree-Fock wave func-
approach. In this approach the assumptions made are motiens and inelastic cross sections were obtained from a model
clear, not hidden in the form of the response function useaf plasmon excitations in a free electron gas.
for deconvolution. Due to the energy loss and momentum transfer these
We used Monte Carlo simulations of the incoming andevents appear in the measured intensityg@nd g combi-
outgoing electron trajectories to estimate the probability thatations as inferred from Eqg$l) and (2) that do not corre-
one or more of the electrons involvéthe incoming, slow spond to thes andq values of the spectral momentum den-
and fast outgoing ong$oses energy due to inelastic scatter- sity properly. Thus, due to inelastic scattering the measured
ing (mainly plasmon excitationsor experiences a change in intensity tends to extend to binding energies larger than the
momentum(mainly due to scattering from the atom cores maximum binding energies of the valence band and, due to
In the simulations the geometry and the kinematics are thelastic scattering, there is intensity away from thealues
same as those shown in Fig. 2 and the thickness of theorresponding to the band structure at binding enetgy

1 2 3 -3 -2 -1 0 1 2 3

Momentum (a.u.)
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Without multiple scattering we measure electrons with mo- Momentum (A”)
mentumq along they axis of Fig. 2, i.e., the intensity is

proportional t0|¢>(s,0,qy,0)|2. The Monte Carlo procedure (_). — ,1. — ,2 — ,3. — |4. — .5. —
estimates thele, Ap combination for each simulated event, & g4 [ valence band of Cu
and an estimate of the measured intensity is then obtainec§ :I:t.'ff';:'h error bars: exp. sum over valence band
from 3| (e +Ae,Apy,0y+Apy,Ap,)|%, where the sumex- g - | dotdash lne: LAPW calculation
tends over a large number of simulategl2e) events. The & 400 r 3) solid |ine;mMe;,me Caﬁs ;’.”m"’.‘,:zﬂon
value of |¢(e+Ae,Apy,q,+Apy,Ap,)|? was taken from %‘ C
the LMTO calculation. g 3800

From this we can see that the result of the simulation is@ C
that the ratio ofs-p and d related intensity changes. For g 200 F
example, for an ¢,2e) event withAe=0, Ap,=0, Ap,=0, -
and Ap,=2 a.u. the value of¢(s+As,—Apx,qy—Apy, £ r
—Ap,)|? is zero fors electrons as these electrons do not § 100 r
extend beyond momentum values of 1 a.u., bditeBectrons C
can still contribute. Thus in the end d@ippearsfrom these 0
simulations that thel intensity has increased relative to the 0 05 1 15 2 25 8
s-p intensity. Momentum (a.u.)

The effect of the simulation is a clear improvement of the
agreement between the calculation and the experiment as can

be seen in Fig. 4right pane)] and Fig. 6. In Fig. 6 the theory :

. - h ) . i the whole valence band energy range in the spectral momentum
with (solid I'ne) and without(dotted ling multiple scattering density plot; the LMTO calculation without and with Monte Carlo
was normalized at the bottom of the VaIenC(—‘f batdl eV gimylation of multiple scattering, shown as the dash line and solid
below the vacuum levgl The LMTO theory by itself repro-  |jine respectively, are obtained in the same way; the LAPW calcu-
duces the peak positions reasonably well, and after incorpaation (dot-dash ling is an arithmetical average of the momentum
ration of the multiple scattering effects by the Monte Carlodensities in the three high symmetrical directidi$, 'K, andT'L
procedure the shape of the intensity distribution resemblegresented in the bottom panels of Fig. 1.
the experimental data quite well. At high binding energy the
simulation fails to reproduce the measured intensity. This is It is interesting to notice that, unlike in the spectral mo-
not unexpected due to the simple way in which the inelastienentum  density plots of elemental solids C
energy loss processes are treated and due to expected sat@s?2p?,2=6),* Al  (3s23p1,z=13)®* and Si
lite contributions at these energies due to many-body effect63s?3p?,2=14) (Ref. 37 that show strong intensity at
not included in our calculations. The most disturbing dis-higher binding energies due to plasmon excitation, the spec-
crepancy between experiment and theory, both with andéral momentum density plot of Cu (3%s!,z=29) [also
without multiple scattering corrections is the disagreementhat of Ni (3d%4s?,Z2=28) (Ref. 32] shows relatively little
between measured and calculated position of the momentuimtensity at higher binding energies. The intensity difference
peaks near the Fermi level. It seems fairly well establishedn the higher binding energy region between the two groups
that thes-p band should reach the Fermi level at momentumof elemental solids can be clearly seen in the momentum-
close to 0.7 a.u(depending slightly on crystal orientatipn summed(0—2 a.u) binding spectra shown in Fig. 8. Al-
and not near 0.6 a.u as in this measurement. The origin ahough exact values are not known, the thickness of these
this is not understood. elemental solid samples are all around 8 nm. Why the va-

A comparison between LMTO and LAPW has been maddence band of Cu and Ni stand out more clearly above the
in Sec. Il in three high symmetry directions and the agreemultiple scattering background, compared to the lighter ele-
ment is very good. As only the energy-integrated momentunments is not clear. It could be either related to the higher
distribution of the valence band is available in the LAPW values of Cu and Ni or to the different electronic configura-
calculation, we compare the two calculations with our ex-tion.
perimental result by integrating the spectral-momentum den- It would be ideal to perform a measurement with a single
sity of Fig. 4 over energy across the valence band. The recrystal copper sample so that one can compare directly the
sulting energy-integrated density as a function of momentunealculation and the measurement along chosen symmetry di-
is plotted in Fig. 7. The LMTO curve and the Monte Carlo rections. Unfortunately a single crystalline copper sample
simulation result are obtained in the same way. The LAPWwith a thickness suitable fore(2e) measurement is not yet
curve is an arithmetical average of the momentum densitieavailable since it requires more sophisticated procedures in
in three high symmetry directionsX, I'K, andI'L pre- the sample preparation.
sented in the bottom panels in Fig. 1. Comparing the curves Finally a remark about the elastic mean free path used in
in Fig. 7, one can see that the LMTO and LAPW agree venthe simulations. In the simulation we performed for copper,
well with each other. The difference between the calculationshe elastic mean free path of the 1.2 keV slow electron, that
and the measurement is due to multiple scattering effectsuffers the most multiple scattering, is only 0.27 nm, com-
Considering the rather crude way in which the multiple scatparable to the interatomic distance. In the Monte Carlo simu-
tering effects are taken into account, the agreement betwedations we do not take the discrete nature of the lattice into
the simulations and experimental data is surprisingly good.account, and the validity of the procedure followed for cop-

FIG. 7. The momentum density of the valence band in copper.
e experimental datéerror bar$ are obtained by summing over
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800 ] V. CONCLUSION

The measurement of the spectral-momentum density of
electrons in structurally disordered metals contairdnglec-
trons in their valence bands using EMS has been performed.
The metal used in this measurement was structurally disor-
dered copper. The measured result has been compared with
an LMTO calculation on spherically averaged crystalline
copper. After taking into account elastic and inelastic scat-

Intensity (arb. units)
=Y
(e
(e

300 tering of the incoming and outgoing electrons by way of
Monte Carlo simulation, the calculation reproduces quite
200 well the measurement in both the dispersion pattern and the
intensity. However, several differences between theory and
100} . . ) S .
j the experiment still exist. The-p band, which is approxi-
0 e mately parabolic in shape, is narrower in momentum space
0 1020 30 40 50 60 70 80 than that indicated by theory. The intensity distribution
Binding Energy (eV) within the band is quite well described by theory. The mea-

) e suredd band structure does not appear to disperse in energy
FIG. 8. Comparison of the uncorrected measured binding energ¥%s much as that predicted by the calculation, but the disper-

spectra of some elemental solids: amorphous carbon, a'”mir_'u”%’ion may be washed out due to the large multiple scattering
silicon, nickel, and copper. The binding energy spectra are obtaine ontribution in this region.

by summing the EMS data over 0—2 a.u. in momentum. The ele-
ments can be divided into two groups according to their intensities
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