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Abstract

The use of Electron Momentum Spectroscopy for
the study of thin, sngle-crystal films is sketched.
These films have an anisotropic eectronic
structure. Resolving this anisotropy in (e2e)
experiments has been a dream that has become a
reality in recent years. Here | describe some
results for graphite, silicon and noble metals. The
experimental results are used to illudrate the
concepts of Brillouin zone boundaries and Bloch
functions, both central to condensed matter
physics.
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I ntroduction

High energy scattering is an important probe of manylmdtems. For
high-energy, large angle scattering the probing pariitracts with a single
particle of the many-body system and the collision apgpeabe between two
free particles. In this high energy limit the energy lmsthe scattered particle
is entirely determined by the laws of energy and momertanservation.
The energy transferred from the scattered particlthéotarget in these so
called Compton experiments depends on a specific momentmpooent of
the scatterer (before the collision) and its mashusTalthough the collision
appears to be between two free particles, the enesiggfér depends on the
initial momentum and, because of this, the scattering erpatiis a probe for
an interacting many-body system. Compton type experintamsbe used to
probe the wave function of nucleons inside a nucleuswthe function of
electrons in atoms, molecules and solids, and even the faaction of nuclei
in molecules and solids [1].

If in these collisions enough energy is transferrethéoscatterer, then it
will be ejected from the system. Now experiments @ddne at a new level
of sophistication, by measuring the ejected and scattereticlgs in
coincidence. These coincidence experiments have been done fomingo
protons scattering from protons inside a nucleus anctirgea proton (so
called(p,2p) experiments see e.g. [2]) and incoming electrons scajtéom
electrons in atoms, molecules, or solid (so call@gl2e) experiments, also
referred to as electron momentum spectroscopy (EBIS).[ Measurement of
the momentum and energy of the scattered and ejected paride
coincidence) allows for the determination of the momentransfer to the
target, as well as the binding energy of the ejected fearfitie observed
intensity is proportional to the spectral function,within an independent
particle model, the probability that a target partibkess momentuny and
binding energ\e. Often the target (nuclei, molecules) does not haverigalhe
symmetry and is randomly oriented in space. The meamnt obtains, in
such a case, the spherically-averaged spectral funeiah,a great deal of
information is lost in this averaging process. A morengént test of theory
would be possible if this averaging could be avoided(&2e) experiments of
molecules there are attempts being made to recoverntioisniation for the
special case where the molecule fragments as a consecpfetie ionization
event [4]. Measuring the direction of the velocity of thagments can reveal
the original orientation of the molecule.

For (e,2e) experiments from solids one can completely avoid troblpm
by studying single crystals with known orientation. sThé an important
motivation for the study of these targets, and the sagmte of these
measurements were realized in the early dayg,2€) spectroscopy, see e.g.
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the paper by Neudachiet al [5]. However the experiment turned out to be
challenging. It requires good energy resolution to restiieevalence band
structure, and high energies of the incoming and outgmniicles. Only when
high energies for the incoming and outgoing particlesuaesl (10 keV and
above), and the thinnest of films, is the probabilégsonably high that no
scattering occurs, besides tf&2e) event itself. Hence it was not until 1988
that Ritter and coworkers succeeded in measuring a singl&lc(graphite)
with a meaningful, but modest, resolution [6]. Since thaetthere have been
significant improvements in the experimental captédj in particular the
development of two-dimensional detectors [7], and nowadaggescrystal
measurements are done quite routinely (provided suffigi¢hith crystals are
available). In this contribution | want to show some regkes of these
measurements and emphasize that these measurements pneiggheful
illustrations of fundamental condensed matter conceptsasuéhrillouin zone
boundaries and Bloch functions.

Mainly to keep the language simple | have adopted the independe
particle picture in this paper. The target wave functiothé product of single
particle wave functiongyi(r)) (i=1...n). The momentum space representation
of these orbitals isp;(q Jand|@, (q)[is then the probability that electran
had momentung,.

Experimental Results

The experimental apparatus used at the Australian Natidmgeérsity is
described extensively elsewhere [8]. It is sketchedgaord 1, together with
the coordinate system used. It has two analyzers, eaehsuning
simultaneously electrons emerging from the sample aloagge of azimuthal
angles £7°) and over arange of energie@ E=60 e\). It uses an incoming
electron beam of 50 keV and both analysers detect efectrith an energy
near 25 keV. The-axis is taken along the direction of the incoming eters.
The azimuthal range of one analyzer is centered@a0’,the other
at =180".The exact polar scattering angde, can be adjusted using two
deflector sets. If one applies no voltage to the deftsedhen the scattering
angles ared;=0,=44.3, which means that for 50 keV electron&;cosd +
kocos@,= ko, and kysind;cos ¢ = — kysing, cosg. In this case one can thus
expect coincidences originating from target electrons with momentum
component in the,-p,plane. Their momentum component alongghexis is:
o= ki sing;sin g+ k; sindssing. The analysers determingg andg. If one
applies deflector voltages in such a way such that 8, <44.3 then one still
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Figure 1:(a) Sketch of the EMS spectrometer. Electrons thargenfrom
the sample in the shaded part of the cone are detecekh (lustration of
the use of deflectors for changing the scattering anglakhoWideflector
voltages the trajectories drawn as a full line arergmethe analyzer
through the slits, with voltages those drawn as a dashedie entering.
(c) The analyzers are positioned such that one measlaesons with no
momentum in thep,-p, plane if one does not apply voltages to the
deflectors. By applying equal voltages and polarities as shiowh), we
can measure target electrons with a momentum compaehang the p
axis. (d) For graphite the 2p electrons perpendiculaneaytaphite plane
retain much of their atomic character and formmttand. The momentum
space wave function is sketched together with the firdio8in zone. (e)
For the measurement without voltages on the deledterimtensity of thet
electrons is absent (left), but its contribution appéehthe deflectors are
used (right), which moves the measurement line frém-M to
(T - M)+pc.
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hask;sing; cosg, =-kysing, cosg (i.e. gy = 0) but k;cosd+ kocos8,>k,
hence coincidences are expected for target electrohgp#tO.

The dramatic effect of orientation of the orbitadsest illustrated for the
case of graphite. Graphite is a layered material, stitthg covalent bonding
in the hexagonal planes (giving rise to tlweband”), but weak van der Waals
bonding in between the planes. One 2p orbital (in coatéispace) is oriented
perpendicular to the hexagonal planes, it formsrthand in graphite, and its
wave function changes sign when crossing this plane. Hibecdensity is
zero at the hexagonal plane. The graphite sample igiopesl in the
spectrometer with theaxis along the surface normal of the hexagonal planes
[9]. In momentum space this wave function changes sigtive to theg,=0
plane and hence the momentum density is 0 here. Thus modaices are
expected from ther band for6;= 6, =44.3, but thett band should contribute
if deflector voltages are applied. This is indeed the csean be seen in the
last panel of Fig. 1

Brillouin zone boundaries play an important role in theotly describing
the electronic structure of crystalline materialgalh be defined as the plane in
momentum space, containing vectdesfor whichok [G = G2 with G a
reciprocal lattice vector [10]. Its role is best ithaged starting with a free
electron model and treating the lattice potential psreurbation. The solution
of the free electron model consists of plane waves,thad perturbation
(crystal potential V) is periodic and can be written §5r) = 5V, e'¢T with
the sum extending over all reciprocal lattice vectorenthe definition of the
reciprocal lattice vector it is clear that for eachn@d wave with momentum
vectorqg on a Brillouin zone boundary there is another momentector € -
G) that has the same kinetic energy. These two shadedegenerate and will
thus split due to the interacti®f.

This basic physics is illustrated in figure 2 for acsifi crystal with <001>
surface normal. Details are given elsewhere [11]. Tleaserements were
done without deflector voltages (hence one observes demmes from
electrons withg,=q,=0). First the crystal was oriented so that the speatem
y-axis coincides with a <110> direction of the crystdiei the crystal was
rotated, in several steps, along the surface normalauri0O0> axis coincides
with they-axis. Thus first one observes the electrons movioggathe <110>
direction, and finally the electrons moving along ti€G> direction. Two
type_of Brillouinzone boundaries come into play. Onedé&ived from
G=(200)and the other is a crossing of two boundaries that ate no
perpendicular to the cut of fig. 2 (G£1 1) and G111)). However, {o=0
due to additional symmetry in the crystal. Hence org expects splitting of
the intensity near the latter Brillouin zone boundary.
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Figure 2: Measured intensities for a silicessingle crystal as a function
orientation. The leftmost set of grey-scale pictudéesplays the calculated
spectral function along different directions. Thesewdations are based on the
FP-LMTO (full-potential linear muffin tin orbital) appach. Darker shades
mean larger densities. The right column of grey-scaldumgs are the
corresponding experimental measurements. In the righohtlé drawing we
show the<100> -<010> plane of the reciprocal lattice with the first 4 Rrilin
zones. By rotating the crystal one can change the Boggtphic direction that
coincides with the spectrometgdirection. The actual measurement directions
are indicated by dashed lines. Brillouin zone boundariesrearked with the
indices of the reciprocal lattice vector they dissectbakhd gap appears for
momenta where the measurement line intersects(ijeand (1) Brillouin
zone boundary. This splitting moves to lower momentutnegawhen the
measurement direction is changed from <100> to <110>. Thediadttle is
the Fermi sphere for an electron gas with the salewtren density as the
valence band of Si. Occupation outside this spherealf.sm
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Indeed along the <110> direction the splitting is rgab.6 a.u. Here two
Brillouin zone boundaries are crossedl {1)and (111)and hence the
occupation goes from band 1 to band 3. This measurermentciosses
another Brillouin zone (corresponding(&20) ) near 0.9 a.u. This is evident
from a minimum in binding energy at this momentume Tdand gap here
separates the occupied and unoccupied part of the band struttemee the
next bands (band 5 and 6) are not observed. Rotating thel drysteps from
<110> to <100> causes a shift of the first band gap to higl@nentum
values. Finally for the <100> direction the theory predanly one structure,
whereas two structures are seen for small bindingg@aser Due to finite
momentum resolution the experiment probes part of Brill@oine 4 abutting
the measurement line, causing the extra structure.

Another central concept in band structure theoryhet bf the Bloch
function. As the potential is periodic, its Fourier tramsf contains only
discrete contributions, separated by reciprocal latticetove As a
consequence the solution of the Schrédinger equatioeddalbch functions)
consists of a set of plane waves that differ by a recgirlattice vector. A
solution can then be characterized by the reduced momektuthe
momentum of the component in the first Brillouin zdhat contributes to
Bloch function [10]. The Bloch function is a sum of q@awaves, with
amplitudecg:

_2: i(k+G
l//k— cGe'(+)m_
G

Within this picture it is often stated that two mongnwhich differ by a
reciprocal lattice vector, correspond to the same redow@mentum and are
considered equivalent. We explored what this means experitgetal
measuring the spectral momentum density along lines difigr by a
reciprocal lattice vector [12]. This can again be accahpli using the
deflectors. For this purpose one applies different potsrtiiaboth deflectors.
The experiment is sketched in fig. 3. Again silicomssd to demonstrate these
principles. The crystal is aligned with the <110> dimattalong they-axis.
The deflectors can be used to create any momentunt offdee p,-p, plane.
Without deflector voltages the measurement line goesughrozero
momentum, a reciprocal lattice point also referredd@l” point. This is the
same measurement as in the lower panel of fig. 2. sHuetest reciprocal
lattice vector is (111). Applying an offset correspondingO@l) (itselfnot a
reciprocal lattice vector) causes a shift of thesneement line so it goes again
through reciprocal lattice points (at (111) andldtl) ) (central panel of fig.

3).
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Figure 3 Calculated and observed intensities for a Si crysedsured with
the <110> direction aligned with the spectrometeixis without the use of
the deflectors (left panel, measuring along a line thraayo momentum) and
with voltages applied to the deflectors, in such a way the measurement
lines are shifted by [001] (central panel) afidl0O] (right panel). As is
indicated in the lower half, each of the three measang lines goes through
reciprocal lattice points, and one measurement lime k& obtained from
another by a shift corresponding to a reciprocaldattiector. The calculated
band structure is superimposed on the calculated and measteadity
distributions in such a way thatpoints of the band structure coincides with
reciprocal lattice points. For all three cases the éxmerit shows significant
intensity only at binding energies corresponding to thkutated bands.
Which band is observed is different however, for hte¢ cases, both in
experimentally and theoretically obtained. momentum dessitie
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Alternatively the deflectors can be used to creaté B0) offset, and one
measures the spectra at a reciprocal lattice point @0@20) (right panel
of figure 3). As these points are all separated by reciptattece vectors it
means that they are ‘equivalent’ with (000). Does thismibat the spectra
measured that (000), (111) and (200) are identical? Inspedtiiguoe 3
reveals that this is not the case. At theoint there are two (occupied)
solutions with different energies. The solution withximaum binding energy
dominates the spectrum at (000) the other solution (mmifinding energy)
dominates the spectrum at (111) and (200).

To emphasize the Bloch theorem the band structure erisymsed, in
the repeated zone scheme, on the measured intensitgptEor the high
symmetry points]” and X, the band structure predicts 4 possible energies.
Indeed the observed intensities always coincide witettergies predicted by
the band structure. However, which branch of the bamdtare dominates,
depends on the offset. The observed intensity is propattito |gf the
modulus square of the coefficients of the Bloch fumctio

Finally, to illustrate that these measurements are lgessis well for
targets of heavier elements, we show in figure 4 thesoned intensity for the
noble metals along the three main symmetry directigdknoble metals have
an FCC crystal structure with comparable lattice taots. As a consequence
the electronic structures of the three noble metalseegmany features. Near
zero momentum a parabolic shape is observed. It is dihe ® electrons. At
larger momenta we observe more weakly dispersing featuresodiie d
electrons. But there are also clear differences legtwlee three metals. For
Ag the 4d intensity is at larger binding energy comparetig@®t intensity of
Cu For Au the 5d intensity is split in different bands twespin-orbit
coupling. With increasing atomic nhumb&rone also observes an increasing
amount of diffraction. Diffraction causes the momentfnthe incoming or
outgoing electron to change by a reciprocal lattice vectotell-tale sign of
this is a ghost-image of the s electron-derived paradtotagher momentum.
Disentangling this contribution from the electronicusture proper is a
problem that is currently being investigated.
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Figure 4 The measured intensity for Cu (top), Ag (middle) and Au
(bottom) single crystal films, for crystals alignediwihe <100> (left row),
<110> (central row) and <111> direction. Similarities due to the fact
that the noble metals have the same lattice stryctireilar lattice
constants and the same number of valence electrdms. hbrizontal
branches are due to d electrons and the parabola due ® dlectrons.
Diffraction causes a repeat of the main featuresghteh momentum. The
increasing influence of diffraction with increasifgs clearly noticeable.
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Conclusion

We have shown that for single crystals we can oM results that are
not affected by spherical averaging. This makes it plessd explore directly
the anisotropy of the electronic structure. We destrated this capability by
measuring the orientation of tlmeelectrons in graphite and by determining the
effect of rotation of the crystal for silicon. Aldor silicon we studied the
electronic structure along lines that differ by a peatal lattice vector. These
measurements are clear illustrations of concepts suclBrilsuin zone
boundaries and Bloch functions.

These results are just one more example that kinemwticathplete
collision experiments can provide very direct informataf the structure of
matter. It was made possible due to efforts of manyaboihtors, first at
Flinders University, and more recently at the AustralNational University.
lan McCarthy was pivotal in establishing the theogettitame work that
justified the simple interpretation of these experimentBhese collision
experiments will undoubtedly continue to be refined, indngaits value as a
tool to elucidate the structure of matter. This guaestthat the impact of
lan’s work will persist for quite some time to come.
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