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The electronic structure of erbium silicide, EfS0001), 100-A-thick films epitaxially grown on $111),
has been measured by angular-resolved ultraviolet photoemi¢8iRJPS using synchrotron radiation.
Valence-band spectra for different collection angles alongliMl™ and I'KM directions of the substrate
Si(111)-(1x1) surface Brillouin zongSBZ) and different Fermi-surface maps have been measured by the
photoemission technique using photon energies of 21.2, 33, and 55 eV. The Fermi surface is characterized by
hole and electron pockets at particular high-symmetry points in the SBZ. In opposition to what was expected
considering both the crystallographic structure and calculated band structure, the shape of the Fermi-surface
maps obtained for different photon energies are very similar. Moreover, the photoemission spectra using
different photon energies show a very weak dispersion as a function d&f W@ve vector perpendicular to
the surfacelk, ). All these findings suggest that the electronic states which contribute to the experimentally
determined Fermi surface have a strong bidimensional character. No noticeable effect of the light polarization
on the valence-band curves is observed indicating a hybrid nature of the involved orbitals.
[S0163-18207)00804-7

INTRODUCTION way 115 The Sj vacancies and the positions they occupy are
found to greatly influence the electronic properties when
Many studies have been devoted to the crystallographicompared to the one of the bulk silicid&The ARUPS spec-
and electronic structure of the erbium silicide films epitaxi-tra given by the ErSi{0001) exhibits various structures,
ally grown on S{111) surfaces. This interest is due to severalmuch more than transition-metal silicides. Some of these
reasons. Among them are the low Schottky barrier heightstructures have been attributed to surface statkas been
obtained withn-type silicort and the very good crystalline observed by ARUPS that the valence-band crosses the Fermi
quality of the epilayerd=* ErSi, ; crystallizes in a defective level at several points along tHeMT" andT'"KM directions
AlB,, structure. The bulk is built with a stacking of alterna- of the S{111) surface Brillouin zongSBZ). This observa-
tive hexagonal planes of Er and Si. In the Si planes, one outon has motivated the present work which aimed to investi-
of six Si atoms is missing. These Si vacancies form a regulagated the electronic properties of the Erfd001) surface,
network and give rise to a\Bx+/3)R30° bulk structure in particular, its Fermi surface by means of the synchrotron
(R3) (Refs. 4—6 in which recent surface x-ray-diffraction radiation angle-resolved photoemission technique.
and medium-energy ion-scattering experiments have shown The Fermi surface is of great importance for understand-
that Si atoms are displaced towards the vacancies and the g the properties of materials and epitaxial layers. The most
atoms are displaced away from the vacanti@he low- common applied method to map a Fermi surface is the de
energy electron diffractiofLEED) pattern of the surface sil- Haas—van Alphen effect. Unfortunately, this technique re-
icide also shows &3 periodicity, which has been formally quires high purity materials and in principle, low tempera-
attributed to a periodic arrangement of the Si vacarities.ture, and then it is not suitable for measuring thin layers in
However, recent investigations by angle-resolved ultravioletltrahigh vacuum(UHV) conditions. Recently, ARUPS ap-
photoemission spectroscoRUPS combined with band- peared as a powerful tool for measuring Fermi surfaces in
structure calculation§,atomic hydrogen adsorptidhand  different compounds, layers, and specially electronic phase
scanning tunneling microscopy’ (STM) led to the conclu-  transitions:®~8 The Fermi-surface shape is characteristic of
sion that there are no vacancies at the surface and that tiiee electronic dimensionality of a systéth.
silicide is terminated in a buckled Si bilayer, where the upper For a three-dimensiongBD) system the Fermi surface
Si atoms are relaxed forming a surfa@8 superstructur®?  measured by ARUPS consists of continuous lines inkhe
The electronic structure of ErSi(0001) has been also exten- space which correspond to slices related to the intersection
sively investigated both in the experimental and theoreticabetween the 3D Fermi surface and the free-electron final-
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state spher&’ However, for a 2D systerk, is conserved
and there is no band dispersion alokg. Thus, the Fermi
surface can be consider as a prismatic surface in thé 3D
space. In 2D systems, the Fermi surface will appear to ex-
hibit a shape which is independent of the photon energy. The
unique appreciable difference when the photon energy varies
is the size of the reciprocal space which is accessgailar

to a LEED patterph Although ErSj A(000)) thick films have

a 3D atomic structure, we have found strong experimental
evidence to conclude that the electronic structure exhibits a
2D character. Particularly, the Fermi surface of the film is
characterized by electron pockets at specific locations of the
SBZ (M'pointy and by a hole pocket of nearly circular
shape centered around the surféicgoint. In addition, these
electronic features do not depend on the photon energy as it
does for a 2D system. All these findings support the idea that
the photoemission technique is mainly sampling the surface
and then, the experimentally measured Fermi surface is
formed by 2D surface states.

EXPERIMENTAL DETAILS FIG. 1. Schematic representation of the first and second group
100-A-thick ErSj (0007 films were preparedn situ by of surface Brillouin zone$SBZ's) of the (y3x y3)R30° structure

. . - - e (continuous ling and of the X1 structure(dashed ling indicating
solid phase epitaxy on &il11) substrates in UHV conditions. ) . o .
The crystalline quality of the films was controlled by LEED t)lz%hgg(-;ymm?t[)y lpglntsm?nd directions. Points from thé® (
which showed the characteristic shaR3 pattern of the ) are lapeled as
ErSi, ;7 (000D surface. More details about the preparation ofsurface with respect to the main symmetry directions of the
ErSi, ; films can be found in Ref. 3. surface. The SBZ has been constructed taking into account

Synchrotron-radiation photoemission experiments werehe observedR3 LEED pattern. TheR3 surface structure is
performed on the PES-2 French-Spanish station in the beamarked in the figure as a continuous line and special points
line SU-6 at LURE laboratoryOrsay-France Photons with ~ are labeledV’ andK’. M’ appears at 0.55 & and theK’
energies ranging from 20 to 100 eV were available. Thepoint appears at 0.63 A. In the following discussions a
overall resolution(beam line plus analyzewas better than subscript index will label the symmetry points belonging to
200 meV. The experimental station is also equipped with dhe second group of SBZ's, i.eM,, K;,, andI';. High-
x-ray tube, a He-l discharge lamp, and LEED optics for asSymmetry pointsM and K, of the bulk projected SBZ
sample characterization previous to the experiment. Spectf@ashed lingappear at 0.95 and 1.095 A respectively. It is
recorded at 21.2 eV of photon energy were measured usingigiPortant to notice that thel point of the 11 structure also
discharge He-I UV lamp and a hemispherical analyzer with€0rresponds to thé1’ point for the second SBZ in the3
an energy resolution of around 100 meV. The angle of inciSUPerstructure and thi€ point in the Ix1 structure to thd’;
dence of the photon beam in the photoemission spectra joint in the second SBZ of tHe3 superstructure. In qrderto
defined with respect to the surface normal. calculate k, vectors, the standard free-electron final-state

Fermi-surface measurements were performed by thgmdel was used and the work function has been chosen to be

method which consists of sequential data acquisition of the 7 ev(20).

e . . Figures 2a)-2(c) represent different Fermi-surface maps
total photoemission intensity at the Fermi energy for a COM=0~orded with photon energies of 21.2, 33, and 55 eV and
plete range of polar and azimuthal emission andis). Lo

recorded using the technique described in the experimental

The result is represented as a 2D pattern, where emissiQfiils section. Figure 2 gathers the total photoemission in-
angles(d,¢) are transformed ik vectors and the photoemis- tensity in a narrow energy window which is centered at the

sion intensity represented as an imagermi-surface map  Fermi edge of the silicide, recorded at different photon ener-
in a gray scalddarker pixels correspond to lower intensities gies. Brighter zones on the pattern correspond to higher in-
and brighter pixels to higher intensitjesn electronic state tensities at the Fermi edge and therefore to the presence of
approaching the Fermi edge will cause a net increase in thglectronic states at the Fermi energy position. In the different
total number of emitted photoelectrons at the Fermi energytigures theR3 SBZ has been drawn overimposed. Patterns
and then, intensity maxima in the 2D maps indicate théhaye been recorded measuring a polar range of 60° and an
points of the reciprocal space where a band crosses the Fergyimuthal range of 120° and extrapolating the rest of the
edge. More details about the measurement procedure can pﬁage taking advantage of the threefold symmetry of the

In the Fermi-surface map measured with a photon energy
EXPERIMENTAL RESULTS of 21.2 eV[Fig. 2(@)] the first SBZ is mainly seen. No in-

formation about higher SBZ’s appearing at highand then
Figure 1 gathers a schematic extended zone representatianhigh grazing emission angles, is accessible for this particu-
of the first and second group of the SBZ of the Er8)001)  lar energy. In this pattern two different kinds of features can
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and thus, the symmetry of the contours is exclusively con-
served in azimuthal scarise., circularly around the photo-
emission map Figure Zc) has been measured using photons
with an energy of 55 eV. At this photon energy most of the
second group of SBZ's appear in the pattern. Again, both
kinds of featuregenhancement of intensity i’ points and
circle around thd’ point), already observed in Figs(&) and

2(b), are clearly seen. Thus, it could be stated that the same
electronic features appear in the Fermi-surface maps for dif-
ferent photon energies.

A film of more than 100 A thick can be considered as a
3D compound. Thus, when the photon energy varies, differ-
ent cuts on the 3D Fermi surface are expected and lead to
patterns which are made of figurdimes) showing different
symmetries. However, in 2D compounds the electronic struc-
ture as seen by the photoemission process, should not be
dependent on the photon energy. Thus the same kind of fea-
tures are displaced for all energies. The only difference ap-
pears in the size of the SBZ as observed in Fig. 2. In this
figure it is also clear that the experimental Fermi-surface
exhibits the same shape whatever the photon energy.

To know whether the enhancement of intensity in the 2D
maps corresponds either to a band crossing the Fermi edge or
to a state which approaches close to the Fermi energy, and to
determine with more precision thé&; value, ARUPS
valence-band spectra along the directions where a maximum
of intensity is seen in the Fermi-surface map have been mea-
sured. Figure 3 represents a series of curves taken with a
photon energy of 21.2 eV along th&V'T'; [Figs. 3a and
3(b)] and along thd K’ M, directions[Figs. 3c) and 3d)].

The value of thek; in A1 at the Fermi energy position is
indicated for each spectrum. In this figure, the electronic
states which are the closest to the Fermi energy are clearly
resolved in energy regions centered around the points which

the Fermi energyFermi-surface photoemission magder photon belong to the Fermi surface. In FiggaBand 3c) the peaks

energies of 21 eVa), 33 eV(h), and 55 e\M(c). The first and second are seen to move towards the Fermi edge if khealue

group of SBZ of the (/3x 3)R30° superstructure has been drawn moves away from thé/" points, Whereas_ in Figs.(8) and
overimposed. 3(c) the peaks move away from the Fermi energy wherkthe

value moves away from thE point. Along thel'K’ M di-
rection[Fig. 3(c)], the intersection occurs at around 0.70 and

be observed. An enhancement of the intensity at points lot-20 A%, which correspond to an approximakedistance
cated very close to th81’ points (see Fig. 1and a nearly from theM; point of 0.25 A%, Along theI'M 'T';, direction
circular region centered in thE point with an approximate [Fig. 3@] the same behavior is observed but the distance in
radius ofk;~2 |[TK’|=0.23 AL, The circular region seems the k space from theM’ points to the crossing points is
to be distorted because it overlaps with the tail of the featureslightly smaller: around 0.10 A This kind of upward band
appearing at th&1' points. dispersion from a critical point is called electron pocket.

Figure 2b) represents a Fermi-surface pattern recordedrom now on, thek position where the band crosses the
with a photon energy of 33 eV. In this figure the enhanceFermi edge from aM’ point will be referred ask. It is
ment of the emission at thel’ points are clearly seen, es- important to note that thé is higher along thd’K’' M}
pecially those of the second SBZ. Albeit with difficulty, the direction than alondM T’ . This asymmetry is also appre-
inner circle is observed. Differences in intensity betweenciated in maps in Fig. 2 as an elongation of the points. The
equivalent features for different energies and angles could bexistence of this state which crosses over the Fermi energy in
assigned to the different cross-section and polarization efthe region of the reciprocal space close to té points
fects for this particulak point (6,¢). Particularly, some con- induces the enhancement of intensitfearer spots mea-
tours in the Fermi-surface maps are not symmetric aroundured in the Fermi-surface maps of Fig. 2. Moreover, in Figs.
the critical point[e.g., M5 points in Fig. Z2b)]. The photo- 3(b) and 3c) is shown the existence of a hole pocket, i.e.,
emission intensity depends strongly on the angle between thraglectronic states approaching the Fermi energy wken
light polarization vector and the electronic orbital momen-moves towards thé' point. The crossing point will be la-
tum of the emitted photoelectrth(i.e., the polar angle)  beled aky, .

LAY T

FIG. 2. Angular distribution of the photoemission intensity at
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FIG. 4. Band dispersion alodgM 'T';, (a) and alond"K’'M, (b)
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k, (A7)

(d)
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directions. Electronic states with binding energies above the hair-
line (at —0.1 eV) will contribute to the intensity of the Fermi-
surface maps.

e

B —

‘s M1.234 2

= g 0.59 natural width of the valence-band electronic stitesd to

'(% 1.16 5 the experimental energy resolution, the peaks appearing with

~ = binding energies smaller than 0.1 eV will contribute to the

,é‘ 1.08 ; 0.50 intensity of the Fermi-surface mafsThus, the experimen-

§ [ = tal points of Fig. 4 above the hairline can be considered as

£ 100 51 0.41 belonging to the Fermi surface. This figure clearly shows the

- - ;E crossing points described above, which corresponds to elec-
2 ] 0.32 tron pockets centered around tke points of the SBZ of the

ErSi, ;. In addition to that, a band showing a downwards
dispersion when one moves away from theoint is seen in
both directions. These bands form a hole pocket of around
0.20 A1 centered around thé point. This feature generates
the nearly circular shape bright region at the inner part of the
SBZ which is observed in Fig.(3).

s For clarity, Fig. 5 contains a sketch of the previously de-
e scribed 2D Fermi surface from the photoemission point of
view. In this scheme, hole and electron pockets are indicated.
It can be concluded that the Fermi surface consists of small
and asymmetric electron pockets around Mhe points, with

FIG. 3. Angular-dependent photoemission spectra along th@n average,=0.18 Atand a holglpocket centered on the
high-symmetry directions of the SBZ. The photon energy is 21.2 e’ point with an averagdifh=0:20 A o
from He-l radiation. The value ok, at the Fermi energy is dis- Figure 6 represents a series of photoemission spectra re-
played at the beginning of each spectru@. and (b) have been corded for different photon energies at normal emission and
recorded alondM T’} and(c) and(d) along the'’K’ M} direction.  in sp-polarization conditiongincidence angle of 45 For

these conditionsk,=0 and one is samplindg, when the

To determine more accurately the position where thephoton energy is varietf.In these curves two energy regions
bands cross the Fermi edge, a band dispersion for the energgan be seen. The region near the Fermi enebgy<(1.5 eV,
region close to the Fermi energy has been plotted in Fig. 4abeled as)land the region further apart from(E,>1.5 eV,
using, among others, the ARUPS curves of Fig. 3. Due to théabeled as . Region | is characterized by two electronic
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FIG. 5. Schematic representation of the Fermi surface charac- = | 53 eV ]
terized by asymmetric electron pockets aroud points and a - 48 eV |

nearly circular hole pocket around the surfalcepoint. Critical
points of the (/3% 3)R30° SBZ are indicated in the figure.

states, one at-0.2 eV and the other at0.93 eV. These
states show only a weak dispersié10.2 eV). The state
which is the closest to the Fermi edge is clearly resolved in
spectra recorded with photon energies higher than 28 eV. Its
binding energy is constant and equal®.2 eV. The fact that
the state is not visible with photon energies smaller than 25
eV should be attributed to a low cross section for these par-
ticular energies rather than to a crossing over the Fermi en-
ergy, which is seen as a continuous approach of the state
towards the Fermi edge. The total difference betw&en
vectors of the states in the region | is around 1.5 Aor the
ErSi,;, ¢*=1.54 A%, thus a complete BZ was covered in
the spectra of Fig. 6 and therefore, different features should 19 eV
not appear for other different photon energies. These data are | ]
similar to the ones reported for the Gd silicide surfke. ol b b b e REEE

The region labeled as Il exhibits very wide and dispersive 5 -4 -3 -2 -1 E
electronic states suggesting ka broadening mechanism £
which could be induced by a short mean free path of the s 3:
photoelectroné? Short mean free paths, in the order of the Bmdmg Energy (eV)
et Do e 1% 166, Varalephoton eney phtoemission peia e
emission signal and to a broadening of the bulk structuresat norrra! emission. The angle of incidence of the radiation was 45
This fact would then contribute to the enhancement of the(SID polarization.
surface contribution to the photoemission spectra relative to
the bulk ones.

Figure fa shows different photoemission spectra re-calculations. The invariance of spectra for different energies
corded at theM, point for different photon energies and is also observed in th&} point (data not shown, see, e.g.,
polarization conditiongs andp polarization and unpolarized Ref. 1J).
radiation. The incidence angle of the radiation with respect
to the surface normal for the different spectra are indicated in
the figure. It is important to notice that in the energy range
close to the Fermi edg@) all spectra show similar shapes.  The bidimensional character suggested by the photoemis-
The invariance with the photon energy of the valence band aion experiments seems a peculiar result. Different to what is
the critical points of the SBZ suggests, again, a bidimenobserved in other laminar compounds, as graphite which has
sional character of the electronic states. Figufle) Tepre-  highly inert planes separated by 3.35 A and weakly bonded
sents a normal-emission spectra forand sp polarization.  between them, the ErSj presents a short distance between
Both spectra are very similar. The low polarization depen-planes ¢/2=2.045 A and a metallic bonding between the
dence of the normal-emission spedifag. 7(b)] and of the  different planes. In addition to that, a film thickness of 100 A
M point spectra[Fig. 7(a)] indicates that the electronic corresponds to more than 25 atomic cells in the direction
states in region | have a hybrid Ed%nd Si 3 character as perpendicular to the surface, and thus a 3D behavior in UV
it has been previously claimed in band-structurephotoemission can be anticipatédror this reason, the elec-
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FIG. 7. (a) Photoemission spectra recorded at M¢ point of
the SBZ for different light polarizations and photon energi®s.
Photoemission spectra recorded in normal emission & ‘po-
larization (angle of incidence of 45°a
of incidence of 85° with respect to the surface nopmal

nd “p” polarization (angle

tronic structure is not expected to have a 2D character as it
occurs for the 1-ML-thick silicidé® Furthermore, band-
structure calculations have predicted the existence of a 3D
Fermi surface.

Previously reported calculated band structures inlthe
direction, i.e., perpendicular to the surf&tshow a group of
three flat bands with around0.4 eV binding energy and
another group of twofold degenerated bands which disperse
from —1.0 to —1.5 eV when the&k, moves fromI" to A in
reciprocal space. The first group has been associated to Er
5d states and one of the bands crosses the Fermi edge at
k,~1/2|TA|=0.4 A~ which leads to a 3D Fermi surface.

In our experimental daté-ig. 6), there is not a signature for
the presence of this later band and only the flat and nondis-
persive bands are found. The other group of bands has been
associated to the presence of Si vacancies in the bulk and
then arise from bonding interactions betweeno®i states

and Erd states. They could correspond in the experimental
data(Fig. 6) to the states which are seen-a0.9 eV. How-
ever the fact that these structures are visible everpfpo-
larization (Fig. 7) suggests that they are derived from states
with an important component which is perpendicular to the
surface normal. Moreover, previous studies of H adsorption
suggest that they are surface st&t@is can be the reason
why it is nondispersive with the photon energy.

The disagreement between the band-structure calculations
and the photoemission resul(present and previously re-
ported by other group¥ 4 could be due to the fact that the
calculations reflect the bulk electronic structure of the sili-
cide. On the other hand, a very short value of the mean free
path for these kinetic energies is likely. This could be re-
sponsible for the fact that the photoemission technique
mainly probes the surface features of the electronic structure
which cannot be readily compared to bulk band-structure
calculations.

Another argument supporting the observed 2D character
in the measured Fermi surface on the EgSiilms is the
close relationship with the Fermi surface of a 2D erbium
silicide 1 ML thick in epitaxially grown Sil11). By LEED,
ARUPS, and STM it has been clearly demonstrated that this
silicide consists of a continuous layer of 1 ML thick, spread-
ing over the Si111) surface?®?*Also it has been shown that
the SBZ presents &1x1) symmetry and a Fermi surface
which is characterized by a hole pocket witkg=0.16 A™*
centered around thE point and electron pockets &f,=0.1
A1 centered around th®! points of the &1.2° As sche-
matically represented in Fig. 5 the Fermi surface of the
ErSi; ; can be reproduced by backfolding the one of the 2D
erbium silicide(see Fig. 8 of Ref. JV/in order to transform the
1X1 symmetry into theR3 symmetry.

SUMMARY

The electronic structure of the epitaxial Ergifilms on
Si(111) presents a bidimensional character from the angular-
resolved and variable photon energy photoemission point of
view. The experimentally determined Fermi surface consists
of asymmetrical electron pockets at thé’ points of the
SBZ and a hole pocket centered around kheoint of the
SBZ. This surprising 2D character could originate from a
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