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Unusual dispersion of image potential states on the BEOTD) surface
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We present a self-consistent pseudopotential calculation of image potential states ol0t0)Brurface.
The one-electron potential inside the crystal and surface region is described by the local density approximation
and by the image potential in the vacuum regiahz>z;,,). The calculated first image staté(= —1.20 eV}
lies in the symmetry gap and the second image staje=(— 0.31 eV} is located inside the absolute energy gap.
High anisotropy of the dispersion of both image states is found. The effective masses that reflect this anisot-
ropy are obtainedn}/m,=1.55=0.1, m5/m,=1.30x0.1 along the['M direction andmj/m,=0.40+0.05,
m3/me=0.55=0.05 alongl’'A. The unusual dispersion of the image states ofl8®) is due to a large
penetration valuep, of these statesp;=0.34 andp,=0.15), and the very anisotropic character of the
symmetry energy gap edgd$0163-182609)00135-6

Anisotropic surfaces can exibit unconventional propertiedllustrated in Ref. 1 where highly anisotropic two-
that can be used to study the physics of many-body interaddimensional Friedel oscillations of charge density were ob-
tions, including the anisotropic screening wavemntrivial  served.
dependence of dispersion and decay of surface and image Contrary to other simple metal surfaces, the vacuum level
states on momentuf?éﬁ interactions of thesze states with lin- in Be(1010) lies inside the energy gap at tlfepoint.e This
ear gni (I;)(;)"t]:] d?fect _Recentli/ :)rtlegaalt ala have (l)th(larved can lead to existence of image potential states linked to this
on CY100) the first image state localized completely on a . 578 According to the conventional formdlaE,

step with free-electronlike dispersion parallel to the step and” "~ 5 - L
no dispersion perpendicular to the step. Anisotropic disper: 1/((jn_+ a) rt]he bmdfmﬁ] energy of _the f'thOg?gs s;';ate
sion of the first image state has also been found for indiuni°cated in such a gap falls in energy interval 0: N

chains on SiL11).% On both systems, which are drastically belpw the vacuum Ieve[._ExperimentaIIy the image states on
different from each other, the dispersion of the image stat¥&rious noble and transition metal sggfaces have been studied
has been found to be parabolic with the free-electron maslY USINg inverse photoemissiaiP),™” two-photon photo-
along the dominant direction and to fall below the free-emission(2PPB,® and time-resolved two-photon photoemis-
electron parabola in the perpendicular direction. Such a besion (TR2PPE.'>** The lowest measured energy f0.82
havior of the electron state is directly related to artificially €V relative to the vacuum level has been obtained for the
created anisotropy: by linear defects on (€0 and ad-  firstimage state on Gu11).>° The largest effective masses
sorbed indium chains on @il1). At the same time, any in- mj/me have been found to be of :3.15 and 1.5:0.3 for
fluence of bulk band structure on anisotropic dispersion ofhe first image state on A1l (Ref. 12 and Au100,*®

the image state has not been found in Refs. 2 and 3. respectively. It has been also observed thét does not
In this paper, we present first-principle calculation resultsnanifest an angle dependencg.
for image states on a naturally anisotropic surfacélB#). The (1010) surface of hcp metals can be terminated with

We demonstrate unusual properties of these states—a veeyjther short or long first interlayer spacing. Clear preferance
high binding energy and highly anisotropic dispersion. Tofor the short first interlayer spacing termination of(B10)

our knowledge, the binding energy of the first image state omas been found both experimentally and theoreticdli$o,
Be(1010) is significantly higher than that experimentally ob- this surface geometry is used in the present calculation. Fig-
served ever before on other clean metal surfadd& also ure 1 illustrates the anisotropic crystal structure ofB40)
show that in contrast to artificially created anisotropicwith closed-packed atomic rows along tReaxis and the
surface$® the effective mass of the=1 state along the corresponding surface Brillouin zone. For the calculation of
closed-packed rows exceeds significantly the free-electrothe charge density of the BE)10) surface we use the self-
mass and is considerably smaller than the free electron massnsistent norm conserving pseudopotential method in a su-
in the perpendicular direction. All these properties are di-percell geometrythe films consisting of 12 layers (6 double
rectly related to the crystal anisotropy of @810) and in- layerg and separated by four double layers of vaclium
conventional character of bulk electronic structure of Be.within the local density approximatiofi.DA). We have op-
The key role of the anisotropy on BE10) has also been timized the surface geometry allowing the relaxation of the
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FIG. 1. (a) Unit cell of the B€1010) surface(top view). The _
numbers 1, 2, 3, and 4 denote the atomic positions in the first four FIG. 2. Calculated surface electronic structure of(1d0)
atomic layers, respectively(tb) The surface Brillouin zone of along the’A andI’M directions: the projected band structure of
Be(lOTO) with the irreducible parf ALM. bulk Be (shaded areasand the surface and image statdashed

lines). Ey=0.

uppermost two atomic layers on either side of the film. The
calculation gives the contraction of the first interlayer spacthe energy gap al’, located at the vacuum level, is not
ing by 19% and expansion of the second one by 8%. Thesgenerated by any Fourier component of the crystal potential.
values are in agreement with both calculated (20% an@o, approaches that tend to describe the bulk band structure
4.4%) and experimental (25% and 5%Ref. 14 results for  with the use of one Fourier component of the crystal poten-
the first and second interlayer spacing, respectively. tial to reproduce the energy gap are not going to be appli-
As the LDA does not describe the correct asymptotic becable to B&1010).
havior of the potential in the vacuum region the final itera-  As follows from Fig. 2 the surface state of thg, sym-
tion of the self-consistent procedure is carried out by using @netry is placed in the lower part of the symmetry gap. The
modified potential that foe<z, is the self-consistent LDA charge density of this state is located mainly between the
one and forz>zy, is V(z)={exd—NMz-z.)]-1}/[4Z second and third atomic layers. This state appears on the
—Zpy)]. The damping parametaris a function of &,y) and  relaxed surface and does not exist on the ideally terminated
is fixed by the requirement of continuity of the potential atsurface. The first image state with energyEqf= —1.20 eV
z=1, for each couple ofX,y). The image plane position s located in the upper part of the symmetry gap. As this state
z,, is evaluated as the center of gravity of the charge densitys of s,p, symmetry, it is not influenced by the buk, Py
induced by a weak static electric field. The obtained valuestates located in this part of the full gap. The second image
Z,=2.63 a.u.(relative to the surface atomic layeagrees state with energy oE,=—0.31 eV is placed in the absolute
well with pseudopotential and model potential calculationsenergy gap. These energies are exceptionally low in com-
for Be(0001)." parison with corresponding values of the=1,2 states on
With the use of the self-consistent charge density obtaine@loble and transition metal surfaces.**'® EnergiesE,;=
for a 12-layer film we have constructed charge density for— .9 eV have been evaluated for close packed simple metal
24-layer film inserting 12 bulk layers in the center of the thinsyrfaced>17:18 The electronic self-energy calculatidfis
film. Vacuum space was increased from 6 double layers t@lace z, closer to the surface than evaluations of a linear
21 ones. This vacuum width is enough to describe accurateljesponse to external electric field do. It can influence the
then=1,2 image states. Finally, the LDA potential was gen-binding energy of image states. To estimate this influence we
erated for this new supercell with a correct imagelike behavhave calculated; and E, with z,,=2.1 a.u. andz;,,=3.1
ior in the vacuum space. a.u. and found that a changezg, (aroundz;,= 2.63 a.u). of
The calculated unoccupied electronic structure forg.5 a.u. brings a change of about 0.08 e\Eipnand 0.02 eV
Be(1010) along the symmetry directionFA and I'M_is  in E,. It meansE,, are not very sensitive to exact positing,
shown in Fig. 2. As can be seen in the figure on(I®40) in the 2 a.u<z,,<3 a.u. interval. A similar slight depen-
there exists a wide energy gap Rtextending from—3.15  dence ofE; on z;, was found for B€00Y), Li(100 (Refs.
eV up to 1.45 eV. This gap consists of two parts. The lowerl5 and 17, and for N{100.**
one (light gray coloj is a symmetry gap forbidden for bulk  In Fig. 3, the probability amplitudes of the first and sec-
states ofs,p, symmetry. The upper part of the gap is anond image states averaged in the plane parallel to th_g surface
absolute energy gap, which is forbidden for all bulk states@re shown. For comparison, we also plot the probability am-
The lower edge of this part is located atl.0 eV. Such plitute for an occupied surface statelaf'** One can see in
character of the full energy gap is not the case for the moghe figure that the charge fraction of the-1 state inside the
studied surfaces like low-index surfaces of noble métads  crystal(the penetrationis not a small one. The total penetra-
cause it is determined by bulk states located at differention valuep,=34% is significantly larger than that obtained
points in the bulk Brillouin zone. It means that on(B@10) for the first image state on noble and transition metal
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FIG. 3. The probability amplitudes averaged in the plane paral-
lel to the surface are shown for time= 1,2 image states and for the
occupied surface state€0). Vertical solid lines represent atomic

1
layers positions. ! ’ o C
1
surfaces. For instance, for Qu0), Ag(100), Pd111), /‘\1 ®

Ni(100), on which image states are, like for @910), in the
middle of the energy gam, is about 5% At the same FIG. 4. Charge-density contour plotarb. unit of the n=1
time the valuep;=34% is comparable with the on@, image state at thE points drawn in two planes, which are perpen-
=22% found for the C(111) and Ag11]) surfaces® But  dicular to the surface and contain the atomgafthe second and
on these surfaces the first image state is located just belofwurth atomic layerg2-4-2), (b) the first and fourth atomic layers
the upper edge of the energy gap. This location leads t¢4-1-4). Full circles indicate the atomic positions.
increasing the penetration of the state compared with the
state positioned in the middle of the gap. pseudopotential averaged in the plane parallel to the surface

As one can see in Fig. 3 the probability amplituden-  has the potential well just beyond the surface atomic layer
sity) of the first image state has no node in the vicinity of thewhose depth is significantly smaller than that inside the crys-
geometrical edge. The node is observed forrthel state on  tal. This is in contrast with more close packed surfaces like
close-packed metal and transition metal surfdcé8 for  Li(110 and B&0001) where the potential depth beyond the
which_the surface corrugation effects are negligible. Thesurface layer is comparable with that inside the cryStaf.
Be(1010) surface has a higher corrugation thér00 and  The higher electron reflectivity of [110 leads to a smaller
(112) surfaces of fcc metals and this corrugation determinegenetration valug, =15% of then=1 state. _
the very anisotropic behavior of the probability amplitude of ~Another unusual feature of image states on thelBi)
image states in thex(y) plane. In Fig. 4, we show the prob- surface is their highly anisotropic dispersion. This dispersion
ability amplitude contours for the first image state in someis not free-electron like and the effective mas$ of these
planes. As follows from the figure the density of the statestates changes qualitatively from one symmetry direction to
manifests the strong dependencexcandy variables in the —another one. The first image state disperses parabolically
surface region. In this region the state forms density rowslong thel'M direction with the effective mass ah;/m,
along the[0100| direction (the x axis in Fig. 3. The density  _1 55+ 0.1, while alongC'A it is described by the effective
shows very smooth behavior in the vacuum space beyond th@,qg ofm* /m,=0.40+0.05. A similar picture is observed
geometrlcgl edge. For each couple of)) the density ¢, e second image state. In this case the effective masses
|¢(x,y,;)| has a node at differertpoints. A quite similar are found to bemi/m,=1.30:0.1 and m}/m,=0.55
picture is observed for the second image state. The probabil- —— — )

+0.05 along thel'M andI'A directions, respectively. We

ity amplitude of this state has a node=a6 a.u. relative to b -
the surface layer. At the same time there is no node in th§ave not calculated the=3 image state because of limita-

vicinity of the geometrical edge. Again, as in the case of th¢!ONS Of vacuum spacing between the films. Nevertheless,
n=1 state, this is due to the large penetratiop to 15%) °N€ can conclude from our results that the effective mass of,

and highly anisotropic character of the surface. at least, then=3 state should be different from the free-
The large penetration of the image states or(lBEJ) electron like mass, exhibiting the same anisotropic character

assumes that this surface has lower electron reflectivity thaft> then=1,2 states do. The very anisotropic behavior and
that of close-packed surfaces like @Q0, Ag(100), m;" #mg forn=1,2,3 ... have not been observed for image
Li(110), and B&0001). The lower electron reflectivity is de- states on other surfaces so far studidthe largest value of
termined by two first surface atomic layers, because the peri'i/Me has been found in 2PPE experiment for(Agl) to
etration charge is mainly located between the geometricdte 1.3-0.1 (Ref. 12 and the lowest oneny/m,=0.9+0.1
edge and the third layer. Qualitatively this conclusion carwas obtained for the first image state on(f0).> Recently,
also be made from the potential behavior in the surface reCiracci et al!® measured the dispersion of the=1 image
gion. The calculated local part of the full screened nonlocaktate on A¢100 with m3/m.=1.5+0.3 using IP. So, the
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Be(1010) surface generates the first image state with both théhe bulk crystal and electronic properties of Be. The crystal
largest and smallest values of effective mass simultaneouslgtructure determines the anisotropic arrangement of the Be
Moreover, then=2 state manifests the same character as thatoms in the surface plane, which produces smaller electron
first image state showing large deviations from the freereflectivity of this surface in comparison with the well stud-
electron-like behavior. This unusual dispersion may be exied surfaces of Cu and AY®*"The anisotropic behavior
plained USing the bulk band structure arguments. It is Welbf the gap edges leads to the very anisotropic dispersion
known that the symmetry of a state located inside an energynaracter of the first and second image states. To verify the
gap is dictated by the symmetry of the gap eddeShe  (ptained results it would be desirable to measure unoccupied
lower and upper edges of the full energy gap o1B&0)  gjecironic structure with the use of IP, 2PPE, or TR2PPE
are ofs,p, symmetry afl’. The effective mass of the lower techniques. The discovered unusual characteristics may be of
edge on going fronl” to M (see Fig. 2 is of the order of general interest for electron spectroscopies to measure
10m,. At the same time the dispersion of the lower edgeunique dependence of the lifetime of the image states as a
a|ongﬁ is characterized byn}/m,=0.1. This exception- function of a momentum along different symmetry directions
ally anisotropic behavior of the lower edges dictates the anand to elucidate the physics of surface response and the an-
isotropic dispersion of the image states, which is enhancet$otropy of this response.

due to the large penetration of these states into the bulk.

In conclusion, the present calculation has shown highly We acknowledge R. Ritchie, A. Rubio, and E. Ortega for
unusual properties of the binding energies and dispersioreading the manuscript and helpful discussions. This project
character of image states on (8610). These properties are has been supported by the Ministerio de EduaagicCien-
dictated by the crystal and electronic structures of bulk Begia, Spain; the Departamento de Educacitel Gobierno
i.e., the image states on B®10) carry clear information on Vasco; and Iberdrola S.A.
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