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CALCULATION OF THE SURFACE

DENSITY OF ELECTRONIC STATES IN LEAD “’
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“F. R. McFeely and L. M. Falic-ov-r
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Lawrence Berkeley Laboratory
Unlver81ty of California, Berkeley
Berkeley, Callfornla 94720

| ABSTRACT
We present~a tight-binding calculation ef the.local‘sﬁrface
' ‘dens1ty of states for the (001) surface of lead. It is based
on a - 81mple phenomenologlcal 1nterpolatlon scheme which. replaces‘
the one~d1mens;onal,bulk density of states normal to the surface
»by a surface adapted eurve._ The‘infegration over the'tWO;dimen— ;
siensl Brillosin zene is performed numeriesily. The calcula-
tion explains qualitatively differenees.observed'betweeﬁ experi-
mental'X—ray-photeemission dehsity of states and bulk—vaiue'eal-

culations'in both s-like and p-like bands.
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vThé tight-binding approach to the-étudy of the
electronic properties bf surfaces has recently becbme:
quite popular%;ﬁ.- This has been prompted by the real-
izatiqh that the bulk‘proPerties of Group IV and TTI-V.
semiconductors and d-band metals may be'adequatelyvde—-
scribed“by tight;binding theorf{;}-.

The calculations of the local surface density of.
states (LSDOS) have>used two basic appfoaches, those in
which no recourse to Bchh's theorem was madéQJ% and
those in which Bloch's theorem was used in the two dimen-
sions in which if'éfill.appliés.'

in the second approach -- the one we use ﬁgre -evfhe
crystal is regérded as being comprised of infinite fwo—I
. dimensional layers. The basis‘stétes are then character-
ized by a two—dimensional wave vectpr'f énd a layer index
n, i.é. | |

|d,n,ﬁ$'= N fl/? E eiiﬁ
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2
where the index o indicates the particular atomic state
on. the atdm at site ﬁi in layer n, consisting of N, atoms.

The LSDOS (1&yer'n:0) is then given by



N,(E,0) = -“'1% Im <a,0,%|Gla,0,%> . ~(2)

The Green's function matrix element above is then found%/'

from Dyson's equation
e ec=4+HG . o @

" This equation can be solved exactly with the aid of a

transfer matrix T(XK)

-~

B <a,k|T]a"k> <ayn,k|c]ah0,%>
on : . ) ‘

1

<a,(n4l),§lGla30;§> i,' _ et _v(q)

If should be.hdted thdt'?(ﬁ) is a funétibn bf‘ﬁ,,hés the -
dimensions (vxv), where v isvthe‘nﬁmbér of o bands included
in the calculation,iand, most important of -all, is ihdepen-ﬂ
dent of n. This éllows one té“reduce to a finite_number
the infinite set of?coupledlequafions‘(3). |

| The difficulty in the above caiculatiohs-are fhosé in—b_
herent in handiing large'nﬁmbers ofA(vxv)_matpices and its
attendant algebra;: As a éonéequence, most.calculétioné

are modeliStic'in nature and include usually a very small



number of . .bands, e.g. four for Si and GeQC five or six for .
tranSition metalQQy

In addition to the many band problem mentioned above,
surface tight binding calculations suffer from a fundamen-
tal difficulty. The introduction of a surface in an:other—
wise infinite three-dimensional lattice has three different
effects: (a). the topolcgy and coordination number of
atoms at fhe surface is altered; (b) .there is in mcst-cases
a reafrangement and/or a reconstruction of the surface;bahd
(c) as a consequence of‘(a) and (b) the huﬁerical values
of the hamiltonian matrix elements change 81gn1f1cantly
This last effect causes some problems in tight blnding
approaches where most_matrix elements.are not calculated
from firét,principles but fifted‘or adjusted ‘to give bclk
banc structures obtained from other methods.

In.fhe'calculation we presenf here, we attempt to con-
struct a model which is easily adaptable to a large hamilé
tonian wifhoﬁt requiring large scale compufation. Nolatfempt
is made to deal with reconstructed cr'eignificantly relaxed
surfaces and consequently ho change in the surface potential
~is included. Our aim is thus to examine the nature and mag-
‘nitude of the topological and coordination.number'effects

alone on the LCDOS corresponding to a realistic bulk hamil-
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tonian. We have chosen to caiculateithese effecté for

fhe (ﬁOl) surface.of Pb. Our choice is guided by thé’ .
facts that: (i)chFeely et glg%}/have récently construc-~
ted a tight-binding haﬁiifonian_whiqh adequately describes
both bulk de Haés;van Alphén datai;/and X—ray.photoemission
| expériment§{9§-and (ii) the (001) sﬁrface of Pb is not
known to-recohsfruct and_fhe }elaxation éffécté, based on
ﬂéharge density arguments, are expected to be smalf%ﬁ< '
The bulk_unif cellbcompatible with a (001) surface |

has translation'vectors

->

t = 3,105 %, = 31,-1,005 T = $0,0,2) 0 (5)
which has a volume @ = (a3/2) and cbnfains-twb atoms.

The ¢orresponding reciprocal.lattioe vectors are

8= 2T ,1,005 8y = 21,-1,005 & = £0,0,1) ,  (6)
resulting in a (001).surface adapted_Brillouin.zone (BZ)
which is a square prism and has a volume equal to half
that. of the bulk BZ. The bulk density of statés,femaps
into this new BZ by a 2 to 1 band correspondence. If we -

include 6s and 6p states in our calculation, v = 8 in the |



surface adapted BZ. ‘The two-dimensional BZ (2BZ) iS’a’
square, equal to the cross section of the (001) adapted
- BZ. |

The bulk density of states N,(E) can be thought of
as obtained from o |

Ng(E) = I Nj(B,K) R (7)

X
P

where Ny is a one-dimensional density of states correspond-
ing to all allowed energy levels with fixed Kk parallel to
the surface; the summation in (7) extends over the 2BZ.

In (7), Nl(E,i) considered as a function of E for

fixed X, has the classical one-dimensional singularities -
-1/2 |

_of the (B-El) or (Ez—-E)—f-L,/.2 type as seen on the left
hand side of'Pig.'l. These singularitieé may appear at
the bottom and top of the band, but they must also appear 
in the middle, as shown in Fig. i(b). It is a goodvapprbx-_
imation to treat”Nl(E,E) in the bulk as'thé.superpdsition
of one or more bands‘of.the form | N

F

E,5) = B (-xH"2, ()

N W

1



Wheﬁe

_ 1 S _ =
W= E_FET(k)'—-EBKk?]~ ) .
| B CD)
x = [E - EB(K) - Wl o,

EB(i) is the 1oweet energy of a given single—ﬁalued sub-
band, E (f) the corresponding'highest value aﬁd'F is the
4fractlon of the one-dimensional k- space 1nvolved 1n that
‘subband (0<F§1). As an'example F =1 in Fig. l(a), while
in Fig. 1(b5, Fl = 0.2-and F2 =,O;8 for the two slngle—
- valued subbands involved. _ | |

It has been repeatedly ShOWﬁQvﬁ/that LSDOS's have no-
one-dimensional van Hove181ngular1t1es,.and that the re- _ 
sulting cUrves‘areismooth and gb smoothly tb zero at
their boundaries. The developmentJOf van_Heve.singular-
itieéa/is gradual and is only fUily eohpleted inithe limit
n -+ «, | -' | |

~ We have introduced_avphenomenological density of

state function which has these characteristics’

2F;(; 1) (1-x >1/2

.HW[; —H(;—l)x ]

Nl(E,f;g) =

A

(105'



. where W, x and F have the samé meaning as before, and

the parameter ¢

describes the varying shape. The bulk curve (8) is ob-
tained for C:=,2;'while for ¢t + « we -obtain

2F 2.1/2
NlcE,K,g+w) = Ly A-xD)

» (11)
which adequately descfibes the LSDOS. Intermediate values
of r should describe other layers Within sma1lidistahces
froﬁ the surféce. Replacement of (10) into (7) gives
Né(E;c), whiéh givés various local denéities of states;
in particular, N3(E;c4m)_yields the approxiéate LSDOS we
are looking for. |

We performed the célculation outlined above by numer-
ically Sampling.ZHS points in the irreducible {1/8)th of
the 2BZ. .We_calcﬁlatéd the one—dimenéional band structure
 for each of these points, located the corresponding EB(i);”
and ET(ﬁ) maxima and evaluated the LSDOS by performing
numerically the summation over the 2BZ.

Figure 2 shows curves for £ = 2, 3, 4 and 1000. - The



iéft hahd side-curves_show.thg_generic'Nl(E,f;g) curves
given by (10)3 the right hand side'éurvésﬂgivé thé ¢0p_
fe5ponding N3(E§§).b The uppér graphs ¢ = 2 depict the
lécai density of states for a bulk atom,'deep'inSide |
the metal; the lower graph r = 1000 describes the.LSDOS.»‘
The other two rows.show intefmediate éasesQ. Each N3(E§§)
displays the chafacteristic Splitting of the s,(lower)-
and p (upper) bénds of lead. |

We note the following‘impqrtant-features of the spec-
trum. First, we note the evoiutiqn of the Seband shape.
In the.bulk, the max?ﬁum in N4(E) is at thé band edge at
(-6.72) eV. Fbllowing_this "spikeﬂ in the region between
the band onset and v(-8.0) eV the position bf'ah appéreht
M, type van Hove-singularity; N3<E5-ié fairly constant.
 In progressing to fhe surface, the van Hove singularif}es
are obviously destroyed, and thié proves to haQe a dramatic
‘effect on the bandzshape; The spiké at the band onset
'gradually‘falls,‘and the‘Ml‘singularity in the:bulk evolves
into a peak in N3(E).‘ |

In examining the p bands we;foCus’our aftenfidn:on two

peaks in N (E) which we label Py and P,. The peak P

1,
centered at v(-2.2) eV in the bulk N3(E) has a square~shaped

top, arising from nearby M; andM2 van Hove singularitiés.:
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In progfessing to the surface we see very much the same

phenomenbn as in the s-band. The My point evolves‘intof

a sharp peak in N3(E). The othef edge of the peak, char«I

acterized by fhe M2 singularity, gradually.loses'inten_

sity in progressing to more éﬁrface—like Nl(E) shapes, |

so that ‘at the surface limit it is a practiéally indistinr .

‘guishable shoulder on,the high-energy side of Py
The peak 1abeléd Py in Fig. 2 is also square-shaped

and is separated from the strong peak at E > 0.8 eV by a

distinct valley. In progressingifrom bulk to surface,

this peak gradually becomes more rounded, and the valley

disappeafs.- It is interesting to note that for intermed-

iate values of c’fhis peak is somewhat 1ésé sensitive to

the form of Nl(E) than either P, or the s band.

_The over all difference in shape of the 1ead Surface
and bulk N3(E) suggests thafisome of these effects may mani—
fest themselves in the photoemission data of Ley et 513%94
If an inelastic scattering length of n15 ﬂ‘iS'assgmédg up
to 20% of the photoemission intensity can arise from the
surface layer.

In Fig. 3 we show the experimental fesults of_Ley et
_gl:{;’along with the simulated phofoemission spectrum cal-

culated from the bulk band structure by McFeely et al}{;f
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dand a simulation ofvtne.surfacevcontrlbution calculated o
by us on:the basis of the N3(E; c=lOOO) curve in Fig. .2.
The 1argest discrepancy with experiﬁent~in‘each-case'is}
the helght ratio of the two peaks Pl and Pé.in the p‘bands -
Experlmentally (PZ/Pl). xp = 0.86; the calculation with bulk

density of states ¢ = 2 yields (P /P = 0. 66 whlle a

17bulk
LSDOS calculatlon (z= 1000) ‘produces a ratlo (P /P

l)surface
0.83. Our LSDOS calculatlon accounts for 85% of the dis-
crepancy between experlment and bulk calculation.

| -~ In addition,,the-exPerinental s—band shape_is in much
closer’agreement with tne surface layer calcu1ation Thls’
is partlcularly 1nterest1ng since, as can be seen frOm an
inspection of Flg. 2, the S~ band shape calculated for the
intermediate valoes of ¢ do all resemble:the surface layer"
shapevrather than the bulk shape. -Since these:intermedlate
Ny (E) functions correspond to layers near ‘the surface,

a more substantlal fractlon of the photoem1881on 1nten51ty
. should reflect thls form The'per81stence of the effect

of the surface on the s band'shapes'in layers near the sur;
face is an interesting analogy to.the Group'IV’semiconduc-
'tors, in which the s-bands are far more sensitive (andlfOPf‘

a longer range) to topological variations than are the p-

.bands%éf
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FIGURE CAPTIONS

Typical band shapes. The bulk one—dimensional DOS
is shown on the left-hand side. The corresponding

LSDOS is depicted on the right.

The parametrized DOS's. The left-hand side gives

the various one-dimensional curves used in the cal-

~culation. The right-hand side shows corresponding

LDOS for lead. The upper curves are for ¢ = 1000,

i.e. the surface layers. The lower curves are for
' = 2, the bulk. Intermediate values are also shbwn.
The XPS Spectra'for'léad. (a) The experimental re-

sults of Ref. 13; (b) the calculated spectrum for
the bulk density of states from Ref. 11; (c) the

present calculation using the LSDOS, z = 1000.
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