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Local-density-functional calculations are used to study the change of work functions induced by a layer of
adsorbates. We investigated and compared the work function of a monolayer of Mo, Ag, Au, Fe, Co, Ni, Nb,
Li, N, and O on W100), W(110, W(211), and W111) surfaces. While many systems obey the commonly
accepted rule that electronegative adsorbates increase the work function of the surface, we find some excep-
tions. For example, overlayers of Fe, Co, and Ni increase the work function Bd® W(211), and W111),
but decrease the work function of the(Y0) surface, although the charge transfer is the same in all orienta-
tions. We found that even a layer of oxygen can decrease the work function{ 1@V although there are
always electrons transferred from the W substrate to the oxygen adsorbates. In order to understand these
results, we established the relationship between surface dipole density and work function within the framework
of local-density formalism. It turns out that subtle details of the charge transfer can determine the sign and
magnitude of surface dipole change, leading to a strong dependence on the orientation of the substrate, with the
consequence that the work-function changes are not always governed by the sign and quantity of adsorbate
induced charge transfer.
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[. INTRODUCTION forms a negative dipole layer which increases the work func-
tion, and the second effect forms a positive dipole layer
Work function is one of the most fundamental electronicwhich reduces the work function. Since the two effects are
properties of a metallic surface. It measures the minimuntomparable in magnitude, it is difficult to predict the magni-
energy required to extract an electron from the inside of dude of the surface dipole without numerical computations.
bulk solid to the outside. It is defined more precisely as theHowever, it is generally believed that the change of the work
energy difference between the state in which an electron hasinction of a surface as affected by a layer of adsorbates can
been removed to a point sufficiently far outside the surfacde predicted by knowing the electronegativity of the adsor-
so that the image force is negligible and the state in whictbates. If the adsorbate is more electronegative than the sub-
the electron is in the bulk solid. In general, the work functionstrate, electrons will be transferred to the adsorbate layer,
for each face of a monocrystalline sample differs by amountgausing an excess of negative charges on the outside and an
ranging from one-tenth to half an eV. Wigner and Bardeen excess of positive charges on the inside of the surface. This

proposed that the work function is given by leads to a negative dipolgointing inward that reinforces
the original surface dipole due to electron “spill out,” caus-
_ _ ep ing the work function to increase. On the contrary, a decrease
¢=—ptD=—p- &g @ in work function is expected for electropositive adsorbates.

Well-known examples are Cl on Ci11),* in which an elec-

The first term is the bulk chemical potential of the  tronegative adsorbate increases the substrate work function,
electrons relative to the mean electrostatic potential on thand Li on W111),®> where the work function of the substrate
metal interior, and the second term corresponds to the enerdy reduced by an electropositive adsorbate.
necessary to penetrate the dipole bareat the surface. The We will show in the present paper that this picture is only
surface dipole barrier, which is responsible for the anisotropyapproximately correct; exceptions can be found. The original
of the work function of metals, is formed by the redistribu- intention of this study is to explore the effect of ultrathin
tion of the electron density on the surface. For a jelliumlayers of certain adsorbate layers on refractory metal tips as
surface, electrons spilling out into the vacuum forms a negafield emitters, and the work function is one of the key factors
tive dipole layer For a crystal with atomic structure, con- that affect field emission. We found that some of the results
sider a surface that is exposed by splitting the crystal intdor specific systems do not follow the notion that “electrone-
two. If there is no change in the charge distribution of thegative adsorbates increase work function,” and this prompted
surface atoms, then there would be no dipole barrierus to study the relationship between charge transfer and
SmoluchowsKl suggested there are two effects on the dipolework-function change more systematically, using a fairly
layer: the first is a partial spread of the charge out of thdarge number of adsorbates of different electronegativities
polyhedra of the surface atoms and the second is a tendeneynd we considered different substrate orientations. Specifi-
to smooth out the surface of the polyhedra. The first effectally, we investigated and compared the work function of a
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monolayer of Mo, Ag, Au, Fe, Co, Ni, Nb, Li, N, and O whereA is the area of the surface unit cell. Using Poisson’s
adsorbed on 100, W(110), W(211), and W(111) surfaces. equation, the dipole moment density of the dipole layer is
The unit cells are alp(1x1). All the systems are force given by
relaxed so that they are in a configuration corresponding to
local minima of energy surfaces, but some of these systems _ fdz _ _8Ofa1 faz
L TR p= zp(z)dz= ——| dx| dy

are not necessarily in the global minima in energy as far as 2 A Jo 0
coverage, adsorption site, or magnetic state is concerned.
This should not affect us here since our purpose is to use a 2 | ?V NV 9V
variety of systems to relate the adsorbate induced charge X f Z, ©)
transfer to the change of surface dipole and work function,
and not to study chemisorption thermodynamics of a specifiovhere p;= pejeciront Pion IS the total charge density aver-
system. Our conclusions are drawn on local-density funcaged over thay plane, which includes the contribution from
tional calculations. Quantities such as the charge density antle electrons fejeciro) and ions p;,,), at some position.
the Coulomb potential are directly accessible from the localin our calculations, we will use the convention that the center
density-functional calculations, and these information allowof the slab is chosen to be at 0, thenc/2 corresponds to
us to calculate the value of the dipole moment of the dipolehe center of the vacuum of the supercell. The starting point
layer and the work function. Z, can be chosen to be the mid point between any two layers

Local-density formalism is not an exact theory, but can bethat are deep in the bulk. The first two terms in right-hand
viewed as a very useful parameter-free formalism to investiside of Eq.(3) vanish inside the bracket due to periodicity.
gate the relationship we are looking for. It is well docu- By the symmetry of the system, the valuedt/Jdz is equal
mented that local-density formalism gives good ground-stateéy zero atc/2 and z,. If we define thexy plane averaged
properties of a wide variety of systefhgnd often gives Coulomb potentiaV(z) as
work function to the order of 0.1 eV when compared with
experiments. The present calculation is perhaps the most 1(a a
systematic study on the effect of adsorbate on work function V(z)= ZJ; dxfo dyV(x,y,2), )
of the metal surfaces using first-principles calculations.

)

we get a simple relation between the dipole density and the
1. METHOD OF CALCULATION change of thexy plane averaged Coulomb potential as fol-
lows:
The calculations are done within the framework of local-
density approximatioflLDA) (Ref. 8 using the Viennaab
initio simulation packageand ultrasoft pseudopotentidfs.
We used the standard slab geometry to model the surface
systems. The W substrates are modeled by 11 layer slabs fifrthe value of the Fermi level;, is set equal to zero, the
the W(100), W(110), and W(211) orientations, and 21 layer value of —eV(c/2) is just equal to the value of the work
slabs are used for Y11). The surface unit cells arp(1  function. Therefore, Eq(5) can be rewritten as
X 1). The overlayers are pseudomorphic and are put on both
sides of the substrate W slab. All calculations assume no spin
polarization. The vacuum thickness is 10 A. The adsorption
sites are taken to be that of the continuation of the substrate,
and all atomic coordinates are fully relaxed. We note again If we choose the unit such that the unit of length is in
that the sites may not be thermodynamically most stable foterms of angstrom, the unit of charge is in terms of the num-
a particular adsorbate, but they do serve as prototypical syder of electrons, and the unit of energy is in terms of eV, Eq.
tems to study the relationship between charge transfer an) can be written as
work-function changes. For the case of thé1) surface, the
overlayer is a “geometric monolayer,” which is 1/3 of a ¢=—eV(zo)—180.99. @)

“ph_ysical monolayer,™ a term used in the literature to de- Although not specifically labeled, the terms in Eg) are
scribe the number of atoms needed to shadow all the sulsyioysly orientation dependent. We note that the absolute
strate atoms in a ball-and-stick model projected onto the sui;5 e of the surface dipole density, as defined by @j.is

face. e , . . somewhat ambiguous since it depends on the starting point
We will first find the relationship between work function integration[z, in Eq. (3)]. This is compensated by the

and surface dipole density with the LDA formulation. Sincev(zo) in Eq. (7), which also depends on the choice zf

the dipole barrier can only depend pby symmetry, we can  pg giference gives the work function, which is independent
USEP(Z)’_Wh'Ch is the charge d_ensny amveraged over the o Zo but dependent on orientation. In the numerical results
xy plane instead of the full position dependesttr), without  ghown pelow, the work function will be calculated with the

p B c/2 B B
o JZO dV(z)=V(c/2)=V(zp). ®)

ep
¢=—6V(Zo)—8—0- (6)

loss of generality. This plane average(?) is given by usual procedure of comparing the Coulomb potential in the
vacuum region with the Fermi level. While the absolute
p(z2)= lfaldXJaZdYP(X,y,Z), (2  value ofp, as defined as E¢3), depends on the choice zf,
Alo 0 the adsorbate-induced change in dipole density can be found
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TABLE |. Calculated work functions for a monolayer of Mo, Ag, Au, Fe, Co, Ni, Nb, Li, N, and O on
W(100), W(110), W(211), and W(111) surfaces. The unit cells ap{1x 1). The first columr{under Ref. 13
and the second colum{mnder W are the experimental and our calculated work functions of clean W surfaces
in different orientations, respectively.

Ref. 13 W Mo Ag Au Fe Co Ni Nb Li N (@)

(100 4.65 458 449 472 535 492 528 534 437 334 418 4.04
(110 5.25 518 497 484 534 473 472 474 484 330 6.64 6.19
(111 4.47 460 470 454 507 486 508 497 406 334 497 486
(211 4.76 475 455 478 518 505 517 515 415 340 535 484

unambiguously. When adsorbates are added, the surface diacuum region and within the local-density formalism, the
pole changes, which causes a changeamd thusp, butthe  V,. has to be zero in the vacuum as charge density goes to
potential in the interior is unchanged. We can therefore writezero there. There is no reason to include a slowly decaying
part that would have mandated a bigger vacuum region in the
¢— do=—180.95p—po), (8) repeated slab geometry.

i ) The surface dipole is calculated according to E8),
where g, andp, are, respectively, the work function and the \yhjch just requires the total charge density and the atomic
surface dipole of the clean surfal?eEquatu_)n(S) basically  positions. The absolute value of the surface dipole density, as
stated that the adsorbate induced change in the work functigfefined by Eq(3), depends on the starting point of integra-
is proportional to the corresponding change in dipole mosig [z, in Eq. (3)]. This is compensated by th&z,) in Eq.
ment density, and that there exists one single universal CUIV&) which also depends on the choicezgf The work func-
with a predetermined slope whem-p, is plotted against  jon, as calculated with the “standard” procedure of compar-
¢— o ing the Coulomb potential in vacuum with the Fermi level,

is, of course, unambiguous as it does not involve any explicit
Ill. RESULTS integration. The adsorbate-induced change in dipole density
i is also unambiguous. In Fig. 2, we plot the absorbate-
We calculated the work function for Mo, Ag, Au, Fe, Co, ;4 ced change in work functiom\(é=¢— &) versus the

Ni, Nb, Li, N, and O on W100, W(110, W(211), and absorbate-induced change in surface dipole dendity=p

W(111) surfaces, and the results are listed in Table I. The bo)
work function is calculated with the standard procedure, as '\\x see from Fig. 2 that the absorbate-induced change in

|I_|ustrated n F|g._1. We first obtained th(_e atomic conﬁgura—work function increases linearly with the absorbate-induced
tions correspond!ng to the relaxed atomic positions. We CalE:hange in surface dipole density. All the numerical calculated
culate the potentidlV(z) =Viocai(2) +Vu(2) ], whereVigcai 565 for a large number of adsorbates fall closely on one
is the local part of the ionic pseudopotential avid is the single straight line with a slope of 180.95, as expected from

Hartree po_ter?tial seen by the electro_ns. In_the Vacuum 184 ) |t should be emphasized that the work function and
gion, V(2) is just the Coulomb potential. It is plotted as a

function of z and V(z) typically goes to a flat and well- 2.0 o (100
defined value rather quickly in the vacuum region, as shown % (110)
in Fig. 1 for the case of \10. The work function is simply 1.01 & am
the difference betwee¥(z) deep in vacuum and the Fermi . X (211) AN
level. We note that it is better to exclude the local exchange- >0 0 > 0(110)
correlation potentiaV/,., since it decays rather slowly in the % . Li(100) o(111)
<, olLi11y/
3 4 B o \)\Li(111)
2 %1 W(110) ; '
3 . work fynction 20l Li(110)
§ -0.010 -0.005 A0.0(%9A)0.005 0.010
o] -
a 4 rmi level P
=T FIG. 2. Adsorbate induced change in work function plotted as a
+_ -81 function of adsorbate induced change in surface dipole moment
58 density for Mo, Ag, Au, Fe, Co, Ni, Nb, Li, N, and O on (A00),
2 '120 5 1'0 1'5 W(110, W(211), and W111) surfaces. In order not to make the
distance from slab center (A) graph too crowded, we highlight the cases for Li and O. The nu-

merical values of the calculated work functions for other cases can
FIG. 1. Determination of work function by comparing the Fermi be found in Table I. Note that Li always decreases the work func-
level with the local plus Coulombic potential in the vacuum. Solid tion of the substrate but that the change is orientation dependent for
circles mark the positions of W atoms in a(¥10 slab. O.
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dipole density shown in Fig. 2 are calculated independently, 0.21(a)
the former by comparing vacuum potential with the Fermi = ) O/W(110)
level and the latter by direct charge integration. This, to- ) 0.1
gether with the fact that the results for a large group of ad- o 0.0
sorbates are falling on one universal line in agreement with < 0.1
Eq. (8), provides a strong consistency check for all the cal- 0 0'6_
culations, and everything seems to be as expected. However, LA (b)
N . <L 0.034
a careful look of the results reveal something interesting. For D 0.00
very electropositive adsorbates such as Li, the work function pregieiuict
is decreased substantially in all orientations. However, for <-0.034
most other materials, the trend is not directly followed. Ex- '0-060_0 50 10.0 15.0
amples are Ni, Co, and Fe, which increase the work function distance from slab center (A)

of W(111), W(211), and W100 (see Table )L This is ex-

pected because these metals are more electronegative than WFIG. 3. (a) Adsorbate induced change in surface dipole moment
on the Pauling scale. However, these metals decrease tHENsity; and(b) electron density as a function af(see text for
work function on(110) (see Table )l Even oxygen and ni- definition for O on W110.

trogen, which are substantially more electronegative than W,

do not always increase the work function when they are cov- e

ering W. We found that they increase the work function on b= o=~ S—O[Ap+(ps— Po)]- (13
(112), (212), and (110), but decrease the work function if

they form a (1x 1) layer covering W100). This equation shows that there are two contributions to the

In order to better understand these observations, particithange of the work function induced by the adsorbates. The
larly that there are exceptions to the usual rule, we relate théirst is a charge rearrangement effect, contributed by the
work-function change induced by the adsorbate to the chargeharge transfer due to the difference in electronegativity, and
transfer and change of dipole moment. We calculate théhe hybridization between the adsorbate layer and the sub-
change in the charge density due to the charge transfer frosirate, as given bys p. The second contribution is due to the

the substrate to the adsorbate, defined as relaxation of the substrate induced by the overlayer, given by
(ps— Po). We find that the ps— po) term is usually smaller
Ap(Z2)=p(z)—[ps(2) +pa(2)], (9) than theAp term, and this is especially true for the most

compact(110) orientation because the atomic relaxations are
wherep(2) is the charge density of the adsorbate covered Wypijcally very small. The change of work function is essen-
surface,ps(z) is the charge density of the “substrate” W tjally a chemical effect, and the change in atomic positions
surface, which is generated by removing the overlayer ofjye to adsorbates can be taken as a secondary correction.
adsorbates from the coated W surface with all the W atoms We now exp|ain Why the same adsorbate can increase the
frozen at the original position, ane,(z) is the charge den- work function in one orientation, but decrease others, by
sity of the frozen overlayer, which is generated by removingconsidering two extreme cases of electronegativity: O and
all the W atoms from the slab unit Ce”, Ieaving the adSOf-Li_ Let us first consider the case of oxygen. Since O is Sig-
bates behind. We can calculate the change of the dipole dehificantly more electronegative than W, we expect that when

sity due to the redistributed charge density by a layer of O atoms is adsorbed on W surface, electrons will
/2 be transferred from the W substrate to the O atoms, thereby
_ (€ increasing the work function. Our LDA calculation found
Ap= LO zhp(2)dz. (10 that a layer of O atoms increases the work function when
adsorbed on \M.10), and also on(211) and (111), but de-
Substituting Eq(9) into Eq. (10), we obtain creases the work function on 00). To see how this can
happen, we plot two functiongy p(z) andAn(z), as a func-
Ap=p—(PstPa), (11D tion of zfor the (110) and(100) orientations in Figs. 3 and 4,
wherepg is the surface dipole density of the W substrate anJ espectively. These functions are defined as
pa is the surface dipole density of the free-standing adsorbate ,
layer. Due to the symmetry of the charge density of the free- Ap(z)= j Z'Ap(z')dZ'. (14
standing overlayerp, is equal to zero. We can rewrite Eq. 20
(11) as

We note thatAp(z)—Ap [defined in Eq.(10)] as z
P—Po=Ap+(Ps—Po), (12) —¢/2. The functionAn(z) is the negative oA p(z), so that
a negative value ain(z) means a depletion of electrons and
wherep, is the surface dipole density of the clean W surfacea positive value means an excess of electramsgative
(fully relaxed. By using the relation between the dipole den- charge.

sity and the work function as given by E@), we find that In the figures, the center of the slab is definedza®.
the change of the work function induced by the adsorbate iFhe solid dots mark the position of the W layers and the
given by the following expression: open circles mark the position of the adsorbate atoms. We
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. 012 O/W(100 — 0.1 i
< 008] (100) 2 (@) Li/w(110)
3 0.04 3 0.0
o 0.00 o -0.1]
<-0.04] < o2

0.04 02
“¢ 0.024(b) &> 0.02]
<
3 0.00 $ 0.01{®
c-0.02 = 0.00;
< 0.041 | | | $.0.01]

0.0 5.0 100  15.0 00 50 100 15.0
distance from slab center (A) distance from slab center (A)

FIG. 4. () Adsorbate induced change in surface dipole moment  F|G, 5. (a) Adsorbate induced change in surface dipole moment
density; and(b) electron density as a function af(see text for  density; and(b) electron density as a function af(see text for
definition) for O on W100). definition) for Li on W(110).

see from Figs. 3 and 4 that in both cases, there is a depletio For adsorbates such as Li that are very electropositive
1gs. ' . P lative to the substrate, the situation is somewhat simpler.
of electrpnlc chargg from the last W layer and an increase Om/e found that there is always a charge transfer from the
B oo 50 it sharge f deehore clectoposite Li atoms o the meriayer regon -
s . ' tween W and Li, independent of the substrate orientation.
the electronegativity difference. Indeed, we found that th his can be seen in Figs(t§ and &b). The tail region in the
charge transfer is basically dictated by the eIectronegativi%uter Li layers markeg as the shaded area ingFigs) &nd
Sgildeéringf %T?‘;r?; tliinalm%ﬁeggpsgﬁgecﬂ;Lorg |\rl1vc:? gé Iggﬁﬁ(b), is a depletion of electrons. This contribution 4 is
gityAp(z) asafunctioﬁ otis moré subtle angd is oriepntation always positive, independent of orientations, and has the
dependent. We note from E6L0) that the dipole is weighted same sign as would have been predicted from electronega-

; ivity arguments, leading to the same signXop asz—c/2
by the distance from the center of the slab. We see from bot . ; g
the An plots Figs. 3 and 4, that while the oxygen atoms gain or both the(11Q) and(100) orientations as seen in Figs(a

. : .and Ga). Thus there is a decrease of work function in all
electrons from the W, there is also a depletion of electrons N rientations
the outer "tail” region of the oxygen layer, as marked by the For the cases in which the adsorbates are metals that have

shaded areas in thb) panels of Figs. 3 and 4. This is due to comparable Pauling electronegativity with the W substrate,

the rearrangement qf electror_lic c_harge de”SiFy in the 0%Y9%he change in work function is usually orientation dependent
layer to form chemical bonding in the W-O interface. The xamples are Ag, Fe, Co, Ni, and Mo, as can be seen iﬁ

number of electrons inside the shaded area is small, so that ble I. Here, the bonding is essentially metallic and the

xgli nhczte;ftf)ec‘tzttutahisslg:arc])fhg:/zr?ri tg?{]asr:fzoﬂgévegeer:’c;vshizchange in charge density is more complex. The increase or
g y Z p q decrease in work function depends on the fine details of the
the sign ofAp. If the shaded area in then plots were zero, charge rearrangement

the value of Ap is negative for both O on V210 and Wi . .
) . . e note that all the above calculations are performed with
W(100, which would then have increased the work function LDA and ultrasoft pseudopotentials. Since the values of the

for both onentat_lons._However, _the deplet_|on .Of electrons Nsyurface dipole and the work function depend on the details
the shaded region gives a positive contributionAtp. Al-

though the amount of charge in the shaded region is smaIP,n the charge density, we also check some of our results
the weighting byz in the integral[see Eq.(10)] may be

sufficient to turn the sign of p from negative to positive for — 0.054.,) LilW(100)

the (100 orientation, which then makes the work function % 0.00

lower than that of the clean surface. For {140 and other 5-0.05

orientations we have studied, the positive contribution from <_0.10

the shaded area in then plot is not big enough to change 0.02-

the sign ofAp, and thus the work function remains higher K e

than that of the clean surface, a result that would have been “% 0.01 (b)

expected for consideration of charge transfer. This picture is — 0.00

qualitatively the same for other elements such as N, which 5-0_01

are significantly more electronegative than W. For th@0) 0.0 5.0 10.0 15.0
orientation , we can see in Fig. 4 that the distance from the " distance from slab center (A) ’

outermost W layer to the adsorbate O layer is quite small. In

such a situation, the charge transfer from W to O is not FIG. 6. (a) Adsorbate induced change in surface dipole moment
effective in giving rise to the surface dipole, and thus thedensity; and(b) electron density as a function af (see text for
contribution of the tail is important in this case. definition) for Li on W(100).
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using the Perdew-Burke-Ernzer(BBE) form of general- IV. SUMMARY

ized gradient approximatiofGGA) (ReIé 14 and the pro- We have calculated the work function and surface dipoles
jected augmented wavePAW) method.” The work func-  or g Jarge number of elements adsorbed on various orienta-
tions calculated for clean Y¥00), clean W110, O/W(100,  tions of W substrates and demonstrated the simple relation
O/W(110), Li/W (100, and Li/W(110) are 4.10, 4.78, 3.90, petween the work function and the dipole density. The stan-
5.87, 3.12, and 3.21 eV, respectively. Comparing with thejard electronegativity scale can predict reliably the direction
LDA results listed in Table I, we see that the PBE calculatecof charge transfer but not necessarily the adsorbate induced
work functions are always lower than those of the LDA. change in work function. Some explicit examples are ana-
However, the qualitative results are the same. For exampléyzed in detail to show that work-function changes are not
both LDA and GGA found that the work function of (#00)  just decided by the quantity and the sign of charge trans-
is lower than that of W110), and that Li lowers the work ferred, but also by the details of the charge redistribution,
function of W significantly in all orientations. In particular, leading in some cases to a strong dependence of the work-
both LDA and GGA found that O increases the work func-function change on the orientation of the substrate.

tion of W(110 but lowers that of W100), and thus the
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