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A compari son between FEM and FIM images of the tungsten surface shows that stepped (high
-index) planes influence emitted electrons in two ways: a) if monoatomic steps whose edges form 
the crystal face under question are wider than about three atoms, the surface behaves as a "patchy 
surface" formed by fiat areas of the steps; b) if steps are narrower than the above mentioned limit, 
the emitted electrons "feel" the field of the crystal plane determined by step edges (the work 
function acquires low values corresponding to atomically rough surface). 

The distribution of the electric charge (of electron densities) in a complex of particles under 
s~udy (molecule-crystal surface) is a quantity of general importance for the chemical reactivity 
of the system. The chemical reactivity of transition metal surfaces is determined both by par.tly 
localized d-electrons and by nearly free s- (s,p-) electrons1

•
2

. Incompletely occupied d-orbital ~ 
on transition metal surfaces are presumably respvnsible for trapping of gaseous molecules1 - 3, 

nearly free electrons contribute by dynamical screening to weakening of bonds in the trapped 
molecules 2 

- 4. Experimental information on the electron density distribution in surfaces of metals 
and in surface complexes can be obtained indirectly from studies of the anisotropy of such 
phenomena as, e.g., photoemission, electron stimulated desorption, work function, and ionization 
in the electric field near the surface1

•
2

• 

In this contribution attention is paid to the latter two phenomena. The work func
tion of metals depends strongly on the electron density distribution. This was shown 
as early as in the classical paper of Smoluchowskis whose physical model of metals 
has been successfully used until now6

. This model explains the work function aniso
tropy of various crystalographic planes using the assumption that the free electron 
density "smooths out" the anisotropy of the ion core potential in the surface layer of 
the crystal lattice ("smoothing effect") (Fig. 1) (rer,z-S). In this wayan additional 
dipole moment originates on the surface of atomically rough crystal faces (planes 
of a low density of surface atoms) which lowers - in agreement with experiments -
the work function of these crystal planes. The model can be conveniently used in 
the discussion of the work function of the crystal planes of low Miller indices; how
ever, it fails for high-index planes 2

• 
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Metal surfaces, as encountered in practice in various disciplines (heterogeneous 
catalysis, corrosion etc.) are not ideally smooth; the model of so called stepped 
surfaces approximates them reasonably well. The stepped surfaces are in fact high
-index planes of a step type, where the width of a particular step is several times larger 
than its height. These surfaces exhibit a high chemical reactivity (an ability of disso
ciative chemisorption of gasesf. Samples in the form of single-crystal tips used in 
field electron emission microscope (FEM) and field ion microscopes (FIM) represent 
a typical example of stepped surfacess. Therefore, the problem of the work function of 
surfaces of this type can be studied by comparing the anisotropy distribution of the 
work function on the tip surface, as found in FEM, with the atomic structure of this 
surface, as obtained by FIM. 

In FEM electrons are emitted from the apex of the tip under the influence of a high electric 
field (1 - 5.1010 Vm- 1) and they project onto the fluorescent screen an image of the surface 
enlarged about 106 timess . As the electron emission is exponentially dependent on the work 
functions, a system of bright and dark spots appears on the screen (Fig. 2) representing the pro
jection of the particular crystallographic planes of a low and high work function, respectively. 
In FIM the experimental arrangement is practically identical with the preceding set-up, only the 
field polarity is reversed (positively charged tip), and instead of the ultra-high vaccuum between 
the tip and the screen there is about 10- 1-10- 3 Pa pressure of an inert gas (e.g., of helium)s. 
Because of the electric field (in thi s case 5-10 . 1010 Vm -1) atoms of the inert gas are ionized 
in the vicinity of the surface metal atoms, and their point of origin is projected onto the screen S

-
1 o. 

Edges of the atomic layers which approximate the apex surface (a flat pyramide) show up as 
bright concentric circles (Fig. 3). The optimum resolving power of FIM (image gas helium, tip 
temperature T = 21 K) is 0·2 - 0·3 nm so that on atomically rough planes (e.g., the plane (334) 
in Fig. 3) projections of single atoms can be resolved. Of low-index, atomically smooth planes 
only edges are visible (closed circles in Fig. 3, e.g., the (011) plane). 

FIG. 1 

1 

2 

Simulation of an AtomicalIy Rough Surface Model of Metal-Jellium Showing the "Smoothing 
Effect" of Nearly Free Electrons 

1 The contour of jellium positive charge distribution, 2 the contour of electron density distri
bution. 
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EXPERIMENTAL 

In this study of the work function distribution over the sample surface a field electron emission 
microscope was used working in the ultra-high vacuum region (pressures lower than 1 . 10 - 7 

Pa)9 . The surface structure was studied by an ion emission microscope performing in the pres
sure region 10- 2 _ 10- 5 PaS •lO . The samples measured had the shape of a tip of the tip radius 
10-102 nm; they were obtained by electrochemical etching of a tungsten wire lO

. Besides the 
pure tungsten surface a layer of palladium - an example of a special adsorbate - could be 
prepared by vacuum evaporation of the metal onto the tungsten tip. 

RESULTS AND DISCUSSION 

In the image of the tungsten tip apex (a metal with the body centered cubic lattice) 
in FEM the dark central region is designated as the projection of the (011) plane 
(Fig. 2). From the comparison with the atomic structure of this tungsten surface 
region in FIM (Fig. 3)* it is evident that the real atomically smooth plane (011) has 
a much smaller dimension than the high work function region in FEM (the dark 
area 11 (011)) (Fig. 4). * Though the equilibrium shapes of the ' tips in the electron and 
ion microscope are somewhat different (Fig. 5), the above mentioned work function 
effect cannot be explained by a subsequent enlargement of the central plane due to 
a different distribution of the electric field intensity resulting from different curvature 
radii of both surfaces. This conclusion follows from the comparison of the electron 
and ion image after a thermal treatment of the tips and from the comparison of both 
surface images after the field evaporation (obtained in sitU)12. A similar disagreement 
in the size of the electron and ion projection of the central plane of a high work fune-
tion and the size of the actual atomically smooth plane on the tip apex was observed 

a 

FIG. ,5 

The Equilibrium Tip Shape after a Thermal Treatment a and after the Evaporation in a High 
Electric Field b 

See insert facing page 3440. 
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not only for tungsten, but also for other metals, e.g., for rhodium in the (OOl)planeI3 

(a metal with the face centered cubic lattice). It is evident from the schematic picture 
of the tip profile (Fig. 6a) that in discussing the work function of the central plane 
vicinity on the apex surface (stepped surface) one has to take into consideration, 
if an electron in passing through its terraces "feels" the field of the crystallographic 
plane (hkl) or the (h' k'l') plane field (Fig. 6a). The comparison of Figs 2*, 3*, and 4*, 
together with the measurement of the atomic step dimensions 14 shows that the work 
function of an electron for the atomically rough plane (hkl) has a physically meaning
ful definition only if the steps are narrower than about three atoms. If the surface 
is formed by wider steps, the entire region behaves - from the point of view of the 
work function - as a "patchy surface" formed by (h'k'l') areas.In another words, 
with wide steps the perturbation of the electron density distribution at a step edge 

;;iffITlID 111I I Il'l ! mmn£Z 
a 

(hklJ 

2 
b 

2 

IIII ~ 
FIG. 6 

A Schematic View of the Stepped Surface: a the Tip Apex Contour (for tungsten (h'k'l') = 
= (011)); b Examples of Steps of Various Width 

1 Contours of atomic terraces, 2 free electron density distribution . 

See insert facing page 3440. 
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is negligible in comparison with the step flat area (it manifests itself in the dependence 
of the work function on the step width 15 .16), and a low work function - correspon
ding to an atomically rough plane of the (hkl) type - is observed only with monoato
mic steps narrower than about three atoms (Fig. 6b). An analogous conclusion could 
be made on the basis of photoemission experiments, too: the simple Smoluchowski 
correlation between the work function and the atom surface density5 of different 
crystal planes is applicable only to low-index planes17

• 

The above described interpretation of the image of the central apex region of the 
FEM tip is supported by the results of studies concerning the effect of adsorption 
on the work function of this region (in the case of tungsten the vicinity of the (011) 
plane). The work function of atomically smooth planes (of a high surface atom densi
ty) can be lowered as a result of: a) roughening of the surface during the deposition 
of metal atoms (or even atoms of the same kind as the atoms of the crystal latti
ce I8 .19); b) roughening of the surface during its reconstruction resulting from ad
sorption, thermal or other treatment (ion bombardment); c) a suitable oriented 
dipole layer of the adsorbate. The most active sites for trapping particles from the 
gaseous phase are just edges of atomic layers2.7. Therefore, it may be expected that 
in the process under consideration (deposited layer growth, adsorption) which lowers 
the work function, the dark area will be only the region of the projection of the 
central atomically smooth plane (for tungsten the (011) plane), as shown in Fig. 7*. 
The following Fig. 8* gives for a comparison the ion image of the clean tungsten surface 
in the vicinity of the (011) plane and the image of the same surface covered by palla
dium at T rv 1000 K. The comparison shows a "roughening" of the surface in t1'l.e
vicinity of the (011) plane (which manifests itself in the electron projection as the 
work function decrease - ct. Fig. 7*), while the (011) plane proper remained smooth 
(in the electron projection the dark area of a high work function - ct. Fig. 7*). A simi
lar effect (i.e. a pronounced imaging of the central atomically smooth surface) 
was observed both in various stages of the surface coverage and during the deposition 
of a variety of other adsorbates on tungsten: Ni (ref. 20), Cu (ref.21), Ag (ref. 22

-
24), 

Au (ref.24), Cd (ref. 25), Ti (ref. 26), U (ref. 27), Si (refs28 - 30), Ge (refs30 .31), Se (ref. 32), 
Te (ref.32), H2 (ref. 33), N2 (ref.34), CH4 (ref.35). 

The results of this study show that in theoretical modelling of interactions on 
stepped surfaces of transition metals it is useful to distinguish two limiting cases: 
narrow steps on the one hand and wide steps on the other hand. The division between 
these two cases represents the step width of about three atoms. The characteristic 
property of the wide steps from the point of view of chemical reactivity of surface 
complexes is, besides the "denuded character" of atoms on step edges (the atoms expo
se irito the gaseous phase localized "atomic-like" d-orbitals36 which make the trapping 
of gaseous particles possible1.2), also a furt4er activation of trapped particles due to 

See insert facing page 3440. 
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ZLATKO KNOR: FEM and FlM Study 

FIG. 2 

The FEM Image of the Tung.sten Surface (image voltage 4·9 kY, Ttip = 78 K) 

FIG. 3 
The FIM Image of the Tungsten Surface (image gas: He - 1·6. 10 -1 Pa, Ne - 1'5 . 10 - 2 Pa; 
image voltage BIY = 12 kY, Ttip = 21 K) 



ZLATKO KNOll: FEM and FIM Study 

FIG. 4 

The Negative FIM Image of the Tungsten Surface a and the Superposition of the Negative 
FIM and FEM Images of the Tunsten Surface b (the high work function region in FEM shows 
here as the bright area) 



ZLATKO KNOR: FEM and FIM Study 

FIG. 7 

The FEM Image of the Tungsten Surface Covered by a Palladium Layer (I'd deposited onto the 
tungsten surface at Ttip ~ 1100 K) (image voltage 4·9 eV. Ttip 78 K) 



ZLATKO K NOR: FEM and FI M Study 

FIG. 8 

The FIM Image of the Clean Tungsten Surface a and the Surface Covered by Palladium (at 
Ttip '" 1000 K). b (image gas: He - 4.5.10- 3 Pa, image voltage BlY = 8·S kY, image 
intensity enhanced by a channel plate) 
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their immersion into the Fermi sea of free s- (s, p-) electrons close to the edge of the 
atom layer. This is because due to the screening both internal bonds of the trapped 
molecule and its bonds to the surface may be weakened. This may lead to a migration 
of particles over the atomically smooth terrace and thus occasionally even to a libe
ration of localized orbitals for a further interaction with gaseous particles2 •

37
. 
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