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Electrically polished ( 100) and ( 110) tungsten surfaces were investigated using a scanning 
tunnel microscope (STM) at atmospheric pressure. The ( 110) surface consists of large 
atomically-planar terraces, while the ( 100) surface is faceted. The STM data are used to explain 
the results of electron-focusing (EF) experiments, viz., the strong dependence of the probability 
of specular reflection of conduction electrons scattered by the ( 100) face on the de Broglie 
wavelength of the electrons, and the independence of the specular-reflection probability of the 
wavelength for the ( 1 10) surface. 

Experiments have shown that a characteristic feature of 
conduction-electron reflection from the surface of a metal is 
the high probability of specular reflection at normal inci- 
dence. A high probability q of specular reflection was ob- 
served with the aid of transverse electron focusing' (EF) in 
W and C U , ~  Ag,3 Zn,4 Al,5 Bi,' and Sb.6 The large values of q 
are evidence that an appreciable fraction of the real surface 
of a metal is perfect on an atomic scale (is atomically plane). 
In a number of cases, however, q exhibits a strong crystallo- 
graphic anisotropy, and is most pronounced in tungsten. 

 investigation^^^^ of atomically smooth ( 100) and ( 1 10) 
faces of tungsten with the aid of the static skin effect7 have 
shown that the character of the conduction-electron reflec- 
tion changes radically with change of the crystallographic 
orientation tungsten surface. The values obtained for the 
Fuchs parameter were P = 0.6-0.8 for the ( 110) face and 
P = 0 for the ( 100) face (diffuse scattering). 

Measurements with the aid of the EF have shown that 
the specular-reflection probabilities of different groups of 
electrons from atomically smooth ( 100) and ( 1 10) tungsten 
surfaces agree, within experimental error, with the values for 
real surfaces that are saturated with adsorbed atoms and 
molecules. In the intermediate case, when the density of the 
adsorbed atoms is low, the probability of specular reflection 
decreases ~ubs tan t ia l l~ . '~~ '  ' In the case of a real surface, the 
value of q for scattering by the ( 100) face depends strongly 
on the electron wavelength: q = 0 for electrons with a small 
de Broglie wavelength ( A  = 0.8 A) ,  and electrons with large 
wavelengths (up to 50 A)  are specularly reflected with high 
probability (up to 0.7). For a (1 10) surface, q is indepen- 
dent of the wavelength and amounts approximately to 0.6. 

The decisive cause of the crystallographic anisotropy of 
q has not yet been determined. Alternate causes are the sur- 
face structure and the Fermi-surface geometry. 

Many advances in the procedures for research into sur- 
face structure are due to the development of scanning tunnel 
microscopy (STM) , I 2  which makes it possible to determine, 
with atomic resolution, the structure of a real surface under 
normal conditions.I3 The roughness parameters of a surface 
were determined by the STM method in Refs. 14 and 15. The 
structure of a real ( 100) surface of silicon was investigated 
in Ref. 14 under conditions of ordinary vacuum, while in 
Ref. 15 was investigated the structure of a polished silver 
surface [faces (100) and ( 1 l o ) ]  in ultrahigh vacuum 

( lo-'' Torr). In Ref. 15 the surface structure was investi- 
gated also with the aid of EF. By comparing the EF data with 
the character of the relief of the silver surface investigated 
with the aid of STM, the authors have shown that a "geomet- 
ric-optics" description of the electron wave functions) is in 
good agreement with the EF experiment. 

To establish the causes of the crystallographic anisotro- 
py q in tungsten it is necessary to study the relief of the sur- 
face on a scale comparable with the conduction-electron de 
Broglie wavelength ( 10-50 A). This was the purpose of the 
present study. 

EXPERIMENT 

The scanning tunnel microscope used to determine the 
surface relief had the following structural features and tech- 
nical characteristics. A coarse-feed device of the differential- 
spring type (see Ref. 16) could feed the tungsten tip to the 
system from a distance on the order of 20pm in steps of 100 
A. An XYZ displacement pickup was made up of piezoelec- 
tric elements in the form of tubes. Provision was made in the 
pickup construction to compensate for the drift, due to ther- 
mal expansion of the ceramic, of the tip relative to the sam- 
ple. A variant of such a compensation is described in Ref. 17. 
The maximum explored area was 3 X 3 pm at field intensity 
less than 1 kV/cm in the piezoceramic. The displacements 
were graduated with an optical interferometer; the voltage- 
to-displacement conversion coefficients, accurate to 20%, 
were 50 A/v along Z and 150 A/v along X and Y. The 
experiments were performed at atmospheric pressure with- 
out thermal stabilization or acoustic shielding. The drift of 
the tip position relative to the sample was determined from 
the shift of the surface image in successive scanning cycle, 
and amounted approximately to 5 A/min at a room-tem- 
perature rate of change 2 "C/h. The images were recorded 
with stabilized direct current through the tip ( - 3 nA) and 
at a reference voltage 100 mV. The scanning velocity was 
100 A/s. The image noise, determined for atomically-flat 
sections of the surface, was 0.3 A (at frequencies f < 10 Hz). 
The dependence of the current through the tip on its dis- 
placement was exponential with an effective electron work 
function p = 0.5-1 eV (after contact of the tip with the sam- 
ple surface). The ( 100) and ( 110) surfaces were investigat- 
ed with one and the same tip. The data gathering and the 
reduction of the images were carried out with a MERA 1300 
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computer. In the data gathering regime, the computer con- 
trols the scanning and stores the data. The sample prepara- 
tion method is described in Ref. 11. The bright-dipped sam- 
ples were prepared immediately prior to the experiment with 
the STM. '' Approximately 60 images were obtained. The tip 
was displaced several times in the course of the experiment 
by 1 mm relative to the sample. 

RESULTS 

Figures 1 and 2 show in different scales typical STM 
images of ( 100) and ( 1 10) tungsten surfaces. To assess the 
degree of roughness of the surface, we calculated the mean 
squared deviation ( w) ' I 2  relief from the median plane. 
In the reduced large images (2000-4000 A) the mean 
squared deviation was the same for the faces (100) and 
( 110) and amounted to 30-50 A (Figs. l a  and 2b). 

A feature of the ( 1 10) surface is the presence of large 
(500-1000 A) atomically-flat sections in the ( 1 10) orienta- 
tion, separated by drops of 20-100 A (Fig. l a ) .  Figure l b  
shows, with large magnification, a flat ( 110) section. The 
mean squared deviation from the median plane for Fig. l b  is 
2.5 A. 

The (100) surface is faceted. The orientations of the 
surfaces of the facets can be easily determined from the 
greatly magnified picture in Fig. 2a. These are mainly faces 
of type {310} and faces intermediate between {310} and 
{loo). The mean squared deviation for the image in Fig. 2a 
is 8-10 A. The characteristic facet sizes are 50-200 A along 
the surface and 5-20 A along the normal to it. Roughness of 
larger size are also encountered (with characteristic dimen- 
sion 500 A along the surface, see Fig. 2b). 

Fourier spectra were calculated for images of surfaces 
larger than 1000 A. For two variables we have 

FIG. 1 .  Typical STM imagesof bright-dipped ( 110) tungsten surface. 

FIG. 2. Typical STM images of bright-dipped ( 100) tungsten surface 

where h(x, y )  is the relief of the surface, x and y are the 
coordinates along the median plane, k, and ky are the corre- 
sponding wave vectors, and F(k, ,k, ) is the Fourier trans- 
form of h ( x ,  y ). Assuming that F( k, ,ky ) = F( I k I ), we ob- 
tain for the dependence of the two-dimensional Fourier 
transform on the wave vector the relation IF(k) 1 a k - P .  
The value of p is the same for the ( 100) and ( 1 10) faces 
within the scatter of the data, and ranges from 1.1 to 1.4. 

DISCUSSION 

In E F  experiments, in view of the finite contact dimen- 
sion, the electrons recorded as specularly reflected are those 
traveling in a small solid angle around the normal to the 
surface. The aperture of this angle is b /I ( b  is the diameter of 
the contacts and I is the distance between them), and equals 
approximately 5" for experiments with tungsten. Thus, the 
decrease in the probabilty of specular reflection in the E F  
data is due to scattering by angles larger than 5". 

Contributions to scattering of electrons reflected from 
the surface are made by scattering from adsorbed impurities, 
surface roughnesses, and others. Since the specular-reflec- 
tion probability measured by the E F  is the same for an atomi- 
cally clean and for a real surface saturated with adsorbed 
atoms," it can be concluded that in the case of a real surface 
the main contribution to the scattering is made by the sur- 
face relief. If it is assumed that the dimension of the rough- 
ness along the surface is large enough (compared with the 
screening radius in the metal and with the STM resolution), 
the images obtained with an STM will represent the relief 
from which the electrons are scattered. 

The character of scattering by a rough surface depends 
on the size of the roughnesses. If the roughness dimension L 
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FIG. 3. Results of calculation of the scattering of a 
plane wave by a one-dimensional relief of triangular 
shape. 

along the surface is much larger than the de Broglie wave- 
length of the electrons (L $A), scattering by such a relief is 
described by specular reflection from a locally plane surface 
with a normal that deviates from the mean normal. The max- 
imum scattering angle is determined by the maximum devi- 
ation of the local normal from its mean direction. In the case 
L-A, an important role is assumed by interference effect 
and the specular-reflection probability should depend on the 
wavelength. 

The presence of large atomically-flat sections on the 
(110) surface of tungsten agrees with the fact that in EF 
experiments the specular-reflection probability of the con- 
duction electron is independent of the de Broglie wavelength 
( q ~ 0 . 6  at 10 b;<il<50 b;, see Ref. 11 ). The deviation of the 
specular-reflection probability from unity is apparently due 
to scattering by the large-scale relief (the drops between the 
planar sections, see above). 

Two possible explanations were offered in Ref. 11 for 
the dependence of the specular-reflection probability on the 
electron wavelength in the case of the ( 100) surface of tung- 
sten: 1) the presence of surface roughness (L-A); 2) the 
high probability of umklapp processes on perfect sections of 
the ( 100) face. Our data favor the first explanation. Since 
the (100) surface consists of triangular facets whose nor- 
mals to the inclined surfaces deviate from the mean normal 
by 18-10" and whose dimensions along the surface are 50- 
200 A, the condition L)A is satisfied for A = 10 A. There- 
fore all the electrons will be scattered by 3-20" in different 
directions from the normal to the median plane, and the 
probability of specular reflection will be close to zero. Elec- 
trons of wavelength A = 50" satisfy the condition L)A and 
interference effects are important: since the heights of the 
facets are several times smaller than the electron wave- 
length, the scattering indicatrix on reflection will be strongly 
"elongated" in the direction of the specular reflection, i.e., 
the specular-reflection coefficient will be large. Just as in the 
case of the ( 110) surface, the deviation of the specular-re- 
flection probability from unity for electrons with maximum 

wavelength is apparently due to scattering by the large-scale 
relief (L)il) .  

To illustrate the foregoing arguments, we calculated the 
angular distribution of the intensity of plane-wave scattering 
by a one-dimensional relief of triangular form (Fig. 3b). The 
tangent-plane approximation was used in the calculation 
(Fig. 3b). In this case the amplitude of the scattered wave is 

~ ( k .  X )  = A  .I exp{--i[clr+q.h (r) I (qz-clr)  dr, 
8 0  

where U(k,x) is the amplitude of the scattered wave, k the 
wave vector of the incident wave, x the wave vector of the 
reflected wave, q = x - k, y = Vh(r), and h( r )  the surface 
relief. For the method to be valid it is necessary that the 
curvature radius of the surface at each point be much larger 
than the wavelength. For the relief observed in our study this 
condition is approximately satisfied. The calculation result 
is given in Fig. 3a, which shows the dependences of the scat- 
tering intensity on the angle between the reflection direction 
and the mean normal to the surface for several wavelengths. 
The peaks on the plot of the scattering intensity vs the angle 
for il = 10 A (Fig. 3a) near 20-30 degrees correspond to 
specular reflection from the inclined sections of the relief 
(Fig. 3b). With increase of wavelength, the amplitudes of 
these peaks decrease, and at the same time the amplitude of 
the specular peak increases. Figure 3c shows the dependence 
of the specular reflection probability on the wavelength for a 
model calculation, and also experimental EF data." The 
specular-reflection probabilities were taken to be the ratios 
of the fraction of electrons emitted in directions with a < 5" 
(Fig. 3b) to the total number of electrons. As seen from the 
figure, a simplified calculation (without allowance for the 
shape the Fermi surface and for the two-dimensional charac- 
ter of the roughnesses permits a satisfactory reconciliation of 
the features of the relief with the measured dependence of q 
on A. 

Thus, the dependence, on the de Broglie wavelength, of 
the probability of specular reflection of conduction electrons 
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normally incident on the ( 100) face of tungsten can be attri- 
buted to scattering by the facets, and the high probabilty of 
the specular reflection of all groups of electrons incident on 
the ( 110) face is due to the presence of large atomically flat 
sections. 

The obtained form of the Fourier spectrum of the sur- 
face indicates that the real reliefs of the surfaces ( 100) and 
( 110) does not have a random Gaussian character. To de- 
scribe the roughness of a surface and the associated pro- 
cesses we must know not only the mean squared deviation 
( A h  2)1 '2  and the average dimension of the roughnesses 
along the surface, but also the shapes of the roughnesses. 

The authors thank S. I. Bozhko and A. A. Moskalev for 
technical help. 

"It was established by EF experiments tha thte character of the conduc- 
tion-electron reflection from the surface is the same for different tung- 
sten samples having the same orientation and prepared by the same 
method, and remains unchanged for a long time (more than five years). 
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