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An effect of electron transitions between the surface and bulk electron states on the
conductance of a W(110) metal plate has been observed in experiment for the first time
using the static skin-effect and transversal magnetoresistance methods.

Buepeble SKCIIepPUMEHTANbHO HAGMIOLANIOCH BIAUAHNE JEKTPOHHBIX II€PEXO0J0B MEMLY HO-
CUTEJNAMU I[IOBEPXHOCTHBLIX Y OObEMHBIX BJIEKTPOHHBIX COCTOAHUI HA IIPOBOLUMOCTHL METAJI-
auueckoil maactuHsl W(110) ¢ moMoOIIbI0 METOLOB CTATHYECKOr'0 CKHH-s()heKTa U Iomeped-

HOI'O Mar"HeToCOIIPOTUBJICHHNA.

The surface scattering of current carri-
ers influences significantly the transport
properties of thin films and nanostructures.
Its importance increases as the conductor
size diminishes. The surface scattering was
studied in numerous experimental and theo-
retical works [1—3]. Its character is defined
by the surface lattice crystallography, the
presence of surface impurities, the symme-
try of the 2D lattices of the adsorbate and
the topology of the conductor Fermi sur-
face. Collision of electrons with the surface
may result in transitions between the bulk
and surface electron states, that changes
also the surface scattering character [4].
Other scattering mechanisms being absent,
the transitions between the bulk and sur-
face electron states are defined by the con-
servation laws of quasi-momentum energy
and tangential component:

£=¢ = ¢gp, 1)

k, =k + ng, (2)

where € is the carrier energy; €, the Fermi
one; k;, the wave number tangential compo-
nent; g, the surface reciprocal lattice vec-
tor; n, an arbitrary integer; primed and un-
primed quantities refer to the carrier state
prior to and after the scattering, respec-
tively. In this case, the surface scattering
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depends on the topology of the conductor
bulk carriers Fermi surface projection onto
the surface crystallographic plane as well as
on the topology of the Fermi contours of
surface electron states for the specific crys-
tal face. The surface scattering is in essence
the electron wave diffraction on the conduc-
tor surface lattice. The Fermi contour topol-
ogy depends, in turn, on the surface lattice
symmetry that may undergo changes due to
the surface phase transitions.

The possible ways to effect in a control-
lable manner the surface scattering include
adsorption, ordering and concentration vari-
ations of the adsorbed submonolayer films,
and the surface reconstruction. Even when
the adsorption-induced changes in the sur-
face electron structure are not taken into
account, the kinematic consideration of the
carrier transitions provides some important
conclusions on the surface scattering char-
acter [2, 3]. The experimental studies con-
cerned mainly the carriers of the bulk metal
states [1—-3]. Recently enough, the effects of
surface state carrier scattering on adsorbed
atoms and on the atomic scale surface steps
have been studied. In particular, formation
of the electron standing waves was observed
as well as an impressive effect of the quan-
tum corals formation [5—8]. Those experi-
ments made it possible to estimate the re-
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flectivity coefficient for the surface state
electrons that is found to be as low as about
0.3, while that quantity may be about 1 for
the bulk carriers [2, 8]. The experiment
aimed at the carrier electronic focussing
where the bulk state electrons were ob-
served to be trapped at the surface reso-
nance levels is an investigation of impor-
tance concerning the problem of the surface
scattering part in the charge transfer along
the metal surface [2].

We have shown in experiment that a
change in the Fermi contour topology of the
sufrace state of atomically pure W(110) sur-
face due to adsorption of an ordered hydro-
gen or deuterium monolayer results in an
increased specularity of the carrier surface
scattering caused by reduction of possible
transition channels between the bulk and
surface states.

The experiments were carried out in a
ultrahigh vacuum glass apparatus at the re-
sidual pressure of 10711 Torr and liquid he-
lium temperature. The home-developed sur-
face-sensitive methods were used basing on
galvanomagnetic size phenomena, namely,
static skin-effect and transversal magne-
toresistance [3]. The static skin-effect is ob-
served in a strong magnetic field applied in
the surface plane of the film sample and
perpendicular to the running current under
condition that ry <<, where ry and [ are
the Larmor radius and mean free path of
the current carriers in the bulk conductor.
If the applied magnetic field is perpendicu-
lar to the plate surface, then, the strong
magnetic field condition being met, the sur-
face magnetoresistance takes a surface sen-
sitivity, too. To eliminate the effects of
other scattering mechanisms except for the
surface one, a high-purity W(110) plate
cooled down to the liquid helium tempera-
ture. The bulk electric resistance ratio at
room and helium temperatures was about
10° to 106. The surface of the plane-parallel
plate of about 4x8x0.1 mm3 size oriented in
the (110) plane to within 0.05° was treated to
the atomically pure state using a standard
procedure [2]. The constant magnetic field
strength was in the 15 to 30 kOe range.

The deposition of a hydrogen or deute-
rium submonolayer film onto the W(110)
plate under the static skin-effect conditions
results in a non-monotonous variation of the
plate magnetoresistance (MR) (see Fig. 1, left
side). This dependence (measured at T = 4.2 K
and a constant adsorbate flow to the sur-
face) demonstrates the character variation
of the current carrier surface scattering as
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Fig. 1. MR variation of a W(110) plate at hy-
drogen and deuterium adsorption (T = 4.2 K)
(upper and lower curves in the left-hand part
of the figure, respectively) and at annealing
of saturated adsorbate films (open circles, hy-
drogen; solid circles, deuterium). The arrows
show the areas of maximum development of
2D adsorbate lattices. R is the MR at atomi-
cally pure surface.

the surface concentration of the adatoms in-
creases from the atomically pure surface to
the saturated coating. The subsequent an-
nealing of the deposited film at increasing
temperatures results in changes of the ad-
sorbate concentration and in formation of
ordered chemisorbed submonolayer struc-
tures that change the character of current
carrier surface scattering, in particular,
due to the electron-hole transfers. Those
processes (demonstrated by the non-monoto-
nous MR dependence at the film annealing)
have been studied by us before [2].

The plateau in the T =~ 200 to 300 K
range (see Fig. 1) shows that the surface
scattering character remains unchanged in
this range of the annealing temperature,
thus evidencing the constant concentration
and symmetry of the adsorbed film. The
structure studies by LEED show that at
those annealing temperatures, the adsorbate
monolayer is maximally ordered. It is to
note that the MR value corresponding to
such films is lower than that for the atomi-
cally-pure plate surface. In other words, the
ordering of the atomic hydrogen or deute-
rium monolayer increases the specularity of
current carrier surface scattering. This ef-
fect is strange at first glance. Hydrogen
adsorption on the W(110) surface does not
result in the tungsten surface reconstruc-
tion [9]. Nevertheless, even if the adsorbate
atomic monolayer is completely ordered and
repeats the (1x1) structure, the lattice of
the adatoms is shifted relatively to that of
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Fig. 2. MR variation of a W(110) plate at hy-
drogen adsorption (T = 200 K). The magnetic
field is directed parallel (open circles) and per-
pendicular (solid circles) to the plate surface.
R, is the MR at atomically pure surface.

the upper layer of the substrate atoms.
Moreover, the effective scattering cross-sec-
tions of the adatoms and tungsten atoms
are different. These factors contribute addi-
tionally to the surface scattering diffuse-
ness. In addition, the monolayer coating is
known to have a domain structure, because
two equivalent adsorption center types with
three-fold coordination coexist at this face
[9]. The scattering from the domain walls
decreases also the specularityof the carrier
scattering. The factors listed above may
only distort the carrier scattering coherency
and thus are unable to cause the reflectivity
increase that results the lowered MR.

The above effect is observed also at hy-
drogen deposition onto the heated substrate.
The results of those studied are shown in
Fig. 2 for two directions of the magnetic
field. Both under the static skin-effect con-
ditions (the magnetic field is parallel to the
surface) and at the magnetic field perpen-
dicular to the sample surface (the transver-
sal MR is measured), the MR value for the
adsorbate monolayer is lower than that for
the atomically-pure surface. The mirror
symmetry of curves in Fig. 2 demonstrates
the surface nature of the phenomenon. The
magnetic field direction was varied around
the (100) direction of the tungsten single
crystal. That direction is a four-fold sym-
metry axis, therefore, those magnetic field
direction are physically equivalent in rela-
tion to the crystal bulk.

The effect cause is elucidated by consid-
ering the changes in the electron structure
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Fig. 3. Shadow projection of the Fermi sur-
face for tungsten on the (110) plane (shad-
owed area) and the structure of the electron
surface states for the W(110) face. Dashed
lines relate to the surface coated with or-
dered hydrogen monolayer; solid lines, to
atomically pure surface [9, 10].

of surface states accompanying the hydro-
gen adsorption. The results of those investi-
gations for the W(110) surface obtained
using the photoelectron spectroscopy with
angular resolution are shown in Fig. 3 [10,
11]. The figure presents the projection of
Fermi surface of the bulk electron states in
tungsten on the (110) plane as well as ex-
perimental Fermi contours of the surface
states for an atomically pure surface (solid
lines) and that coated with ordered mono-
layer of atomic hydrogen (dashed lines).
According to conservation laws (1, 2),
transitions between the surface and bulk
states are possible when the corresponding
projections of the Fermi surface parts are
overlapped (or differ from one another by a
linear combination of the surface reciprocal
lattice vectors). It follows from Fig. 3 that
direct or "vertical” transitions are possible
for the atomically pure W(110) surface. The
energy conservation law (1) is met because
both bulk and surface electron states have
the same energy €y to within £T. For exam-
ple, permitted are transitions between the
elliptic Fermi contours centered at the
points I' and N of the surface Brillouin zone
and, respectively, between the electron jack
and the hole octahedron of the bulk Fermi
surface. Such transitions are highly prob-
able at the surface scattering of carriers.
Those are a kind of multichannel specular
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reflection of carriers at the conductor sur-
face [3].

The adsorption and ordering of a mono-
layer hydrogen film results in disappear-
ance of some Fermi contours of surface
states (solid lines in Fig. 3) and appearance
of other ones (dashed lines). The Fermi con-
tours become "squeezed out” from the pro-
jections of the bulk parts of the Fermi sur-
faces. By virtue of Eq.(2), the transitions
between the bulk and surface states are for-
bidden in this case, thus, the surface reflec-
tion of carriers becomes more specular-like.
The small value of the effect, i.e., of the
MR change, is due to the relatively small
phase space occupied by the surface states.

Thus, the atomically pure W(110) sur-
face scatters the carriers in a more diffuse
fashion that the same surface coated with
an ordered monolayer of hydrogen or deute-
rium. Comparison of our data with those on
the topology changes of the Fermi contours
of surface states at the hydrogen adsorption
on the W(110) surface gives rise to the con-
clusion that the increased specularity of the
surface scattering at the hydrogen mono-
layer formation is caused by reduction of

possible transition channels between the
bulk and surface states.
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BniauB 3MiHM IMOBEPXHEBOI €JIEKTPOHHOI CTPYKTYPH
Ha NMOBEPXHEBE PO3CiIOBAHHSA HOCIIB CTPymMy

O.A.Ilanuenko, C.B.Conozy6, I.B.Gopdenrwk

Boepire excriepuMeHTaNIBHO CIIOCTEPIiraBcs BILIMB €JIeKTPOHHUX II€PEXOniB MiK HociaMwu
MOBEPXHEBUX 1 00’€MHUX eJeKTPOHHMX CTaHIB Ha mpoBimHicTs meraniunol miaacturm W(110)
3a TOIIOMOI'OI0 METOIIB CTATHYHOIO CKiH-e(peKTy Ta IIOIEPEeYHOro MarHiToomopy.
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