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Features of the classical size effect have been investigated in the electrical resistance of tungsten
plates, on one of the surfaces of which oxygen atoms are adsorbed. A direct correlation was
observed between the behavior of the electrical resistance and the magnetoresistance of the plates
under static skin-effect conditions, which indicates the significant role of umklapp processes on
reflection of electrons from a surface with an adsorbed layer. It is shown that the main features of
the dependence of the resistance of tungsten plates on the coverage of the surface by oxygen atoms
can be explained by taking account of the competition between multichannel specular reflection
processes and conduction electron scattering processes due to partial buildup of regular two-

dimensional structures arising on the surface.

INTRODUCTION

Multichannel specular reflection of conduction elec-
trons from the surface is a characteristic of metals with a
complicated dispersion law for the carriers and an atomical-
ly clean surface, or when an ordered system of adsorbed
atoms exists on the perfect faces of the specimen.’™ Multi-
channel specular reflection processes (or, otherwise, umk-
lapp processes at the surface®) appreciably affect the dynam-
ics of carriers in the surface layer and lead to a number of
new effects.®® In particular, the dissipation of electron mo-
mentum in umklapp processes at the surface can play an
important part in different aspects of charge transfer pro-
cesses near the boundaries of conductors, among them the
classical size effect in electrical resistivity.’

Traditional methods of studying the size effect'® are
based on measurements of the resistance of a specimen as a
function either of specimen thickness or of temperature, on
which the electron mean free path depends. However, the
possible uncontrolled change in the details of the atomic
structure of a surface on going from specimen to specimen or
on changing the temperature over wide limits, restricts the
applicability of these methods.

One of the possible means of studying the connection
between the atomic structure of the boundary and the nature
of the reflection of conduction electrons consists in a con-
trolled change in the state of the surface over wide limits on
adsorbing foreign atoms on the surface of the specimen.
Such a connection was studied in tungsten,'! using two inde-
pendent methods: low energy electron diffraction and the
static skin effect. As a result, a correlation was established
between features of the symmetry of the surface lattice of
adsorbed atoms and the behavior of the magnetoresistance
of tungsten under static skin effect conditions.

In the present work, the effect of adsorption of submon-
olayer oxygen films on the electrical resistance of thin tung-
sten plates oriented in the (110) plane was studied under clas-
sical size-effect conditions. The aim of the work was the
study of the influence of ordered surface structures on the

1015 Sov. Phys. JETP 60 (5), November 1984

0038-5646/84/111015-05$04.00

magnitude of the electrical resistivity of tungsten plates,
based on a comparison of the results of the size effect with
results on the static skin effect. A relatively simpler theoreti-
cal description of the classical size effect enable the results
obtained to be interpreted qualitatively and for them to be
illustrated by numerical calculations.

EXPERIMENTAL METHOD

Studies of the size effect in single-crystal tungsten plates
were carried out in a glass vacuum apparatus, the lower
(““cold”) part of which, with the specimen under investiga-
tion, was in a metal cryostat at liquid helium temperature.
The specimen in the shape of a plate with dimensions
9% 2Xx0.1 mm was cut out, in a [100] direction, from a sin-
gle-crystal tungsten ingot with resistance ratio p(300 K)/
p(4.2K) = 10°. The surface of the plate in the (110) plane, was
treated in the standard way''~'> and maintained under high
vacuum conditions at 107°-107'° mm Hg. The specimen
was in thermal contact with the external helium bath
through 1.5 mm diameter molybdenum leads. A measuring
currentJ (0.1-2 A) was applied to the specimen through the
leads, as was the current for high-temperature cleaning of
the crystal surface.

The plate being studied had three 1 X 1 mm projections
along the long edge. A differential tungsten-rhenium ther-
mocouple was welded to the central projection with a spot
welder. Calibration in the temperature range 1000-2500 K
was carried out by means of an optical pyrometer, and it was
assumed that in the temperature range 4.2-1000 K the de-
pendence of the thermocouple signal on temperature is lin-
ear. The two projections on the edges of the plate were used
as potential contacts in a four-point scheme for measuring
resistance. The sensitivity of the measuring system was
5x1071°V,

A pressure gauge, a titanium getter pump and an oxy-
gen source were housed in the upper (“hot”) part of the ex-
perimental apparatus. Oxygen was obtained from thermal
dissociation of CuO powder, contained in a thin-walled 2
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mm diameter, 30 mm long platinum tube.

A superconducting magnet was immersed in the helium
bath, with which a steady magnetic field of strength up to 20
kOe could be provided to achieve the static skin effect re-
gime.

EXPERIMENTAL RESULTS

An automatically recorded trace of the time (¢ ) depen-
dence of the signal AU from the potential contacts for a thin
single-crystal tungsten plate is shown in Fig. 1. The start of
the trace was preceded by high-temperature heating of the
crystal, in order to obtain an atomically clean surface, and
cooling of the specimen to T = 4.2 K. Sections 1 and 4 corre-
sponds to the time dependence of the signal from the poten-
tial contacts with the measuring current through the speci-
men switched off. The residual gas pressure in the “warm”
section of the vacuum apparatus was P= 107 mm Hg.
Sections 2 and 3 correspond to the trace on switching on the
measuring current through the specimen. At the instant #,
the oxygen source was connected and the time for establish-
ing an equilibrium pressure P=1X10"° mm Hg in the
warm part of the vacuum apparatus was about 10s. It can be
seen from Fig. 1 that the deposition of oxygen on the atomi-
cally clean surface of the plate leads to an increase in electri-
cal resistance by a factor of one and a half (section 3). Subse-
quent cleaning of the crystal surface to the atomically clean
state on disconnecting the oxygen source enabled the experi-
ment with absorbed oxygen to be repeated many times. The
potential signal AU for the specimen in the static skin effect
regime, under the same experimental conditions as for the
AU (t) curve traced in Fig. 1, showed that deposition of oxy-
gen on the atomically clean surface of the plate leads to a
threefold increase in magnetoresistance. The magnetic field
H = 10kOe lay in the plane of the plate and was perpendicu-
lar to the direction of the measuring current J.

Figure 2 shows a set of plots of the electrical resistivity p
of a tungsten plate as a function of the annealing temperature
T,., of the oxygen film on the surface. The parameter of the
P(T ) curves is the time ¢ for the adsorption of oxygen on
the surface of the plate. Oxygen was adsorbed on the surface
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FIG. 1. Automatic trace of the dependence of the signal AU from the
potential contacts of a thin single-crystal plate of tungsten on time ¢ in the
absence of a magnetic field, n1(110), J||{100], T = 4.2 K. Sections 1 and 4
correspond to the trace when the current through the specimen is
switched off, sections 2 and 3 to the measuring current J being switched
on. The oxygen source is connected at the instant #,.
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FIG. 2. The dependence of the resistivity p of a tungsten plate on anneal-
ing temperature T, for different times ¢ for adsorption of oxygen on the
surface of the specimen.

which had been cleaned to the atomically clean state and
cooled to a temperature 7 = 4.2 K. The successive points on
the 7(T,,. ) curves were obtained on heating the crystal to the
corresponding T, and cooling to 4.2 K for measuring p. It
can be seen from Fig. 2 that p for T,,, = 2000 K is equal to
the electrical resistivity of the plate with an atomically clean
surface, i.e. for T, > 2000 K the oxygen is completely de-
sorbed from the tungsten surface.'* After cooling the crystal
to T'= 4.2 K and depositing a new portion of oxygen on the
surface, annealing of the film and measuring of the p(T,,,)
dependence were repeated.

A set of plots of the magnetoresistance (the static skin-
effect electrical resistivity) p,,. of the psecimen as a function
of the annealing temperature T,,, is shown in Fig. 3 for
different times of oxygen adsorption on the surface. The con-
ditions of the experiment when depositing oxygen were the
same when obtaining the results shown in Fig. 2. The distin-
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FIG. 3. The dependence of magnetoresistance p,,. of a specimen on an-
nealing temperature T ,,, for different times ¢ for adsorption of oxygen on
the surface, H = 10 kOe, J||[100], HLJ, Hln.
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guishing feature of this experiment was the presence of the
magnetic field lying in the plane of the plate and producing
the static skin effect conditions. According to Lutsishin ez
al," the first minimum in the p, (¢ ) curve for T,,,, = 400K,
shown by the thick dashed line, corresponds to the maxi-
mum of the (2 X 1) structure and the subsequent minimum
corresponds to the greatest development of the (2 X 2) struc-
ture. As in Lutsishin et al,'' we did not obtain a further
reduction in the p (¢ ) dependence, which is associated with
areduction in the oxygen sticking probability in the region of
the covering thickness © > 0.8 at a substrate temperature
T = 4.2 K (Ref. 15). It can be seen from Figs. 2 and 3 that the
behavior of the series of resistivity p(T,,, ) and magnetoresis-
tance p. (o, ) curves is the same for the same surface oxy-
gen concentration.

We note that for annealing temperatures 7> 500 K de-
sorption of oxygen from the crystal surface takes place with
desorption products WO, and WO, while for temperatures
T> 1500 K it is in the form of the atomic phase.’* As the
oxygen concentration is reduced, for increasing T,,,, the
P(Tonn ) and pg (Tonq ) curves repeat the behavior of the p(t)
and p,,.(t) curves obtained for T, , =400 K (the dashed
curves in Figs. 2 and 3), while the sequence of the corre-
sponding minima and maxima occur in the reverse order.
There are, for example, two routes for reaching the resis-
tance and magnetoresistance minima corresponding to the
covering thickness ©~0.5 and to the maximum develop-
ment of the ordered (2 X 1) structure on the surface. The first
possibility is realized by the deposition of oxygen up to a
covering © ~0.5 and annealing to a temperature T,,, = 400
K (point 4 in Figs. 2 and 3). The second route consists of
depositing oxygen to a coverage © > 0.5 and subsequent an-
nealing and desorption of oxygen until the characteristic
minimum appears in the p(T,,, ) and p (T, ) pPlots.

INTERPRETATION OF THE RESULTS AND CONCLUSIONS

From the identical nature of the features of the behavior
of the electrical resistivity p and magnetoresistance p., to-
gether with earlier'! deductions of a correlation between the
Psse €xtrema and the formation of ordered structures on a
tungsten surface, it can be asserted that the nonmonotonic
nature of the dependence of p on the number of adsorbed
atoms on the surface is a consequence of an ordering process
at the boundary. According to earlier results,'" the adsorp-
tion of oxygen atoms on a (110) tungsten face occursinsuch a
way that for a relative oxygen atom covering concentration
of 1/2 and 3/4 on the face at a given temperature, ordered
lattices can be formed with the structures p (2 X 1) and (2 X 2),
respectively. The impurity lattice on the surface is character-
ized by the existence of short range order, which is revealed
in clearly defined diffraction patterns of low energy elec-
trons reflected from the surface, and by the absence of long
range order, which is connected with unavoidable surface
defects of various kinds (growth steps, roughness, etc).

Because of the absence of long-range order on the sur-
face of the face, the reflection of conduction electrons from
the crystal boundary having adsorbed atoms can be de-
scribed, '® with the help of linear boundary conditions for the
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electron distribution function, expressed in integral form by
a distribution function for electrons reflected at the bound-
ary (z = 0) through an incident distribution function and a
probability W, , of an electron transition from state k' to
state k per unit collision with the scattering surface.!” The
existence of short range order leads then to the probability
W ... having a sharp maximum, corresponding to the condi-
tions for Bragg reflection of electrons from the surface lat-
tice.

In the case of an arbitrary concentration of adsorbed
atoms on the surface, there is additional disorder associated
with the random nature of the buildup of the sublattices
mentioned above. The disorder leads to the usual surface
scattering which makes, together with multichannel specu-
lar reflection processes, a contribution to the probability
W...- The relative insensity of both types of scattering de-
pends appreciably on the concentration of impurity deposit-
ed. To a first Born approximation, the scattering probability
W... is expressed through the interaction potential ¥ of an
electron with the adsorbed atoms.!” Writing ¥ in the form of
asum of potentials @ of the scattering adsorbed atoms, local-
ized at sites R,, of the surface lattice, and using the property
of translational symmetry of the electron wave functions in a
crystal with an ideal surface, the matrix elements ¥,, , can be
expressed in terms of the elements @, , ,, and the probability

W,,. can be written in the following way:

2L 2=n
Wi =55 | O NS (=) 8 s, m
k

where v}, is the modulus of the electron velocity vector along
the normal z to the surface, L is the plate thickness, N the
number of sites of the surface crystal plane and x is the tan-
gential component of the wave vector k,

s00=57( Vel Ry ) @
is the surface structure factor; the angular brackets indicate
averaging over the scattering potential configurations.

We assume that the adsorbed atoms fill completely the
sublattice / and partially, with relative concentration c;, the
sublattice j, with their distribution being random over the
sublattice being built up.

For describing the process of adsorption of oxygen
atoms on a (110) face of tungsten,! we distinguish three sub-
lattices, represented in Fig. 4 by the numbers 1, 2 and 3.
Adsorption of oxygen on this face takes place in the follow-
ing way: sublattice 1 is filled up at first, then cells of lattice 2
are filled up, and when positions 1 and 2 have been filled, the
third sublattice is filled. Going from summation over sites in
Eq. (2), after averaging, to summation over vectors g of the
reciprocal lattice surface of the (110) face, for each of the
three stages described above, we obtain-

2

si@=geti—e)+ =Y [sa-0)+o(a-s 5 ]
: ()

1 2
Sa(@) = es(1—ea)+ 7 Y[ (2+e*0(a—g)
g
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FIG. 4. The theoretical dependence of the contribution 4p of adsorbed
oxygen to the electrical resistivity (in arbitrary units) of a tungsten plate on
the degree of covering © for values of the parameters r,,, = 0.6 and
R;,4 = 1.2. The inset shown the arrangements of the lattices formed by
oxygen atoms on a (110) face of tungsten. The circles with the number 1
correspond to the p(2 X 1) structure; circles with the number 2 form the
lattice filled in on going from the p(2 X 1) to the (2 X 2) structure and those
numbered 3 form the lattice filling up the (2 X 2) structure up to the p(1 X 1)
structure which possesses the symmetry of the substrate face.

(20 (a-g-5) (@
sl ) efee )]
Si@=—ati=c)+7— 3 { (36 (a-g) +(1—c)’
fofre-g)
R

where g, and g, are the basic vectors of the reciprocal two-
dimensional lattice and s, is the area of the elementary cell of
the (110) face of tungsten.

From the solution of the kinetic equation for the distri-
bution function with the boundary conditions, the conduc-
tivity of the plate can be calculated, and its dependence on
the degree of filling of the monolayer of adsorbed atoms can
be found. Since the walls of the lower part of the vacuum
apparatus (about 50 cm long), in which the specimen was
placed, was cooled to T'= 4.2 K, it could be expected that
deposition of oxygen only took place on the one side of the
plate facing the oxygen source. For simplicity we will as-
sume that the other side of the plate, with a state which evi-
dently did not change during deposition of oxygen on the
first face, scatters diffusely. With this assumption we can
write the conductivity of the plate in explicit form in terms of
the scattering probability W, ,, for electrons at the surface
studied.'® In view of the assumed weakness of electron scat-
tering by adsorbed atoms, the resistivity p of the plate can
then be represented in the form p = p, + 4p, where p, is the
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part independent of scattering at the adsorbing face, while
Ap depends in the following way on W, ,:

L 2
Ap~ (™) v Wi [1—exp (— - )]
%—:J TUr
X[i _wt 1—exp (—L/tvy?)
vt 1—exp(—L/Tvy7)

(6)

]a(s,,—s,).

Here 7 is the mean free time limited by bulk scattering mech-
anisms and ¢ is the Fermi energy. Substituting the expres-
sions of Egs. (1)—(5) into Eq. (6), we obtain the basic relations
for the analysis of the relative changes in resistance on
changing the state of the surface studied.

An analysis has been carried out'! of possible electron
transitions on reflection from a (110) tungsten face with re-
gular p(2 X 1) and (2 X 2) structures. The contribution to the
resistivity for incomplete buildup of the structures will come
from both umklapp processes and incoherent scattering pro-
cesses, described by the first terms of Egs. (3)—(5). While the
P(2X 1) structure (sublattice 1 in Fig. 4) is being formed, the
contribution 4p, will be determined, first of all, by the nar-
row regions of phase space where umklapp processes are
possible between the electron ‘‘jack” and the hole “‘octahe-
dron” and also between the hole “ellipsoids” and the residu-
al sections of the Fermi surface of tungsten through the vec-
tor g,,, and multiples of it, and, secondly, by incoherent
scattering, in the process of which an electron can go to an
arbitrary point of the Fermi surface. Extracting the depen-
dence of 4p, on concentration ¢, in explicit form, we obtain

Api=4c, (1—c1) Apinctc®Apy, (7)

where the coefficients 4p;,. and 4p,,,, which describe the
intensity of incoherent scattering and umklapp scattering
through the vector (g,,, + g), are expressed only in terms of
characteristics of the Fermi surface and the matrix elements
of the scattering potential of the adsorbed atoms, and depend
on the parameters 7 and L. Because of the small region of
phase space where umklapp processes are possible due to the
Pp(2X1) structure, the magnitude of 4p,,, clearly does not
exceed 4p;,,. so that the ratio r, ,=4p, ,,/4p;,. < 1.

On formation of the (2 X 2) structure (the combination
of sublattices 1 and 2 in Fig. 4), umklapp scattering becomes
possible by the vectors g,/, + 8,8,/, + gand g,/, + 8,2+ 8
between the hole “octahedron” of the Fermi surface and the
electron “jack.” Then, consistent with Eq. (4), we can write

Ap:=2¢,(1—c3) Apinct (1—c2) Apy,+c,*Apy, (8)

where the parameter 4p,,, describes the intensity of the
transitions designated above. The most effective of them are
umklapp scattering by the vector (g, + g,)/2. In view of the
fact that umklapp scattering by such vectors is possible in a
region of appreciable volume in phase space, the magnitude
of Ap;,, is comparable with Ap;, . and the ratio r;,,=A4p;,,/
Ap inc = L

At the third and last stage in the formation of an oxygen
monolayer, when the reestablishment of the initial symme-
try of the (110) face takes place, we obtain according to Eq.

(5)
Aps=2cs(1—¢3) Apinct (1—cs) *Ap.. 9)

Mitryaevetal. 1018




In obtaining Eqgs. (7)—(9) we have considered the umklapp
processes through vectors g of the reciprocal lattice are prac-
tically forbidden.

We will not quote here the cumbersome expressions for
the coefficients 4p;,., 4p,,, and 4p;,,, since the determi-
nants of their matrix elements of the scattering potential of
adsorbed atoms are unknown, and we will consider these
quantities as adjustable parameters. Since we are only inter-
ested in relative changes in the value of 4p, two dimension-
less quantities can be used as parameters: the ratios r,,, and
r3,4. According to Egs. (7)—(9), the dependence of 4p on the
degreeof covering © takestheformdp/Ap;,. = F (O )where

80(1—-20)+4r,0%, O<'/, (10)
F(0)=] 4(20—1) (3—40)+r, (3—40) +4ry,(20—1)?,
8(408—3) (1—8)+16 (1—0)%r,,  3/,<O<1

2 <B<'/..

The behavior of F (@ ) with an appropriate choice of the
parameters r,,, and r;,, correctly provides all the main fea-
tures of the experimentally observed dependences of 4p on
annealing temperature or time for deposition of oxygen
atoms. In fact, during the formation of the p(2 X 1) structure
(see Fig. 2) the surface contribution to the resistivity Ap in-
creases to some maximum value 4p'!., and then decreases,
reaching a value 4p,;, different from zero, which amounts
to about half Ap(l), . The function F (6 ) behaves similarly at
71/2=0.6. During the process of formation of the (2<2)
structure of further increase in resistivity 4p takes place up
to a value 4p?,, , which coincides approximately with
4p'l)... The function F(6) behaves in the same way for
r374~1.2. The behavior of F (O ) forr,,, =0.6 and r;,, = 1.2
is shown in Fig. 4.

The results of the comparative study of the effect of
ordered oxygen films on the electrical resistivity and magne-
toresistance of thin tungsten plates, shown in Figs. (2) and
(3), and also the theoretical treatment carried out, are thus
evidence of the sensitivity of the size effect in electrical resis-
tivity to umklapp processes at the surface. The difference in
the sensitivity of the size effect and of the static skin effect to
adsorbed oxygen is related to the different role of bulk scat-
tering. Under static skin effect conditions the bulk conduc-
tivity is 102-10> times less than that of the surface,!! while
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under the usual size effect conditions the bulk scattering
“shunts” the electron-surface scattering.

The nature of the features found in studying the size
effect in electrical resistivity agree with the relationships ob-
tained earlier when studying the static skin effect, and can be

- explained by taking account of scattering and the multichan-

nel character of the reflection of current carriers from a sur-
face having a lattice of adsorbed atoms.

The authors are grateful to O. A. Panchenko for his
interest in the work and for discussion of the results.
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