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Nonmetallic conductivity of epitaxial monolayers of Ag at low temperatures

M. Henzler, T. Lüer, and A. Burdach
Institut für Festkörperphysik, Universita¨t Hannover, Appelstraße 2, D-30167 Hannover, Germany

~Received 8 July 1997; revised manuscript received 3 December 1997!

Epitaxial metallic monolayers are models for two-dimensional conduction. They provide well-ordered mon-
atomic films with an atom distance as in the bulk. Measurements of the dc conductivity of epitaxial Ag films
on a clean Si~111! 737 substrate at about 100 K reveal that the conductance for a thickness down to nearly a
monolayer is well described by a simple Drude model with a mean free path given by the film thickness. For
lower temperatures~down to nearly 4 K! the conductance of very thin films is reversibly decreased by orders
of magnitude. Whereas annealing increases the mean free path for thick films up to twice the thickness, the
films with a thickness of less than 2 monolayers show no annealing effect. The results may be discussed with
models of amorphous or granular films. The lack of agreement with theoretically predicted temperature de-
pendences may be due to the special structure of epitaxial films.@S0163-1829~98!01639-7#
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I. INTRODUCTION

The ideal two-dimensional~2D! metallic system would be
a perfectly periodic arrangement of metal atoms in a pla
The distances between the atoms should be as in the bul
that an overlap of the wave functions would enable pla
waves. No substrate should disturb the electrons in the la
At a sufficiently low temperature it should be possible
study the ideal 2D electronic conduction. The conductanc
thin metallic films has been studied already over decad
Thin metallic films have been deposited onto glass under
vacuum conditions, so that both cleanliness and crystalli
have been not well defined. Here the resistence increase
been studied due to surface scattering and small grain s
as a function of film thickness, temperature, and parame
of production like annealing or oxidation as reported in R
1. In these experiments usually many monolayers had to
deposited, until a continuous, percolating film is foun
Some experiments have already been performed in ultra
vacuum with a film of Pt on Si.6 Here a percolation is ob
tained already in the monolayer range. Since, howeve
polycrystalline silicide with varying stoichiometry and on
short-range order is formed, the film is far from an ideal 2
system.

Ag films on Ge~001! have been studied after depositio
in ultrahigh vacuum.2 They report that a pseudomorph
monolayer is formed with granular growth on top of it. Co
ductance could be measured after transfer through air in
cryostat. Morphology, cleanliness, and thickness were
exactly controllable. Nevertheless the measured dependa
of two-point resistance change with temperature, and elec
and magnetic field could be clearly attributed to 2D cond
tivity within the regime of weak localization as predicted b
theory3,4 and a surprising incomplete transition to superco
ductivity at 1.6 K. In a more recent experiment5 Ag was also
deposited in ultrahigh vacuum onto Ge~100!. They report a
disordered film, which recrystallizes at room temperature
a polycrystalline film with more or less separated grains w
~110! orientation. Although rough conductance measu
ments could be performedin situ, the careful experiments a
He temperatures were only possible for film thicknesses
PRB 580163-1829/98/58~15!/10046~8!/$15.00
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tween 10 and 30 ML and after transfer through air for pre
ration of contacts in high vacuum. The conductance m
surements are interpreted with a granular structure and
interface, which may produce incomplete superconductiv
In both experiments the incomplete characterization of
film, the lack of good epitaxy, the transfer through air in
high vacuum for contact production, and the measuremen
a cryostat were limitations for a straightforward interpre
tion.

The best experimental realization for a 2D metallic film
so far given by epitaxial films grown in ultrahigh vacuum o
insulating substrates andin situ measurement at low tem
peratures. Many metals form highly ordered superstructu
or grow epitaxially on semiconductors~which are insulating
at low temperatures! ~see, e.g., Ref. 7!. In the superstructures
usually the distance of the metal atoms is considerably la
than in the bulk metal. For example, the well-known sup
structure of Ag in the Si~111! A33A3 Ag structure forms a
periodic monolayer. Since the distance between Ag atom
this monolayer, however, is given by the Si substrate, i
30% larger than in bulk Ag. Therefore the formation of a 2
metal is not very likely. Those superstructures, howev
may form bands of surface states, which may have meta
properties also. This is a quite different conduction mec
nism, which has been discussed already some twenty y
ago.8 Recent experiments show that this type of conduct
may be realized in superstructures on Si.9 Here low-
temperature measurements have not yet been performed
comparison is so far only partially possible. Therefore t
measurements of the resistance of epitaxial films are of
mediate interest for the study of an ideal 2D metal
system.10–12 Since the temperature for those earlier expe
ments was not lower than 70 and about 20 K, respectively
least the really low temperature was missing for the id
system. Nevertheless these experiments have shown se
2D features, which will be dicussed later.

The resistance of clean metals is usually given by an
crease proportional to the temperature and a residual re
tance due to defects, which dominates the resistance at
temperatures. Very early a resistance increase due to su
scattering is found, as soon as the dimensions of the sam
10 046 © 1998 The American Physical Society
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PRB 58 10 047NONMETALLIC CONDUCTIVITY OF EPITAXIAL MONOLAYERS OF . . .
~thickness of film or diameter of wire! gets smaller than the
mean free path of the electrons.13 Amorphous and granula
films show peculiar effects like positive or negative tempe
ture coefficients of the resistance. Elaborate theoretical m
els provide detailed explanations.3,14 For very thin continu-
ous films and at low temperatures also quantization effe
have been detected~weak localization!.15,16 The effects are
described by strong elastic scattering at defects and at
faces. Epitaxial thin films should have lower defect densit
and therefore a higher mobility, so that quantization effe
due to thickness should be seen more clearly. Experimen
epitaxial Ag films on Si~111! 737 have shown a fairly low
conductance even at 20 K, which could be described by
terface scattering and weak localization for thicknesses
to 100 ML ~monolayers!.11,17 For thicknesses down to 1.
ML a dramatic increase of resistivity was observed, wh
requires for description some kind of strong localization.
percolation limit close to 1 ML with a weak dependence
deposition temperature could be detected.12 Although the ef-
fects have been in part quite dramatic, it has been obv
that with a lower temperature for deposition and measu
ment the effects should be much clearer, so that the cha
for a clarification of the conductance mechanisms for
different thicknesses should be high.

Therefore new experiments have been performed dow
about 15 K for deposition and nearly 4 K for measurement
Especially for film thicknesses up to 2 ML the conductan
in the temperature range from 4 to 100 K brings evidence
a conduction mechanism, which is not described by w
localization, variable range hopping or by a simple activat
process. The annealing experiments show clear differen
between thin and thicker films. The unexpected percola
results at the lowest temperatures again point to a diffe
conduction mechanism to describe the apparent high cri
coverage for the start of percolation.

The results point to a conduction mechanism that m
depend on the special structure of epitaxial films.

II. EXPERIMENTAL SETUP

A special sample holder has been constructed to com
very different requirements: In the same position the sam
had to be heated in UHV up to 1000 °C for cleaning a
annealing of the silicon sample and to be cooled down
about 4 K for conductance measurements. For that purp
the sample is mounted on a He-cooled copper sample ho
with sapphire platelets for electrical insulation and limit
thermal coupling, so that during heating by thee-beam from
the backside the holder will not be heated appreciably. T
sapphire guarantees the low temperature after heating.
sample is completely surrounded by two He cooled
shields with windows, which are opened only during A
deposition and LEED observation~Fig. 1!. With the win-
dows open~for LEED observation and Ag deposition! and
closed~for conductance measurements! the lowest tempera
ture at the sample is about 15 and about 4 K, respective

The square shaped Si samples with preevaporated
contacts in van der Pauw geometry were protected du
mounting with a chemical oxide, which was removed
UHV at a pressure of less than 2310210 mbar after bake-
out of the system and an annealing of the sample at 600
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for several hours by flashing. The well annealed Si~111! 7
37 surface was the substrate for deposition of Ag at te
peratures between about 15 and 100 K. The thickness o
deposited film was monitored with a quartz microbalan
The calibration was possible via the reversible resista
change of a thick and annealed film during heating as
scribed previously.11,12The film is even for monolayer thick
nesses well ordered like a~111! plane of a Ag bulk crystal. It
is epitaxial with a small rotational mosaic disorder of63°
and a grain size of about 15 nm.12 Therefore here a mono
layer is given by a~111! plane of a Ag crystal with 1.4
31015 atoms/cm2. The conductance has been averaged o
several measurements each in the various van der Pauw
rangements~rotation of the contact connections!. The homo-
geneity of the surface conductance of the sample w
checked by measurement of the van der Pauw geometry
tor. For evaluation only samples with a constant geome
factor close to one and therefore good homogeneity h
been used. The temperature has been measured with
vapor pressure thermometer and a carbon glass resistor i
base plate of the sample holder. With the radiation shie
closed the sample did not show a different temperature
measured with a differential thermocouple between a dum
sample and the base of the cryostat. For the samples
measurement no thermocouple could be used, since
samples had to be flashed to high temperatures in the U
Therefore the temperature of the sample may have bee
few degrees higher than the base of the cryostat, depen
of the actual mounting of the sample. In the figures the m
sured temperature at the cryostat is always given.

III. RESULTS

A. Percolation threshold

Ag has been deposited at about 15 K onto the cle
Si~111! 737 surface. The dc conductance measured dur
deposition is shown in Fig. 2. The constant conductance
to the increase at 1.4 ML is due to illumination of the su
strate by the evaporator. Extrapolating the increase of c
ductance to zero in a log-log plot yields the critical covera

FIG. 1. The experimental setup for sample preparation~15 to
1500 K! and measurement~around 4 K! in situ. The magnet has
been used for magnetoconductance experiments of similar Ag fi
to be reported later.
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10 048 PRB 58M. HENZLER, T. LÜER, AND A. BURDACH
Qc , as shown in detail in Ref. 12. The critical coverage
derived by extrapolation to the onset of conductance depe
strongly on the temperature of deposition. In Fig. 3 t
present data together with the former data12 reveal a strong
increase of the critical coverage with decreasing deposi
temperature. This increase at low temperatures is un
pected, since the nucleation probability should be higher
therefore the formation of 3D islands less likely, whic
yields a lower percolation limit at lower temperatures.

B. Annealing effects

Continuous monolayers may not be produced at ro
temperature. After deposition at low temperatures the fi
are continuous, they may, however, be disordered. There
the best films with respect to a brilliant LEED pattern and
high conductivity are obtained after low-temperature depo
tion and annealing.18,19 Increasing the temperature aft
deposition the conductance always increases up to an
mum temperature, where a maximum and with further te
perature increase a decrease of conductance was obs
due to irreversible breaking up into 3D islands. This op
mum annealing temperature increases with increasing
thickness.

The conductance during first heating up to the optim
temperature and the reversible changes during further c

FIG. 2. Conductance of a growing Ag film during deposition
about 15 K. The conductance unit on the left sideL005e2/2p\ is
the quantum unit of conductance as used for the description of w
localization~Ref. 4!.

FIG. 3. Critical coverageQc for percolation of Ag films on
Si~111! 737 vs temperature during deposition. The coverage
corresponds to a complete~111! plane of bulk Ag. The critical
coverage has been derived from extrapolation to zero conductio
a log-log plot of excess conduction vs coverage minus critical c
erage.
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ing and heating cycles is shown in Fig. 4. Whereas the
crease during the first heating for thick films is irreversib
due to annealing of defects in the film, the very thin film
show a completely reversible change of the conductan
This difference is obviously due to the different conducti
mechanisms in the films with small thicknesses.

C. Temperature dependence

More information about the conduction mechanism is d
rived from the reversible resistance changes with temp
ture after annealing. Whereas a thick film shows the w
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FIG. 4. Conductance of Ag films during first annealing from t
deposition temperature at 15 K to the temperature of maxim
conductance and subsequent cooling:~a! coverageQ51.5 ML, ~b!
Q52 ML, ~c! Q56 ML. All subsequent heating and coolin
cycles followed the cooling curve. Coverage, deposition tempe
ture, and maximum annealing temperature are given at the to
each figure.
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PRB 58 10 049NONMETALLIC CONDUCTIVITY OF EPITAXIAL MONOLAYERS OF . . .
known bulk behavior with a constant resistance at low te
peratures due to distortions in the film and with a resista
increase proportional to the temperature with the bulk co
ficient ~Fig. 5!, films with thicknesses between 5 and 7 M
thickness indicate weak localization with a maximum co
ductance at a temperature, which increases with decrea
film thickness~Fig. 6!. Another indicator for weak localiza
tion is the negative magnetoresistance. First results
shown in Fig. 7 with antilocalization and localization at lo
and higher magnetic fields, respectively. More results will
reported in a forthcoming paper.

A completely different behavior is seen for films with
thickness less than 2 ML~Fig. 8!. The conductance increase
in the temperature range from about 4 to 160 K monoto
ously. The conductance is not affected by annealing, un
the maximum temperature of here 160 K is surpassed, w
brings down the conductance irreversibly due to breaking
of the film into 3D islands.

D. Thickness dependence

The bulk conductivity of Ag films deposited at about 1
K, annealed to the temperature of maximum conducta
and measured at about 4 K is shown in Fig. 9. For compari
son also the conductance during deposition at 90 K is sh
~taken from Ref. 12!.

FIG. 5. Resistance vs temperature for a well annealed thick
film ~10 ML!. The residual resistance at low temperatures and
linear increase with higher temperatures reproduce the classica
havior.

FIG. 6. Conductance vs temperature for well annealed Ag fi
with intermediate thickness~5 to 7 ML!. The decrease at low tem
peratures is due to weak localization.
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The results for thicknesses over 3 ML are well describ
within a Drude model using the bulk electron concentrat
of Ag and a mean free path equal to the thickness of the
up to twice the value. The corresponding mean free pat
shown on the right side, the expected conductivity using j
the film thickness as a mean free path is given as a das
line in the figure (s}d).

The very thin films show a distinctly lower conductan
due to a different conduction mechanism, which depends
both the temperature and the film thickness, not, however
any annealing of the film up to the temperature of maxim
conductance. The data of the curve ‘‘90 K’’ are taken fro
the measurement during deposition and therefore without
nealing. After annealing they would coincide with the cur
‘‘4 K’’ for thicknesses over 4 ML.

IV. DISCUSSION

A. Percolation threshold

The usual percolation models assume a constant con
tance per occupied site or per connection between occu
sites. The application of such a model requires here the
sumption that a single atom~or a bridge between neighbor
ing atoms! may be represented by a resistor with a fix
value and an arrangement of several atoms may be desc
as an interconnection of several resistors of the same valu
for the single atom. Since the experimental percolation lim
is close to the theoretical limit, the units of the model have
be single atoms or at most islands with only a few atom
The plotting of the experimental data using the models
percolation of single units provides well-defined critical co
erages and a power of increase of the conductance com
ible with the models.12,21 Since no other models are avai
able, the discussion uses this model, as if a single atom c
be easily represented by a fixed resistor in the network
lattice sites.

The growth of Ag on Si~111! 737 at room temperature is
given by 3D island growth.20 The thermodynamic equilib-
rium obviously favors the forming of islands, which a
larger the higher the temperature is~Volmer-Weber growth!.
Therefore a percolation at room temperature with a dc c
ductivity in the film is observed only after deposition o
many monolayers. With lowering of the temperature f
deposition~and also for measurement! the mobility of the
atoms decreases and the nucleation density incre
accordingly.22,23 For sufficiently low temperatures the su
face mobility of the Ag atoms after deposition should
negligible. When all atoms stay at the lattice site, where th
arrive, a percolation limit for random arrangement in a tria
gular lattice is expected at the theoretically predicted va
of Qc50.5 in the first level.21 The experimentally observe
higher value ofQc50.8 by conductance12 and STM ~Ref.
24! has been explained by a start of second-layer gro
before completion of the first layer or by preferred nucleat
on the triangles of the Si~111! 737 unit meshes.12,24 Some
mobility of the Ag atoms is needed to reach those nuclea
sites. With further lowering of the deposition temperature
is expected that due to further reduction of the atom mobi
after deposition the percolation limit is closer to the theor
ical value. Also processes like the ‘‘downward funneling’’26

would not increase the critical coverage, they would rat
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FIG. 7. Resistance vs magnetic field strength for a well annealed Ag film with a thickness of 5 ML. The increase at low fields
decrease with higher fields resembles weak antilocalization and localization, respectively.
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reduce the probability of growth in the second level a
therefore reduce the critical coverage. The experimenta
sult of Fig. 3 is therefore in direct contradiction to the e
pected result.

Two models may explain the result: the first one ascri
the high percolation limit to a growth mode with a hig
nonthermal mobility, so that the formation of 3D islands
more likely at very low temperatures. Since no calculatio
are so far known to us, only speculations are possible. He
would have to be assumed that the arriving atom with
kinetic energy of several eV~binding energy to substrate!
has to excite substrate phonons for accommodation to
temperature of the substrate. The lower the temperature
less likely should be the excitation of phonons. Therefore
Ag atom may lose at very low temperatures only a fract
of its kinetic energy per strike and may perform with d
creasing temperature more and more hops until an accom
dation is completed. This type of ‘‘hopping’’ is known fo
He accommodation in the field ion microscope.25 MD calcu-
lations for metal atoms, however, cannot reproduce s
nonthermal mobility.26 Such a hopping mechanism wou
favor 3D island growth at very low temperatures. So far
structural studies for this special problem have been p
formed. Since available MD studies do not favor such

FIG. 8. Conductance vs temperature for a thin Ag film~1.5 ML!
deposited at about 15 K. The conductance changes are comp
reversible. The conductance at the low temperatures is well be
the limit of weak localization.
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mechanism, it will not be considered here further. The ot
model ascribes the higher percolation limit to a different co
duction mechanism for very thin films at very low temper
tures.

The thermal mobility of atoms is so low that the film ma
show more disorder. Simulations with molecular dynam
using classical mechanics for the damping mechanism i
cate that an Ag atom should lose its kinetic energy imme
ately, so that it rests at the lattice site of impingemen26

Annealing experiments after deposition just over the per
lation limit @1.5 ML in Fig. 4~a!# show that the low conduc
tance is not produced by a disorder, which may be anne
afterwards. It is therefore unlikely that a structural disord
produced by low temperature deposition is responsible
the high percolation limit. The reversibility of the condu
tance in Fig. 8 favors the following model: the apparent hi
percolation limit at low deposition temperatures is not due
a special growth mode at low temperatures; it rather sho
be due to a strong temperature dependence of the con
tance of the very thin films. The simple percolation mod
with a constant resistance per site is therefore not applica
The arrangement of single atoms should provide an ove
conductance, which at low temperatures is quite differ
from the arrangement of fixed conductances at the site
the atoms.

ely
w

FIG. 9. Conductance of Ag films at about 4 K for coverages
from 1.5 to 20 ML after optimum annealing. The dotted line is ju
a guide for the eye. For comparison the measured conductance
ing deposition at 90 K~no annealing! is also shown~taken from
Ref. 8!. The calculated lines}d yields the expected conductivity
for bulk Ag with the mean free path equal to the film thickness
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B. Annealing effects and thickness dependence

Deposition at temperatures less than 100 K produces
tinuous and conducting films after deposition of abou
monolayer. Annealing improves the structural order as s
in the LEED pattern.18 Although the local order still may be
improved, the film breaks up into islands, when a spec
temperature~depending on thickness! is surpassed. The sur
passing of this maximum temperature is seen both in
LEED pattern ~reappearance or intensity increase of su
strate spots! and in the conductance~irreversible decrease!.
Even in the temperature range up to the optimum temp
ture the annealing effect depends strongly on film thickne

Films with a thickness of at least 10 ML show the we
known bulk behavior: a strong annealing effect and aft
wards the resistance proportional to temperature over a
sidual resistance due to defects. For less than 2 ML thickn
the conductance increase is completely reversible, altho
some structural annealing is seen in the LEED pattern.
conductance in the very thin layers is therefore not descri
by defect and phonon scattering even after inclusion of s
face and interface scattering. The conduction mechani
are better discussed with the thickness dependence at 4

As with the former data from measurements at 20 K
present data in Fig. 9 (T54 K) may be described roughl
with two regions.

The line indexed withs}d is calculated with the bulk
carrier concentration and a mean free path equal to the th
nessd. For thicknesses over 2.5 ML the mean free path
well described by the thicknessd of the film. The experi-
ments with relatively thick films27,28 have shown that the
surface of the annealed film is nearly perfectly specular
the conduction electrons, since the surface scattering is d
tically increased by a low-temperature deposition of ad
tional Ag monolayers, which are rough due to deposition
temperatures below 200 K. So the mean free path not la
than twice the thickness of the film is caused mainly by
interface. It may be the corrugation given by the 737 super-
structure or by a disordered arrangement of the Si adatom
the superstructure after the formation of the Ag film. Furth
experiments could reveal the reason in detail.

The strong decline for thicknesses less than 2.5 ML po
to a different conduction mechanism. The conductiv
crosses the linekFl o51, which indicates the metal insulato
transition according to the Ioffe-Regel criterion.29 Simulta-
neously the 2D conductance is lower than the quantum c
ductanceL005e2/2p\. It may be therefore described by
metal-insulator transition. Its special conduction mechan
may be especially derived from the temperature depende
as discussed in the following subsection.

C. Models of conduction

The variations of the conductance with temperature
magnetic field are the best indicators for the type of cond
tion. The present results of temperature dependence
therefore be discussed in this respect.

The temperature dependence of the resistance of t
films ~more than about 10 ML! is well described in classica
terms: residual resistance at low temperatures and incr
proportional to the temperature~Fig. 5!. Due to the low mea-
suring temperature the films of intermediate thickness~5 to 7
n-
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ML ! show a well developed conductance maximum as
scribed by weak localization~Fig. 6!. For the low-
temperature region a dependence of the conductance
log(T) is expected. Since we have a small uncertainty in
temperature scale and the shape of a plot versus log(T) de-
pends on the amount of the uncertainty, we cannot check
dependence with log(T) unambiguously. The magneocon
ductance, however, clearly shows all features of weak lo
ization. The classical negative magnetoconductance is
side the available range of 4 T. As seen in Fig. 7 the posi
magnetoconductance of weak localization dominates
changes for fields over 0.5 T. For small magnetic fields
negative magnetoconductance of weak antilocalization
to spin-orbit coupling is clearly visible, which was not y
separable at higher temperatures in the former experimen17

A detailed discussion of magnetoconductance is planne
be presented in a forthcoming paper.

For thicknesses of less than about 4 ML the conducta
has a positive temperature coefficient in the whole availa
temperature region. For the film with a thickness of 1.5 M
the conductance increases from 4 to 150 K already b
factor of 30. There is no clear distinction for films from bo
sides of the metal-insulator transition as seen from the th
ness dependence. It looks like a smooth transition. In
literature are several experiments with thin films and mod
for an increasing conductance with temperature~‘‘negative
temperature coefficient for resistance’’!.1,14 As long as the
mean free path is considerably larger than the atom dista
the weak localization describes the effects perfectly, as
here also the case for films with a thickness of more tha
ML. In amorphous films an excitation out of localized stat
over the mobility edge may provide an activated conduc
ity with an energy barrier given by the distance from t
Fermi energy to the mobility edge. A conduction within
band of localized states may yield variable range hopp
with R(T)}exp(T0 /T)1/3 according to Mott.30

The model has been modified by including different inte
action by Efros31 and Pollack.32 Here the above equation fo
variable range hopping is varied by different powers forT
from 0 to 0.5. It has been also tried to use the intrinsic c
duction with a gap as in a semiconductor.33 All these models
predict an increase of conductance with temperature
quantitative fit, however, is not obtained even for the lowe
temperature region, where a superposition of differ
mechanisms should be less likely. Even adding a reason
amount of uncertainty to the indicated temperature does
yield a straight line in the appropriate plots. The lack
agreement is demonstrated with the variable range hop
in Fig 10.

For granular systems also other mechanisms have b
discussed.34–36The transition from one grain to the next on
may be blocked by the energy of charging up a grain~Cou-
lomb blockade with energyE5e2/2C). A granular film may
be considered as a network of isolated grains. When the
neling conductance is high, the weak localization regime
found. For a tunneling conductance lower than the quan
conductanceL00 the conductance will be activated by th
Coulomb energy and additionally possibly by a barrier b
tween the grains. Experiments with oxidized grains of cop
show an activated change of conductivity.35
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Our epitaxial films cannot easily be described by an am
phous or a granular system. The film consists of grains w
a size of about 15 nm. Defects within the grains produ
only a small broadening of high-order diffraction spots in t
LEED pattern, so that the grains should be fairly perfec37

The grain boundaries are small-angle grain bounda
within 3 degrees of in-plane rotation. They should provid
good metallic contact, since they consist of a series of di
cations, which are 10–20 atomic distances apart. Since
substrate spots are invisible even after a deposition of
ML, there cannot be an appreciable distance between
grains. Therefore the LEED pattern indicates that the film
well ordered and without holes or gaps between the gra
so that the small-angle grain boundaries are the only subs
tial defect.

The conduction around 90 K is metallic for thickness
down to nearly 1 ML. The high-temperature value for t
film with 1.5 ML in Fig. 8 agrees completely with the valu
from the Drude approximation in Fig. 9. Even with a thic
ness of 1 ML the conductivity of the film deviates only by
factor of 4 from the simple Drude model~see Fig. 9!. The
metallic conduction points to an atom arrangement simila
a bulk metal, so that wave functions overlap as in the me
Only during cooling to 4 K the conductance decreases
versibly to a different type of conduction mechanism. The
fore only at low temperatures a localization mechanism
to come into effect. The very thin films may have a nea
random perturbation by the 737 structure of the substrate
which may be shielded only by multiple layers. A localiz

FIG. 10. Data of Fig. 8 as a plot to check for a dependence
given by the variable range hopping:R(T)}exp(T0 /T)1/3.
lid
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tion as in a granular system would require gaps between
grains. Those gaps would have to be several nm wide
yield an appreciable tunneling resistance for continu
states on both sides of the gap. Due to different sizes and
small rotational disorder the states may be localized
therefore the coupling hindered at low temperatures.
such a mechanism an activated conduction would be
pected, which is not observed.

Therefore so far no model can provide a satisfact
agreement with the observed temperature dependence
though the present system provides more information on
structure of the film than in most former experiments.

V. CONCLUSION

Epitaxial metallic monolayers on an insulating substr
should be the ideal models for a 2D metal with atomic str
ture. The semiconductor quantum wells are truly two dime
sional; they, however, exceed atomic dimensions by far. A
other example might be the conduction in surface state ba
of silicon, as recently revealed by Hasegawa a
co-workers.9 Here, however, so far measurements of te
perature dependence and of magnetoconductance are
ing. The epitaxial monolayers have the advantage that t
structure may be easily measured by diffraction and by
croscopy. Simultaneously a wide range of structural mod
cations is possible with variation of thickness, temperature
deposition, and annealing. The present experiments s
that the very thin films are metallic down to 100 K. It is n
clear, however, which mechanism decreases the conduct
around 4 to 20 K. Therefore new experiments of struct
determination at low temperature are in progress. Simu
neously, however, it is highly desirable that theoretical
vestigations reveal special features of low-temperature c
tal growth and show new possibilities of conductio
mechanisms, which may then be checked experimentall
detail.
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