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Magnetoconductivity of ultrathin epitaxial Ag films on Si(111) 7x 7 at low temperatures
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Ultrathin epitaxial Ag films on S1L11) 7X7 have been shown to have at approximatlK a very low
conductance, whereas at 100 K the metallic conductivity is evident. Therefore the magnetoconductance has
been used to identify the different scattering mechanisms. The conductance and the magnetoconductance have
been measureid situ with four-point probes in van der Pauw arrangement. For thicknesses from 1.8 to 20 ML
different scattering mechanisms have been revealed in the temperature range from approximately 4 to 20 K and
magnetic fields from-4 T to +4 T perpendicular to the sample surface. Whereas for films thicker than 3 ML
the weak localization and antilocalization provide a complete description, the thinnest films show properties
not yet described quantitatively by any theory.
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[. INTRODUCTION of 20 K is too high to isolate the different effects and to
explain the transport phenomena in these metal fiths.
The scattering of conduction electrons in metals is usuallyl herefore measurements at approximatél K have been

well described by phonons at high temperatures and by dererformed to answer some of the remaining questions.
fects at low temperatures. For thin films the surface and the The measurements of the temperature-dependent resis-
interface may act as effective scatterers. For thin films at loviance at low temperatures already show that there are several
temperatures weak localization has been observed as quaiggions of different scattering mechanisms, depending on the
tum interference effect of the backscattered electtons. thickness of the filmé.Here the magnetoresistance of these
Very thin films at low temperatures, however, cannot be defilms is reported to identify the mechanisms and to explain
scribed along these lines, since their conductance is too lo#ie experimental results.
for weak localization and shows some kind of metal-

|ns4ulator transition for a temperature range from _100 to 15 Il. EXPERIMENTAL SETUP
K.” Therefore some change in scattering mechanism has to
occur. All measurements were performed in an UHV chamber

For a fundamental study of conduction mechanisms irwith a base pressure of<110 *° mbar. Silicon wafers with
thin films it is necessary to select a system as simple aa resistance of 5 & cm at room temperature were used as
possible. It should be a clean and elemental film with a consubstrate. Samples with a speciakiBs mnt van der Pauw
stant thickness and well-ordered on a well ordered substratthape have been laser cut from a 1-mm-thick wafer. The
with a characterization of the defects in the film. Therefore asubstrate was chemically cleaned and as a last step Mo con-
clean single crystalline Ag film is here produced by epitaxytacts were evaporated onto the corners of each sample. After
on a perfect §L11) 7X 7 in ultrahigh vacuum. This film is this procedure the substrate was mounted on the sample
so far the best approximation to an ideal two-dimensionaholder and transfered into the chamber with a 24-h bakeout
(2D) film.>® After deposition of at least one monolayer at afterwards. Finally the oxide was flashed off the substrate.
temperatures between 50 and 150 K the diffraction spots dudll of the following steps were carried oirnt situin ultrahigh
to a Ag(11)) film are visible with a half-width decreasing to vacuum.
about 4% during annealing up to room temperature. With a Each silver film was evaporated onto a cleafl$l) 7
film of about 2 ML no superstructure spots of the substratex 7 surface at a substrate temperature of about 15 K. The
are visible up to annealing temperatures of about 200 Kthickness of the film was controlled using a quartz crystal
pointing to a hole free filnf:® During warming up to room monitor. The calibration was done with the temperature de-
temperature the films up to a thickness of about 3 ML formpendance of the resistance of thick and well-annealed films.
holes, which is seen both in an irreversible decrease of conWhen the desired thickness was reached the shutter and the
ductance and in the appearance of superstructure spots of thediation shields were closed and the sample was annealed
Si(111) 7X 7 substrate:>4 up to the highest conductivity so that contribution of defects

At low temperatures Si is insulating, so that the conduc-could be minimized. The effect of annealing is reported in a
tance of the Ag film is easily measured with a four probeformer papef. All results presented in this paper were per-
measurement in the van der Pauw arrangerhent. formed after this first annealing step, so that there is no con-

Magnetoconductance is a well-suited tool to study scattertribution of any annealing effect left in the data.
ing mechanisms, since its sign, magnitude, and field depen- Details concerning the experimental setup and preparation
dence indicate different mechanisms. Low temperatures aref the samples can be found elsewh&?&@he indicated tem-
required to avoid the smoothing effect of phonon scatteringperature has been measured at the base of the cryostat. The

Earlier measurements have shown that even a temperatutemperature at the sample has been measured directly only

0163-1829/99/5@)/23835)/$15.00 PRB 59 2383 ©1999 The American Physical Society



2384 M. HENZLER, T. LUER, AND J. HEITMANN PRB 59

of Fig. 1 shows first an increase and then a decrease of the
resistance for a combination of weak antilocalization and lo-
calization.

Hikami, Larkin, and Nagaoka found a quantitative de-
scription of the conductance change due to the magnetic field
B, when both weak antilocalization and localization are

R2 s Weak localization + classical

weak antiloc. + weak loc.
+ classical

magnetoresistance R(B)

T ; 10
) important:
0 classical 1 B, B
0 ALZL(B)—L(O)Z—LOO[‘P(E'FE +In B—)
magnetic field B 1
FIG. 1. Schematic representation of resistance change with mag- — E[\If E + ﬁ) +In E”
netic field at low temperatures: the classical residual resistRpce 2 2 B B,
increases with magnetic fiel(Hash-dotted curye the resistance
R,, which is increased due to weak localization, decreases down to + l ) l + %) +In E” (2
the classical curvédotted curvg the again lower resistané® due 2 2 B Bs/ |’
to antilocalization increases at low magnetic fields to the curve of . ) . . )
weak localization(solid curve. In f[hl_s equanr_i\P(_x) is the digamma functlon_. The charac-
teristic magnetic field8,, B,, andB; are defined as
for dummy samples, since a low-temperature thermocouple B,=By+Bg+ By, 3)
would not stand the flashing. Therefore the sample tempera-
ture may differ from the indicated temperature by a few de- B,=B;+ 2B+ 2B, (4)
grees.
All measurements have been performed with increasing B;=B;+ 2B, (5

and decreasing, positive and negative magnetic fields. There-,

fore any different values at zero field are due to drift duringW'th

cycling the field. A
Bn

= ZeDr.’ n=0,,s0,s. (6)
The indices 0j, so, ands stand for elastic, inelastic, spin-

Conductivity in metals is known to be described by theorbit, and spin-flip scattering, respectively. For all fits pre-
classical Drude formula. A decrease of the inelastic scattersented in this paper it was assumed that there are no mag-
ing by reducing of the temperature and/or an increase ofietic particles in the films #s=%) and that the elastic
elastic scattering in thin metal films may lead to interferencescattering timer, can be estimated by using the Drude for-
effects with an increase of the resistance of the films. Thesgula. The inelastic scattering time and the spin-orbit scat-
effects are called weak localizatidtocalization of conduc- tering time 7, are free parameters in the fit.
tion electrons by constructive interference of backscattered

Ill. THEORETICAL BACKGROUND

electron$, and weak antilocalizatiotantilocalization of con- IV. RESULTS

duction electrons caused by destructive interference due to

spin-orbit scattering'~3 Both of them can be removed by A. Thickness dependence of the magnetoresistance
applying high magnetic fields. The magnetoresistance of at low temperatures

metals has therefore three contributions, which are qualita- \jeasurements of the temperature-dependent resistance of
tively shown in Fig. 1. In the classical description the low- thin Ag films have shown that there is a classical metallic
temperature residual resistarRgis increased by a magnetic pehavior present for films with a thickness of more than
field B by about 10 ML. Films of a lower thickness show at low tem-
peratures a resistance increase, that can be explained by
R=R;(1+ u?B?) (1) weak localizatiorf. Figure 2 shows the magnetoresistance of
a 6-ML thick Ag film at a temperature of 4 K. The experi-

with u the mobility of the carriers. For sufficiently high tem- mental results are represented by the crosses, the solid line
peratures and not too thin filnig our experiments for films  shows the fit by using the theory of Hikaffifor these re-
with at least 10 ML thicknessthis equation describes the sults, which provides a perfect fit with the fitting parameters
magnetoresistance completéijash-dotted curve in Fig.)l 7 and r,,. When a magnetic field is applied the effect of
For thinner films the residual resistance is increased Ugyto weak localization is destroyed, the resistance is decreasing
in Fig. 1 due to an increased backscatterifigeak  with increasing strength of the magnetic field. For this thick-
localization.~® Since this interference effect is removed by ness and this temperature there is no contribution of weak
a magnetic field due to a phase change of the electron wawntilocalization clearly visible.
functions, a negative magnetoresistance is obse(dted There is a similar behavior observed for film thicknesses
curve in Fig. 1. Spin-orbit scattering reduces again the weakbetween 2 and 5 ML. The results and the fitsth Eq. (2)]
localization to a lower resistané®;, which is only observed are shown in Fig. 3. Again, the magnetoresistance is sym-
here for temperatures lower than about 20 K. Already a smalinetric for positive and negative magnetic fields so that there
magnetic field removes this effect. Therefore the solid curveonly the results for positive magnetic fields are shown. Here
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FIG. 2. Magnetoresistance of a 6-ML-thick Ag film for positive FIG. 4. Magnetoresistance of two Ag films with thicknesses of
and negative magnetic field. The conductance unit on the left sidé-8 and 1.9 ML at approximatelf=4 K. The starting resistances
Loo=€?/2?h is the quantum unit of conductance as used for thefor 1.8 and 1.9 ML are 85 and 19(Ksquare, respectively.
description of weak localizatiofRef. 3. The starting resistance is
240 Q/square. B. Temperature dependence of the magnetoresistance

of a Ag film with a thickness of 3 ML

the experimental results are well described with contribu- The investigation of the magnetoresistance of thin epitax-

tions of weak localization and weak antilocalization. Theial silver films at low temperaturgapproximately 4 K leads

contribution of weak antilocalization is clearly indicated by to some results that differ from the results of the former

the increasing resistance with increase of a low magnetifhvestigations at higher temperatur@pproximately 20 K

field. Therefore the temperature dependence of the magnetoresis-
For a thickness of less than 2 ML the results are alreadyance of a film with a thickness of 3 ML has been measured

qualitatively different. Figure 4 shows the experimental re-(Fig. 5). The contribution of antilocalization decreases with

sults for thicknesses of 1.8 and 1.9 ML, each with the besincreasing temperature until finally only contributions of

possible fit with Hikami’s theory, although the applicability weak localization can be seen from the magnetoresistance,

of the theory is questionable due to the high film resistancevhich agrees completely with earlier measuremétsere-

(its value is beyond the limit given by the loffe-Regel fore the differences are only due to the temperature and not

criteriorf). Already the elastic scattering time, should no  due to any difference in the film.

more be derived with the Drude formufevhich would yield

a value close to 10'° sec). There are two remarkable dif- V. DISCUSSION

ferences compared with the results of films of higher thick-

ness: the resistance does not increase for low magnetic fields, A. Films with a thickness from 2.5 to 10 ML at 4 K

pointing to a change in the transport mechanism. Addition-

ally it is no longer possible to obtain a satisfactory fit of the

data with the Hikami theory. The extremely high value for

the time g, (see Fig. & and the extremely low value far,

(from the no more applicable Drude formulaequire a

model with a different scattering mechanism.

The conductivity in these films is well described as me-
tallic with an elastic mean free path given by the thickness of
the film (up to twice the valug* The temperature depen-
dance shows that inelastic scattering is smaller by more than
one order of magnitude. Therefore the model of weak local-
ization as described quantitatively by Hikami, Larkin, Na-
gaoka is applicable. Since magnetic scattering is negligible

05 for Ag and Si, only the elastic, inelastic and spin-orbit scat-
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FIG. 3. Magnetoresistance of Ag films with different thick-
nesses in the weak localization regiméTat4 K. Due to the sym-
metry the resistances at negative fields have been plotted together FIG. 5. Magnetoresistance of Ag films with a thickness of 3 ML
with the resistances at positive fields. The starting resistances for Bheasured at different temperatures. The starting resistancés for
3, and 2 ML are 325, 1500, and 12 00d0/square, respectively. =4, 10, and 15 K are 1.5, 2.3, and 2.8)ksquare, respectively.

magnetic field B[T]
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FIG. 6. Inelastic scattering time and spin-orbit scattering time

Tso VS Ag film thickness at approximately 4 K. FIG. 7. Temperature dependence of the inelastic scattering time

7; and of the spin-orbit scattering time,, for an Ag film with d
tering times ¢, 7, andrs,, respsectivelyare relevant. The =3 ML.

elastic timer, is taken from the conductivity, since its domi-  The inelastic scattering has contributions both from
nates the conductance{<2x 10" sec). A separation of electron-phonon and electron-electron scattetfig. They
the other two relevant scattering times is now possible, sincare not separated by a measurement of the temperature de-
both localization and antilocalization are clearly distin- pendance of conductivity; rather, the magnetoconductance is
guished from increase and the following decrease of the renecessary. For strong magnetic fields the weak localization
sistance with increasing magnetic-field strength. The good fitlue to electron-phonon scattering is removed, that due to
with these two parameters shows the applicability of theelectron-electron scattering, however, is not removed. There-
theory and the independant determination of these scatterirfgre the temperature dependance of the conductance of a
times(Figs. 2—5. A summary is shown in Fig. 6. For thick- 6-ML film has been measured both at zero and at maximum
nesses of at least 2.5 ML the Spin_orbit t"’ns% is indepen_ (4 T) magnetiC field. Unfortuna‘fely at that field Strength the
dent of the thickness, pointing to a uniform conductionMagnetoconductance was still dependent on the field
mechanism as described within the Hikami theory. The Spin_strenght. Therefore a contribution due to electron-electron
orbit scattering is obviously a bulk effect due to the indepen-Scattering could not be separated.
dence of thickness, it is not related to the interface. The
inelastic time is approximately independent of thickness
(here the actual sample temperature—dependent on the ther- The results of Fig. 5 have been evaluated with respect to
mal coupling between sample and cryostat—and the filn{he relevant scattering timesig. 7). The spin-orbit scatter-
preparation may produce some scatter of the)dathereas N9 t|1r?e Tso IS independent of temperature, as expected. Li
the elastic timer, varies in this thickness range by nearly an €t @l published similar results for observations on non ep-
order of magnitude. A direct correlation with the conduc-itaxial silver films on glass substrate. o .
tance is not evident. Since the ratip/ 7, is larger than or The melastl_c scattering time decreases with increasing
close to unity, antilocalization is easily separated. Schademperature with a power of 1.25, when the temperature
et al® and Bergmann and Horriar-Es&kreported a depen- scale is used as measured at _the base of the cryostat. When
dance of the spin-orbit-scattering time on elastic scattering€ temperature of the sample is assumed to be a few degrees
time (or film thickness. Schad performed the experiments atnigher, the power increases up to abet.0. Theory pre-
higher temperatures of approximately 20 K for differentdicts exponents betweerr 1 and —2, depending on the
thicknesses. Since at these temperatures only a very sm&lechanisnt’ in the temperature range of measurement ob-
contribution of spin-orbit scattering is left in the magnetore-Viously several mechanisms contribute. A separation would
sistance, the present experiments have a much smaller err@g Possible with a higher accuracy of the measurement of the
bar. In the experiments of Bergmann and Horriar-Essefémperature and an expansion of the temperature range to
highly disordered and rather thid8.3 nm films had been lower temperatures. Those experiments are in progress.
deposited onto glass and the resistivity was altered by partial Other authors published values betweed.0 and—2.6
annealing. Since we used only epitaxial and well-annealeéPr the exponent?~*°Again different procedures for the pro-
films, the films are not directly comparable. It would be in- duction of the film as crystallinity, roughness, grain bound-
teresting to study to what extent the kind of disortiEsides ~ aries, voids and any other defects may be important besides
resistivity) has a direct impact on spin-orbit scattering. resistivity for details of the scattering mechanisms. So far
In the same way it is difficult to compare the abso|uteon|y our results refer to epitaXial and well-annealed films.
values forr, that were published by other authbrs! and _ _ ,
the values we determined from our experimental results, C. Films with a thickness of less than 2 ML
Tso~9.5x10 13 sec, since so far only our experiments The conductivity already pointed to a different conduction
show data from epitaxial and well-ordered films. mechanism: a “mean free path” much less than atomic dis-

B. Temperature dependence ofr;
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tances and a negative temperature coefficient for the resistidimensional systems may turn into an insulator, since the
ity up to 100 K and the high absolute values for the resisssecond and third monolayer provide detours into the third
tance indicated, that weak localization is no more appropriateimension. Those speculations may be checked at least in
for descriptiort Some kind of strong localization has to be part with measurements at lower temperatures and with a
assumed. The magnetoconductance shows qualitative amdore detailed study of the film defects at low temperatures.
guantitative differences. There is no increase of resistance New insight into the conduction mechanism for strong
for low magnetic fields. When the Hikami theory is never- localization would also regire a theory that makes use of the
theless used, a very strong increase of the spin-orbit scattewell-documented structural properties. The role of the small-
ing time would be the resul(Fig. 6). Therefore also the angle grain boundaries would be an interesting point, since
magnetoconductance gives evidence, that the conductidhey are well studied and the most relevant defect in the
mechanism is well outside the regime of weak localizationfilm.8 Another support may be possible with experiments in
Unfortunately there is no theory of magnetoconductance irthe submonolayer regime and a theory, which describes per-
the regime of strong localization available. The new datacolation with a quantum-mechanical approach.

represent clearly a regime beyond weak localization, since

the resistance is too high and the magnetoconductance can- VI. CONCLUSION

not be described within weak localization. . o . .

Only speculations are so far possible concerning the Thin ep|taX|aI films are CIOS.eSt to anof%eal ,”;eta"'c 2D
physical mechanism responsible for the changes in the sc ystem W'th the electron density cllose to1@m ~. Here
tering mechanism. The ideal two-dimensional system eve € gtomlc structure and defef:ts like roughnes; of sqrface

: r’:md interface are much more important than with semicon-

with a small defect concentration should turn from a meta Lctor structures. where the space charae laver smoothens
into an insulator with decreasing temperature. An epitaxiafj X ’ . X ge 1ay .
out a lot of inhomogeneities. Therefore the present experi-

monolayer on an insulating substrate may be so far the CIOSrhents within situ studies of magnetoconductance of epitax-
est realization of an ideal two-dimensional system. The de: : 9 ; orep
}}aal metallic monolayers may open the field for studies of well

fects are the domain boundaries of the rotational mosaic .. : . : . ;
structure and maybe also the corrugation due to the underl lefined films with a low density of defects and a high density

ing Si(111) 7X7 structure. Even at 100 K in the metallic of electr(_)ns in a film, which IS produced, stud|eq, and con-
state the mean free path is given by the thickness, which igrolled with respect to defects in the same ultrahigh vacuum.
approximately 0.23 nm. Therefore there is indeed a strong
scattering. With lowering of the temperature the conduction
may change to strong localization, so that the Hikami theory Support by the Deutsche Forschungsgemeinschaft is
of weak localization is no more applicable. The result, thatgratefully acknowledged. The authors are thankful for fruit-
already a few monolayers return to weak localization, mayful discussions with W. Apel, H.U. Everts, R. Haug, and F.
be interpreted with the prediction, that only true two- Komori.
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