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Weak localization in thin Cs films
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Thin, quench condensed films of Cs change their resistance and Hall effect dramatically when covered with
surface impurities. In this paper we investigate the quantum interference corrections to the regmtakce
localization) and determine the inelastic dephasing rate of the conduction electrons. The dephasing rate is
proportional to the temperature-dependent resistance. For pure Cs films the magnetoresistance curves show a
rather poor agreement with the theory, which is exceptional for quench condensed metal films. In particular, at
4.5 K a linear magnetoresistance is observed at large magnetic fields, which defies explanation. Sandwiches of
AgCs yield a much better agreement between the experimental results and the theory. However, the dephasing
rate of Cs in Ag/Cs and Au/Cs sandwiches has only half the value of that in pure Cs films with the same
thickness and mean free pafl$0163-18209)04611-]

[. INTRODUCTION measurements and their evaluation yields characteristic fields
such asH; andHg, which can be easily transferred into the
The alkali metals have long been considered as the beslephasing timer; and the spin-orbit scattering time, [by

representation of free-electron systems. The free-electromeans of Eq(3.1)].
Fermi surface does not touch or intersect any Bragg plane
and lies well inside of the first Brillouin zone. As a matter of
fact, that is how the alkali metals are still described in many !l EXPERIMENT RESULTS AND EVALUATION
text books. There have, however, been early suggestions by
Overhauser that simple metals form spin-density wave
(SDW's) (Refs. 1 and Ror charge-density wavé€DW’s).
Overhauser has since collected a large body of evidence f
the existence of CDW’s in K and Nh.

The Cs films are evaporated from SAES-Getters Cs
%vaporation sources. They are quench condensed onto a sub-
strate at He temperature in an ultrahigh vacuum of better
Rhan 10 1torr. After condensation the films are annealed for
several minutes at 40 K. Then the magnetoresistance is mea-

Our group has recently observed some unusual propertie&Jred in a field range of 7<B<+7 T at several tempera-

lcﬂgh;(r;sci:s?cz;:::nes.a-;rc]ilr:h((:esI—f|lr|;1r;|1Se?fg(c):\tlvvshifngg\tllgr:andcrvevﬁf]es%fbt-ures between 4.5 and 20 K. Furthermore, the resistance is
monolayers of Ag, Au, In, and Pb. As shown in Fig. 1, 1/100measured as a function of temperature between liquid-helium

. ) .~ temperature and 30 K.
of a monolayer of In increases the resistance of a Cs film P

(thicknessD =82 A) by approximately 15% while the Hall
constant increases by approximately 3%. The size of the ef- A. Weak localization of films of Cs
fect decreases with thicker Cs films. For thicker Cs films the and Cs with In surface impurities
saturation is essentially reached for an impurity coverage of
0.1 atomic layers. This indicates that the impurities act from
the surface and do not penetrate the film. We attempted
number of explanations with the traditional free-electron pic-
ture. In particular, we considered the possibility that the im- 60+ 490
purity atoms introduce diffuse surface scattering. However, a !
detailed analysis showed that this explanation required &
scattering cross section for the impurities that was far too
large and it could not explain the increase of the Hall effect. ]
Another hypothesis was that the impurities passivate a finite . |
thickness of the Cs at the surface. This yields a thickness 0~
the passivated layer of approximately 30 A for thin Cs films Z 4o-
and about 60 A for thicker ones. However, this requires thatt
one impurity atom would passivate approximately 30 Cs at- 357
oms, a rather unlikely scenario. Therefore we feel that we
have to consider the more interesting models of spin-density
and charge-density waves suggested by Overhauser. - - _
In this paper we investigate the weak localization of the 0.0 02 0.4 06 08 1.0 12
conduction electrons in thin quench condensed Cs films. In D, (at.layers)
thin disordered films one observes quantum interference or In
the conduction electrons. This yields a distinctive magne- FIG. 1. A thin Cs film(82 A thick) is covered with submono-
toresistance at low field¢see, for example, Refs. 638 layers of In. The resistandéeft scalé and the Hall constarright
These magnetoresistance curves correspond to time-of-flightale is plotted as a function of the In coveragje atomic layers

The magnetoresistancéMR) of a pure Cs film (D
a=82/5\, R=28.8()) is shown in Fig. 2 at different tempera-
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FIG. 3. The same magnetoresistance curves as in Fig. 2 butin a
B(T) larger field range.

FIG. 2. The magnetoresistance of a Cs filB.=82.4A, R . . .
=28.80) for different temperatures. The points are the experimen@Nd 7 are no longer reliable. In Fig. 5 the MR of the Cs film

tal results and the full curves are fits with the theory. The right scaléVith increasing coverage of In is plotted for a temperature of
is the conductance in units ef/27%%4 and the left scale giveaR 6.5 K and the full field range. Here the full curves are only a
in Q. guide to the eye. Clearly the linear slope of the conductance
at large fields decreases with increasing In coverage.
tures. The symbols represent the experimental results. The
theoretical evaluation is performed with the theory of weak
localization by Hikami, Larkin, and NogaoKaThis fit be-
tween experiment and theory requires two characteristic
fields H; andHg,, which represent the dephasing rate; 1/
and the spin-orbit scattering raterd/.

For simple quench condensed metals one generally ob-
serves an excellent agreement between the experimental MR
curves and the theo”:** However, for the quench con-
densed Cs films we find large deviations between the experi-
mental results and the theory at larger magnetic fields, in
particular, at low temperatures. That is shown in Fig. 3. Here
one finds an almost linear MR at 4.5 K f@&>1T. This
behavior is definitely not due to weak localization. There is
another MR mechanism present on top of weak localization.
Since these Cs films are very disordered, even in a field of 7
T the productwr is only of the order of 0.02, normal mag-
netoresistance effects should be suppressed.

When one covers the Cs film with a monolayer of In then
its resistance almost doubles. In Fig. 1 the dependence of the
resistance is plotted as a function of the In coverage. The
latter is given in units of atomic layers. We repeat the MR ' Csln
measurement for the In coverage of 0.1 atomic layers. The
results are shown in Fig. 4. For temperatures between 4.5
and 10 K the film has a sufficiently strong spin-orbit scatter- BCT)
ing that one can observe a minimumgt 0. However, the FIG. 4. The magnetoresistance of a Cs film covered with 0.1
fit with the theory of weak localization is even less satisfac-atomic layers of In for different temperatures. The points are the
tory than for the pure Cs film. Even the low-field portion of experimental results and the full curves are fits with the theory. The
the curves can only be fitted in the central parhich yields  right scale is the conductance in unitse3f27?# and the left scale
the dephasing fielt;). Above 9.5 K the fitted values di; givesAR in Q.

R=45.60
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BT FIG. 6. The magnetoresistance of AgCs sandwiches at 4.5 K.
_ ) o ~ The top curve is for a pure Ag film with a resistance of 106
FIG. 5. The magnetoresistance of a Cs film with increasing(. The right scale is the conductance in unite&®272 and the

cover of In at 6.5 K. The In coverages are 0, 0.01, 0.02, 0.05, 0.Lift scale inQ). The total thicknesses are given in the text.
and 0.2 atomic layers of In. The right scale is the conductance in

units of e?/27?% and the left scale giveAR in Q. The full curves

are a guide to the eve. This good agreement between experiment and theory ex-

tends to large fields. In Fig. 7 the same MR curves are shown
in the full range of the magnetic field. One can see this good
B. Proximity effect of weak localization for sandwiches agreement with the exception of the lowest curve. Here the
resistancdper squarkis reduced to 12) and one observes,
on top of the contribution of weak localization, a quadratic

In the next step we investigate the weak localization offield dependence. Such a classical MR is expected when the
Ag/Cs sandwiches. For a sandwich of two thin films the

weak localization averages perfectly over both films and can
be describedfor each temperatuyeby an effective dephas-

ing field H; and an effective spin-orbit scattering fiett,. 2

From the latter one can derive the dephasing rate and spin- AR Al

orbit rate of the second filnfsee below. 010 ‘ ™
In the experiment we first prepare a thin Ag film with a "

thickness of 68 A and a resistance per square Rof

=106.5Q20. We measure the magnetoresistance of the Ag
film. Then we cover this film with Cs at liquid-He tempera-
ture in several steps where the total film thickness is in-
creased to 92, 116, 140, and finally 183 A. Since the Cs has
a Debye temperature of approximately 38 K we anneal the
sandwich only to 12 K to maintain a maximum of disorder.
The resistance of the last sandwich drops down to a value of
12 Q). The Ag introduces a spin-orbit scattering in the Ag/Cs
sandwich that allows us to determine the characteristic fields
H; andH, for each sandwiclieach sandwich behaves as a
perfect two-dimensional conductor and has a well-defined

value forH; as well as forH.). As we see below we can A
easily determine the characteristic fields of the Cs film on top ' '
of the Ag as a function of the Cs thickness. In Fig. 6 we have Qg/[a

plotted the MR curves of the pure Ag filfon the top and R=1060
the Ag/Cs sandwiches for 4.5 K. The points represent the
experimental data while the full curves give the theoretical fit
using the theory by Hikami, Larkin, and Nagaoka. We ob-
serve a very good agreement between experiment and theory FIG. 7. The same magnetoresistance curves as in Fig. 6 of the
that is typical for quench condensed films. AgCs sandwiches at 4.5 K but in a larger field range.

1. Ag/Cs sandwiches

D ¢

8 4 0 4 g
B(T)
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DAu (at.layer) FIG. 9. The resistance of the pure Cs film and the Cs with an In

coverage of 0.1 atomic layers as a function of the temperature.
FIG. 8. A sandwich of Au/Cs is covered with sub-mono-layers
of Au. The resistance is plotted as a function of the Au covefage between the experimental magnetoresistance and the theory
atomic layers yields two characteristic fields, the inelastic figdg and the
spin-orbit scattering fieltHs,. From these fields one obtains

productw 7, (wy is the cyclotron frequencys is the relax- o oo racteristic rates, the dephasing rate drid the spin-
ation time at the wave numbé& varies as a function of the . . .
orbit scattering rate %L, by the relation

position on the Fermi surface or the position in real space:
The productw, 7y is different in the two films of the sand- 1 4
wich. Furthermore, in the presence of charge density waves —

= ﬂHn, (31)
w7y also varies as a function & in the Cs film. Tn  ERp

wherep is the resistivity of the film andN is the density of
states of the investigated metal.

In a similar experiment we covered a Au filfR The magnetoresistance curves of the pure Cs films do not
=160Q), Da,=65.6A) with increasing thicknesses of Cs. show a spin-orbit scattering minimum at zero field. We set
This time the sandwiches were annealed to 35 K. The first Cthe spin-orbit scattering fielth, tentatively equal to zero
film (on top of Ay had a thickness and mean free path of(we will return to this point Then the evaluation of the
Dc=45.7 A andl.=40A. The magnetoresistance curves magnetoresistance curves in Fig. 2 yields the dephasing rate
of this sandwich showed a nice agreement with the theory obf the pure Cs film. The results are plotted in Fig. 10. The
weak localization. In the next step the Cs thickness was indephasing rate depends almost linearly on the temperature.
creasedDcs=78A, I.=100A). Now we find again devia- Since Cs has a very low Debye temperature of 38 K this
tions from the theory. linear dephasing rate can be explained by electron-phonon

In this sandwich of AuCs we covered the Cs again withprocesses. Below we will see that the temperature dependent
submonolayers of Au. We observed a strong increase of theesistance confirms this picture.
resistance. Despite the fact that the Cs had a substrate of Au
the qualitative behavior was the same as in the condensation 2. Sandwiches with Cs

of In on pure Cs. In Fig. 8 the resistance is plotted versus the From the experiments with sandwiches of Ag/Cs and

Au coverage(in units of atomic layens Au/Cs we can also derive the dephasing rate of Cs. The
sandwiches consist of two films with resistanégsand R,
and the characteristic fields; ;, Hgo; andH; 5, Hgo 5. One

Cs has a very low Debye temperature ©f;,~38K. of the author¥ developed the theory for weak localization in
Above Op/5 the increase in resistance is essentially lineatwo-dimensional sandwiches. The characteristic figldH,,
with temperature. Figure 9 shows the temperature depenepresenting either the dephasing fi¢ld or the spin-orbit
dence of the pure Cs filrtleft scale and the Cs film covered scattering fieldH,) of the sandwich can be obtained from

with 0.1 atomic layers of Irright scalg. The slope of the the characteristic fields of the individual filni, ; andH, »:
temperature dependent resistance is 12% larger for the Cs

2. Au/Cs sandwiches

C. Temperature dependence of the Cs resistance

with In surface impurities. H H H
p _n: n,1+ n,2. (3.2)
R Ry R,
lll. DISCUSSION
A. Dephasing rate in Cs Since in the experiment all the parameters of the first film

(R1,Hj1,Hsp and all the parameters of the sandwich

(R,H; ,Hs) are determined one can use E8.2) to deter-
The magnetoresistance in disordered thin films is demine the properties of the second film, in particular,

scribed by the theory of Hikami, Larkin, and Nagadka fit Rz,Hi 2,Hgo2,p2. From these data we obtain the dephasing

1. Pure Cs
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5 electron bands are participating in the conduction protess.
« Cs The only requirement is that the transitions between different
bands are fast compared with the characteristic time of weak
localization. This characteristic time is the smallest of the
following times: the inelastic dephasing time, the spin-
orbit scattering timers, and the magnetic dephasing time
ty=(1/H)(1/4eD), whereH is the applied magnetic field
andD the diffusion constant. Even spacial inhomogeneities
are averaged out if the conduction electrons diffuse during
their characteristic time over larger distances than the inho-
mogeneities. Weak localization yields a motional averaging.
Therefore the observed deviations for Cs films and Csin
sandwiches carry a clear message. Either the MR contains
other contributions that have nothing to do with weak local-
T(K) ization or some transitions in the films are so slow that the
motional averaging process is lost.

1/, (ps")

FIG. 10. The electron dephasing times in a pure Cs fffl
circles and similar Cs films on top of Ag and Au as a function of . ) . ) )
temperature. C. The negative linear magnetoresistance at high fields
The pure Cs film shows, at low temperatures and high
rate of the Cs films. The results are shown in Fig. 10 togethemagnetic fields, aegativelinear MR as is shown in Fig. 3.
with the data for pure Cs. In Table | the parameters of the CShe first question is whether this deviation from the theory
films are collected. The properties of the three films areof weak localization is in itself a two-dimensional quantum
rather similar. The inelastic rates are quite different for thegorrection. Quantum corrections such as weak localization,
sandwiches as opposed to the single Cs film. A possible exhe Coulomb anomaly of the resistance, and the Aslamzov-
planation could be a change in the phonon spectrum or thearkin and the Maki-Thompson fluctuations in superconduc-
electronic structure of the Cs on top of the noble metal. Atijvity, to name a few, are specific interference contributions
the present time we have not yet systematically investigateb the current that are represented by specific Kubo diagrams.
this deviation. They vyield a resistance independeand often universal
contribution to the conductance of a thin film. On the other
3. Influence of surface impurities hand, everything that causes an additional scattésngh as
When we cover the Cs with impurities then the resistancémpurities, electron-phonon interaction, ¢tcontributes ad-
increases dramatically as shown in Fig. 1. At the same timélitively to theresistance We investigated Cs films with dif-
one’s ability to fit the magnetoresistance curves becomefgrent resistances between 100 an€.1We found that the
greatly reduced. As shown in Fig. 4 the inner part of thedeviation from the weak localization theory was essentially
magnetoresistance curvéshich yield the inelastic rajecan ~ constant in a resistance plot while in a conductance plot it
still be fitted for 4.5 and 6.5 K. The resulting dephasing ratedecreased roughly asR. The decrease of the linear slope
shows an increase due to the impurity coverage. For a cowith increasing In coverage in Fig. 5 demonstrate the same
erage of 0.1 atomic layers of In at 6.5 K the increase iseffect since the resistance increases with the In coverage.

approximately 15%. (For the very low film resistance the analysis was obscured
by an increasingclassical quadratic MR. This strongly
B. Deviations from weak localization theory suggests that the linear MR i®t a quantum correction but

due to an additional scattering mechanism. This scattering

In the majority of quench condensed metal films one obyyst decrease with increasing magnetic field to yield a nega-
serves an excellent agreement between the experiment@dle MR.

magnetoresistance and the thettyOnly in metal films There have been observations of a linear MR in pure al-
with magnetic effects such as Kondo impurities or spin fluc-x5ji metals in the pastsee, for example, Ref. 16These
tuations as in Pd have we observed high-field Qevia}tions b&jave been interpreted by Overhauser and co-wotkes a
tween experiment and thegryThe reason for this universal ,qof that the alkali Fermi surface is not simply connected so
agreement is that weak localization is a great equalizer. Hnat the electrons can travel on open orbits. This explanation
does not matter what the scattering properties of the elastigoes not apply in our experiments for the linear MR since the
impurities are” It does not matter which and how many productwris very small in our disordered Cs film and has a
value of approximately 0.02.

The origin of this scattering mechanism is rather mysteri-
ous. We have to search for a mechanism (hpis magnetic-
field dependent(b) shows a strong temperature dependence

TABLE I. The Cs parameter&hicknessD ¢, resistivity p, and
mean free patfh) in the pure Cs film and the Ag/Cs and Au/Cs.

—6
Des (A) p (10 70m) les (A) below 20 K, and(c) disappears if the Cs film is condensed
Cs 82.4 0.24 127 onto a Ag film.
Ag/Cs 72.1 0.29 102 Since we consider any phase coherence effect as an un-
Au/Cs 78 0.31 98 likely origin of this linear MR we have only a few mecha-

nism by which the magnetic field changes the resistance in
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these disordered filmgi) the presence of magnetic impuri- 05—
ties together with spin-flip scatteringi) a magnetic break- " .
down in the Fermi surface, andi) impurities with an ex-

tended electronic wave function or an extended screening 047 .
cloud. None of these mechanisms appears to be the likely -
origin of the linear MR.

)

0.3 4

D. Spin-orbit scattering 0.2

1r, (ps

Our Cs films do not show a spin-orbit scatterif§O9
minimum at zero magnetic field. From a comparison be-
tween the dephasing rate and the electron transport rate be-
low we conclude that the spin-orbit scattering rate must be
small compared with the dephasing rate. 00 r : T y " - 2

Cs belongs to the same row in the periodic system as Au.

Thin films of quench condensed Au show a very strong SOS DCS

and are essentially in the strong SOS limit. Both metals pos- - _ _ _ .,

sess ones-conduction electron per atom. Therefore the dif- FIG. 11. The additional spin-orbit scattering ratg,” of the
ferent behavior is at first rather puzzling. We suggest th¢*9Cs sandwich due to the Cs coverage as a function of the Cs
following explanation. Let us first consider the SOS of atMickness.

single Cs atom in a free-electron jellium. Its SOS cross sec- , ) . . .
tion o, is given by® whereD¢g is the thickness of the Cs film. For isotropic or
SO

catastrophic scattering the transport relaxation rate is

I(1+1)

4 _
E 21+1 smz(a”(l/Z)"_5I—(1/2),|), 1

= 1 1
k,2:I

=
70 Tep

Oso o

T

where §,. (1), is the scattering phase shift for an electron
wave with total angular momentuh¥ 3 and orbital angular
momentuml. For a Cs metal with fillegp andd bands and
with a relatively large distance between neighboring atom
we expect that only the phase shift fior 0 will be impor-
tant. Thiss scattering does not contribute to the SOS cros
section. In the case of Au impurities the situation is more
complicated. Because of the close proximity of thieand to
the Fermi energy one cannot neglect tiphase shift. A

where 1k is the elastic scattering rate. For anisotropic scat-
tering one has to include the factd— cosO),, between the
éransport relaxation time and the mean relaxation time. We
ignore this complication here because it is not a serious prob-
%am at sufficiently high temperaturésith respect to the De-
ye temperatupe
Under these simplifying assumptions we expect that a plot
of the transport relaxation rate in the resistance 1/
stronger SOS appears reasonable in Au. =RDcqe?/m=1/r+1/7y, Versus the dephasing rate in
Mveak localization I, yields a straight line. Figure 12

In the Ag/Cs sandwich experiment we condensed Cs o h this plot for th Cs film. The s f the straiaht
top of Ag. The interface introduces an asymmetrically dis-SNOWS this plotfor the pure Ls1iim. The slope of the straig

torted electronic wave function at the Cs atoms, i.e., a wav@ne th&oglgh tlhe pc;mtfhls 1':|L4 fcir _tfhe pure CS.J"m' ;Lh'ts IS
function with nonzero angular momentum. As aconsequenc@emlar tady codse 0 d eva ueth ! or][;e consi elrs at we
we observed an increase of the SOS rate of the sandwich. ff9'€Cte€d any dependence on the scatlering angle.

Fig. 11 the additional SOS rate due to the Cs film is plotted The ?‘bove evaluation shows that even at 45K the fit;ed
as a function of the Cs thickness. The evaluation yields ephasing rate and the transport rate lie on the straight line.

much larger spin-orbit scattering rate in the Cs on top of the 'his suggests that the neglect of the §pin-orbit scattering rate
Ag than the rate for pure Cs. This result is presently not welp/1€/dS the correct dephasing rate which means tha, 13

understood. The SOS rate of the Ag ﬁlmﬂs%lzo_% st quite small cor_‘npared to 4/. Furthermore, we see that the
same mechanism that causes the temperature-dependent re-

sistance also causes the dephasing. For Cs with its low De-

E. Weak localization and the temperature-dependent bye temperature of 38 K this mechanism is expected to be
resistance the electron-phonon interaction.
The measurement of the magnetoresistance yields the
dephasing rate %/ of the conduction electrons. In the experi- F. Charge-density waves and disordered films

mental temperature range the dephasing rate is caused by the

inelastic electron-phonon processes and essentially given b ested that the electron system in alkali metals forms charge-
Utep. ; . . : .
P g_ensny waves. In this model the resulting Fermi surface is

We have also investigated the temperature-dependent reerv complicated. The charae-densit vedgenerates an
sistance of the Cs film. In the free-electron model the resisy <Y P : 9 y 9

S energy gap at th& plane defined byQ. This k plane is
tance is given by the Drude formula perpendicular t&Q and intersect§) at Q/2. The direction of

Q is roughly parallel toG;;, and its length is about
(3.3 1.11X 2kg for potassium. For thin films of alkali met&,,,
should be perpendicular to the film platfeln addition,

As pointed out in the Introduction Overhauséad sug-

1 m 1

RO ben@ 7y
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We can only contribute an unproven suggestion: Imagine

61 that in a pure alkali film the charge-density waves lie parallel
to the surface. Then an electrical current in the film plane is
C hardly affected by their presence. We can think of tgoite
60 S . . "
differeny effects of surface impurities.

() When surface impurities are condensed on the surface
of the Cs they introduce points of high charge. This attracts
the charge-density-wave maximimilar to the attraction
of superconducting flux lines by small normal conducting
regions. In the surface region with the bent charge-density
waves the electron flow is strongly hindered and the current
flows in a reduced thickness of the film. This would yield an
57 . . . . . . . . increased resistance as well as an increased Hall constant.

0 ! 2o, 0 4 But it leaves still a number of questions unanswered. For
1/1(P (ps ) example, one might expect that the pinning of the charge-

density wave would reach a maximum for a certain impurity

FIG. 12. The(temperature-dependgritansport relaxation rate coverage and decrease for larger coveragasa monolayer
is plotted vs the the dephasing rate of weak localization for the pur@f surface impurities the pinning would cancel put
Cs film. (b) The surface impurities modulate the charge in their
direct vicinity due to Friedel oscillations. These Friedel
charge oscillations interact with the charge-density waves
(both have the same wavelengiy/2) and deform their
shape in the vicinity of the impurity. This yields additional
sgattering of conduction electrons in the vicinity of the sur-
ce.

59

1, ( ps'1 )

58

Overhauser obtained new gap planes definedQayn(Q
— G110, the so-called “minigaps,” and at-n(Q—Gj19),
which Overhauser calls the “heterodyne gaps.” Heiis an
integer. With increasingn the magnitude of the gap de-
creases. For Na Overhauser and his co-workers obtained

. . ) .. . fa
ghla reg\(/a gﬁg Stlr?é %i?s[,)t %fer:;?gggggeggﬁ Ig\(/)gzh ee\f}TSt minigap |§ It should be pointed out that these two ideas exclude each

For thin films of alkali metals Overhauaoncluded that  Other- In model(a) the charge density crest goes radially
the Q vector lies essentially perpendicular to the surface, i.e.through the impurity and in modeb) the crest aligns per-
it forms only a small angle witfz, the unit vector perpen- pendicular tq thg radlu.s. A detailed 'evaluatlon of the in-
dicular to the film. If the alkali metal film has a large mean Volved energies is required to see which of the two arrange-
free path and specular surface reflection then one has to cof€Nnts is energetically more favorable.
sider the quantization ok,=v(w/D;), where D¢ is the
thickness of the film. Now the Fermi surface has to accom-
modate the formation of charge-density waves andkhe In this paper we have investigated the weak localization
quantization at the same time. Without having performed &f thin films of pure Cs, Cs with In surface impurities and
guantitative analysis we expect that the quantization sandwiches of Ag/Cs and Au/Cs. The dephasing rate of pure
forces theQ-vector to lie parallel t&z and all the planes of Cs was in good agreement with the temperature-dependent
energy gaps perpendicular @ In this case the charge- transport relaxation rate of the resistance, showing that both
density waves lie parallel to the film plane, an intuitively processes are governed by the same inelastic processes. For
reasonable assumption. larger fields the experimental magnetoresistance curves

The charge density wave in the alkali film forbids tke showed clear deviations from the theory of weak localiza-
vectors within a certain cone about thelirection, i.e., they tion. The deviations increased when the Cs films were cov-
have a smallesk vectork,, within the k,-k, plane. We ex- ered with 0.1 atomic layers of In. Such deviations are not
pect that this has two consequendgs:all conduction elec- observed in quench condensed films of other simple metals
trons hit the surface under minimum angleith respect to and appear to be due to a new unknown mechanism. They
2), and(b) we will have surface states withvectors parallel occur despite the disorderw¢<0.02) and are not due to
to the film surface thé values of which are less thdq, . open orbits.

In thin disordered films one has a mean free fdatkor The drastic effect of small concentrations of surface im-
example, our Cs film yields an electron elastic relaxationpurities on the properties of Cs extends to the dephasing rate
time 7p=1/vg and an energy uncertainty in akystate at the and the temperature-dependent resistance. The superposition
Fermi surface ofivg/I. This means that a Cs film with a of 0.1 atomic layers of In on the discussed Cs film increases
mean free path of 100 A has a smearing of the energy byhe resistance by 58%, the Hall constant by 17%, the slope of
about 50 meV. This smearing of tlikevector and the energy the linear part of the temperature-dependent resistance
acts on both thé, quantization and the charge-density en-changes by 12%, and the dephasing rate by approximately
ergy gaps. It eliminates all secondary gaps except for the first5%. This is another indication that the surface impurities
minigap. not only increase the residual resistance but also alter the

At the present time we have not yet collected enoughdynamics of the electrofand phonohsystem. Mattiessen’s
experimental results to connect our findings in a unique wayule is definitely violated.
with the charge-density model. In particular, the strong The experimental results of weak localization in Ag/Cs
change in resistance and Hall effect due to surface impuritieand Au/Cs sandwiches were evaluated with the sandwich
represents quite a challenge. theory of weak localization. They yield the surprising result

IV. CONCLUSION
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that the dephasing in the Cs sandwiches was roughly by the film plane. Here we use the induced anomalous Hall
factor 2 smaller than for pure Cs films. effect in Cs in contact with thin ferromagnetic Fe films.
We believe that the observed properties cannot be exAgain the results are quite unexpected, indicating an internal
plained within the(nearly free-electron model of the alkali reflection of the conduction electrons in the Cs film. These
metals. Some more complex properties such as Overhausefgsults will be published soon.
charge-density model has to be included. We first made at-
tempts to discuss the interplay of charge-density waves and
thin films, including the effect of disorder. Additional experi-
mental research is required to shed more light on the unusual
properties of the Cs and the research has to be extended to This research was supported by NSF Grant No. DMR-
other alkali films. At the present time we are investigating9215486. The authors wish to thank Professor Overhauser
the propagation of the conduction electrons perpendicular tand Dr. Mark Huberman for many stimulating discussions.
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