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Abstract. Sandwiches made from Fe and Cs films are investigated as a function of the magnetic field
and the Cs thickness. Conduction electrons which cross from the Fe to the Cs are marked by a drift
velocity component perpendicular to the electric field. The anomalous Hall effect in the Fe provides this
“non-diagonal” kick to the electrons that cross from the Fe into the Cs. The ballistic propagation of the
conduction electrons can be monitored as a function of the Cs film thickness. The free propagation into the
Cs is measured in terms of the non-diagonal conductance L., which we denote as the “induced anomalous
Hall conductance” Lgy. For a normal (non-magnetic) metal in contact with Fe, Ly, increases with the
thickness of the normal metal until the film thickness exceeds (half) the mean free path of the conduction
electrons. For Cs on top of Fe the induced anomalous Hall conductance increases up to a Cs coverage of
about 100 A, then, in contrast to other non-magnetic metals, Lgy decreases for larger Cs coverage and
approaches zero. This behavior cannot be explained with the free electron model. The strange behavior
of the induced AHC in Cs films adds an even more challenging mystery to the already poorly understood
properties of thin Cs films. These results defy explanation in the free electron model.

PACS. 71.20.Dg Alkali and alkaline earth metals — 72.10.Fk Scattering by point defects, dislocations,
surfaces, and other imperfections (including Kondo effect) — 73.50.-h Electronic transport phenomena in

thin films and low-dimensional structures

1 Introduction

The alkali metals are described in the majority of solid
state text books as the best example of a nearly free elec-
tron system. DeHaas-van Alphen measurements [1,2] yield
Fermi surfaces for the alkali metals that deviate very little
from a perfect sphere, for example for Na, by less 0.1%.
Measurements of the transport properties yield, however,
a mixed picture. While some can be described with the free
electron model [3], others can not (see Overhauser’s review
article [4]). Overhauser argues that the Coulomb interac-
tion causes an instability in the electron system of the
alkali metals which results in macroscopic charge-density
waves, and he collected a large body of experimental data
which support his model.

Our group recently observed some unusual properties
in thin Cs films [5,6]. Thin Cs films show a dramatic
change in resistance and Hall effect when covered with
1/100 of a mono-layer of Ag, Au, In and Pb. Covering
an 8.2 nm thick Cs film with 0.1 atomic layers of In in-
creases the resistance by 58%, the Hall constant by 15%,
the temperature dependence of the resistance by 12%, and
the electron dephasing rate by 15%. The reason for this
behavior is unknown. We considered the possibility that
the surface atoms introduce diffuse surface scattering. A
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detailed analysis showed, however, that this explanation
requires too large a scattering cross section of the impu-
rities and could not explain the increase of the Hall ef-
fect. Another hypothesis we tested was that the impurities
passivate a finite thickness of the Cs at the surface. This
yields the thickness of the passivated (insulating) layer
to be about 3.0 nm for thin Cs films and about 6.0 nm
for thicker ones. This explanation, however, requires that
one impurity atom passivates about 30 Cs atoms, a rather
unlikely scenario.

In the measurements of the resistance and the Hall con-
stant one essentially investigates the propagation of the
electrons parallel to the film. In contrast we perform in this
paper a series of measurement in which we investigate the
propagation of the conduction electrons perpendicular to
the film plane. The method we use is the “induced anoma-
lous Hall effect” [7]. To explain this method we will first
recall the anomalous Hall effect in ferro-magnetic metals.

1.1 The anomalous Hall effect (AHE)

Figure 1 shows the Hall resistance R, as a function of the
applied magnetic field B for a thin Fe film. The Fe film
is quench condensed and has a thickness of 7.0 nm and
a resistance of 108 €. One recognizes that the Hall resis-
tance R, is positive, increases strongly at small fields,
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Fig. 1. The Hall curve of a quench condensed Fe film (dpe =
7 nm, R,, = 108 ). The linear extrapolation from high mag-
netic fields B towards zero magnetic field yields the anomalous
Hall resistance RSI in zero magnetic field. The insert shows the
shape of the film with its electrodes. Electrodes (3,4) are the
current electrodes, the resistance can be measured with elec-
trodes (1,2) or (5,6). A comparison checks the homogeneity of
the film. The Hall resistance is measured with electrodes (2, 5).

and saturates at a field of about 2 T, the saturation mag-
netization Jy of the Fe film. The Hall resistance consists
of two contributions, (1) the anomalous Hall resistance
which increases linearly between 0 and 2 T and saturates
above 2 T and (2) the normal Hall resistance which re-
mains linear throughout the whole field range.

The anomalous Hall resistance is caused by asymmet-
ric scattering of the conduction electrons at the magnetic
moments of the Fe atoms (for example see [8,9]). It is
proportional to the z-component of the magnetization.
For a thin film, which has a very high demagnetization
factor, the z-component of the magnetization J is essen-
tially equal to the magnetic flux B (J, = B). This re-
mains true as long as the magnetic flux is less than the
saturation magnetization, i.e. for B < Jy. For B > Jj the
z-component of the magnetization takes the saturation
value J, = Jy. This explains the shape of the anomalous
Hall resistance as a function of magnetic field in Figure 1.
The saturation value of the anomalous Hall resistance in
this Fe film is R), = 0.23 Q.

At fields above Jy, one has two linear contributions
to the Hall resistance: (a) the normal Hall resistance and
(b) a high field contribution due to the anomalous Hall
effect which is proportional to the high field susceptibility
g—é. Because we cannot separate the two we will denote
the linear part of the Hall resistance as the “normal Hall
resistance”. For the pure disordered Fe film in Figure 1,
the slope of the normal Hall resistance is dféw = 0.0044 %
As such it is hidden in the figure.

One obtains the full anomalous Hall resistance only for
fields larger than the saturation magnetization (B > Jp).
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However, if one extrapolates the Hall curve from high
fields back to the zero field then one obtains the anomalous
Hall resistance Rgm for the magnetization oriented perpen-
dicular to the film at zero magnetic field. This way one ob-
tains the full anomalous Hall resistance in zero magnetic
field (a situation which can not be measured directly).
When we refer in this paper to the anomalous Hall re-
sistance (or conductance) in zero magnetic field, we are
referring to this artificial (extrapolated) situation.

The saturation value of the Hall conductance LY, can
be obtained from the ohmic resistance R, and the anoma-
lous Hall resistance Rgz:

RO
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~ B
(Roa)?

0 _
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In the discussed Fe film this yields Lgy =20x107° Q1.

If we define the x-direction as the direction of the elec-
tric field (and the z-direction as perpendicular to the film)
the current I has not only an x-component I, but also a
y-component I,,, where I, = L, and I, = Ly, E. This is
also true in zero magnetic field (and the saturation mag-
netization parallel to the z-direction).

1.2 Induced anomalous Hall effect

In the next step of our consideration we cover the Fe film
with a normal film M. The resistances of the two films are
in parallel. In the simplest description of this sandwich
the conductance components L, and L, of the two films
simply add up

Lij (sandwich) = Lij (Fe) + Lij (M) .

The normal film M has zero Hall conductance L, in zero
magnetic field, so the total Hall conductance of the sand-
wich is just the Hall conductance of the Fe film. How-
ever, in reality the conduction electrons of the Fe and the
M film cross the interface and transfer their momentum
from one film to the other. In Figure 2 we have drawn
the drift velocity vq of the conduction electrons of the Fe
film in a cut through the Fermi surface of the s-electrons
of the Fe at k, > 0. Each electron has a component of
vq in the z-direction and in the y-direction. (Generally,
the two components depend on the spin of the conduction
electron.) At the interface these conduction electrons en-
ter the normal metal M. Here they propagate ballistically,
maintaining their drift velocity until they are scattered
(either by a defect or the free surface of M). As a conse-
quence we find a y-component of the current in the normal
metal, yielding a y-component of the conductance in the
normal film. This is the induced anomalous Hall effect.
One might say that we have marked the conduction elec-
trons which pass from the Fe into the normal metal. When
these marked electrons experience a (catastrophic or s-)
scattering in the metal M their drift velocity is destroyed.
By measuring the increase of the anomalous Hall conduc-
tance as a function of the normal film’s thickness dyr, one
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Fig. 2. The drift velocity of the conduction electron in the Fe
film for k., > 0 has not only a component in v, in the direction
of the electric field E but also a Hall component v, due to
the anomalous Hall effect. If the electrons cross the interface
to the normal metal they carry this y-component of the drift
velocity into the normal metal and induce an anomalous Hall
conductance.

may follow the propagation of the electrons from the in-
terface into the normal metal. If we denote the mean free
path in the normal metal with [y; then the induced Hall
conductance saturates at a film thickness of about /2.

2 Experiment
2.1 Film preparation and measurement

A typical experiment begins with the deposition of a thin
Fe film onto a quartz substrate. The Fe is evaporated from
a 1 mm Fe wire with a nominal purity of 99.99%. The
substrate is a plate of crystalline quartz which is held at
helium temperature. The Fe film has a thickness of about
9.0 nm. After the deposition it is annealed to 40 K. Its
structure is fine crystalline. After annealing, the resistance
per square is of the order of 100 €. The longitudinal and
transverse (Hall) resistance of the Fe is then measured in
the field range between —7 T < B < +7 T. A relatively
large current is used to obtain a high sensitivity in the
Hall resistance. For the temperatures of 4.5 K, 6.5 K and
9.5 K the film is solely heated by the measuring current.
The maximum current density is about 400 A/mm? for
the Fe film and reaches 1000 A/mm? for thick, low re-
sistance FeCs sandwiches. At these high currents a good
thermal equilibrium of film, quartz plate and thermome-
ter is still maintained. For the temperatures above 9.5 K
(14 K and 20 K) we keep the measuring current used at
9.5 K and apply in addition a heater at the back of the
quartz plate. After the measurement the Fe film is covered
in many step with the metal of investigation. In most cases
we investigate the properties of Cs films with increasing
thicknesses.

The Cs films are evaporated from SAES-Getters Cs
evaporation sources. They are quench condensed onto a
substrate at He temperature in an ultra high vacuum of
better than 10~!! torr. After condensation the films are
annealed for several minutes at 35 K.
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2.2 Measurement of the Hall effect

The film or sandwich has a width of 2 mm and is con-
nected with six electrodes (see insert in Fig. 1). The elec-
trodes (2) and (5) are opposite to each other and are used
for measuring the Hall voltage. The electrodes (5) and
(6) have a separation of 5 mm and are used for measur-
ing the resistance (per square after dividing by 2.5) and
its dependence on the magnetic field. The electrodes (1)
and (2) also have a separation of 5 mm. A comparison of
the voltages (resistances) between (1,2) and (5,6) gives
a check on the homogeneity of the film. A magnetic field
is applied perpendicularly to the quartz plate (and the
film). It is varied between —7 T < B < +7 T. For the
Hall resistance we take the asymmetric part of the re-
sistance between the electrodes (2) and (5), Ras (B), i.e.
Ry.(B) = 3[Ro5(B) — Ras(—B)] where Ros(B) = 35,
For the longitudinal resistance we take the symmetric part
of Rs6(B), i.e. Ryx(B) = 4 [Rs6 (B) + Rsg (—B)] where
Rs6(B) = QV“:;)(} (Vi; are the measure voltages and I is the
current). The Hall resistance and the ohmic resistance are
measured for 39 different field values of B with a higher
density of field points at smaller fields. In the experiment
we always measure the resistances Ry, and Ry,. The cor-
responding conductances are then obtained by inversion
of the resistance matrix.

2.3 The Induced AHE in non-magnetic metal films

Because some of our experimental results for the induced
AHC in Cs are very unexpected and unusual, we will first
present the proper behavior of the induced AHC in a nor-
mal film, such as Mg.

2.4 Induced AHE in Mg

In Figure 3 we have plotted the AHC of quench condensed
Mg on top of a thin Fe film with the usual parameters.
The error in the induced AHC is less than the size of the
circles. As can be seen from the graph the AHC increases
linearly with increasing Mg thickness and saturates for
larger Mg thickness. (The saturation thickness is defined
as the intercept of the initial slope at dyg = 0 and the final
(horizontal) slope for large Mg thicknesses). This yields,
in our example, the Mg saturation thickness of 4.2 nm.
Another example is presented in reference [7] for a film of
In on Fe.

2.5 Induced AHE in pure Cs

Now we investigate the induced AHC in Cs films on top
of thin Fe films. Figure 4 shows the anomalous Hall curve
for a sandwich consisting of FeCs, where an Fe film of
6.9 nm thickness has been covered with 18.1 nm of Cs.
The resistance (per square) is 6.7 . For this sandwich
the linear slope of the original Hall curve (which is al-

ready subtracted) is df% = —0.049 % and the normal
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Fig. 3. The anomalous Hall conductance Lgy of a FeMg sand-
wich as a function of the Mg thickness.
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Fig. 4. The Hall resistance curve for a sandwich consisting of
FeCs where the Fe film has been covered with 18.1 nm Cs. The
resistance (per square) is 6.7 Q.

Hall resistance at 7 T is Ry, (7 T)=—0.34 Q. This value
is much larger than the anomalous Hall resistance, whose
extrapolated value is Rgx = 0.0025 Q. In this sandwich the
ratio of the anomalous Hall resistance to the normal Hall
resistance at 7 T is only 0.00 73. One recognizes that the
high field part of the Hall resistance is curved. This is due
to the slight non-linearity of the Hall resistance of pure Cs.
Nevertheless the value of Rgm can still be reliably extrapo-
lated from the Hall curve (dashed curve). With increasing
Cs thickness this non-linearity induces an uncertainty in
the extrapolation. For FeCs sandwiches with a thickness
of pure Cs in excess of 20.0 nm the extrapolation intro-
duces an error which is shown in Figures 5 and 10 by error
bars and which is discussed in the appendix.

Figure 5 presents a plot of the (extrapolated) AHC
of pure Cs on top of Fe. This curve shows a behav-
ior totally different than what we had naively expected.
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Fig. 5. The anomalous Hall conductance Lgy of a FeCs sand-
wich as a function of the Cs thickness.

The AHC does not increase monotonically, approaching
a saturation value. Instead, the AHC has a maximum at
about 10 nm Cs thickness, and then decreases, approach-
ing the xz-axis above 30 nm Cs thickness. At dcs = 34.0 nm
the resistance of the Cs film is 2.4 ) and the error in
the evaluation becomes too large (see error bars) to de-
cide whether the AHC approaches the value 0, crosses into
negative territory or increases again. The decrease of the
AHC beyond the Cs thickness of 10 nm is, however, dra-
matic enough. This result has been reproduced in many
different experiments.

2.6 Influence of the mean free path on the induced
AHC in Cs

We next investigated experimentally whether we could in-
fluence this behavior by other experimental parameters.
The first, and most obvious, parameter we tested was the
mean free path [cg of the conduction electrons. We altered
lcs in two different ways: (a) we evaporated alternating Cs
and Na films and (b) we introduced Ag impurities into the
Cs film.

2.6.1 FeCsNa sandwich

To reduce the transport mean free path in the alkali metal
we condense alternating 4.0 nm films of Cs and 4.0 nm
films of Na onto the Fe film. In this case the mean free path
approaches 18.0 nm in the Cs film and 12.0 nm in the Na
film (after the total coverage exceeds 10 nm). In Figure 6
the induced AHC is plotted as a function of the alkali
coverage. The errors in the induced AHC are less than the
size of the circles. The induced AHC shows the theoretical
behavior, it saturates with increasing alkali thickness.
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Fig. 6. The anomalous Hall conductance Lgy of a FeCsNa
sandwich as a function of the combined CsNa thickness.

2.6.2 FeCsAg sandwiches

In two sets of experiments we prepared Fe(CsAg), sand-
wiches. In the first one we alternated the evaporation of
5.0 nm Cs with 0.01 atomic layers of Ag. The result of the
induced AHC is plotted in Figure 7. (For n < 3 the Hall
curve was measured after each Cs and Ag evaporation.
After this the Hall curve was only measured after the Cs
evaporation.) One can easily recognize that the induced
AHC qualitatively shows the same behavior as a coverage
of pure Cs. A check of the transport mean free path shows
that the i, is not dramatically reduced by the Ag impu-
rities. At dos = 30 nm, it has a value of Iy, = 40 nm. (i,
increases almost linearly with the Cs thickness in this ex-
periment). The error bars at the two largest Cs thickness
is about the size of the circles.

We then repeated this experiment for a Ag coverage of
0.04 atomic layers. The resulting induced AHC is shown
in Figure 8. One clearly sees that now the induced AHC
almost saturates at Cs thickness dcs > 10 nm. The er-
ror bars lie within the circles. The transport mean free
path of each individual Cs layer is shown in Figure 9. It
approaches 30 nm after the Cs evaporation, reducing to
about 20 nm after the Ag evaporation.

2.7 Indirect contact between Fe and Cs

In all the above experiments the Cs film was in direct
contact with the Fe film. We cannot exclude that at the
interface a direct exchange interaction between the Fe d-
electrons and the Cs conduction electrons polarizes the
latter. As a matter of fact, a simple Hartree-Fock calcula-
tion (without screening) [10] yields that a ferro-magnetic
state of the conduction electrons has a lower energy in
Cs than the non-magnetic state. Because of this, we per-
formed two experiments in which the Fe and the Cs films
were separated by an Ag or an Au film with a thickness
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Fig. 7. The anomalous Hall conductance L9, of a Fe(CsAg),
sandwich as a function of the CsAg thickness. The Cs and Ag
evaporation alternate. The Cs is evaporated in steps of about
5.0 nm, the coverage per Ag evaporation is 0.01 atomic layers
and the Ag atoms act as impurities.
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Fig. 8. The anomalous Hall conductance L3, of a Fe(CsAg),
sandwich as a function of the CsAg thickness. The Cs and Ag
evaporation alternate. The Cs is evaporated in steps of about
5.0 nm, the coverage per Ag evaporation is 0.04 atomic layers
and the Ag atoms act as impurities.

of about 2 nm. Figure 10 shows the AHC for the FeAuCs
system. One recognizes that, after a steep increase, the
AHC shows a similar reduction as in the FeCs sandwiches
without the Au layer. The error bars are similar as in the
FeCs experiment in Figure 5.

3 Discussion

The decrease of the induced AHC in FeCs sandwiches for
Cs thicknesses above 10 nm represents a very challeng-
ing puzzle, one which cannot be resolved within the free
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Fig. 10. The anomalous Hall conductance Lgy of a FeAuCs
sandwich as a function of the AuCs thickness.

electron model of Cs. To clarify this challenge we shall
first summarize our main experimental results. Then we
discuss different scenarios and attempts to explain the ob-
served behavior. In the appendix we give a brief and simple
theoretical description of the induced AHC.

3.1 Main results

The induced AHC for pure Cs on Fe does not show the
ballistic behavior we expect. Our main experimental re-
sults are the following:

1. The induced AHC of FeCs sandwiches reaches a max-
imum at about 10 nm Cs thickness, then decreases for
larger Cs thicknesses. For dcs > 30 nm, the induced
AHC becomes undetectable (because of the increasing
error for larger Cs thicknesses it cannot be determined
whether Lgy disappears).
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2. For sandwiches consisting of FeCsNa, the induced
AHC behaves as expected, i.e. it increases monotoni-
cally with CsNa thickness and saturates.

3. By introducing Ag impurities into FeCs sandwiches the
mean free path of the Cs can be reduced to about 40
nm. This reduces the decrease in the induced AHC
only slightly.

4. A reduction in the mean free path by Ag impurities in
the Cs to about 25 nm removes most of the decrease
in the induced AHC in FeCs sandwiches.

5. Separating the Fe and the Cs by introducing 2 nm of
Au or Ag between them does not alter the decay of the
induced AHC.

One of the authors [11] developed a simple model for
the induced AHC. It is sketched in the appendix. There
are many ways to improve this model. However, these im-
provements would only modify the quantitative results;
they would not change the qualitative behavior. In con-
trast to the experiment, the induced AHC should always
increase monotonically with the coverage of the (normal
metal) Cs. An improvement of the theory within the free
electron model of metal Cs can not remove this contradic-
tion. Therefore we will not try to improve the model at
the present time. Instead we need to find a new mecha-
nism which explains the reversal of the induced AHC at
Cs thicknesses above 10 nm.

3.2 Possible scenarios

We can imagine two different scenarios as being the origin
of this perplexing behavior.

e 1. The Cs film is passive with respect to the anoma-
lous Hall effect
2. The Cs film is actively contributing to the AHC.

In the first case, only the Fe film generates a drift ve-
locity component in the y-direction. The contribution of
the Cs is to manipulate this component in some unknown
way. An example are

e Charge-density waves or spin-density waves.

In the second case the Cs actively generates a y-
component to the drift velocity. Possible mechanisms are

e Induced spin current in Cs and spin-orbit-scattering
e Magnetic proximity effect.

3.3 Ideas that do not work

So far we have not succeeded in explaining the depen-
dence of the induced AHC. We therefore had to consider
a number of different models and ideas about Cs. In the
following we shall give a short collection of our unsuccess-
ful attempts.
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3.3.1 Reflections by intersecting Bragg planes

Overhauser [12,13] predicted the existence of spin or
charge density waves in the alkali metals. These new peri-
odic structures generate a new pair of “Bragg planes” in
the reciprocal lattice space which intersect the free elec-
tron sphere. The new Bragg planes are described by a
wave vector Q. Let us assume that it has a relatively small
energy gap. An electron wave which emerges from the Fe
film, and has the correct wave vector component Q/2 par-
allel to Q, will then be “reflected” with a small amplitude
from each crest of the charge density wave. After a prop-
agation time 7 ~ %, being inversely proportional to the
energy gap, the whole electron wave is reflected. In a sim-
ple calculation we assumed that every electron, coming
from the Fe film, reversed its component parallel to Q.
Even with this assumption we obtained a full cancellation
of the induced AHC only when Q was oriented parallel
to ¥. In a realistic calculation only a small fraction of the
conduction electrons have the correct component of Q/2
parallel to Q, and one would obtain only a minor reduc-
tion of the induced AHC. Furthermore, Overhauser [13]
suggests that in thin Cs films the Q-vector is perpendic-
ular to the film.

3.3.2 Magnetic proximity effect

Direct contact between the Fe and the Cs film could induce
a magnetic state in the Cs close to the interface. Such a
magnetic state causes an AHC in the Cs itself. If its sign
is negative it could explain the reduction of the AHC with
increasing Cs thickness. The fact that interlayers of 2 nm
of Au and Ag between the Fe and the Cs hardly changed
the induced AHC, however, makes this model unlikely.

3.3.3 Induced spin current in Cs
and the spin-orbit-scattering

The Fe film has different potentials for spin up and down
electrons. Thus, the spin of the induced Hall current I, in
the metal M (Cs) has a finite (expectation) value. If the
electrons experience spin-orbit scattering in the Cs film
then one can expect an asymmetric scattering in the Cs.
The latter can yield an AHC.

The spin-orbit scattering can be directly measured in
weak localization experiments. Recently, we performed a
systematic investigation of weak localization in thin Cs
films [6]. The result was that the spin-orbit scattering is
too small to be detected in weak localization. This means
that the spin-flip time is larger than 10~'! seconds. The
time an electron needs to cross a Cs film of 20 nm thick-
ness is about 107! s. So there are practically no spin-flip
processes during the ballistic propagation of the electrons.

The crystalline Cs has a periodic spin-orbit potential
and the electronic Bloch functions of the electrons in the
Cs will be in a mixed spin state. This means that a spin
up (down) electron which enters the Cs from the Fe will
decompose into two different eigenstates of mixed spin
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in the Cs with different kinetic energies and velocities (in
analogy to different diffraction indices). We expect, how-
ever, that the phase difference that develops during a re-
turn trip from the Fe through the Cs film is too small to
cause any effect.

4 Conclusion

In this paper we investigate the induced anomalous Hall
effect in Cs films. The induced AHC for pure Cs on Fe
does not show the ballistic behavior we expect. The in-
duced AHC in FeCs sandwiches passes through a maxi-
mum at about 10 nm Cs thickness and decreases for larger
Cs thickness. A reduction of the mean free path of the Cs
in FeCs sandwiches to about 25 nm, for example by Ag
impurities, removes most of the decrease in the induced
AHC. These experimental results add to the mysterious
properties of thin Cs films which are discussed in the intro-
duction. The present investigation does not bring us closer
to the solution of this puzzle but adds another dimension
to the mystery. First investigations on Na films show sim-
ilar results. Nevertheless these unexpected properties of
Cs and other alkali films present a beautiful challenge. So
far each new experiment raised more questions with no
answers. Further experiments are needed to encircle the
mystery of the alkali films.

The research was supported by NSF Grant No. DMR-9814260.
We wish to express our appreciation to Dr. M. Huberman and
Prof. A. Overhauser for many stimulating discussions.

Appendix A

A.1 The error in the induced AHC

For small Cs coverages (of the Fe film) the extrapolated
AHC is very accurate and the error bar is smaller than
the size of the circles in the figures. However, this changes
for large coverages with pure Cs. The Hall curve of pure
Cs films are not perfectly linear. The relative non-linearity
(i.e. the ratio of the maximum deviation of the Hall resis-
tance from the linear behavior divided by the Hall resis-
tance at 7 T) is about 1-2x1073, even for Cs films with
very short mean free paths (another unusual behavior of
Cs films which is not yet understood). This introduces an
uncertainty in the linear extrapolation of the anomalous
Hall resistance.

For a Cs film of 30 nm thickness we find a normal
Hall conductance of about 0.025 Q=1 at 7 T. The AHC
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of the pure Fe film is about 1.5 x 107® Q~!. The ratio is
0.0006. The AHC (of the Fe) is a factor 2-3 smaller than
the non-linearity of the normal Hall conductance. This
introduces an error in the extrapolation which is shown in
Figures 5 and 10 by the error bars. If no error bar is shown
then the error is smaller than the size of the circles. For
pure Cs films (on top of Fe) with a thickness above 30 nm
the extrapolation becomes unreliable. The error becomes
larger than the actual value of the AHC.

A.2 Theory review of the induced AHC

One of the authors [7] developed a rather simple model
for the induced AHC. The following assumptions are used
in the model:

— A ferromagnetic metal F is covered with a non-
magnetic metal M of thickness dyr;

— the electron density (and consequently the Fermi sur-
face) of ferromagnet F and normal metal M are set
equal;

— the conduction electrons can propagate through the
interface between the two metals without reflection;

— at the interface a fraction r of the conduction electrons
can be scattered;

— the conduction electrons propagate ballistically until
they are scattered by defects or reach the free surface
of the metal M;

— the “free” surfaces of the ferro-magnet and of the nor-
mal metal scatter the conduction electron diffusively;

— the anomalous Hall effect in the ferro-magnet F is sim-
ulated by a (large) local magnetic field in F perpen-
dicular to the interface (parallel to the magnetization)
which yields a Hall angle ¢r in the ferro-magnet. Oth-
erwise the conduction electrons in the Fe are treated
as free electrons;

— the ferro-magnet and the normal metal have the mean
free paths lr and ly;

— all scattering processes are assumed to catastrophically
(s-scattering);

— the vector-mean-free path method is used to calculate
the total conductance tensor (L) for the sandwich.
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The conclusions of this model are that the anomalous
Hall conductance of the sandwich increases due to the
normal metal M.

1 d
ALy = =r(Ap + An)lphadrT | =
2 Im
3/1 5 _
T(s) == du (1 —u) w1 —e s/
()= [ du(t—w)u( )
3 dT(s)
GQk%M 62
Arn = 350 = TN

Here ¢p is the anomalous Hall angle in the ferro-
magnet. (No distinction is made between spin up and spin
down electrons.) The prefactors Ap and Ay are essentially
the area of the Fermi surface of F and M. The function
T (s) was essentially introduced by Fuchs [14] when he cal-
culated the resistance of a thin film with partially diffusive
scattering at the surface.

The following abbreviations are used: AHE = anoma-
lous Hall effect; AHC = anomalous Hall conductance.
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