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We present measurements of the low-temperature, T ( 20 K, conductance, G(T), of amorphous
Fe/Si multilayers as a function of the temperature at which they are annealed, T „„.We concentrate
on two of the multilayers which have 10 A thick Fe layers and diff'erent Si layer thicknesses (32 and
40 A. ). At low temperatures, the quantum corrections to G(T) are logarithmic indicating that the
individual Fe layers are in the two dimensional limit and are not coupled to one another. Annealing
the samples at temperatures as low as 150'C drives the interdiKusion of the Fe and Si layers. This
interdiKusion leads to stronger coupling between the conducting layers and a reduction in their
conductances. After an anneal at 350 'C, the conductance of the multilayer sample with the thinner
Si layers rises sharply and G(T) acquires a square-root temperature dependence. This behavior
signals a crossover from two to three dimensional electronic transport.

I. INTR.&DU CTION

Much experimental work has shown that the conduc-
tivity of metallic systems in which the impurity scattering
rate is high decreases at low temperatures. In many bulk
systems the conductivity decreases with the square root
of the temperature T and in very thin 6lms it decreases as
the logarithm of the temperature. This behavior can-
not be explained by simple Drude-like models of trans-
port. Rather, models that explicitly include the wave
nature of the conduction electrons predict "quantum cor-
rections" to the transport that have these forms.

Two types of physical eÃects that contribute to these
quantum corrections have been identified in the weakly
disordered limit k~1 & 1, where k~ is the Fermi wave
vector and E is the elastic mean &ee path. The G.rst are
weak localization (WL) effects that are a consequence of
phase coherent multiple scattering processes. These ef-
fects reduce the electronic mobility and are very sensitive
to scattering processes that break the phase coherence of
the electron wave functions. The second are electron-
electron (e-e) interaction effects which arise from the en-
hancement of correlations between the conduction elec-
trons and the reduction of their screening capabilities
with increasing impurity scattering rate. These many
body eKects reduce the density of electronic states near
the Fermi energy E~. Since the conductivity is directly
proportional to the mobility and. the density of states at
E~ these two effects act to degrade it. In the strongly
disordered limit k~8 1, where the theoretical picture
is not so clear, experiments suggest that these two phys-
ical eÃects seem to predominate right up to the metal to
insulator transition. '

As shown experimentally and accounted for theoreti-
cally, the quantum corrections depend on the dimension-

ality of the electronic system. Multilayers of disordered
metals and insulators have been employed to explore
these eKects. The basic idea of these experiments was
to vary the thickness of the insulating layers and thus, the
electronic interlayer coupling, and investigate the ensu-
ing changes in the electronic transport. Crossovers &om
a two to a three dimensional dependence of the quantum
corrections to the conductance have been observed as the
insulator layer thicknesses were decreased. "We present
data that show that a similar dimensional crossover oc-
curs in FeSi multilayer Alms as they are thermally an-
nealed. The annealing leads to the interdiKusion of the
Fe and Si layers which increases the coupling between
the conducting (i.e. , higher Fe concentration) layers. The
sheet resistance per layer of the multilayers that we have
studied are high, B & 2 kO, and, as a result, the signa-
ture of the crossover is particularly striking.

The remainder of this paper is organized as follows.
In Sec. II we describe the preparation of the two multi-
layer samples and one single layer sample used in these
studies, the thermal annealing processes, and our mea-
surement techniques. We brieBy review the theoretical
predictions for the quantum corrections to the conduc-
tivity in Sec. III. Sections IV and V contain our results
and a discussion of them, respectively, and Sec. VI serves
as a summary.

II. SAMPLES AND EX,PER,IMENTAL
TECHNIQUES

The Fe/Si multilayers were formed by alternate elec-
tron beam evaporations of these elements onto polished
silicon substrates. During deposition the substrates were
kept at T ( 80 C and the ambient pressure in the cham-
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ber was ~ 7 x 10 torr. ~ ~rr. The deposition amounts and

ances. Grazing angle x-ray diffraction measurements

us wit the measurements of the individual layer thick-
nesses. High angle x-ray diffraction measurements indi-
ca ed that the as-deposited and thermally annealed alms

a amorphous structures. Further details about the de-

c . 8. The two samples on which we concentrate here
consisted of 20 alternating layers of 10 A of Fe and 32

of Si (sample 1) and 10 A. of Fe and 40 A of Si (sam-

2 were 30% and 35%, respectively. In addition, we will
compare data &om the multilayers with data Rom a sin-

g e ayer sample of A:H:A structure (20 A Si:10 A. Fe:20
Si) in order to determine which of the observed prop-

erties depend explicitly on the multilayer structure.
The low-ow-temperature transport properties of disor-

ere meta s are sensitive to the presence f
e s an magnetic impurities that can spin-Hip or skew-

scatter conduction electrons. ' It th fis ere ore important
to have a picture of the magnetic properties of our films.
For ease of discussion we refer to d 1'an i ea ized picture of
the Fe concentration profile as a funct f 't fnc ion o position ?or
a portion of a multilayer in Fig. 1. The profiles are qual-

unannealed curve corresponds to the as-deposited Blm.
In the as-deposited state, we assert that the central por-
tions of the Fe layers are ferromagnetic even though their
total layer thicknesses are only 10 A. Th'is is supported
by the fact that we have observed an anomalous con-
tribution to the Hall coefficient that saturates in high
magnetic fields. This indicates that the magnetization

erromagnet. In addition, it is likely that the interfaces
between the Fe and Si layers are probably nonmagnetic.
Our low angle x-ray studies show that there is a mixing

of the Fe and Si at the interfaces that extends over about

like bulk amorphous composites Fe Si~ for which fer-1 x)
romagnetism disappears for x & 0 4 h
a significant portion of the interface region to be non-
magnetic. Mossbauer spectroscopy studies ' f 1

picture.
e i multilayers are in good agreement with this overall

The intensity of the low angle x-ra k h' hypea sw ic re-
su om the superlattice structure was used to deter-
mine the amplitude of the spatial modulation of the Fe
concentration through the mult 1 0
show thas ow that annealing these multilayers has the qualitative
effect on their structure show F . 1.
amplitude of the spatial modulation of the Fe concentra-
tion decreases. This indicates that the Fe and Si layers
interdiffuse at elevated temper t Th ha ures. e ig est tem-
perature annealing steps reduced the modula ' f h

e concentration relative to the unannealed modulation
y a factor of 10 in sample 1, and a factor of 6 in sample

2. This implies that the thinner Si layers allow a more
omogeneous composite to form.
T

dr b
e annealing steps were carried o t '

u in an oxygen- ee
ry box at temperatures in the range 150 C ( T~„„(

400 C for 9 to 12 h.or o . ""e estimate our annealing tem-
perature uncertainty to be 10 C D'ff t 1i erentia scanning
calorimetry measurements on similar lt 1

cated that
i i ar mu i ayers indi-

cate t at they react to thermal annealing in two steps.
As shown in Fi . 2g. t. ere is a broad low-temperature
exotherm and a sharp high temperature exotherm. High

e ectron microscopy measurements showed that the mul-
tilayers remained amorphous for annealing temperatures
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FIG. 1. Schematic profiles of the Fe concentration for an
unannealed and an annealed sample as a function of the dis-
tance from the bthe substrate. x is an estimate of the critical con-
cen ration for the metal-insulator transition in bulk Fe Sii

FIG. 2. The heat flow rate from an Fe/Si multilayer com-
posed of 36 5 A. thick Fe and 40 A. th' k S' 1

of tern erature so i
ic i ayers as a function

aine un er i entical con-quent run on the same sample obt ' d d
itions. The baseline is the difFerence between the heat-Qow

rates of the second and third heating of the same sample. The
sharp peak at 500 '
sam le c

comes from the heat evolved h th
p e crystalhzed. The samples used in these studies were

a l annealed at temperatures bel thow is pea temperature.
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up to 500 C. Beyond this temperature, the x-ray results
indicated that the samples contained crystalline FeSi2.
Thus, we attribute the broad low-temperature exotherm
to the mixing of the Fe and Si layers and the sharp
high-temperature isotherm to the formation of crystalline
FeSi2. All of the samples discussed in this paper fall
within the broad low-temperature peak region where the
samples have an amorphous structure.

Annealed and unannealed samples were patterned into
an eight terminal configuration that provided enough
contacts for low-temperature conductance and Hall mea-
surements. AZ1512 photoresist served as an etch mask,
and a mixture of 10% HF + 20% HNOs + 70% H20
served as a sample etchant. In the processing of the pho-
toresist it was necessary to heat the sample to 80 C for
30 min. While there must be some interdiffusion of the
Fe and Si layers during this step, our differential scan-
ning calorimetry measurements indicate that it is negli-
gible compared to that incurred by the thermal annealing
steps described above.

The conductance measurements were performed using
standard low level ac techniques. Care was taken to en-
sure that the measured conductances were independent
of voltage for the voltages used in these experiments. The
measurements were performed over a temperature range
&om 1.2 K ( T ( 20 K in a pumped helium cryostat and
a gas Bow cryostat. Temperatures were measured using
a calibrated carbon glass resistor that was in intimate
thermal contact with the sample.

III. THEORETICAL BACKGROUND

Much recent experimental and theoretical work has
shown that the conductivity of disordered metals de-
creases with temperature at temperatures that are
low enough that electron-impurity scattering rates are
greater than all other electron scattering rates. The
functional form of this temperature dependence is de-
termined by the dimensionality of the electronic system.
It has been shown that for weakly disordered systems,
k~1 ) 1, there are two contributions to this temperature
dependence. The first arises &om the weak localiza-
tion of the electronic wave functions due to phase co-
herent backscattering effects. These WI corrections are
very sensitive to processes that destroy the phase coher-
ence of the electronic states. The second contribution
stems &om the enhancement of electron-electron inter-
actions that occurs in disordered metals. In contrast to
the WL effects, these effects are insensitive (in most cir-
cumstances) to processes that break the phase coherence
of the electronic states. The total correction to the con-
ductance as a function of temperature and magnetic field
in two dimensional systems is '

e2 KT)
G(T) —G(Tp) = A in

~47l' 5 gTp )
where A = np+ 1 —3/4I'. np comes from WL effects
and 1 —3/4E comes from e-e interaction effects. n is a
constant of order 1 and E is a screening constant that

satisfies 0 ( E ( 1. The constant p determines the tem-
perature dependence of the electron phase coherence time
for which we have assumed the form w@ T ". In three
dimensional systems, the correction to the conductivity
0(T). followsi i

e 1/2

(2)

where D is the electronic diffusivity.
A crossover &om two to three dimensional behavior

for the e-e interaction contribution occurs when the film
thickness exceeds the thermal diffusion length, Lz
ghD/k~T The. WL contribution crosses over when
the film thickness exceeds the electron phase coherence
length, Lp = /Dry. s

IV. EXPERIMENTAL RESULTS

In Figs. 3(a) and 3(b) we have plotted the sheet con-
ductance of two multilayers, one with 10 A Fe and 32
A. Si layers (sample 1) and one with 10 A. Fe and 40

Si layers (sample 2), as a function of the logarithm
of the temperature for different annealing temperatures.
The conductances at 4.2 K for the two multilayers in
the unannealed state are within 20% of one another and
both show a logarithmic temperature dependence with
A 20. This indicates that in their unannealed states
the two films have nearly identical electrical characteris-
tics and the temperature dependence of the conductance
is dominated by two dimensional effects.

The responses of these samples to "low-temperature"
anneals T „„(250'C are very similar. As shown in Fig.
4, the conductances of these samples at 4.2 K decrease
with T „„atthe same rate. In addition, the G(T) fit the
logarithmic form at the lowest temperatures throughout
this regime. The slopes of the logarithmic fits to G(T),
A, increase with annealing temperature at rates that are
roughly the same for both samples. This is shown in Fig.
5, where we have plotted these slopes divid. ed by the num-
ber of layers. For comparison, in Fig. 3(c), we plot the
conductance as a function of temperature for the single
layer sample annealed at different temperatures. Because
this sample is so thin we expect that it remains two di-
mensional through all annealing steps. Like the multilay-
ers, its conductance decreases with annealing and G(T)
is logarithmic. Also, the slope of the logarithm increases
with annealing. The similarities between this single layer
behavior and the multilayer behavior give us confidence
that these general effects are independent of the multi-
layer structure.

For T „„)250'C the responses of the two films di-
verge. G(4.2 K) of sample 2 drops less rapidly than for
sample 1 and in fact it rises very rapidly (by a factor
of 5) for T „„&300 C. Similarly, the measured values
of A start to diverge near 250 C. Finally, we show in
Fig. 6 that G(T) for sample 2 after the 350'C anneal
fits a square root dependence better than a logarithmic
dependence.
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V. DISCUSSION B. Data for T „„&250'C

A. Overview

We present our discussion of the data in three sections.
In the first two sections we separate the data into low
T „„(250 C, and high T „„&250 C annealing temper-
ature regimes. In the low T „„regime, the two multilay-
ers and the single layer samples show qualitatively simi-
lar behavior while in the high T „„regime the behaviors
of the two multilayers diverge. In the third section, we
discuss possible explanations for the behavior of A with
annealing temperature.

The logarithmic temperature dependence of G(T) in
both unannealed samples is characteristic of weak local-
ization and disorder enhanced electron-electron interac-
tion corrections to G(T) in two dimensional systems. '

Given the ferromagnetic properties of the Fe layers
it is likely that the corrections to the conductance due to
weak localization effects are strongly suppressed (np = 0)
and those due to electron-electron interaction effects are
dominant. If the electrons are confined to individual lay-
ers in the unannealed multilayers then the A in Eq. (1)
corresponds to 20(1 —4P) for a 20 layer film. Thus, for
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FlG. 3. (a) Sheet conductance versus lnlT(K)] for sample 2: ds; = 40 A. , dF, = 10 A. +, unannealed; o, 150'C; A, 200'C;
+, 250'C; x, 300'C; Q, 350'C; *, 400'C. (b) Sheet conductance versus ln[T(K)] for Sample 1: ds; = 32 A. , dF, = 10 A..

+, unannealed; Z, 180'C; +, 250 C; x, 300'C; Q, 350'C. Note that G(T) increases in the 350'C annealing step. (c) Sheet
conductance versus ln[T(K)] for the single layer sample. Si 20 A, Fe 10 A, Si 20 A. +, unannealed; o, 150'C; A, 200'C; +,
250 'C; x, 300 C.
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FIG. 4. Sheet conductance measured at 4.2 K versus an-
nealing temperature for sample 1 and sample 2.

the unannealed films E 0. This is in agreement with
earlier measurements on single ultrathin layers of Fe on
Sb. The fact that these samples show this dependence
indicates that the conduction electrons are confined to
individual Fe layers on the time scales relevant for weak
localization or disorder enhanced electron-electron inter-
action effects. In short, the Fe layers in the unannealed
multilayer films behave like independent two dimensional
films. Their temperature dependent conductances add in
parallel to give the multilayers conductance.

The decrease in conductance at 4.2 K in the initial
stages of annealing of the two samples can be under-
stood in terms of the bulk properties of solutions of
Fe Siq . ' Earlier work on these amorphous compos-
ites showed that their room temperature resistivity in-
creases with increasing amounts of Si. Similar be-
havior has been observed in Nb Siq composites which
exhibit a metal to insulator transition at x = 11.5/0.
X-ray studies of the Fe/Si multilayers used in these ex-
penments and other similar ones show that annealing
the multilayers leads to the interdiffusion of the Fe and
Si layers. Consequently, the Fe in the conducting lay-
ers becomes diluted with Si and the layer conductances
drop. This process of dilution of the Fe by the Si contin-
ues until the annealing temperature is high enough that
crystallization of the Fe/Si film occurs at T „„500'C
(see Fig. 2).
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FIG. 6. Sheet conductance plotted versus ln (T) and T
for the multilayer sample arith thinner Si layers after a 350 'C
anneal.

FIG. 5. Slopes of linear fits to the lour-temperature data
of Figs. 1(a) and 1(b). The slope is expressed in units of
e /2vrh per layer.

C. Data for T „„&250'C

We attribute the diferent behaviors of G with anneal-
ing at T „„&250 C to the occurrence of a dimensional
crossover &om two dimensional (2D) to 3D electronic
behavior in sample 1 that does not occur in sample 2.
As shown in Fig. 2, G(T) is logarithmic for sample
2 up to the highest annealing temperatures and up to
T „„=300 C for sample 1 indicating that G(T) is dom-
inated by two dimensional e8'ects in these regimes. The
change in G(T) to a square root temperature dependence
in sample 1 after a 350'C anneal is consistent with a
crossover &om two to three dimensional electron trans-
port [see Eq. (2)]. The resistivity at 4.2 K of this sample
after the 350'C anneal is 4000 @Oem. Using Eq. (2) and
the slope of the square root temperature dependence we
And that D = 3.7 x 10 m sec if we assume that
E = 0. Using this value for D and the measured value
for the resistivity we can calculate the density of states
at the Fermi energy within a kee electron model. We
find that N(E~) = 1.7 x 102~/ cm V. These values for D
and N(E~) are reasonable for an amorphous composite
material and give us further confidence that the change
in the temperature dependence of the conductivity stems
from a dimensional crossover eKect.

The divergence of the dependence of G(4.2 K) on T „„
for the two multilayers and, in particular, the sharp in-
crease in G(4.2 K) that occurs at 350 C in sample 1 also
points to the occurrence of a dimensional crossover in it.
As shown in Fig. 5, G(4.2 K) for sample 2 decreases
monotonically up to the highest annealing temperature
of 400 'C. This suggests that the process described in the
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preceding section continues and dominates the behavior
of sample 2 up to the highest annealing temperatures.
This process, however, cannot account for the slowing
down of the decrease and subsequent rise in G(4.2 K) for
sample 1. We attribute this behavior to the fact that
e-e interaction and weak localization effects are stronger
in two dimensions than in three dimensions. ' When
the dimensional crossover occurs the suppression of the
conductivity by these efFects becomes reduced and the
conductivity rises. Since each layer of these films has a
very high sheet resistance prior to the last two annealing
steps B 4 kO, the conductivity rise is dramatic.

The occurrence of this dimensional crossover implies
that the electronic coupling between the conducting lay-
ers grows as the multilayers are annealed. In a simple
model, the rate at which electrons move between con-
ducting layers depends on the conductivity and thickness
of the intervening, more Si rich layers. As Fe diffuses into
these layers during the annealing process, their conduc-
tivity rises and their effective thicknesses change in such
a way that this rate increases. A dimensional crossover
occurs in sample 1 because this rate eventually becomes
large enough that the electrons move among layers on
time scales shorter than those relevant to e-e interaction
effects.

It may seem surprising that a difference of only 8 A. in
the Si layer thicknesses of samples 1 and 2 can give rise
to a dimensional crossover in one and not the other. We
assert that this extreme sensitivity to the Si layer thick-
ness comes about because these samples have total Fe
concentrations that are very near the critical value for
the 3D metal to insulator transition. Referring to Fig. 1,
we envision that the concentration profiles of multilayers
in the high annealing temperature regime qualitatively
mimic the "annealed" curve. If the concentration in the
Si rich parts of the layer is below the critical concen-
tration of the metal-insulator transition x, then these
regions will have nearly zero conductivity and the cou-
pling between the Fe rich layers will be weak. If, on the
other hand, the concentration of the Si rich parts exceeds
x, then the conductivity will be finite and the coupling
between the Fe rich layers will be strong. This makes the
coupling of the conducting layers through the noncon-
ducting layers a very sensitive function of concentration
when the total concentration of the sample is near x, .
Our estimate of x 30% indicates that we are in this
concentration regime.

To summarize, the interdiffusion of the Fe and Si re-
duces the conductivity of the Fe layers by reducing the
Fe concentration in them and it also causes an increased
interlayer coupling that leads to a dimensional crossover
that increases the conductivity. Above T „„=350 C,
the latter effect predominates.

This is because either spin-Hip or skew scattering of the
conduction electrons &om the magnetic moments or lo-
cal magnetic field efFects determine I~. These effects are
usually temperature independent and therefore, o.p = 0
in Eq. (1). Thus, we expect that A & 1, since theo-
retically, 0 & F & 1. As shown in Fig. 5, however, A
rises above 1. As an explanation for this discrepancy, we
suggest that annealing weakens the magnetic properties
of these films and in effect, "turns on" the WL contribu-
tions to the conductance. The interdifFusion of Fe and
Si driven by annealing probably leads to the disappear-
ance of the permanent magnetic properties of the films
(see discussion in Sec. II). In addition, as the Fe and Si
interdiffuse the magnetic moments of the individual Fe
atoms may weaken and disappear due to the appearance
of crystal field effects &om the Si atoms surrounding the
Fe atoms or the hybridization of the Fe d levels with the
sp levels of the surrounding Si. Thus, if the WL effects
are destroyed in the as-deposited films by "magnetic" ef-
fects, then it seems reasonable that they should appear
with annealing. To determine whether this picture is
correct further magnetoresistance studies to determine
the temperature dependence and strength of the electron
phase breaking rates would be illuminating.

As shown in Fig. 5, A does start to decrease in sample
1 for T „„)300'C. Earlier work on Si/Au multilayers
suggests that this behavior is caused by the growth of
interlayer coupling.

VI. SUMMARY

We have presented measurements of the conductance
as a function of temperature of amorphous Fe and Si mul-
tilayers as a function of the temperature at which they are
annealed. . At low annealing temperatures, T „„&250 C,
the conductances of the samples decrease as the Fe and.
Si layers interdiffuse and the concentration of the Fe lay-
ers decreases toward the metal-insulator transition value.
The temperature dependence of the conductance of these
films assumes the form expected for disordered metal
films in the two dimensional limit. At higher anneal-
ing temperatures T „„)250 C the cond. uctance of sam-
ples with relatively thick Si layers continues to drop and
the two dimensional temperature dependence persists. In
contrast, the conductance of a sample with relatively thin
Si layers increases sharply and changes to a three dimen-
sional temperature dependence at the highest annealing
temperatures. We have attributed these different behav-
iors to the occurrence of a dimensional crossover in the
latter sample that does not occur in the former.

D. Changes in A with annealing
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