magnetism
% MM and
) magnetic
M materials
ELSEVIER Journal of Magnetism and Magnetic Materials 182 (1998) 65-70

Electric transport properties of epitaxial Fe and Cr films
with very low intralayer scattering
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Abstract

The low-temperature transport properties of epitaxial Fe and Cr films grown on MgO(1 0 0) substrates by molecular
beam epitaxy are characterised by extremely low intralayer resistivities, indicating a very small concentration of defects.
This makes such films particularly suitable for studies of the influence of the interface scattering on the transport

properties of Fe/Cr superlattices. {© 1998 Elsevier Science B.V. All rights reserved.

PACS: 72.15.Eb; 73.50.Gr; 75.50.Bb
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1. Introduction

It is well known that the electrical transport
properties of thin metallic films are strongly in-
fluenced by scattering of electrons at the surfaces.
This was first described phenomenologically by
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Fuchs [1,2], who introduced a specularity pa-
rameter p which is the fraction of elastically reflec-
ted electrons scattered at the surface. This theory
was further developed and refined, taking into ac-
count thickness variations over the film [3] and
scattering at grain boundaries [4]. Other models
include a dependence of p on the angle of incidence
of the conduction electrons [5] or provide a quan-
tum mechanical description in the presence of sur-
face roughness on the atomic scale {6]. It turned
out that the thickness dependence of the resistivity
of polycrystalline films is dominated by grain-
boundary scattering [4,7] rather than surface scat-
tering. This is due to the fact that in these systems
the average grain size often scales with the film
thickness, causing a thickness dependence of the
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resistivity similar to the case of pure surface scat-
tering. In order to make sure that the transport
properties of such polycrystalline films are govern-
ed by real surface scattering, it is necessary to
investigate their topography providing information
about the granularity and its variation with film
thickness.

The surface topography of epitaxial films, how-
ever, is a consequence of the growth kinetics. The
internal film structure has defects like dislocations
rather than grain boundaries so that the theory of
Ref. [4] does not apply. Accordingly, the electron
mean-free path in epitaxial thin films can exceed the
average grain diameter [8]. Additionally, epitaxial
stress due to the lattice misfit between substrate
and film often produces the formation of misfit
dislocations as the film thickness increases [9]. This
would contribute to the thickness dependence of
the resistivity in a way opposite to surface scatter-
ing, thus not miming a Fuchs-like behaviour. Thus,
the thickness dependence of the resistivity of epi-
taxial thin films is commonly well described by
surface scattering and a constant bulk contribution
even down to extremely thin films [10].

In the case that grain-boundary scattering can be
neglected, three different models exist, describing
the influence of surfaces on the transport proper-
ties. The theory of Fuchs [1,2] is most often used,
although it provides only a phenomenological de-
scription of the surface scattering. This theory has
the advantage of simplicity and it allows straight-
forward extraction of the transport parameters.
The application of the model of Soffer [5] leads
sometimes to unrealistic values of the parameters
{5,117 which makes it less credible. The model of
Tesanovic et al. [6] is based on a more realistic
description of the transport process and was suc-
cessfully applied in several cases [6,9,12]]. However,
its drawback is that the bulk electron mean-free
path cannot be separated from the surface rough-
ness, so one of those has to be determined indepen-
dently.

Recently, a renewed interest in the influence of
surface effects on the properties of metallic films has
arisen due to the importance of interfaces in su-
perlattices. An excellent example is the giant
magnetoresistance (GMR) observed in Fe/Cr su-
perlattices [13] which is governed by spin-depen-

dent scattering of the electrons at the interfaces
[14]. However, it is not fully clear yet how the
GMR effect depends on the interface quality. Al-
though it was shown theoretically that a certain
amount of interface roughness is necessary to ob-
tain high GMR amplitudes, both an increase
[15-17] and a decrease [18] of the GMR amplitude
was observed with increasing interface quality. In
these studies, the interface quality is altered by
external preparation parameters like sputtering gas
pressure, substrate temperature during deposition,
deposition rate, substrate structure and roughness,
stc. Unfortunately, this will influence the intralayer
properties as well. When the intralayer scattering
dominates the total resistivity of the superlattice it
will be very difficult to relate the observed changes
in the GMR amplitude to changes of the interface
properties.

Therefore optimised deposition techniques and

substrates have to be used to grow Fe and Cr films

with low resistivities and only surface scattering.
For example, epitaxial Fe films grown on GaAs
and textured films on Corning glass are unsuitable
since they show rather high resistivities [11,197. It
is necessary to use an insulating substrate which
does not intermix with Fe and Cr and supports
epitaxial growth of these materials.

In this paper we analyse the electrical transport
properties of epitaxial Fe and Cr films with ex-
tremely low intralayer scattering, showing low-tem-
perature bulk resistivities of p,, < 0.1 uQ cm for Fe
and p,, = 0.35 uQ cm for Cr.

2. Experimental

The Fe and Cr films were prepared in a Riber
MBE deposition system (2 x 107! mbar base pres-
sure) using two electron-beam guns. The evapora-
tion rate of 0.1 nm/s was stabilised within 1% by
a homemade feedback control system using Balzers
quadrupole mass spectrometers (QMS). Integra-
tion of the QMS signal allowed automatic control
of the shutters for the individual evaporation sour-
ces. The 99.996% pure starting material was depos-
ited on single-crystalline MgO(100) substrates
held at 50°C. In order to ensure identical growth
conditions, films with different thicknesses were
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deposited during the same evaporation cycle using
a computer-controlled, stepper-motor-driven shut-
ter near the sample holder. We will report on the
properties of single films with thicknesses ranging
from 20 to 100 nm for Cr and 2 to 110 nm for Fe.
Oxidation of the samples was prevented by a 10 nm
SrF; cap layer deposited using a Knudsen cell.

Ex situ X-ray diffraction (XRD) spectra were
obtained in the 6-26 mode using a Rigaku rotating
anode system with a Cu target operating at about
4 kW and a wavelength of the Cu K, radiation of
1.542 A. Finite-size peaks observed at low angle
were used to calibrate the film thickness. High-
angle spectra were used to determine the crystallo-
graphic orientation.

The resistance was measured on 5 x 5 mm? sam-
ples by the Van der Pauw method [20] in a temper-
ature-controlled cryostat equipped with a 15T
superconducting magnet.

3. Results and discussion
3.1. Structure

Fig. 1 shows a high-angle XRD spectrum of
a single Cr film grown on MgO(1 0 0). Besides the
two substrate peaks, only a sharp Cr(2 0 0} peak is
observed, indicating excellent epitaxial growth.
This was also verified using reflective high-energy
electron diffraction and off-axis XRD. The XRD
spectra of the epitaxial Fe films on MgO(1 0 0) look
similar.

The polar and azimuthal rocking-curve widths
are around 1° for both materials. The polar rock-
ing-curve width is determined by two contribu-
tions: first, a polar mosaic spread of the film
orientation and, second, a limited lateral coherence
length. The narrow rocking curves indicate the
absence of large-angle grain boundaries.

The surface roughness was examined ex situ us-
ing atomic force microscopy (AFM). Fig. 2 shows
the surface topography of, respectively, 5 nm (a)
and 100 nm (b) thick Cr films. The rms roughness
values for both surfaces is about 0.5 nm. Accord-
ingly, the resistivity data can be described without
taking into account corrections due to large thick-
ness fluctuations [3]. The typical lateral diameter
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Fig. 1. Typical high-angle XRD spectrum of an epitaxial Cr film
with (1 0 0) orientation grown on MgO(1 0 0). Besides the sub-
strate peaks at 26 = 43° and 94° (which are cut off) only the
Cr(2 0 0) peak at 26 = 65° is observed. The XRD spectra of Fe
films look similar.

of protrusions is similar for both thicknesses (about
10 nm). This rules out a granular structure with
grain diameter proportional to film thickness as
assumed in Ref. [4]. The surface topography of Fe
layers is similar.

3.2. Thickness dependence of the resistivity

For the description of the thickness dependence
of the resistivity, the theories from Refs. [3,4] are
unsuitable since the films are epitaxial and have
a small surface roughness. Accordingly, we describe
the experimental data using the theories of Refs.
[1,2,6]. The Fuchs-Sondheimer model [1,2] de-
scribes the thickness dependence of the electrical
resistivity p(t) as

p(t)=poo +%(1 _p)pooloo/la (1)

with ¢ the film thickness, p, the bulk resistivity,
I, the bulk electron mean-free path, and p the
specularity parameter. On the other hand, p(¢) can
also be calculated using the model of Tesanovic
et al. [6]:

ER

P(l)=ncpm[z (1 +nzlm/1max)—1:|_ - (2)

n=1



68 R. Schad et al. | Journal of Magnetism and Magnetic Materials 182 (1998) 65~70

Fig. 2. Surface topography measured by AFM of epitaxial Cr
films with a thickness of 5 nm (a) and 100 nm (b).

with n, = kgt/p the number of subbands in the
k space located at the Fermi level, I, =
6nnlt/(kgh)?, ke the Fermi momentum and 4 the
microscopic roughness amplitude.

Fig. 3 shows the resistivity of the epitaxial Fe
and Cr films measured at 300 and 4.2 K as a func-
tion of the film thickness. Also displayed are best
fits using Eq. (1) or Eq.{2). The values of [, and
P« Obtained from these fits are summarised in
Table 1. Since the separation of the parameters
p and [, in Eq. (1) is problematic, we assumed
p =0 and obtain, therefore, a lower limit of the
mean-free path. In Eq. {2) we assumed that s =
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Fig. 3. Thickness dependence of the resistivity of Fe (filled sym-
bols) and Cr {empty symbols) films, measured at, respectively,
300 K (circles) and 4.2 K {triangles). The full and dashed lines are
best fits according to, respectively, Egs. (1) and (2).

Table 1

Bulk transport parameters of epitaxial Fe and Cr films obtained
by fitting the thickness dependence of the resistivity (Fig. 3)
using Egs. {1) and {2)

T (K) P (02 cm) {4 (nm)

Eq.()  Eq.(2) Eq{l) Eq.{2

Fe 300 50 .83 15 50
4.2 <01 0.025 > 1100 107
Cr 300 10.1 10.0 ) 13 30
4.2 035 003 630 5x10°

0.3 nm, corresponding to twice the atomic step
height, which is a realistic value [9].

The room-temperature resistivities are well de-
scribed by both theories producing p,, values close
to the bulk resistivity. At low temperature, how-
ever, the Fuchs—Sondheimer model provides the
better fit (Fig. 3) and lower (higher) values for
lo (po) (Table 1) than the theory of Tesanovic et al.
The value of p, = 0.1 uQcm for the Fe films at
4.2 K is an upper limit since the resistivity does not
tend to saturate, therefore p,, may be even smaller
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and, accordingly, [, longer than 1.1 pm. The values
obtained by the fit with Eq. (2) are rather high but
still plausible and of the order of values typical for
high-purity bulk samples [21].

These values have to be compared with those
reported in the literature for thin-film samples.
A similar study was performed on polycrystalline
samples but only at ambient temperature [11]. But
assuming the validity of Matthiesen’s rule, the low-
temperature bulk resistivities have to be of the
order of several 1Q cm, which is about one order of
magnitude higher than p ., of our films. Epitaxial Fe
films (tpe =20nm) grown on GaAs showed
p=7uQcm at 4.2 K but with stronger thickness
dependence [19] than described by Eq. (1) or
Eq. (2). Accordingly, the authors attributed this
high resistivity to either impurity scattering due to
interdiffusion of substrate material into the film or
to defects introduced by the lattice mismatch be-
tween film and substrate [19]. Since the lattice
mismatch between Fe and GaAs (1.4% misfit) is
smaller than for Fe on MgO (3.7% misfit), these
high resistivities are likely to be due to As inter-
diffusion from the substrate.

Surprisingly, much higher resistivities of about
200 pQ em for tp, =2 nm were also reported for
epitaxial Fe films grown on MgO(1 0 0) [22]. This
exceeds the corresponding value of our Fe films by
one order of magnitude. Furthermore, compared to
other epitaxial, non-intermixing systems such as Ag
on Si111)(/, = 100nm [8]), our Fe and Cr films
show very low resistivities indicating a small defect
density.

Finally, we may compare the single-film trans-
port properties with the ones of Fe/Cr superlattices
grown under similar conditions on MgO(1 0 0)
[23]. The low-temperature resistivity of about
15 uQ cm corresponds approximately to the resis-
tivity of a 2 nm thick single Fe layer. Thus, the
transport properties of such superlattices are char-
acterised by dominant interface scattering and neg-
ligible intralayer scattering.

4. Conclusions

Epitaxial Fe and Cr films grown on MgO(1 0 0)
by MBE show extremely low defect densities, re-

sulting in very small values of the bulk resistivity.
The large intralayer electron mean-free path of
1.1 um in the epitaxial Fe layers may also require
ballistic transport experiments in metal films to be
performed.
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