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Absence of weak electron localization in epitaxial Fe wires on GaAs(110)
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We measured the low-temperature magnetoresistance of epitaxial Fe wires on GaAs(110) for wires with
widths ranging from 100 to 3000 nm. All wires exhibit a logarithmic resistance increase toward lower tem-
peratures. The resistance increase is independent of the external magnetic field applied perpendicular to the
film plane. This behavior shows that the logarithmic resistance increase is due to electron-electron interaction
rather than weak localization effects. By decreasing the wire width we find that the temperature dependence of
the resistance increases which is due to a 2d-1d transition of the electron-electron interaction.
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I. INTRODUCTION

The low-temperature magnetoresistance properties of
various nonmagnetic metallic films and wires have been in-
tensively investigated during the past decades. Essentially,
two different quantum mechanical corrections to the resis-
tance explain the experimentally found resistance increase
toward low temperatures. One model concerns the phase co-
herent backscattering of noninteracting electrons called weak
electron localization (WEL).! The other model originates
from a modified screening of electrons due to diffuse elec-
tron scattering and is called enhanced electron-electron inter-
action (EEI).? For two-dimensional systems, both effects re-
sult in a logarithmic resistance increase for low temperatures.
To distinguish these effects external magnetic fields are ap-
plied perpendicular to the film plane. Via the Aharonov
Bohm effect, the vector potential acts on the phase of the
electron waves.>* It has been shown that already small mag-
netic fields are sufficient to destroy the phase coherence on
length scales of Ly=(%/4eB4)"* and thus lower the logarith-
mic resistance increase.’ In contrast, the EEI is hardly modi-
fied by magnetic fields of the order of 1 T.

So far, many groups have addressed the question both
experimentally and theoretically as to whether or not WEL
effects also survive in magnetic systems’ "> since internal
magnetic fields in ferromagnetic films or wires may or may
not influence the phase coherence between conduction elec-
trons even in the absence of external magnetic fields. Dugaev
et al.'® have shown in their theoretical work that the mag-
netic induction for two-dimensional in-plane magnetized ma-
terials does not break the phase coherence and thus this mag-
netization does not affect the localization correction. Aliev et
al.'” have shown that in antiferromagnetically coupled mul-
tilayers antilocalization effects are suppressed in the pres-
ence of domain walls. For ferromagnetic epitaxial GaMnAs
wires effects of weak antilocalization were found both for
two-dimensional and one-dimensional systems at very low
temperatures in the mK range.'® On the other hand, in vari-
ous experimental investigations for ‘“‘conventional” ferro-
magnetic films and wires at low temperatures direct evidence
of the presence of weak electron localization could not be
found.'>?® The absence of weak localization effects was ex-
plained by Sil et al.?! by the fact that domain wall scattering
destroys WEL, which is predominantly present in polycrys-
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talline samples being magnetically inhomogeneous.

In the present Brief Report we study the low-temperature
magnetoresistance of epitaxial Fe wires on GaAs(110) with
varying widths in the range between 100 and 3000 nm. Due
to the epitaxial structure of the wire, the magnetic state in
remanence is more homogeneous than for polycrystalline
samples and one would expect that for these wires quantum
contributions arising from WEL should be observable. How-
ever, also for these samples we do not find a contribution of
weak electron localization for wires. Our data can be well
explained in the framework of enhanced electron-electron
interaction.

II. EXPERIMENTAL DETAILS

Epitaxial Fe wires on GaAs(110) are prepared from con-
tinuous Fe films prepared in a ultrahigh vacuum chamber
with a base pressure of p=1X 107" mbar. Prior to the Fe
evaporation from a rod with a purity of 99.999%, the
GaAs(110) substrates are cleaned in a combined annealing/
sputtering process. The Fe film has a thickness of 10 nm. The
structure of the substrate and the film is investigated by low-
energy electron diffraction. From these investigations the ep-
itaxial relation GaAs(110)[001]lIFe(110)[001] was derived.
Finally, the films are capped with Ag and Pt to avoid oxida-
tion in the ex situ preparation steps. The conductivity of the
cap layer is much smaller than that of the Fe wires as was
proven with measurements on the pure buffer so that the
transport is dominated by the Fe wire. The anisotropy param-
eters of the film are determined using ferromagnetic reso-
nance proving that the magnetocrystalline easy direction as
well as the easy direction of an additional uniaxial anisotropy
points along the [001] direction. Subsequently, the films are
structured into wires in an electron beam lithography process
followed by Ar-ion sputtering. Details on the fabrication and
characterization process are published elsewhere.?> Figure 1
shows an exemplary secondary electron micrograph of a
typical sample structure. The Fe wire (from left to right) is
contacted with four nonmagnetic gold wires to avoid an in-
fluence to the sample magnetization. The two outermost
wires are used to inject the current into the wire; the inner
contacts are used to measure the voltage. Magnetic images in
remanence are taken in a D3000 magnetic force microscope
(MFM) with commercially available MESP (magnetic etched
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FIG. 1. Secondary electron micrograph of a contacted epitaxial
Fe wire on GaAs(110).

silicon probes, Veeco Probes) tips after saturation of the
wires in the [001] direction. Magnetoresistance measure-
ments are carried out in a “He bath cryostat with a commer-
cial ac resistance bridge (LR700). The temperature can be
varied between 1.4 and 300 K. The currents used for the
measurements are kept below 1 pA for wires with a width
of 3000 nm to avoid heating effects. For smaller wires the
current was further reduced. The resolution of the setup is in
the order of AR/R=107° at low temperatures.”?

III. RESULTS AND DISCUSSION

Figures 2 and 3 show MFM images in remanence after
applying an external field in the [001] direction. Since we
use an out-of-plane magnetized tip, only stray field compo-
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FIG. 2. (Color online) Remanent state after saturation of the

wires in the easy direction for wires parallel to the [110] direction
with a width of (a) 200 nm and (b) 2000 nm.
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FIG. 3. (Color online) Remanent state after saturation of the
wires in the easy direction for (a) a 2 wm wide epitaxial Fe wire
parallel to the [001] direction and (b) a 2 wm wide polycrystalline
Co wire (taken from Ref. 20).

nents pointing out of the film plane are detected. Figure 2(a)
shows a 2 um wide wire, with its long axis parallel to the

[110] direction. The easy crystallographic direction is point-
ing transverse to the long wire axis. One can clearly see that
we observe for the whole length of the wire a dark contrast
on one side of the wire and a white contrast on the other side
of the wire, which means that the magnetization is in rema-
nence transverse to the long wire axis due to the crystalline
anisotropy being larger than the shape anisotropy. This find-
ing could be also confirmed by simulations with the object
oriented micromagnetic framework (OOMMF).?>?* For a
wire with a width of 200 nm we observe a different behavior
[see Fig. 2(b)]. Here, only two poles at the end of the wire
are detected indicating that the magnetization is longitudi-
nally oriented in the wire, which is due to the fact that for
small wires the shape anisotropy becomes larger as the crys-
talline anisotropies. Again this was confirmed by OOMMF
simulations. Figure 3(a) shows a MFM image of a wire
which is oriented parallel to the magnetocrystalline easy di-
rection, so that both the shape and the crystalline anisotropy
favor the same magnetization direction. One can clearly see
that only at the ends of the wire poles are visible, but almost
no contrast can be seen in the middle part of the wire. From
that we can conclude that we have a homogeneous magneti-
zation pointing in this direction. For comparison, Fig. 3(b)
shows a MFM image of a polycrystalline Co wire from Ref.
20. Here, one can also see poles at the end of the wires, but
domain formation was observed in the center region of the
wire due to its polycrystalline nature.

Figure 4 shows the electrical resistance of a 3 um wide
Fe wire oriented parallel to the [001] direction at low tem-
peratures for various external fields applied perpendicular to
the film plane. One can clearly see that the resistance in-
creases for all external fields logarithmically toward lower
temperatures. At a temperature of 8 K the resistance reaches
a minimum and increases linearly to higher temperatures. By
varying the external magnetic field, we find that the curves
are shifted to lower resistances. This is due to the fact that
the magnetization slowly rotates out of the film plane and
thus the overall resistance is reduced due to the anisotropic
magnetoresistance.”> However, the logarithmic slope of the
resistance increase toward lower temperatures is the same for
all applied magnetic fields. From this we conclude that no
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FIG. 4. (Color online) Resistance as a function of the logarithm
of the temperature of a 3 um wide epitaxial Fe wire oriented par-
allel to the [001] direction for various external fields applied per-
pendicular to the film plane.

effects of WEL are present in this epitaxial Fe wire. How-
ever, also EEI effects are known to cause a logarithmic re-
sistance increase at low temperatures. The solid lines repre-
sent fits to the logarithmic resistance increase at low
temperatures according to a formula developed by Neuttiens
et al.®® to describe the EEI in the transition region between
two-dimensional and one-dimensional behavior, which is as
follows:

[’

a 1 1
1d-2d _
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Here, « is a screening factor introduced by Neuttiens ef a
and Ly is the thermal diffusion length LT:\/]Z:DT with the
diffusion constant D. Ly, is the thermal diffusion length at a
reference temperature 7,,. As one can see from Fig. 4, the
logarithmic resistance increase can be well fitted by Eq. (1).

To compare the data with other measurements, we calcu-
late the change in the conductance over one decade of the
temperature

Ro(1 K)—R5(10 K)
R3(10 K)

s

whereby R denotes the resistance per square of the wire and
Ro(1 K) and R5(10 K) are the extrapolated values of R(T)
according to the solid lines in Fig. 4 at 1 K and 10 K, re-
spectively. AG(10) is thus proportional to the slope of the
resistance increase. Obviously, the resistance above 6 K de-
viates from the straight lines in Fig. 4 indicating that
electron-phonon interactions start to play a role. Our discus-
sion and interpretation of the resistance data rely on data
below 6 K. We find for the epitaxial Fe wire presented in Fig.
4 a value of AG(10)=3 X107 Q~!, which is in good agree-
ment with measurements for EEI in two-dimensional poly-
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FIG. 5. (Color online) Relative change in the conductance of
different epitaxial Fe wires as a function of the temperature.

crystalline Co wires.?® The calculations from Sil et al. show
that WEL should be present in the case of a homogeneous
magnetization, which is the case for our wires as the MFM
images clearly show. The effect should be smaller as com-
pared to the EEI effects [AG(10)wg.~1X 107 Q~'], but
this would still be clearly visible within our sensitivity.

To further investigate the WEL/EEI effects in ferromag-
netic Fe wires, we prepared epitaxial Fe wires of different
widths and also different orientations. Figure 5 shows the
change in the conductance 6G(T)=G(4.2 K)—G(T) for epi-
taxial Fe wires of two different orientations and widths at
zero magnetic field. As one can see, we find a logarithmic
conductance behavior with different slopes AG(10), which
can be determined by extrapolating the straight line to 1 and
10 K, for the various epitaxial Fe wires, whereby the slope is
steeper for smaller wires. Applying an external magnetic
field perpendicular to the film plane, we find for the four Fe
wires that their slopes are independent of the field strengths,
as is shown, e.g., for the sample with w=3 um parallel to
the [001] direction in Fig. 4. Since we observe no magnetic
field dependence, WEL effects are clearly not present for our
epitaxial wires. Nevertheless, our results are in good agree-
ment with theoretical calculations for EEI

To investigate the widths’ dependence on the conductance
behavior of the epitaxial Fe wires arising from EEI, Fig. 6
shows AG(10)—corresponding to the slope of the G(T)
curves in Fig. 5—as a function of wire widths for epitaxial

Fe wires of different orientation (parallel to [001] or [110])
as well as for polycrystalline wires.”> For wider wires
(w>1 um) the value of AG(10)=3X107 Q! is almost
independent of the wire widths and close to the value we also
look for polycrystalline Co wires in the 2d limit.”* Note that
there is only a slight difference of AG(10) for epitaxial Fe
wires of different orientations. For decreasing wire widths
(w<1 um) AG(10) is increasing to larger values. This can
be well explained by a crossover from 2d to 1d behavior
with respect to EEI. To show that our experimental data can
be described by EEI, we calculated AG(10)=G(10 K)
-G(1 K) with Eq. (1) using a=1.0 and D=9.38
X 10™* m?/s. The values of AG(10) are shown in Fig. 6 as a
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FIG. 6. (Color online) AG(10) values of various oriented epi-
taxial Fe wires and polycrystalline Co wires (from Ref. 20) as a
function of the width of the wire.

solid green line. As one can see, there is reasonable agree-
ment between our experimental data and theoretical calcula-
tions proving that indeed a transition from 2d to 1d behavior
occurs. However, we also find slight differences between our
data with respect to the wire orientation which might be due
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to their different magnetization direction. The analysis of the
data in Fig. 6 clearly shows that for epitaxial Fe wires effects
based on EEI are almost independent of the microstructure of
the ferromagnetic wire (polycrystalline/epitaxial) and only
slightly dependent on their magnetic structures. Effects based
on WEL are not present, independent of whether the mag-
netic structures are inhomogeneous or homogeneous.

Neumaier et al.'® observed weak antilocalization in ferro-
magnetic GaMnAs. However, GaMnAs has a very low mag-
netization compared to Fe. Further work should be done with
materials with a magnetization value between these ones to
investigate the influence of an increasing magnetization.

In conclusion, we have shown that for epitaxial Fe wires
no effects of weak electron localization are present for tem-
peratures down to 7=1.4 K. The observed resistance in-
crease toward low temperature can be explained by enhanced
electron-electron interaction effects. Furthermore, for de-
creasing wire widths, we observe an increase in the slope of
the resistance increase due to a transition from two-
dimensional to one-dimensional behavior with respect to
electron-electron interaction.
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