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We have investigated the low temperature resistance behavior and the magnetoresistance of single-domain
cobalt nanowires of various thicknesses ranging between 5 nm and 32 nm and wire widths ranging down to
32 nm. The nanowires are coated with insulating carbon on three sides to prevent oxidation. Magnetic force
microscopy investigations show that nanowires with widths below 800 nm are in a single-domain-like rema-
nence state. The magnetoresistance is negative and is well explained by the anisotropic magnetoresistance
(AMR). At low temperatures 7<<30 K a logarithmic resistance increase is observed with decreasing tempera-
ture, which is consistently explained as originating from enhanced electron-electron interactions in two dimen-
sions. Quantum corrections due to weak electron localization are not observed which is in contrast to recent
theoretical predictions for two-dimensional ferromagnetic systems. However, the results are consistent with our
earlier results obtained for platinum-capped and unprotected cobalt nanowires. A reduction of the wire width
below about 400 nm yields a crossover behavior from two-dimensional to one-dimensional behavior with

respect to the quantum corrections of the resistance.
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I. INTRODUCTION

Electronic quantum transport phenomena have been inten-
sively investigated during the past 20 years. Prominent ex-
amples are persistent currents,! nonlocal transport
phenomena,2 and universal conductance fluctuations® in me-
soscopic metallic systems. Particularly, for nonmagnetic thin
films a logarithmic resistance increase towards low tempera-
tures is often observed, which results from either weak elec-
tron localization (WEL) and/or enhanced electron-electron
interactions (EEI) in two dimensions rather than from the
well-known Kondo effect.* While WEL effects are due to
phase coherent backscattering of noninteracting electrons in
the presence of weak disorder,” EEI effects arise from a
modified screening of the Coulomb interaction of interacting
electrons due to diffuse scattering.® Both effects may be
identified experimentally upon application of an external
magnetic field oriented perpendicular to the sample plane.
For WEL, rather small magnetic fields of the order of
B4=0.01T are already sufficient to (partially) destroy the
phase coherence between electron waves on length scales of
the order of L,=(A/ 4eB¢)1/2. This then leads to a low-field
positive or negative magnetoresistance (MR) depending on
whether or not spin-orbit interactions have to be taken into
account.” On the other hand, EEI effects are hardly affected
by such small external magnetic fields and a respective MR
due to EEI only occurs at larger magnetic fields B>1 T (at
T=4.2 K).® As a consequence, investigations of the slope of
the logarithmic resistance increase versus temperature as a
function of the applied perpendicular magnetic field allows
one to differentiate between both effects.®!0

If a thin metallic wire consists of a ferromagnetic mate-

rial, the magnetization M, or respectively the magnetic in-
duction inside the sample, will provide an internal magnetic

field B which already may or may not destroy the phase
coherence of the backscattered electron waves due to the

vector potential A. Previous experiments indicated that in
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ferromagnetic thin films EEI is predominant rather than
WEL effects.!!=13 On the other hand, Aharanov-Bohm oscil-
lations of the resistance in FeNi nanowires'* indicate that
interference effects are present.15 Also, recent theoretical cal-
culations have been discussed controversially.'?" In our
own recent experiments where we investigated the low tem-
perature resistance behavior of Co nanowires we did not find
any evidence for WEL effects.’! To protect the Co wires
against oxidation we covered them with a thin (2 nm) plati-
num layer. Since it is known that Pt—adjacent to a ferromag-
netic layer—can be polarized, the question may arise
whether or not the Pt layer influences the transport properties
of the Co nanowire.

We have therefore extended our studies towards thin co-
balt wires covered by nonmetallic carbon protection layers.
Again, the magnetoresistance (MR) of the cobalt wires is
found to mainly originate from the anisotropic magnetoresis-
tance (AMR) and, again, we do nor observe any WEL ef-
fects, at least within the accuracy of our measurements. In-
stead, only EEI effects are found to contribute to the low
temperature resistance behavior of the Co wires, similar as in
the case of Pt-covered Co wires. In addition, we have re-
duced the wire width to values as small as 32 nm and we
thereby observe a crossover from two-dimensional to one-
dimensional behavior with respect to EEI effects. Moreover,
magnetic iron, nickel, and chromium nanowires show a simi-
lar behavior, which confirms that WEL effects are not ob-
servable in ferromagnetic samples.

II. EXPERIMENT

Co wires are fabricated by high-resolution electron beam
lithography (HR-EBL) onto Te-doped GaAs substrates with
dimensions of 3.9 mm X 3.9 mm X 0.525 mm, subsequent
electron beam evaporation in an UHV chamber with a base
pressure of 1X 1078 mbar, and lift-off technique. Some of
the wires were allowed to develop an oxidation layer on top

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.085457

BRANDS et al.

(and side walls) after preparation while others are protected
in situ by a 10-nm-thick layer of amorphous carbon. For this
we have designed a particular customized resist profile with
a strong undercut and in combination with the high surface
mobility of carbon atoms during the evaporation process we
succeded in a perfect protection against oxidation not only of
the top of the wire but also of both side walls of the nano-
wire. Moreover, the nanowires have a perfect rectangular
cross section with almost no tear-off edges.””> We use non-
magnetic contact wires as well as nonmagnetic contact pads
for the resistance measurements in order not to disturb the
magnetic configuration of the wires. Note, that for nanowires
covered with an insulating material, the common two-step
EBL process will not work. We have therefore developed a
three-step EBL process where two thin (1~5 nm) platinum
wires are fabricated first, which then serve as contact leads.
On top of (and across) these leads the cobalt nanowire is
prepared, which is subsequently covered in situ by an insu-
lating carbon layer. Finally, in a third EBL step, the platinum
wires are contacted by gold leads. A more detailed descrip-
tion of this fabrication scheme can be found in Ref. 22.

The typical length of the wires varies between 1=40 um
and 1=100 um and we have systematically varied both
the thickness of the wires ranging between =5 nm and
t=32nm and the wire widths between w=32 nm and
w=5200 nm. Typical values of the resistance of narrow
nanowires are in the kOhm regime. The resistance is mea-
sured via an ac-resistance bridge in a *He bath cryo-
state within a temperature range between 7=1.4 K and
T=300 K. Magnetic fields of up to B=5 T can be applied
perpendicular to the wire but parallel to the sample plane
(transversal, B,) as well as perpendicular to the wire and
perpendicular to the sample plane (perpendicular, B,). In ad-
dition, measurements in the longitudinal geometry [magnetic
field and electric current in-plane, directed along the long
wire axis (x direction)] are used to characterize the magnetic
remanence state of the wires. Only small electrical currents
ranging between /=10 nA and /=3 pA are used in order to
minimize heating effects. The achieved measurement resolu-
tion is of the order of AR/R=5X107".

III. RESULTS AND DISCUSSION

A. Structural properties

Structural investigations were carried out by using a Phil-
ips CMI12 transmission electron microscope (TEM), for
which cobalt thin films and nanowire arrays were addition-
ally fabricated onto NaCl substrates, precoated by a
15-nm-thick layer of amorphous carbon. The morphology of
thin films and nanostructured samples is identical as long as
the lateral dimensions of nanostructured samples do not
reach below 30 nm.?* The wires are polycrystalline in nature,
having an average grain size of ®=7+2 nm. The edge
roughness of nanowires is of the order of the grain size.
Electron diffraction patterns indicate the predominance of
hexagonal closed packed (e—) cobalt with a number of
stacking faults.

B. Magnetic properties

For a detailed interpretation of the results of magnetore-
sistance measurements of single cobalt nanowires, it is indis-
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FIG. 1. (Color online) Magnetic force microscopy (MFM) im-
ages taken at remanence for two carbon-covered cobalt nanowires
of different width but the same thickness of 20 nm. Both wires were
magnetically saturated prior to imaging within a magnetic field of
B=2 T applied longitudinally. While the upper wire (w=2.16 um)
is in a multidomainlike magnetic state at remanence, the narrow
wire (w=400 nm, lower image) is in a single-domain-like state.

pensable to exactly know the magnetic configuration of the
wires, especially within the remanence state. We have there-
fore carried out magnetic force microscopy (MFM) investi-
gations by using a Digital Instruments D3000 MFM utilizing
standard “magnetic etched silicon probe” (MESP) magnetic
tips. Figure 1 shows MFM images of two different carbon-
covered cobalt nanowires with different width but the same
thickness of 20 nm. For each wire, three MFM images were
taken, one at each end of the wire and one image at the
middle section of each wire. Note that since the typical
length of a nanowire is of the order of 50 wum, there is a
rather large distance between each of the images. Prior to
imaging, both wires were magnetically saturated within a
magnetic field of B=2 T applied in plane along the long wire
axis (longitudinally). The nanowire displayed in the lower
part of Fig. 1 has a width of about 400 nm and the MFM
image exhibits two distinct poles situated at the wire ends,
represented by a spot with dark image contrast on the left
side, and a spot with bright image contrast on the right side.
At other locations along the wire axis no significant MFM
contrast is detected, except for some minor contrast spots
which result from morphological contributions, as typically
represented by the middle image. In MFM, only the gradient
of the stray field is detected, which emerges from the sample,
where any attractive interaction between the magnetic tip
and the stray field is converted into dark image contrast,
while any repulsive interaction is converted into bright im-
age contrast. Thus, the MFM image of the wire as shown in
the lower part of Fig. 1 can be interpreted such that this wire
consists of a single-domain-like remanence state whereby the
magnetization is oriented in plane, directed along the long
wire axis. The reason for this is a strong magnetic shape
anisotropy related to the high aspect ratio, the ratio of length
and width of the wire. In contrast, the nanowire with a width
of 2.16 um presented in the upper part of Fig. 1 clearly
shows the typical features of an in-plane multidomainlike
magnetic state, which is obvious from the image contrast,
which varies along the whole wire. Note that for the inves-
tigated wire thickness of 1=20 nm, the domain walls are of
the Néel type with in-plane magnetization components only.
The more prominent spots with bright and dark image con-
trast located at the wire ends are reminiscent of the single-
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FIG. 2. (Color online) Perpendicular magnetoresistance (MR) of
a Co nanowire with width w=225 nm covered with a 10 nm carbon
layer. The MR continuously decreases until it reaches a saturation
value of about —0.8% due to the anisotropic magnetoresistance
(AMR). The absolute value of the resistance in a zero magnetic
field is Ry=10395 (). The inset shows the perpendicular MR for a
carbon-covered cobalt nanowire with a width of 35 nm measured at
temperatures of 7=4.2 K and 7=240 mK. Both measurements are
identical and up to magnetic fields of B=11 T; no other contribu-
tion other than the AMR effect is observed.

domain state of small wires and they result from the fact that
most of the magnetization components are still directed
along the wire axis as in the case of narrow wires. A system-
atic investigation of carbon-covered nanowires with varying
width shows that the transition from a multidomainlike re-
manence state to a single-domain-like magnetic state occurs
for wire widths of about 800 nm. This is consistent with
former investigations carried out for 30-nm-thick cobalt
nanowires covered with 2 nm platinum, which displayed a
transition width in between 1 um and 2 um for similar wire
lengths.?*

C. Magnetoresistance behavior

The overall resistance behavior of the carbon-covered Co
nanowires is metallic, accompanied by a linear tempera-
ture dependence of the resistance for temperatures 7> 50 K
(not shown here). The residual resistance ratio
I'=R(300 K)/R(4.2 K) is of the order of I'~1.5 and the
residual resistance of all samples varies between p (4.2 K)
=20-30 u€) cm, which is comparable to earlier results.?’
Applying magnetic fields along the wire axis (longitudinal)
the MR is almost constant except for sharp resistance
minima which occur at the coercive fields H,.. This behavior
can be explained by nucleation and traversal of magnetic
domains based on the AMR effect.>*=2" If the magnetic field
is applied transversal and in plane to the Co nanowire the
resistance strongly decreases in small magnetic fields follow-
ing a R B? law, which can be explained by a coherent rota-
tion of the magnetization based on the AMR effect.??° Upon
further increasing the field the resistance remains constant.

Figure 2 shows the perpendicular MR behavior of a
20-nm-thick Co nanowire with a length of 200 wm and a
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width of w=225 nm. The inset shows in an enlarged scale
the MR of a very narrow Co nanowire (width w=35 nm)
measured at 7=4.2 K and 7=240 mK up to magnetic fields
of B=11 T. As one can see from Fig. 2 the resistance of both
Co nanowires exhibits a continuous decrease up to about
B=1.7 T which is the saturation field of Co in the hard axis®!
and remains constant upon applying higher magnetic fields.
Similar to the transversal case we find that R(B) can be fitted
with AR(B)>=-B? (see solid line in Fig. 2) as originating
from the AMR. A detailed analysis of the R(B) curves yields
a magnetic anisotropy constant K,;=9.51 X 10° J/m? which
is 91% of the literature value for the shape anisotropy of
cobalt at T7=4.2 K.*? Crystalline anisotropy contributions can
be neglected since our samples are polycrystalline. This
means that the MR behavior reflects a coherent rotation of
the magnetization when applying a magnetic field perpen-
dicular to the sample plane. Note that this behavior is inde-
pendent of the wire width which in turn shows that, indepen-
dent of whether the remanent state exhibits a multidomain-
like or a monodomain-like configuration, the magnetization
rotates from in plane to out of plane until it saturates for
fields larger than B,,,=1.7 T. In both the transverse and per-
pendicular case the resistance decreases in total by about
0.8% which is also typical for the AMR effect.?®! Note also
that we do not observe any R~ B? contribution as resulting
from the (classical) Lorentz magnetoresistance (LMR) at
high magnetic fields. This appears to be reasonable, since the
elastic scattering length /, of the conduction electrons is of
the order of only 7 nm. We also do not observe any contri-
bution from spin-disorder MR which is reasonable, since this
contribution is negligible at low temperatures. Thus, the
overall MR behavior of cobalt nanowires can be well ex-
plained as resulting solely from the AMR effect. Moreover,
and this is the most striking feature of the MR, the resist-
ance remains constant, even if the magnetic field strength
is increased up to B=11 T and for temperatures down to
T=240 mK as shown in the inset of Fig. 2. This means that
we do not find any indication of a negative or positive MR as
is expected if WEL effects were present.

D. Temperature dependence

Figure 3 shows the resistance of a 20-nm-thick carbon-
covered cobalt nanowire with a width of w=5.2 um as a
function of the logarithm of the temperature for various mag-
netic fields applied perpendicular. As one can see the resis-
tance exhibits a resistance minimum at about 7=9 K and a
logarithmic resistance increase with further decreasing tem-
perature. Upon application of various magnetic fields the re-
sistance (at T=const) decreases according to the AMR effect,
as discussed above. However, the slope of the logarithmic
resistance versus temperature behavior does not change
within the whole magnetic field range up to magnetic fields
of B,=4 T. In the following, the logarithmic slope of the
R,(In T) behavior over one decade of temperature is charac-
terized by

R,(1 K)-R (10 K)

AG(10)=G(10 K) - G(1 K) = R.(10 K)?

. (D

where R, is the sheet resistance. Figure 4 displays the mag-
netic field dependence of the slope AG(10) as defined in Eq.
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FIG. 3. (Color online) Resistance of a cobalt wire with a thick-
ness of 20 nm and a width of 5.2 um as a function of the logarithm
of the temperature for various magnetic fields applied perpendicular
to the substrate plane. While the slope of the different curves re-
mains constant the absolute values of the resistance decrease due to
the AMR effect (note the break in the R axis). The full line repre-
sents a fit according to the theory for enhanced electron-electron
interactions in two dimensions (Refs. 33 and 34).

(2) for two different carbon-covered cobalt wires with a
thickness of 20 nm and wire widths of 5.2 wm and 440 nm,
respectively. As one can see, we find AG(10)=2.76
X10790/Q+1.0% and AG(10)=3.30X10700/Q+2.0%,
which are independent of the applied magnetic field for both
cobalt wires of different widths.

As shown in Fig. 1 and discussed in the previous section
(see also Fig. 2) the Co nanowires are in-plane magnetized.
Since the demagnetization field H, is in this case almost zero
or N,,=0, the internal magnetic induction is B;=uyM, in the
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FIG. 4. (Color online) Logarithmic slope of the R(In T) behav-
ior, as determined over one decade of temperature, as a function of
a magnetic field applied in the z direction for two Co wires with
different widths as indicated. No magnetic field dependence of
AG(10) is observed, proving that this resistance contribution results
from electron-electron interaction effects rather than from WEL ef-
fects. The error bar is of the order of the dot size.
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remanent state and points in plane along the long wire axis.

In this case the vector potential A is oriented perpendicular to
the current direction and has therefore no influence on the
electron wave function according to the Aharanov-Bohm ef-
fect. Thus, if WEL effects were present, they should not be
destroyed by internal magnetic induction fields since the cor-
responding magnetic flux does not penetrate any self-
intersecting paths of backscattered electron waves. Conse-
quently, one should observe (in the two-dimensional case) a
logarithmic resistance increase. Applying a magnetic field
perpendicular to the sample plane, the internal magnetic in-
duction equals the externally applied field since the demag-
netization factor in the z direction is N,=1. In this case the

vector potential A is oriented in plane acting on the phase of
the electron wave function which consequently should lead
to a reduction of WEL effects, if they were present. Then,
however, we should expect that the logarithmic slope would
change upon application of the (perpendicular) magnetic
field. Since we do not observe such a variation of the slope
as a function of the magnetic field (Fig. 4), this clearly indi-
cates that WEL effects are obviously not present. Note that
the Co wires discussed so far have typical widths of some
pm revealing a multidomainlike remanence state as shown
in Fig. 1. Due to the strong shape anisotropy, for these wires
the magnetization is everywhere oriented within the wire
plane, but one might argue that the local variation of the
magnetization within Néel-type domain walls would lead to
a reduction of WEL effects even in zero magnetic field.?’
However, even for the cobalt wire with a width of 440 nm,
which is in a single-domain-like remanent state and can be
considered two-dimensional, the respective magnetic field
dependence of AG(10) is found to be almost identical as
compared to the wire with a width of 5.2 um (see Fig. 3).
Thus, the presence or absence of WEL effects obviously does
not depend on the presence of Néel-type domain walls.

Obviously, for our Co wires, the observed logarithmic re-
sistance increase with decreasing temperature is due to en-
hanced electron-electron interactions. This is also confirmed
directly by comparison of our experimental data with theo-
retical predictions for EEI effects in two-dimensional
systems.>>3 As can be seen from the fit within Fig. 3 (full
line), the theoretical result well agrees with our experimental
data. The consideration of two dimensionality is justified for
the above two wires, since the wire width w=5200 nm is
much larger than the thermal diffusion length of EEI (L
~80 nm@4.2 K).

It is well known that WEL and EEI effects in one-
dimensional systems (where Ly, L,>w,t) are up to two or-
ders of magnitude larger as compared to the two-dimensional
case.’® This is due to the fact that backscattering effects and
also EEI are more effective because of the reduced dimen-
sionality. Thus, if WEL effects would be present, one would
expect that they would be more pronounced and more easily
observable in one-dimensional samples. We have therefore
investigated the resistance behavior of rather narrow cobalt
nanowires with widths as small as 32 nm. Figure 5 shows the
resistance of a 20-nm-thick carbon-covered cobalt nanowire
with a width of w=40 nm as a function of the logarithm of
the temperature for various magnetic fields applied perpen-
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FIG. 5. (Color online) Resistance of a cobalt nanowire with a
thickness of 20 nm and a width of 40 nm as a function of the
logarithm of the temperature for various magnetic fields applied
perpendicular to the substrate plane. The slope of the resistance
versus temperature remains constant for various external magnetic
fields up to B=4 T. The full line represents a fit according to the
theory for enhanced electron-electron interactions in one dimension
(Refs. 33 and 34).

dicular to the wire plane. Similar to the case of wide cobalt
wires the resistance shows a minimum at 7= 14 K and it
increases with further decreasing temperature. Again, the
slope of the resistance increase does not change upon appli-
cation of an external magnetic field up to B=4 T, whereas
the absolute resistance decreases due to the AMR. In contrast
to the case of wide Co wires the resistance does not follow a
R(In T) behavior but it rather shows a R(7°°) behavior. In-
deed, such a behavior is very reminiscent of quantum correc-
tions for the one-dimensional case. It can be best described
by a theory designed for the transition regime between one-
and two-dimensional cases, which was developed by
Neuttiens et al.>* based on theoretical expressions for the
true one- and two-dimensional cases derived by Al’'tshuler
and Aronov,>?

56T =

ﬁn_o \/— + (nm)? \/— + (n71')2

2)

Here, Ly=VAD/kgT is the thermal diffusion length, D the
electronic diffusion constant, w the wire width, « a screening
constant, and 7 a reference temperature which, from a math-
ematical point of view, is needed for the convergence of the
row in Eq. (2). For a wire with 40 nm width, the expected
resistance behavior (full line in Fig. 5) well agrees with our
experimental data. Thus, we may again conclude that in fer-
romagnetic cobalt nanowires, which are protected with an
insulating carbon layer, weak electron localization effects are
not observed, independent of the dimensionality of the wire,
even down to wire widths of 32 nm. From our measurement
resolution we can deduce that magnetic field dependent ef-
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FIG. 6. Slope AG(10) of the resistance increase for a variety of
carbon-covered cobalt nanowires as a function of the wire width.
The logarithmic scale of the abscissa was chosen for the sake of a
better presentation. Starting from the two-dimensional limit of
AG(10)=2.75% 10730/Q values of AG(10) continuously increase
with decreasing wire width. The full line is only a guide for the eye.

fects must be smaller than AG(10)<2 X 10~’1/€). Instead,
the low temperature resistance behavior can unambiguously
be explained as originating from enhanced electron-electron
interactions in both one and two dimensions, respectively.

E. Dimensionality

We prepared and investigated a variety of carbon-covered
Co nanowires as a function of the wire width to study the
two dimensional-one dimensional crossover of the quantum
corrections to the resistance based on EEI. Figure 6 shows
the resistance increase AG(10) over one decade of the tem-
perature as defined above. The full squares correspond to the
experimental data whereas the solid line is only a guide for
the eye which illustrates the increase of AG(10) with de-
creasing wire width. The two-dimensional limit of AG(10)
~2.75X 107°/Q is indicated by a dashed line. Equation
(2) also reveals that (i) the increase of the slope of the
resistance versus temperature dependence of meso-
scopic wires and (ii) the dependence of AG(10) from the
wire width are both strongly influenced by the electronic
diffusion constant D as well as the screening factor a.. Both
are used as fitting parameters in Eq. (2). As shown by
Neuttiens et al.3* the screening constant is usually deter-
mined in the two-dimensional limit and assumed to be inde-
pendent of the wire width. By using a diffusion constant
D=%v,1,=3.5X 107> m?/s where vy=1.5X10°m/s is the
Fermi velocity of cobalt and /,=7 nm the elastic mean free
path, we obtain an average value of @=0.95 for the screening
constant in the two-dimensional limit. This value of « is in
good agreement with @«=1-1.5 found by Neuttiens et al. for
thin gold films. Since the screening constant « is fixed, the
only remaining fitting parameter is the electronic diffusion
constant D, which is plotted in Fig. 7 as a function of the
wire width. We would like to emphasize that, since we have
fixed the screening constant « by calculating D in the two-
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TABLE I. Sheet resistance R; at 4.2 K, AMR effect at 4.2 K (in
%), and slope of the logarithmic resistance increase AG(10) for
various (quasi-two-dimensional) cobalt nanowires with thicknesses
given in nm.
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FIG. 7. Electronic diffusion constant D as a function of the wire
width as obtained from a fit of Eq. (2) to the resistance versus
temperature. In the two-dimensional limit D is given by D=%v rle
=3.5X 107 m?/s where vy=1.5X 10 m/s is the Fermi velocity of
cobalt and /,=7 nm the elastic mean free path (dashed line). The
dotted line is a guide for the eye and indicates the decrease of D
with decreasing wire width w.

dimensional limit, for smaller wire widths, only the depen-
dence of D on the wire width is a relevant result, whereas
absolute values of D have to be treated with some caution.
Nevertheless, values of D are reasonable, and they decrease
from D=3.5X 1073 m?/s in the two-dimensional limit to
D=~8.0X10"* m?/s in the one-dimensional limit (dotted
line), which can likely be explained by an increasing amount
of surface and boundary scattering within the narrow nano-
wires, which in turn considerably reduces the effective mean
free path /,.

F. Variation of thickness and cap-layer

To further confirm our results, i.e., that EEI effects are
dominant rather than WEL effects, we checked whether or
not protection layers, material parameters, and the wire
thickness influence these findings which is shown in Table 1.
Cobalt wires without any protection develop an insulating
antiferromagnetic CoO layer on top of the cobalt wire. For
cobalt thicknesses ranging between 10 nm and 32 nm they
exhibit an AMR effect, similar to protected cobalt wires. All
cobalt wires investigated—including platinum-capped and
unprotected cobalt wires with w=~2 um of our earlier
investigation?’ —show a logarithmic resistance increase to
low temperatures which is independent of the magnetic field
strength (similar to what is shown in Fig. 4). Nevertheless,
from Table I some additional tendencies may be deduced: (i)
The sheet resistance R, increases with decreasing wire thick-
ness due to the smaller wire cross section and the increasing
amount of surface scattering. (ii) Unprotected cobalt wires
exhibit a rather high resistivity since their effective cross
section is diminished due to surface oxidation effects.? (iii)
A better shielding against oxidation is obviously provided by
the carbon cap layer. The AMR effect decreases in magni-
tude with decreasing wire thickness, but at least to a certain

AG(10)

Sample R‘Y(4(')2 K) AMR (4.2 K) 1%5

one only (E) (%) (6)
Co20 17.9 0.59 2.75+0.21
Co32 8.2 0.78 3.21+£0.40
Co05 Pt2 187.9 0.09 3.25+0.08
Col0 Pt2 45.0 0.25 3.05+0.40
Co20 Pt2 7.0 1.06 2.47x0.25
Co30 Pt2 5.7 1.02 2.70+0.34
Co05 Si8 121.3 0.59 3.10+£0.15
Co04 C10 190.4 0.08 3.21+£0.02
Co07 C10 64.5 0.21 3.19+0.03
Col0 C10 24.2 0.46 2.77+0.03
Co020 C10 104 0.84 2.99+0.03
Co30 C10 5.76 0.85 2.87+0.05

extent this decrease can be hindered for very thin wires by a
protection layer of carbon. (iv) Independent of both the wire
thickness and the material used as a protective layer, all the
Co wires exhibit almost the same magnitude of AG(10)
=(2.85+0.4) X 107°/Q. Note that only the results of Co
wires in the two-dimensional limit are presented in Table I
for the sake of comparability.

G. Material variation

The saturation magnetization of a magnetic nanowire is
an important parameter in theoretical calculations of quan-
tum transport effects in ferromagnets.'®3¢ We have therefore
also varied the saturation magnetization by using different
ferromagnetic and antiferromagnetic materials. Figure 8
shows the temperature dependence of the resistance of an
iron wire for six magnetic fields up to B=4 T applied per-
pendicular to the sample plane. The shown behavior is ex-
emplary for all nanowires made of nickel and iron. As for the
cobalt wires a logarithmic resistance increase to low tem-
peratures is observed which does not depend on the applied
field. The absolute resistance decrease is due to AMR. The
sole difference in the temperature-dependent resistance
curves of nickel, cobalt, and iron nanowires is the position of
the resistance minimum. Nickel nanowires have the smallest
sheet resistance resulting in the smallest relative resistance
increase (though the slope is still of the order of AG(10)
=2.85X1070/€) and therefore the resistance minimum
can be observed at T7=2.5 K which makes quantitative in-
vestigations increasingly difficult. This is also confirmed
from the magnetoresistance investigations of these nano-
wires (not shown here).

Antiferromagnetic chromium nanowires are special with
regard to quantum transport phenomena in magnetic materi-
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FIG. 8. (Color online) Resistance of an iron nanowire with a
thickness of 30 nm and a width of 2.16 um as a function of the
logarithm of the temperature for various magnetic fields applied
perpendicular to the sample plane. The slope of the curves remains
constant while the absolute resistance decreases due to AMR.

als since ideally their average internal magnetization is zero.
However, due to the polycrystalline nature of the samples the
local magnetization on an atomic scale may be nonzero. In-
deed, the MR of chromium nanowires is typically found to
be very small (AR/R< 1073). On the other hand, the tem-
perature dependence of the resistance remarkably resembles
the behavior as shown above for cobalt, iron, and nickel
wires, where we find a logarithmic resistance increase of the
order of AG(10)=3.49 X 1070/ which is also indepen-
dent of the applied magnetic field.

PHYSICAL REVIEW B 72, 085457 (2005)

IV. CONCLUSION

In conclusion, ferromagnetic nanowires with homoge-
neous in-plane magnetization which are protected by a thin
carbon layer exhibit a logarithmic resistance increase
at low temperatures that is independent of an applied
perpendicular magnetic field within the accuracy of our mea-
surements. In addition, for cobalt nanowires with various
thicknesses ranging between 5 nm and 32 nm, the slope
AG(10)=(2.85+0.4) X 107°/Q of the logarithmic resis-
tance increase is found to be independent of the material
used as a protection layer as long as the Co wires are in the
two-dimensional limit. From the absence of any field depen-
dence of AG(10) we conclude that weak localization effects
are not present in contrast to recent theoretical predictions
for two-dimensional ferromagnetic systems. Instead, the ex-
perimentally observed resistance increase agrees well with
theoretical values for enhanced electron-electron interactions
in two dimensions. A reduction of the wire width yields a
crossover from two-dimensional to one-dimensional behav-
ior, which is accompanied by an increase in AG(10) and a
decrease in the electronic diffusion constant D.
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