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We have studied and compared the electrical and magnetic behavior of sub-micron-sized polycrystalline and
epitaxial chromium dioxide (CrO,) wires, grown using a selective-area growth technique. Low-temperature
transport measurements have shown that the dc resistivity of polycrystalline CrO, wires is strongly dependent
on the linewidth. Below a critical temperature, a transition from a positive to a negative temperature coefficient
of resistivity is observed, which we attribute to a competition between the scattering of the conduction elec-
trons inside the grains and scattering across the grain boundaries. Using a simple model based on grain
boundary scattering, we can separate and quantify each type of scattering, and based on this, we estimate a
mean transmission probability through the grain boundaries to be on the order of 10~!. Unlike polycrystalline
wires, epitaxial CrO, wires behave in a highly metallic fashion, and a clear width-dependence is observed in
the resistivity data for wires aligned along the b axis, but not for those aligned along the ¢ axis. Furthermore,
low-field magnetoresistance (MR) values have been measured as a function of magnetic fields applied both
longitudinally and transversely. The results indicate that the MR behavior of polycrystalline CrO, wires is
dominated by the shape anisotropy; however, for epitaxial CrO, wires, both the shape and magnetocrystalline
anisotropy play important roles, and the resulting MR properties are found to be closely related to the orien-
tation of the wire axis. By studying the MR curves, we inferred the internal magnetic domain structures in
various single crystal CrO, wires and found that the spin-dependent transport is much stronger across a grain

boundary than a magnetic domain wall.

DOLI: 10.1103/PhysRevB.77.054417

I. INTRODUCTION

There has been growing interest in highly spin-polarized
ferromagnets, a class of materials which are critical to the
development of spin-related electronics (spintronics)."?
However, the measured spin polarization of traditional ferro-
magnets (e.g., Fe, Co, and Ni) is only around 40%—-50%.3
Using theoretical calculations, physicists have predicted the
existence of so-called half-metallic ferromagnets (HMFs),
which have an energy gap at the Fermi level E in one of the
two spin channels and thus can exhibit 100% spin polariza-
tion. The experimental realization of truly half-metallic ma-
terials has the potential to allow major advances in spintron-
ics, since the performance of most devices improves
dramatically as the spin polarization of the metal approaches
one. For example, highly spin-polarized ferromagnets enable
the injection of electron spins from a ferromagnetic metal
into a semiconductor with high efficiency,* as well as an
enormous increase in the tunneling magnetoresistance ratios
of magnetic tunneling junctions.’

This half-metallicity has been predicted for a number of
materials, such as certain Heusler alloys, manganese perov-
skite Lag,Sry3MnO;,° magnetite Fe;0,,” and chromium di-
oxide CrO,.® However, the half-metallicity of most of these
materials has yet to be demonstrated, with CrO, as the only
material which has been unambiguously determined to be
half-metallic. This has been established by point contact An-
dreev reflection (PCAR) data,> as well as spin-resolved
photoelectron spectroscopy.'®!!

Although numerous studies on the properties of chro-
mium dioxide have been conducted in the past several
years,'>"7 most of this research has been focused on continu-
ous bulk films or micron-sized structures. Nevertheless, the
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magnetic behavior of these systems is closely related to a
material’s size and dimensionality. When the physical size of
a magnetic system is reduced to dimensions comparable to,
or smaller than, certain characteristic lengths (domain wall
width, exchange length, spin diffusion length, etc.), unex-
pected and/or novel behavior is often observed.'® Among the
many different varieties of magnetic nanostructures, nano-
wires are attracting a great deal of attention due to their
distinctive properties and potential application as ultrahigh
density magnetic recoding media.'®-?°

Furthermore, the domain structures of epitaxial magnetic
nanowires are found to be determined not only by the shape
anisotropy but also the magnetocrystalline anisotropy.”! Un-
like conventional magnetic materials, chromium dioxide has
the advantage of being made into epitaxial form easily by
chemical vapor deposition. By controlling the linewidths and
crystallographic orientations of single crystal CrO, nano-
wires, diverse domain structures are expected, due to the
competition between the shape and magnetocrystalline an-
isotropy terms. This makes it possible to investigate the
physics related to the domain wall and its mobility in a more
efficient way. Therefore, the behavior of half-metallic chro-
mium dioxide nanowires is of significance both in terms of
understanding the fundamental physics of half-metals, and
for the development of new spintronic applications.

In this paper, we present a study of the electron transport
and magnetotransport properties of both polycrystalline and
epitaxial CrO, nanowires with different linewidths and wire
axis orientations. The physical mechanism behind these re-
sults will be discussed in detail.

II. EXPERIMENT

Chromium dioxide films can be grown on a rutile-phased
titanium dioxide (TiO,) substrate by chemical vapor deposi-
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tion (CVD) using CrOj; as a precursor.? The crystal proper-
ties of CrO, made in this manner are primarily dependent on
the substrate. In our experiments, epitaxial CrO, structures
were deposited on (100)-oriented single crystal TiO, sub-
strates, while the polycrystalline CrO, elements were depos-
ited on polycrystalline TiO, film, which was obtained by
oxidizing a sputtered titanium film at 800 °C for one hour
(the titanium film was deposited on a SiO,-covered silicon
wafer).

To make CrO, nanowires we have adopted a method
known as the selective-area growth technique. This method
utilizes the fact that during the CVD process, CrO, grows
readily on the surface of TiO, but not on amorphous Si0,.>
The detailed fabrication process which we used has been
reported previously.?! To summarize, the TiO, substrate is
first covered by a layer of SiO, (~100 nm) and then spin-
coated with polymethylmethacrylate (PMMA) with a thick-
ness of 350 nm. After baking at 185 °C for 30 min, a thin
layer of chromium (~5 nm), which serves as a charge dissi-
pator, is deposited and then patterned by electron beam li-
thography. After exposure, the Cr layer is chemically re-
moved before the PMMA development. The developed
PMMA is then used as an etching mask for reactive ion
etching of the underlying SiO, layer in an CHF; atmosphere.
Finally, the remaining PMMA is removed using acetone, and
the sample is carefully cleaned in isopropyl alcohol and
deionized water before loading into the oxidation furnace for
CrO, deposition using CVD.

Due to the instability of chromium dioxide (i.e., decom-
pose into Cr,05 on the surface), we use this material itself as
the contact to measure the electrical properties of CrO, nano-
wires. Furthermore, in our case, the length of the wires is
fixed at 100 micron and thickness is controlled to be around
100 nm.

The transport measurements were carried out over a tem-
perature range from 77 K to 300 K in a liquid nitrogen cry-
ostat. Two small electromagnets are used to provide a maxi-
mum magnetic field of 3 kOe in the plane of the sample. The
direct current (dc) resistance of samples was measured in a
conventional four-probe configuration and the voltages were
recorded by a Keithley multimeter.

III. RESULTS AND DISCUSSION
A. Polycrystalline CrO, nanowires

Figure 1 displays scanning electron microscopy (SEM)
images of two polycrystalline CrO, wires with linewidths of
w=100 nm and 1 um, respectively. It can be observed that
the polycrystalline wires are composed of many small single
crystal grains with different crystal directions, and neighbor-
ing grains are separated by very thin intergrain regions (grain
boundaries). Due to the additional lateral confinement from
the SiO, sidewall, the average grain size decreases slightly
with decreasing linewidth. Furthermore, because the nano-
wires were made using the selective-area growth technique,
no postdeposition damage is introduced, as indicated by the
clear crystal borders and grain facets shown in this figure.

To study the different contribution from electron scatter-
ing at grains and grain boundaries, we performed low tem-
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FIG. 1. SEM images of two polycrystalline CrO, wires with
linewidths (a) w=100 nm and (b) w=1 um. The small structures
seen above and below the CrO, wires are polycrystalline TiO, nan-
ograins covered by amorphous SiO,.

perature transport measurements on polycrystalline CrO,
nanowires and the results are as follows.

1. Electrical properties

The temperature dependence of the resistivity p(7) in
polycrystalline CrO, wires with different linewidths is
shown in Fig. 2. We can see that for the wire with the largest
width (w=5 um), the resistivity increases with increasing
temperature, showing a positive temperature coefficient of

——Least Square Fits
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FIG. 2. (Color online) Temperature dependence of the resistivity
of polycrystalline CrO, wires with 100 nm thickness but different
linewidths. The continuous lines represent the theoretical predic-
tions based on the grain boundary model.
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resistivity (TCR), defined as a=(1/p)dp/dT, over the full
temperature range. However, for wires with smaller widths,
there is a critical temperature 7, corresponding to a resistiv-
ity minimum, below which the resistivity increases with de-
creasing temperature, exhibiting a negative TCR. In addition,
the absolute magnitude of resistivity at all temperatures in-
creases with decreasing linewidth. To confirm the observed
results and to exclude possible effects due to other factors,
e.g., the decomposition of CrO, into Cr,03, the resistance-
temperature curve was measured in both directions (i.e., dur-
ing heating and cooling of the sample), and the two datasets
coincide very well in all cases.

The SEM results indicate that the polycrystalline CrO,
nanograins are separated by grain boundaries. Therefore,
both the electron scattering within the grains and across these
grain boundaries contribute to the overall resistance of the
wire. However, the resistivity of single crystal CrO, thin
films is known to be very small, especially at low tempera-
tures (only a few wQcm at 77 K).!3 Thus, the resistivity
contribution from scattering at the interfaces between grains
is likely to be increasingly important when temperature is
lowered.

To explain quantitatively the grain boundary effect on the
transport properties, we adopt a model proposed by Reiss et
al.** A reduction in the grain size obviously leads to an in-
crease in the density of grain boundaries, and when the grain
size is comparable to the electron MFP, every grain acts like
a potential well, with the interfaces functioning as energy
barriers. As a result, a certain fraction of conduction elec-
trons are localized within the well, with the measured resis-
tivity being dependent solely on those electrons which tunnel
through all the boundaries along the MFP. This effectively
results in a decrease in the effective number of the conduc-
tion electrons. Therefore, the total conductivity can be writ-
ten as

o= (nel./mup)G(l,,D,T), (1)

where nel,,/m,v is the conventional Drude formula with L,
being the bulk MFP which describes the scattering of the
electrons inside the grain, D is the mean grain dimension, I’
(<1) is the mean transmission probability of an electron
through a boundary, and the total transmission function
G(l,.,D,T") reflects the influence of grain boundaries on the
conductivity.

Based on some experimentally observed dependences,
Reiss claimed that the reduction of the conductivity depends
exponentially on the number of grain boundaries per MFP
(L./ D). In this case, the function G can be approximated by
a power law:%*

G(l,,D,I') = TP, (2)

Therefore, from Egs. (1) and (2), we can express the resis-
tivity of a polycrystalline CrO, thin film as

Dpxﬂﬁ]’ G)

where A=-InT', Cy=m,vp/ne*, and p.(T)=Cy/l.. The pa-
rameter C, is independent of temperature, and the function

Priim = P T)T P = poc(T)exp[
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p-(T) represents the resistivity contribution from electron
scattering inside the grains.

Generally, when the linewidth w and thickness / of a
metal film are reduced down to a very small scale, the elec-
tron scattering at the film surfaces (the top and bottom sur-
face as well as the sidewalls of a wire) introduces an extra
contribution pg,pe(W,n) to the wire resistance, and this term
is highly dependent on the ratio between the dimensions
(w,h) and the electron MFP.2>26 However, the smallest wire
in our measurements has dimensions of 100 nm, which is
larger than the CrO, electron MFP (around 30 nm at 77 K).3
Therefore, in our case, the contribution from the surface scat-
tering is negligible and the resistivity of a polycrystalline
CrO, wire can be approximated from Eq. (3):

ang]
D(w)p.(T) |

(i) Linewidth dependence. In polycrystalline CrO, wires
with large linewidths (a few microns or larger), each grain
has several neighbors. When a current is applied, the conduc-
tion electrons take the path of least resistance by passing
preferentially through the grain boundaries which have rela-
tively high transmission probabilities. However, when the
linewidth is reduced, the number of neighboring grains de-
creases significantly, and electrons are forced to travel along
the wire axis in spite of the relative conductivity of the grain
boundaries. Therefore when reducing w, the effective resis-
tance of the grain boundaries will increase, leading to a
smaller mean transmission probability I'(w,T) and higher
A(w,T) value. On the other hand, as shown in Fig. 1, the
mean grain diameter D(w) decreases when w is reduced.
Taken together, these two effects result in the increase of
Pwire(w, T) for smaller linewidths at any given temperature.
This dependence is consistent with our experimental data.

(ii) Temperature dependence. First, the mean transmission
probability I'(w,T) can be assumed to be weakly dependent
on the temperature, i.e., A(w,T)=A(w), because it is most
closely related to the structure of the grain boundaries. Ad-
ditionally, the bulk resistivity p..(T) of a metal typically has
two contributions: One is the impurity scattering term py,
which is temperature independent. The other term comes
from temperature dependent inelastic scattering, which
scales approximately as «77. Therefore, the bulk resistivity
can be written as p..(T) = py+ aT”.2” The best fits to the data,
based on Eq. (4) and the above two assumptions, are shown
in Fig. 2 as solid lines. We can see that the agreement is
good, indicating that the transport behavior of polycrystalline
CrO, wires is well-described by the grain boundary scatter-
ing model.

The values of the fitting parameters which are listed in
Table I show that the bulk resistivity p,.(7) is much larger
than the resistivity measured for epitaxial CrO, bulk films,'?
especially at low temperatures. This discrepancy can be
partly attributed to the thickness dependent strain effects,
which arise from the lattice mismatch between the TiO, sub-
strate and the CrO, film.?® The thickness of our CrO, sample
is around 100 nm; at this value, the strain induced by the
lattice mismatch is not fully released. On the other hand, for

pwire(W, T) = pm(T)eXp|: (4)
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TABLE I. Best-fit parameters, obtained from fits to the resistiv-
ity measurements of polycrystalline CrO, wires, as shown in Fig. 2.

Width w (nm) 100 150 550 5000
ACy/D (u€) cm) 317.4 291.5 236.1 177.2
po (u€ cm) 140.08 £ 1.52

a (uQ cmK™7) 0.0056 = 0.001

y 1.98+0.05

polycrystalline CrO, nanowires, the stress from the SiO,
sidewalls, which confine the lateral growth of CrO,, may
also play a role. The combination of the these effects intro-
duces many lattice defects inside the CrO, nanograins and
leads to a higher effective resistivity. Furthermore, during the
curve fitting we assumed that p..(T) was identical for all the
linewidths. However, upon reducing w, the resistivity from
scattering inside the grains is likely to increase because the
strain effects from the SiO, sidewalls increase. This probably
explains that in Fig. 2 the theoretical predictions start to de-
viate from the experimental results for the smallest wire
width (100 nm).

If we assume that the electron MFP of CrO, grains at zero
temperature is not very different from the theoretical value
predicted for large CrO, films, which is 70 nm,® the constant
C, can thus be estimated to be Cy=p.(0).(0)=9.8
X 10™* u€) cm?. Additionally, the mean grain size D is about
100 nm, as shown in Fig. 1. Hence, the mean transmission
probability I' can be determined to be on the order of 107!,
indicating that neighboring grains are coupled with each
other. We can also estimate the resistivity py,pc.(w) due to
surface scattering, an effect which was neglected during the
curve fitting. The effects of element geometry on the resis-
tivity of a metal thin film were discussed by Fuchs and Sond-
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FIG. 3. (Color online) Temperature dependence of the grain
boundary resistivity (open markers) and resistivity from scattering
within the grains (solid line) for polycrystalline CrO, wires with
different linewidths.
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FIG. 4. (Color online) (a) Longitudinal and transverse magne-
toresistance curves measured at 77 K, as a function of magnetic
field H for polycrystalline CrO, wires with different linewidths, and
(b) the coercive field H, as a function of the inverse wire width
(1/w) in the longitudinal and transverse geometries for polycrystal-
line CrO, wires.

heimer, and their conclusion, summarized as the FS model,

was that the surface resistivity can be approximated as>>2°
3 1 1
psurface(w) = _(1 - P)pm(T)lw(T) -+, (5)
8 w h

where P represents the fraction of electrons elastically re-
flected by the surfaces, and / is the thickness of the sample
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FIG. 5. SEM image of two single crystal CrO, nanowires grown
on a (100)-TiO, substrate. The linewidths of the wires are 100 nm
and 200 nm, respectively. The inset shows the enlarged view of the
nanowire with 100 nm in width.

(100 nm). If we assume, as a worst-case scenario, that P is
equal to zero, and p..(T)L.(T)=Cy, then pyace(w) is calcu-
lated to be 37 u{) cm for w=5 um and 74 u{)cm for w
=100 nm. These values are more than one order smaller than
the total wire resistivity, showing that the decision to neglect
the surface scattering contributions was reasonable and con-
sistent with the experimental results.

Figure 3 displays the temperature dependence of the grain
boundary resistivity and the grain resistivity p,(T) of poly-
crystalline CrO, wires with various widths. The direct con-
tribution from the grain boundaries is determined by sub-
tracting the grain resistivity from the resistivity of the whole
wire:

(6)

It is clear that upon reducing the temperature, or the sample
linewidth, the electron scattering probabilities at the grain
boundaries increase greatly, as a result of an increased num-
ber of grains per electron MFP.

The temperature coefficient of resistivity can be calcu-
lated by taking the derivative of the logarithm of Eq. (4),
where again I'(w) is assumed to be temperature independent:

dp.(T) (1
 p(T)dT

pgrain boundary(w, T) = pwire(W’ T) - pac(T) .

Aw)C
_ (w)Cy ) 7)
D(w)p(T)
Since dp.,(T)/dT is always positive, the above formula indi-

cates that a resistivity minimum occurs when p.(7), D(w)
and A(w) fulfill the following condition:

dIn Pwire
ar

TCR =

p(T,) = A(W)Co/D(w). (8)

We can see that the critical temperature 7,, increases
when the linewidth w is reduced. At high temperature, where
T>T,, the positive TCR value indicates that the scattering
from electron inside the grains is the dominant contribution
to the wire resistance. However, upon reducing the tempera-
ture below T, the grain boundary scattering gradually domi-
nates, and thus a negative TCR value is observed. These
conclusions are consistent with the data shown in Fig. 3.

2. Magnetoresistance properties

Low-field magnetoresistance (MR) results are presented
in Fig. 4(a), plotted in terms of the percentage Ap/p,
=[p(H)-pyl/ py versus the applied magnetic field (0-3 kOe)
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FIG. 6. Resistivity as a function of temperature for epitaxial
CrO, nanowires with different linewidths aligned along the (a)
[001] direction and (b) [010] directions. All the wires have a thick-
ness of ~100 nm.

for polycrystalline CrO, wires with different linewidths. Fig-
ure 4(b) displays the linewidth dependence of the field at
which each sample experiences its maximum resistivity. For
polycrystalline samples, these field values are equal to the
coercive field H, for each wire.!> We will discuss the longi-
tudinal and transverse magnetoresistance data separately in
the following.

(i) Longitudinal magnetoresistance. It is observed from
Fig. 4(a) that the magnitude of MR increases when there is a
reduction in the linewidth of the sample. As has been dis-
cussed previously, the mean transmission probability I'(w)
decreases with a reduced w due to the fact that the further
restriction in the available electron conduction paths causes
an increase in the effective grain boundary resistance. Also,
it has been reported that annealing the polycrystalline CrO,
sample in the air increases its magnetoresistance and resis-
tivity, which has been attributed to the partial reduction of
CrO, into Cr,O; in the grain boundary regions.”® Thus, it
seems clear that the MR value is closely related to the struc-
ture of the grain boundaries, with the MR value increasing
for smaller I'(w), which is a direct consequence of reducing
the linewidth w.

(ii) Transverse magnetoresistance. The H, in this case
shows a much stronger width dependence, following a 1/w
law. This is due to the fact that in magnetic nanowires with
linewidths w comparable to their thickness ¢, the demagne-
tizing field H, becomes important. In the transverse case, H,
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FIG. 7. Low-field (a) longitudinal and (b) transverse MR curves of epitaxial CrO, nanowires aligned along the [001] easy axis direction
with different linewidths, measured at 77 K. The schematic drawings above each curve represent the different magnetization states present

during the magnetization reversal process.

can be approximated as H,=4mM t/w,’® and thus the ap-

plied field which is required to reverse the magnetization is
given by Hey=H oy +4mMt/w. Hence, the magnetization
reversal process becomes much more difficult when the wire
width is reduced, with the corresponding coercive field
showing a 1/w behavior. When the external field is set to its
maximum value (3 kOe), the wire’s internal field decreases
for samples with smaller linewidths. This means that saturat-
ing the magnetization of polycrystalline CrO, wires in the
transverse direction is much more difficult for smaller line-
widths w, resulting in a decrease in the MR value, as shown
in Fig. 4(a).

Figure 4(b) also shows that for bulk polycrystalline CrO,
films (i.e., 1/w—0), the coercive fields H, in the longitudi-
nal and transverse directions are nearly the same. This im-
plies that the polycrystalline CrO, samples are perfectly iso-
tropic in the plane. However, for epitaxial CrO, samples,
which will be discussed next, the in-plane coercive field is
not isotropic.

B. Epitaxial CrO, nanowires

Figure 5 shows a scanning electron microscopy image of
two epitaxial (100)-oriented CrO, nanowires deposited using
selective-area growth technique. There are no grains or grain
boundaries observed within the wires, indicating that these
structures are single crystal.

The low temperature transport properties of epitaxial
CrO, nanowires are discussed in the following.

1. Electrical properties

The temperature dependence of resistivity for single-
crystal CrO, wires with different crystal orientations and
linewidths is presented in Fig. 6. The resistivity of epitaxial
wires is much lower than that of polycrystalline wires, and
no resistivity minimum at 7, exists in single crystal wires.
This observation further confirms that 7, in polycrystalline
CrO, wire is due to the grain boundary effect. Because very
few, if any, grain boundaries are formed in the epitaxial CrO,
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wires, the scattering probability of the conduction electrons
is dramatically reduced, leading to a much smaller wire re-
sistivity.

Furthermore, upon reducing the linewidth, we can see
that for CrO, wires aligned along the [010] direction (b axis),
the resistivity p(w,T) increases at any given temperature.
From 10 um to 100 nm, the resistivity jumps by nearly
40 u€) cm, as shown in Fig. 6. However, regardless of wire
width, very small variations were observed in the resistivity
plots of the wires whose long axis was parallel to the [001]
direction (c axis). The resistivity increases by less than
5 uQ cm from 10 um to 100 nm in this case. For epitaxial
CrO, films, band structure calculations have predicted a
value of 3.5X 107 u€) cm? for p.(7)L.(T).® Based on Eq.
(5), we find that pgge is less than 2.6 uQcm for w
=100 nm, a value which is much smaller than the resistivity
changes shown in Fig. 6(b). Hence, again we can neglect the
extra resistivity term due to the surface scattering, when con-
sidering the effects of decreasing linewidth w. We attribute
this orientational resistivity behavior to the strain anisotropy
in the single crystal CrO, wires, as explained next.

The lattice mismatch between a CrO, epitaxial film and
TiO, substrate is —3.79% along the [010] axis and only
1.48% along the [001] axis. If we let CrO, grow freely, it has
a preferential lateral growth direction along the [001] axis to
achieve less lattice mismatch. For example, selective-area
growth of a CrO, circular dot naturally deform into a rect-
angular shape with long side parallel to the ¢ axis.?! There-
fore, the SiO, sidewall should produce much more pressure
in the transverse direction, an effect which intensifies when
reducing the linewidth, for the wires aligned along the b axis.
Because higher sidewall pressure tends to generate more lat-
tice defects (scattering centers) inside the CrO, nanowires,
the resistivity of the wire aligned along the b axis can be
expected to exhibit a much stronger linewidth dependence;
this agrees with the data shown in Fig. 6.

2. Magnetoresistance properties

(i) Wires aligned along the [001] direction. Figure 7 plots
the longitudinal and transverse MR as a function of the ap-
plied magnetic field H for epitaxial CrO, nanowires aligned
along the [001] direction. All the measurements were made
at 77 K.

It is clear that the [001] direction is the magnetic easy axis
for single-crystal CrO, films with a thickness of 100 nm;'#
additionally, the shape anisotropy also favors a situation
where the magnetic moments are aligned in this direction
(along the wire axis). Thus, in the longitudinal case, we ob-
serve sharp magnetization changes in the CrO, nanowires,
indicated by the resistance drops in Fig. 7(a). When the field
is applied perpendicular to this easy axis, as shown in Fig.
7(b), the remanent magnetization state for the domains is
along the c-axis direction. In this case, the magnetic mo-
ments rotate almost coherently from this direction to the
b-axis direction when the magnitude of the transversely ap-
plied field is increased, resulting in a gradually decreasing
resistivity without any sudden drops.

Figure 8 displays the coercive fields H,., as extracted from
the data in Fig. 7 as a function of the inverse linewidth. It is
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FIG. 8. Coercive field H,. as a function of the inverse linewidths
1/w in both the longitudinal and transverse geometries for single
crystal CrO, wires with wire axes aligned along the [001] direction.

found that the H, is roughly proportional to the inverse of
width: H.~ 1/w. This behavior is in good agreement with
investigations of some other ferromagnetic wires such as Co,
NiFe, etc., and can be explained by considering the shape
dependence of the stray field of the wire.’!3> A decrease in
linewidth increases the aspect ratio of the magnetic nano-
wires correspondingly, and results in a higher shape aniso-
tropy, which makes the magnetic states parallel to the wire
axis more favorable and more difficult to switch; hence, a
higher coercivity H..

Unlike the polycrystalline CrO, bulk films, we can see
that the coercive fields plotted in Fig. 8 for the two different
wire geometries do not approach a single value when ex-
trapolated to the origin. This is due to the fact that the epi-
taxial [001]-CrO, film is anisotropic within the plane be-
cause of the two distinct crystal directions. The intrinsic
magnetocrystalline anisotropy favors alignment along the
[001] easy axis; thus the longitudinal coercivity is larger than
the transverse value, even in the limit of large linewidth.

The measured longitudinal MR properties of single crys-
tal CrO, nanowires aligned along the magnetic easy axis is
consistent with the observation of Konig et al.'> for epitaxial
CrO, wires with width larger than half micron. The differ-
ence in the transverse MR behaviors may lie in the different
ways of fabricating CrO, wires. Additionally, when reducing
the linewidth down to 100 nm, another MR behavior is ob-
served for epitaxial CrO, wire aligned along the hard axis,
which is discussed in the following.

(ii) Wires aligned along the [010] direction. In this case,
the magnetic easy-axis direction, preferred by the magneto-
crystalline anisotropy term, and the shape anisotropy direc-
tion are perpendicular to each other. Therefore, the magneti-
zation behavior of the epitaxial CrO, wires aligned along the
b axis depends on the relative strengths of these two
anisotropies. Through MFM studies of epitaxial CrO,
wires,'>2! it has been observed that the shape dependent con-
tribution to the anisotropy is appreciable only for CrO, nano-
wires with very small linewidths. For most of the wires, the
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FIG. 9. Low-field (a) longitudinal and (b) transverse MR curves of epitaxial CrO, nanowires with different linewidths. The wires are all
aligned along the [010] hard axis direction and are measured at 77 K. Schematics at the top of each figure represent the different magne-

tization states which occur during the reversal process.

magnetocrystalline anisotropy dominates over the shape an-
isotropy, giving the epitaxial CrO, wires a stripelike domain
configuration, with domains either magnetized parallel or an-
tiparallel to the magnetic easy axis direction ([001]) at rema-

nence.

The magnetoresistance behavior of epitaxial CrO, wires
along the b axis is shown in Fig. 9. The MR curves display
more features than those [001] wires in Fig. 7. These more
complex curves are the consequence of diverse types of mag-
netic domain patterns formed in the [010] wires. Figure 9
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also shows the schematic pictures of various domain patterns
at some specific magnetic states, which are inferred from the
MR curves and the competitive anisotropies.

It is seen that the MR response of the smallest wire
(w=100 nm) differs significantly from the wires with larger
widths (350 nm and more). The narrowest wire exhibits MR
behavior similar to that measured for wires aligned along the
c axis, as shown in Fig. 7. This suggests that a similar mag-
netization reversal process exists, and the remanent magnetic
state is dominated by the shape anisotropy, leaving the rem-
anent magnetization nearly parallel to the wire axis. When
the linewidth increases, the shaped-induced contribution de-
creases and the effects of the magnetocrystalline anisotropy
become more important.

In the longitudinal case shown in Fig. 9(a) (e.g., 350 nm
width), at high negative fields (-2 kOe), nearly all the mag-
netic moments are aligned along the wire axis, resulting in a
minimal wire resistance. As the field is reduced to zero, a
complicated magnetic domain structure emerges. Biehler et
al.'® found that, compared with the stripe domain structure
obtained after initial saturating along the easy axis, this rem-
anent state, which is formed after initial saturating along the
hard axis, shows narrower domain widths because some do-
mains do not extend across the whole wire width and the
magnetization vectors in the neighboring domains are
canted. Therefore, the sample resistance reaches a maximum
value near zero field due to the increase in the number of
domain walls.

Upon further increasing the external field in the positive
direction, the stripe domain structure is formed, resulting in a
lower resistance. Later on, the magnetic field is large enough
to break the stable stripe domain structure, by forming extra
domain walls, and this is the reason for the second resistance
peak near 1 kOe in Fig. 9(a). A final decrease in the resis-
tance is observed due to the formation, in sufficiently large
fields, of a nearly single domain structure with magnetization
parallel to the wire axis. A similar MR behavior has been
reported recently for epitaxial CrO, wire with 2 um width."

In Fig. 9(b), the magnetic field is applied in the transverse
direction, which is also the direction of the magnetic easy
axis. At large negative applied fields, nearly all the magnetic
domains are aligned in the external field direction ([001]).
Upon decreasing the field value, some of the domains split
into multiple smaller ones with different magnetization di-
rections in order to minimize the total magnetic energy. In
this intermediate state, the increase in domain wall scattering
leads to a higher wire resistance. As the field approaches
zero, these multiple domains recombine and the whole wire
stabilizes in the aforementioned stripelike domain structure,
which causes a reduction in the number of domain walls and
leads to the resistance valley near zero field. Furthermore, we
can see that this resistance valley becomes less pronounced
as a wire narrows, and finally disappears for very narrow

PHYSICAL REVIEW B 77, 054417 (2008)

wires. This can be understood by considering that the shape-
induced effects are gradually becoming important, as the
linewidth is decreased, making the stripe-like domain struc-
ture, which is preferred by the magnetocrystalline anisotropy,
less stable.

Overall, the magnetoresistance values measured for single
crystal CrO, nanowires are smaller than those of polycrys-
talline nanowires by more than a factor of 10. This suggests
that magnetic scattering at the grain boundaries is much
stronger than the scattering which occurs at the domain
walls.

IV. CONCLUSION

In conclusion, we have studied and compared the electri-
cal resistivity and magnetotransport properties of both poly-
crystalline and epitaxial CrO, nanowires grown under the
same conditions by chemical vapor deposition using the
selective-area growth technique. A transition of the tempera-
ture coefficient of resistivity from positive to negative values
is observed for polycrystalline nanowires, and the magnitude
of the resistivity increases as the linewidth of the wires is
reduced. Analyzing the resistivity data using a model of
grain boundary scattering indicates that the bulk resistivity of
CrO, nanograins is much larger than the values reported for
single crystal CrO, bulk films, and this discrepancy is attrib-
uted to strain-induced defects. Resistivity measurements also
show that epitaxial CrO, nanowires have a generally metallic
character, with some anisotropy observed in the resistivity of
the wires aligned along the b- and c-axis directions. When
the linewidth of polycrystalline CrO, wires is reduced, the
longitudinal MR ratio increases, due to changes in the elec-
tron conduction paths. A decrease in the transverse MR val-
ues for decreasing linewidth results from an increase in the
shape-dependent demagnetizing field. Unlike the polycrys-
talline wires, the MR properties of single-crystal CrO, wires
are strongly dependent on the crystal orientations of the
wires, because in addition to the expected shape-induced ef-
fects, the magnetocrystalline anisotropy also plays a very
important role. Our results shows that the field-dependent
magnetic domain structures evolve in a complex fashion,
particularly for wires that form stripelike domains at zero
field. By taking advantage of the competing magnetocrystal-
line and shape anisotropies, one can design certain CrO, ep-
itaxial nanostructures with unique magnetic domain struc-
tures, which can lead to interesting spin-dependent transport
behavior.
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