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Magnetic domain structures are active electron transport agents and can be used to induce large magnetoresistance (MR),
particularly in half-metallic solids. We have studied the excess resistance induced by a single magnetic domain wall in a one-

dimensional half-metallic CrO, nanoscale conductor with a built-in constriction whose channel width (d) ranging from 30 to

200 nm. We observed that the domain wall induced MR is ehanced by 70 folds when d decreases from 200 nm to 30 nm.We

speculate that the enhancement is due to the increased domain wall resistance (DWR) and the extra contribution of ballistic

magnetoresistance (BMR). We have uncovered a large size effect of d on the MR induced by domain wall, which scales with

d as d 187¥032_ Accordingly, we predict that the MR ratio of a simple CrO, nanowire impregnated with a constriction at a 150

nm? cross-section could reach 100%. This large MR far exceeds that of a conventional ferromagnetic nanowire, confirming

the role of half metallicity on enhanced magneto transport.

Introduction

It is known that spin textures such as domain walls (DWs)
can induce excess resistivity in ferromagnetic materials!®.
According to the Levy-Zhang model, the excess resistivity
originates from the mixing of two spin current channels within
non-homogeneous spin states!. Research on domain-wall
resistance (DWR) and electron transport in spin textures benefit
its potential application in spintronic devices” 8. Half-metallic
ferromagnets with 100% spin polarization are ideal systems to
investigate DWR, as their infinitely large spin asymmetry
manifests prominently in magneto-transport. Among them, half
metal CrO, has been extensively studied, and its half metallicity
has been confirmed through various experimental techniques®
12 Previously, we have reported for the first time the
observation of the excess resistance induced by a single DW in
CrO,13. We estimated through magneto-transport
measurements and micromagnetic simulations that the DW
resistivity ratio (Appw/pPo) in CrO, is in the range of 1.3% to
13.2% at the temperature of 5 K. Appw is the excess resistivity
induced by a single DW and po is the resistivity of the CrO, in
the single-domain state!3. Afterwards, we investigated the
resistivity induced by general spin textures besides DWs. We
uncovered the correlation between the magnetoresistance
(MR) and spin curvature in CrO,. Spin curvature is defined as
the spatial nonuniformity of spins?. From the empirical
correlation between the excess resistivity and spin curvature of
spin textures, we estimated the DWR in CrO,.The DWR
predicted from the empirical relation is consistent with our
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previous measurement results, which shows that the DWR and
spin curvature induced MR has the same physical origin.% 13,
Both can be explained by the Levy-Zhang model and the
magnitude of the excess resistivity of a spin texture is
determined by its spin configuration and the spin asymmetry

P
parameter (E) of the material. These studies provide a guidance

for us to manipulate the DW configuration and achieve a large
DWR by modifying CrO, nanostructures, which is of great
interest to both fundamental research and spintronic
applications.

In this work, we investigate the DWR in CrO, epitaxial
nanostructures with varying structure sizes and explore the size
effects on the DW configuration and corresponding DWR. This
work distinguishes from previous works that it explores the
electron transport in DWs from diffusive regime to quasi-
ballistic regime. The single DWs are created and annihilated in
nanostructures with an asymmetrical weak link, which we call
nano-constriction where the constriction width d varies from 30
to 200 nm. The DWR is substantially enhanced when the
constriction width d reduces, which is possibly because the
electrons cannot accommodate the spin changes inside the
nano-constrictions when the constriction size is decreased to
tens of nanometers. The DWR scales with $-187#032 where S is
the cross-sectional area of the constriction. Based on this power
law, a large MR of 100 % is expected when S is reduced to 150
nm?, e.g., in a 10 nm-thick and 15 nm-wide constriction. The
DMR value of CrO, is much larger than that of other non-half-
metallic magnetic solids such as Ni and NiFe at comparable
cross-sectional areas?.

Experimental
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We fabricated epitaxial CrO, nanostructures using the
techniques of electron-beam lithography, chemical vapor
deposition (CVD), and selective area growth (SAG) without post-
deposition patterning. The CrO, nanostructures are grown on
TiO, single crystal substrates. The detailed fabrication process
can be found in our previous studies® ° 13, Our earlier
experiments have shown that the CrO, thin films deposited this
way exhibit a spin polarization of 0.96 + 0.01 at 1.85 K°. In this
work, we studied a nanowire with a built-in weak link which we
call nano-constriction with a variable constriction width. We
were able to generate or annihilate a single DW located near
the constriction. We then studied the DW configuration and
DWR through the complementary micromagnetic simulations
and magneto-transport measurements.

Micromagnetic simulation is an effective tool to reveal
magnetization states in magnetic nanostructures. For every
structure studied in this work, we performed micromagnetic
simulation using mumax3, a GPU-accelerated program
developed at Ghent University!®>. The software simulates the
time and spatial evolution of spin configurations based on the
Landau-Lifshitz micromagnetic formalism using the method of
finite difference discretization. We obtain the equilibrium
magnetization states in the CrO, nanostructures under various
external magnetic fields by minimizing the total free energy
including four energy terms.

The Zeeman energy originates from the interaction between
the magnetization and exteLnaLfieId. The energy density is
expressed as €zeeman = — M'Bext; where M=Msﬁl is the
magnetization vector, Ms = 640 emu/cm3 is the saturation
magnetization experimentally obtained at 10 K6, M is the unit
magnetization vector, and Eext is the external magnetic field.

The exchange energy arises from the exchange coupling
between neighboring spins, which is responsible for the

1—
ferromagnetic ordering. The energy density is €exchange = — ;M

— -

Aex ~
" Bexch, where Bexcn = 23,Am is the effective field due to the

Heisenberg exchange interaction, and Aex is the exchange
constant. Based on the Curie temperature (T¢ = 398 K) of CrO,,

the exchange constant Aex is estimated to be 4.6 x 107 erg/cm
16
' 1— -

The Edemag = — EM ) Bdemag;
accounts for the shape anisotropy, where Edemag is the
demagnetization field. Finally, the magnetocrystalline
anisotropy energy is determined by the crystal structure of the

material. In 100 nm-thick CrO, epitaxial films, the uniaxial

demagnetization energy,

anisotropy axis is along the [001] direction®. The corresponding
1— - —

energy density is €anis = — 3M * Banis, where Bapis = %‘:(ﬁ - M)
1L is the effective anisotropy field, & is the unit vector denoting
the uniaxial anisotropy axis, and Ky1 is the uniaxial anisotropy
constant which has been previously measured as 9.2 x 10*
erg/cm3 16, Table | summarizes the parameters adopted in our
simulations. The magnetic films are discretized into cells with
the cell size of 4 nm which is smaller than the Bloch wall width

Aex 22 Aok Aex 42
Ko — nm and the exchange length [ "= oMz = -4 DM
17 to ensure simulation accuracy.
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Table I. Physical parameters used in micromagnetic simulations

Reference
640 emu/cm3 16
4.6 x 107 erg/cm | 16
9.2 x 10% erg/cm3 | 16

Parameter Value

Saturation magnetization M

Exchange constant Aex

Uniaxial anisotropy constant Ku1

Cell size 4 nm N/A
Gilbert damping coefficient & 0.023 18
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FIG. 1. (a) Schematic of a 100 nm-thick CrO, nanostructure with a
constriction (neck) width d for magneto-transport measurement. The
longitudinal axis of the wire is along the magnetocrystalline easy axis (x
axis). (b) CrO,
nanostructure with d =50 nm, where the dark region is CrO, and the light

Scanning electron micrograph of an epitaxial
region is SiO,. (c) Temperature dependence of resistivity (black curve)
and estimated electron mean free path (green curve) of an epitaxial CrO,

nanostructure as shown in (a) with d = 30nm. The residual resistivity ratio
P300K

(RRR), 5, is 21.5.

P10K’
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Results and Discussion

Figure 1(a) shows the schematic diagram of the
nanostructure with an asymmetrical weak link. The longitudinal
axis of the structure, denoted as the x axis, is along the [001]
direction, which is the magnetocrystalline easy axis in the 100
nm-thick CrO, epitaxial films'®. The transverse axis of the
structure, denoted as the y axis, is along the [010] direction,
which is the hard axis. The width of the main lead of the
structure is one micron, while the constriction width, d, varies
(d = 30, 50, 120, and 200 nm). The boundaries on the left and
right side of the constriction form wedges with angles of 60° and
15°, respectively, relative to the x axis. The asymmetry is
essential to introducing the DW state in the vicinity of the
constriction through the external magnetic field. Moreover,
varying the constriction width is essential to modifying the DW
configuration near the constriction where the demagnetization
energy plays an important role in determining the
magnetization state.

Due to the shape anisotropy, the magnetic field required to
reverse magnetization, which we denote as the reversing field (
Brev), is different for spins on the left and right side of the
constrictions. In our design, |Brev(left)| < |Byev(right)|. When
the applied field (Bapp) is in between the two reversing fields,
i.e., |Brev(left)| < |Bappl < |Brev(right)|, the magnetization on
the left is along the opposite direction to the magnetization on
the right side of the constriction. Therefore, a DW is formed
near the constriction. Far away from the constriction, four leads
are designed for the 4-probe measurement of the resistivity of
the nanostructures. Figure 1(b) is a representative scanning
electron microscopy (SEM) image of the nanostructure with d =
50 nm, with the dark region as the epitaxial CrO, nanostructure
and light region as SiO,. From the SEM image, we analyze the
roughness of the edges of the nanostructure and conclude that
the uncertainty in the constriction width d is about 12 nm.

Figure 1(c) shows the temperature dependence of resistivity
of the CrO, nanostructure with d = 30 nm in the temperature
range of 10 to 300 K. We convert the resistance data to
resistivity in the nanostructure using the general-purpose
simulation software COMSOL Multiphysics®. We observe that
the room
temperature to 8.7 um cm at 10 K, yielding a large residue
resistivity ratio RRR = ;:73::: of 21.5 which indicates a high
crystalline quality of the nanostructure. As references, the RRR
of a single crystal bulk CrO, is about 50 %, and the RRR of high-
quality epitaxial CrO, nanostructures is typically in the range of
20 to 30 % 13,20, Based on the Boltzmann theory?!®, we estimate
the electron mean free path (MFP) at each temperature
according to

resistivity decreases from 186.0 um cm at

emih 1 3

e?  Als+ Atsp(T) (1)
where AI?S and A%s are Fermi surface areas of the majority and
minority spins, respectively, p(T) is the resistivity at
temperature 7, h the reduced Plank constant, and e the
elementary charge. Spin flip scattering is not considered in the
estimation. According to band structure calculations of CrO,,

I(T)=

This journal is © The Royal Society of Chemistry 20xx

st margins

ARTICLE

D

30 nm

d

. .
50 100 150 200
Constriction Width d (nm)

120 nm

200 nm

i

FIG. 2. (@) Micromagnetic simulation results of magnetic domain wall
(DW) configurations in CrO2 nanostructures with d = 30, 50, 120, and

— 200 nm

200 nm, respectively. (b)Enlarged spin maps around the constrictions.
The colors represent the magnetization direction. The x-y plane
magnetization direction color map is shown in the color wheel. The
brightness represents the out-of-plane magnetization contribution,
where white and black corresponds to the upward (+z) and downward (-
z) magnetization respectively. (c) The spatial gradient of spins along the
X axis at the constriction, VOx, in nanostructures with different
constriction widths d.

Als = 8.86 A% and Afs = 0 19. The calculated mean free path [
(T) is plotted in Fig. 1(c) in green and scaled against the right
axis. The MFP increases from 18 A at 300 K to 397 A at 10 k. At
10 K, the MFP exceeds the constriction width d =30 nm, and the
electron transport becomes ballistic or at least quasi-ballistic.
Note that in previous studies, device sizes are larger than the
electron MFP and the electron transport is dissipative 2 13. The
MR behavior of spin textures in the half-metallic CrO, at the
quantum transport regime is elusive and remains to be
explored.
Figures.
results of the spin maps with domain walls created in the

2(a)-2(b) show the micromagnetic simulation

presence of proper reversing fields around constrictions with d
= 30, 50, 120, and 200 nm, respectively. Away from a
constriction, the nanostructure consists of two single domains
(right versus left side) with spins along either +x or -x direction,
respectively. Near each constriction, a DW complex is formed
with varying details from one constriction to another, as
represented by the color rendering and the color wheel (x-y
plane). The white (m;=+1) and black (m,=—1) regions
represent the out-of-plane spins. Figures 2(a)) shows that the
DWs locate on the left side of the constriction so that the
demagnetization field due to DW is minimized. Spins inside the
DWs rotate out-of-plane. Such DWs are known as Bloch walls
which tend to form when a film is thick. The contour of the DW
is approximately a semioval. From Fig. 2(a), we observe that as
the constriction width d gets smaller, the semioval DW
contracts to be closer, or more localized, to the constriction,

J. Name., 2013, 00, 1-3 | 3
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and moreover, the spin curvature in the constriction gets larger.
Fig. 2(b) shows the magnified spin maps near the constrictions.
At the smallest d = 30 nm, spins rotate by about 90° across the
constriction, where spins on the left of the constriction aligns
mostly along y axis while spins on the right side of the
constriction aligns along x axis. Contrastingly, at the largest d =
200 nm, spins are mostly aligned along the +x direction across
the constriction with little change in the spin curvature. Figure
2(c) shows the spatial gradient of spins along the x axis, i.e., the
spin curvature VO, in the constriction, versus the constriction
width d, where 68 is the angle from the x-axis in the x-y plane.
From d = 200 to 30 nm, the spin curvature at the center of the
constriction increases from 0.008/nm to 0.025/nm. This
indicates that the DW configuration is very sensitive to the
constriction size. The tinier the constriction is, the larger spin
curvature appears. Note that the spin curvature around the
constrictions as shown in Fig. 2(b) has a major implication on
the magneto-transport as the narrowest region contributes
most to the resistance.

We generate and annihilate DWs in the nanostructures
through applying moderate reversing magnetic fields. Figures
3(a)-3(d) show the field dependent resistance change relative

to the zero-field resistance, AR =R(B)—R(0), and the

R(B) — R(0)
R0y at d = 30,

50, 120, and 200 nm, respectively. The continuous change in MR
with magnetic field is primarily due to the spin curvature change
in the angled region. When the external field is parallel (anti-
parallel) to the magnetization, MR decreases (increases) with
increasing magnetic field because the spin curvature is
suppressed(enhanced) by magnetic field. This behavior has
been studied quantitatively in our previous work?. It is
independent of the domain wall creation and annihilation
process. The abrupt jump in resistance ARp _ 4 is specifically
related to the creation of domain wall. Using Fig. 3(a), in which
d=30nm, as an example, we specify the magnetization reversal
and corresponding MR hysteresis loop as follows. Initiating at -
500 Oe, the whole nanostructure has its magnetization along
the -x direction. We start to measure the resistance from -500
to 0 Oe, reaching point A. Reversing the field to the +x direction
and increasing the field to 110 Oe (point A’), the overall spin
curvature of the nanostructure increases for lowering the

corresponding magnetoresistance MR =

Zeeman energy and , the resistance increases continuously with
the external field. When the magnetic field increases to 136 Oe
(point B’), magnetization on the left side of the constriction
reverses, creating a DW as shown in Fig. 2(a). When the
magnetic field continues to increase to 156 Oe (point C’), the
magnetization on the right side of the constriction is reversed
to the +x direction. The DW is annihilated, and the resistance
drops precipitously. As the magnetic field further increases to
+500 Oe, the resistance decreases continuously with increasing
field due to the decrease of the spin curvature. We denote the
abrupt increase in resistance due to the appearance of a DW
(from point A’ to point B’) as ARp _ 4. There seems to be some
intermediate
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FIG. 3. (a)-(d) Magnetic field

magnetoresistance (MR) relative to zero-field resistance in CrO2

induced resistance change and
nanostructures with d = 30, 50, 120, and 200 nm, respectively, at T = 10
K. When the external magnetic field increases, the resistance increases
abruptly (from point A" to point B’) due to the creation of a domain wall
(DW).

generation is denoted as ARp —a'.

The corresponding resistance change upon domain wall

states between A’ and B’ at d = 30 nm, which has not been
observed in other nanostructures. We speculate that when d =
30 nm, the MR is highly sensitive to the DW configuration and a
slight change in the spin state manifests itself in MR. Figures
3(b)-3(d) show the similar magneto-transport behaviors,
indicating the existence of the process of the DW creation and
annihilation as in Fig. 3(a), for constrictions of d = 50, 120, and
200 nm, respectively.

To estimate the DWR at zero field, we perform the “half-
hysteresis loop” measurement as shown in Fig. 4. Similar to the
full loop measurement, we start the measurement from +500
Oe, where the magnetization in the wire is initialized along the
+x direction, and then decrease the field to zero reaching point
A. From 0 Oe (point A) to -138 Oe (point A’), an external field
antiparallel to the sample’s magnetization is applied. When the
external field increases to -140 Oe (point B’), the DW is created.
Instead of further increasing the magnetic field to wipe out the
DW as in Fig. 3, we slowly decrease the magnetic field back to
zero field (point B). The resistance change at zero field is ARg — a
. In our previous study, we have analyzed that the contributions
from other MR effects apart from the DWR to the resistance
change at zero field is negligible3. Therefore, ARg_a can be
considered as the resistance change induced by the creation of

This journal is © The Royal Society of Chemistry 20xx
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FIG. 4. Magnetic field induced resistance change and magnetoresistance
(MR) relative to zero-field resistance in CrO2 nanostructures with d = 50
nm at T = 10 K. Point A represents the resistance without domain wall
(DW) at zero field. Point A’ represents the resistance without DW at -140
Oe field. Point B’ is state with DW at -140 Oe. Point B is the state with
DW at zero field. ARp — 4 is the zero-field DWR. ARp — 4" is the DWR at -
140 Oe field, which is the same as the 4R — 4’ denoted in FIG. 5.

a magnetic DW. However, this type of measurement is not easy
to implement when d is large because DW exists in a narrow
range of the magnetic field. Fortunately, we notice that in Fig.
4, the resistance change from point A’ to point B’ is close to that
from point A to point B. As mentioned before, the resistance
changes from A to A’ and from B to B’ is due to the change of
spin curvature in response to the external field. In the
asymmetrical weak link design as shown in Fig. 1(a), spin
curvature change arises mostly from the non-uniform region
with angled wedges. Consequently, the spin curvature induced
MR is dominated by spins on the right side of the constriction
because the right side of the constriction contributes most to
the measured resistance due to the small width and large
length. The spin curvature variation in this region is similar from
A to A’ and B to B’ because the creation or annihilation of the
DW has little effect on the magnetization on the right side of
the constriction as shown in Fig. 2(a). As a result, ARg _ s = A
Rg_a, and ARp _ 4’ is therefore a good measure of the DWR.
We obtain ARp _a in all nanostructures with different
constriction widths d from Figs. 3(a)-3(d). For each sample, A
Rp _ 4’ is derived from the average of multiple measurements.

From d = 200 to 30 nm, ARp _ A’ increases from 0.6 m&Q to 42
ARy _
mQ by 70 folds. The corresponding MR = —g, increases from

0.0075% to 0.36% by 48 folds. In Fig. 5, we plot the DWR ratio,
ARp _

R, - Versus the constriction width d, in a log-log scale. The
horizontal error bars represent the uncertainties in constriction
widths as estimated from the SEM images. The vertical error
bars are derived from the standard deviation of multiple

measurements. The dashed line is a fitting to the data with
ARp _

Ro
DMR of our nanostructures is highly sensitive to the dimension

proportional to d -1-87¢032 Thjs result indicates that the

This journal is © The Royal Society of Chemistry 20xx
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FIG. 5. 7, versus constriction width d, plotted in a log-log scale. The

dashed line is a power fit to the experimental results.

of the constriction. The DWR is dramatically enhanced through
reducing the constriction size.

Levy and Zhang’s study calculates the DWR originating from
the spin mixing of two spin current channels inside the DW in
the diffusive transport regime. When the current flows
perpendicular to the DW, the corresponding DWR is estimated
to be

(2)

where ,08 and ,Dé are resistivities for the spin up and spin down
2

T F
states, respectively, and § =5/ in which J donates the

e(pb—pb)* (

10y/pbpb
Repw =5 )

pbpb ph+pb

exchange splitting, M is the electron mass, and 4 is the DW
width.

Contrastingly, in a highly constricted nanostructure, when
the spin flip MFP is much larger than the DW width such that
electrons cannot accommodate the spin change across the
constriction adiabatically, the ballistic MR (BMR) effect occurs.
The magnitude of BMR is approximately

AR 2P?

7 () =T—5F(P. D (3)
where P is the spin polarization at the Fermi level, F(P, 1) is the
function showing the accommodation of spins inside the DW?2*-
25, When the DW width 4 is comparable with the Fermi

wavelength Ap, F(P, 1) behaves as exp (—BA). When 1> 4,
1
which is the case in our study, F(P, 1) behaves as _; 2123 25,

where B and @ are constants.

In both Eq. (2) and Eq. (3), the domain wall width 4 indeed
characterizes the spin curvature inside the domain walls
because a standard DW configuration is adopted in calculations.
In this study, due to the complexity of the domain wall induced
around the constriction, the spin curvature is not characterized
by domain wall width A. Instead it is determined by the
constriction width. As mentioned before, the spin curvature
around the constriction is the main source of the measured

J. Name., 2013, 00, 1-3 | 5
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DWR since the narrowest region contributes most to the
resistance. Fig. 2(c) presents the dependence of spin curvature
on constriction width. The smaller the constriction width, the
larger the spin curvature and the larger the DWR. When the
constriction width decreases from 200 nm to 30 nm, the
electrons transport enters from completely diffusive regime to
quasi-ballistic regime. According to Eq. (2) and Eq. (3), in both
cases, the MR is proportional to A2, Our experiment shows
that the domain wall induced MR depends on the constriction
width d through d_1'87i0‘32, which is consistent with the
theory.

According to the power law with the exponent of -
1.8740.32, If the cross-sectional area of the CrO, nanostructure
is reduced to 150 nm?, e.g., in a 10 nm-thick film with a 15-nm
wide constriction, the corresponding MR would reach
approximately 100%. Besides, simulation shows that when the
thin film decreases, the domain wall would be more localized at
the nano-constriction, which indicates that even higher MR
could possibly be achieved. In comparison, Lepadatu et.al.,
predicted that the MR would be enhanced to about 70% in Ni
and 30% in NiFe when the cross-sectional area is reduced to 1
nm?2 which is so small to be practical in fabrication!4. The cross-
sectional area of 150 nm? is much more feasible and the
predicted large MR of 100% in a simple nanostructure of CrO; is
a testament of the enhanced magneto transport of half metals.
The DW confined by the geometry can be taken advantage of as
an element for applications in magnetic sensing and
information storage devices.

Conclusion

In conclusion, we have investigated the excess resistance
induced by a single magnetic DW in a one-dimensional half-
metallic CrO, nanoscale conductor with a built-in constriction
with a variable channel width ranging from 30 to 200 nm. The
purpose of the constriction is to localize the magnetic DW in its
vicinity, so that an external magnetic field can be applied to
generate and annihilate the single magnetic DW. We have
uncovered a large size effect of the DWR ratio on the

AR
constriction width d,z- < d187:032 We speculate that the large

enhancement in DW induced MR when the constriction width
decreases from 200 nm to 30 nm originates from both DWR and
BMR effect. On the one hand, the spin curvature at the
constriction increases with decreasing constriction width, the
corresponding DWR increases as in Eg. (2). On the other hand,
when the constriction width is decreased to 30 nm, the electron
transport around the constriction enters from diffusive regime
to quasi-ballistic regime. The BMR effect makes extra
contribution to the resistance change. According to the power
law derived, we predict that the MR ratio of a simple CrO,
nanowire impregnated with a constriction at a 150 nm? cross-
section could reach 100%. This large MR far exceeds that of a
conventional ferromagnetic nanowire, confirming the role of
half metallicity on enhanced magneto transport. Based on this
study, we conclude that the most effective method to increase
the DW induced MR is to reduce the constriction size, so that

6 | J. Name., 2012, 00, 1-3

the DW is localized to as closer to the constriction as possible.
Our study suggests that magnetic domain structures are active
electron transport agents and can be used to design highly
functional half-metallic spintronic devices with enhanced
performance.
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