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The half-metallic CrO, with nearly 100% spin polarization is an ideal system to study magnetic domain-wall
resistance, which differs from the resistance (or resistivity) inside a single domain. To experimentally measure
the domain-wall resistance, we design and prepare a special CrO, epitaxial nanostructure with an asymmetrical
weak link to localize a domain wall, by using the techniques of chemical vapor deposition and selective-area
growth. This structure provides a capability to generate and annihilate a domain wall near the weak link. By
contrasting the resistance between a single-domain state and a domain-wall state, we observe a repeatable and
reversible resistance jump, namely domain-wall resistance, in half-metallic CrO,. Using the Levy-Zhang model,
we further obtain the spin asymmetry ratio pg / ,00L between resistivities in the two spin channels. The ratio,
4256 + 388 at 5.0 K, is much larger than that of conventional ferromagnetic metals, attesting to the half

metallicity of CrO, .
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I. INTRODUCTION

Beyond conventional electronics where electron charges
play a dominant role, spintronics has been developed by
relying on the electron spins as a memory and logic agent
with their distinctive “spin-up” and “spin-down” binary states
[1-8]. Among spintronic devices [1], magnetic domain walls
(DW5s) have been proposed as device elements, for example, in
the innovative domain-wall racetrack memory design [9,10].
Some attempts [11-19] have been made to effectively gener-
ate DWs and to manipulate or propagate DW's within magnetic
nanostructures. The presence of DWs can be probed by a mag-
netic sensor such as a magnetic tunneling junction [20,21].
Intrinsically, the DW itself is a unique physical object, having
its own electronic structure which can differ nontrivially from
the corresponding electronic structure of a single-domain fer-
romagnet. This is particularly so in half-metallic CrO,, where
conduction electrons are fully spin polarized, or the minority
energy band is completely empty [22-25]. However, within a
DW, electron spins are not fully polarized, and there are finite
densities of states in both the majority and minority bands.
Strictly speaking, the DW region of CrO, is not a half metal.
One natural and basic question is what the resistivity variance
is between a single-domain region and a DW region in CrO,.
The objective of this project is to measure the domain-wall
resistance (DWR) of CrO,, relative to that of the underlying
single-domain region.

There have been attempts to measure DWR of various ma-
terials such as Co, Fe, Fe/Pt, Co/Pt, (Ga,Mn)As, and SrRuOj;
[11-19]. Spin polarizations of common ferromagnetic met-
als (FMs), Co, Fe, and Ni, are about 42 ~ 46.5% [26,27].
While some DWSs contribute positively to the underlying
single-domain resistance as expected of the spin texture, some
DWs contributes negatively. The latter has been explained

*Gang_Xiao @brown.edu

2469-9950/2018/98(17)/174402(6)

174402-1

speculatively by the suppression of electron interference in the
weakly localized DW region [28]. Levy and Zhang [29] pro-
posed that the admixture of spin states from the magnetization
noncollinearity inside a DW leads to an additional resistance.
Specifically, the Hamiltonian perturbation from the DW scat-
ters an electron from one spin eigenstate to the other and thus
mixes the spin-up and spin-down channels. If the spin-up and
spin-down resistivity are the same, i.e., pg / pé = 1, spin states
admixture from DW makes no contribution to resistance. If
two spin channels are very different, particularly in half metal
with nearly 100% spin polarization, an interesting question
arises: how much will DWR be enhanced? Addressing this
question experimentally and theoretically is not only funda-
mental, but also of significance in the applications of DWs
in spintronic devices. For example, probing DWR can be a
readout of the racetrack memory or a sensor of the high-
frequency dynamical spin states. Unfortunately, little effort
has been made to measure the DWR of CrO,, a half metal
experimentally confirmed to have the highest spin polarization
of nearly 100% [26,30-32]. The primary impediments to this
kind of study are the challenges in preparing appropriate
epitaxial structure with the necessary probes and the manip-
ulation of DW near the probes. In this work, we present the
DWR of CrO; and the spin asymmetry ratio between the two
spin channels. We obtain these results on a uniquely designed
epitaxial nanostructure of CrO,, with the capability of DW
creation and annihilation within the nanostructure.

II. EXPERIMENT AND CHARACTERIZATION

Due to the nanoscale of DW, experimental measurement of
DWR is challenging. Making electrical leads to a DW is not
only technically difficult; it can also be invasive to the spin
texture of the DW itself. Relative to the size of a sample, the
typical DW dimension is on the order of 10 nm, contributing
only a tiny volume fraction. The emergence or disappearance
of DWR barely registers a noticeable change to the total
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FIG. 1. (a) Scanning electron micrograph of fabricated CrO,
nanostructure sample used in this study (see details in the text). The
yellow area is CrO, and the gray area is SiO,. VT, V—, I, and
I~ labels show the four-point resistance measurement configuration.
(b) Characterizing the CrO, nanostructure sample by measuring its
resistivity as a function of temperature between 5.0 and 300.0 K.

resistance (R) of the sample. And, it is this small change
that we want to measure and characterize. To overcome this
challenge in measuring DWR, we design a nanostructure
along the x axis which is also the [001] crystalline axis of
CrO; as shown in Fig. 1(a). The wire (width 1.0 um x length
18.0 um) has two sharp tips at both ends for the purpose of
stabilizing the single-domain structure. The center of the wire
consists of a narrow constriction, to be referred to as the weak
link, so that the DW of the nanostructure is predominantly
localized around the weak link. The idea is that, as the DW is
generated and annihilated near the weak link, we can measure
the DWR with ease. The four contacts along the y axis are
integral parts of the sample, serving as current-voltage leads
in a four-probe resistance measurement configuration.

This whole CrO, nanostructure sample is epitaxially
grown using a method called selective-area growth [33-35].
The quality of the nanostructure is high, as no postdeposition
patterning is needed, and therefore low density of defects in
the bulk sample and along the edges is expected. CrO, grows

epitaxially using chemical vapor deposition (CVD) on single-
crystal TiO,, which is our substrate of choice. The sample’s
geometrical shape is defined lithographically by a thin layer of
prepatterned amorphous SiO; film. The sticking coefficient of
CrO, vapor on SiO; is null, hence allowing the selective-area
growth of CrO, epitaxial nanostructure. The narrowest neck
(or the weak link) of the central constriction is 50 nm and
the angles between two edges on the right and left sides are
30° and 120°, respectively. The thickness of our sample is
~100 nm.

We proceed with our sample fabrication process as follows.
First, we sputter a 100-nm-thick SiO, layer on a 5 x 5-mm?
rutile TiO, substrate, followed by spin coating a 200-nm-
thick polymethylmethacrylate 950 A4 layer. To prevent charge
accumulation on the sample during e-beam lithography, we
add a 5-nm-thick Cr layer. Using the FEI Helios® E-beam
Lithographer, we pattern the sample into the intended nanos-
tructure as shown in Fig. 1(a). Afterward, we etch away the
unprotected SiO, layer using reactive ion milling with CHF;
as the reactive gas. Finally, the sample is carefully cleaned
and ready for CVD of CrO,. The CVD equipment consists
of two furnace zones: a source zone loaded with Cr,O3
precursor maintained at 260 °C and a reaction zone loaded
with TiO, substrate kept at 396 °C. During deposition, we
introduce O, gas as the reactive gas with a flow rate of 100
sccm. The deposition rate is calibrated by using both Dektak®
thickness profilometer and vibrating sample magnetometry.
CrO; has a tetragonal rutile structure with lattice constants
of a =b=14421A and c = 2.916 A [33,36]. One parame-
ter to characterize the quality of CrO; films is the residue
resistivity ratio (RRR) = p3p0 /00, between room- and
low-temperature limit. A large RRR infers insignificant
impurity-induced elastic scattering, hence, a low concentra-
tion of defects in the sample. Figure 1(b) shows the CrO,
resistivity of the nanostructure sample as a function of temper-
ature from 300.0 to 5.0 K. The residue resistivity is 6.7 €2 cm
at 5.0 K, yielding a RRR of 27.9. This is a rather large ratio,
consistent with the published results of high-quality CrO,
epitaxial nanostructures [34,35].

III. DOMAIN-WALL RESISTANCE

We measure the sample resistance as a function of
magnetic field to obtain a hysteresis loop of resistance or
magnetoresistance (MR) defined as [R(Hex)-R(0)]/R(0).
Figure 2(a) shows a MR loop within a maximum x-axis field
of £ 50.0 mT at 7 = 5.0 K. Initially, the magnetization direc-
tion of CrO; is made to be along the negative x axis. We then
measure the MR, starting from H. = 0.0 to 50.0 mT, then
reversing the field and gradually reaching —50.0 mT, finally
completing the loop by reversing the field back to the
origin of 0 mT. The MR hysteresis loop in Fig. 2(a) reveals
a low-resistance state at high fields (£50.0 mT) and a
high-resistance state within 14.6 to 20.2 mT and —14.2 to
—21.0 mT. These two states can mutually switch into each
other abruptly.

To understand the domain-wall formation and evolution in
our nanostructure, we perform micromagnetic simulation of
the magnetization state using the software of MUMAX3 [37].
The geometry and size of the simulated entity are the same
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FIG. 2. (a) Magnetoresistance hysteresis loop at 5.0 K of the CrO, nanostructure under a sweeping external magnetic field between
—50.0 and 50.0 mT along the x axis. The inset magnetization maps are from micromagnetic simulation and the red and blue areas represent
magnetization along the positive and negative x axis, respectively. (b) Magnetoresistance hysteresis loop under a sweeping field between
—30.0 and 17.0 mT, revealing a low-resistance state of single domain and a high-resistance state of single-domain wall in the nanostructure.
(c) Similar to (b), except under a sweeping field between —17.0 and 30.0 mT. The blue arrows are the magnetic-field sweeping direction.

as the real sample, with a cell size of 5 x 5nm?. The exchange
stiffness constant is A,, = 4.6 x 1077 erg/cm, which is esti-
mated from CrO, Curie temperature of T¢ =~ 390K [33].
The uniaxial anisotropy constant for 100-nm CrO, film is
K, =9.2 x 10*erg/cm® [33]. The simulated multiple dis-
tinctive spin maps under different external fields along the x
axis are shown in the insets of Fig. 2(a). These spin maps
suggest magnetic domain states in our nanostructure under
the corresponding field and provide explanation for the abrupt
jumps in the MR loops in Fig. 2(a). Let us trace the magnetic
domain state as we start at Hexy = —50.0 mT and gradually
increase the field to +50.0 through 0 mT. Within the field
range, —50.0mT < He < 14.6 mT, the entire nanostructure
is a single domain with the magnetization vector aligned
along the negative x axis. At the first critical field, Hex =
14.6 mT, part of the nanostructure (the left half as suggested
by the simulation result) flips its magnetization vector to the
positive x axis, creating a DW near the weak link at the
center. Further increasing the field to the second critical field,
H.y: = 20.2mT, causes the whole nanostructure to become
a single domain again with the magnetization vector aligned
along the x axis. This state is reinforced as the field increases
to 50.0 mT. Reversing the field toward —50.0 mT repeats
the DW formation process symmetrically and hysteretically.
This process is exactly according to our intended purpose
of creating a single DW at the weak link and eliminating it

with the help of an external field. The resistance variance
between the single-DW configuration and the single-domain
state allows us to measure and characterize the DWR.

The MR hysteresis behavior can be understood by ana-
lyzing the magnetic domain states under an external field.
Our sample has an in-plane uniaxial anisotropy with the x
axis ([001]) as the magnetic easy axis [33,35]. At +50.0 mT,
the whole sample is in a single-domain state with magne-
tization uniformly aligned along the £ x axis, respectively.
The uniform spin state and suppression of spin fluctuation
are possibly responsible for the low resistance observed.
The positive/negative slope is determined by the parallel or
antiparallel relationship of local magnetization with external
field. The slope of the linearity is approximately 1% /T, and
this magnitude is consistent with the published result of CrO,
wire [35,38].

There is another way to create and annihilate a DW state
in the nanostructure continuously, as is shown in Figs. 2(b)
and 2(c) at T = 5.0K. In Fig. 2(b), we limit the sweeping
field within —30.0 and 17.0 mT (versus —50.0 and 50.0 mT).
There exists a low-resistance state corresponding to the single-
domain state, and a high-resistance state for the single-DW
state. Figure 2(b) shows that the nucleation field to create the
single-DW state is 14.5 mT, whereas the depinning field to
annihilate the single-DW state is —8.9 mT. While in either
state, the MR changes smoothly and reversibly with field,
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FIG. 3. (a) Temperature dependence of resistance difference AR
between the high-resistance and the low-resistance state at zero field,
obtained from the data shown in Figs. 1(b) and 1(c). The inset is an
expanded view of AR within 5.0 to 60.0 K. (b) Ratio (AR/Ry) of
resistance difference AR to the zero-field resistance R in the low-
resistance single-domain state.

due to a coherent magnetization process under a field. To
remove the contribution of the coherent magnetization pro-
cess, we measure the DW-induced resistance by extracting
the total resistance change (AR) and MR (AR/Ry) of the
nanostructure between the single-DW state (with resistance
Ro + AR) and the single-domain state (with resistance Ry) at
zero magnetic field [11,18,39]. At 5.0 K, the DW-induced AR
is found to be 4.5 m<2, and the associated AR /Ry is 0.053%.
At each temperature, we measure the MR loop multiple
times to provide error analysis. Figure 2(c) is a similar and
symmetrical MR loop measured with a sweeping field within
—17.0 and 30.0 mT. The shape and amplitude variations
are approximately the same between Figs. 2(b) and 2(c), as
required by the symmetry of magnetic states under a positive
and a negative magnetic field along the x axis.

Figure 3(a) shows AR as defined above as a function
of temperature from 5.0 to 260.0 K. AR is the competing
result of two temperature-dependent terms: spin asymmetry
and spin disorder. With the increase of temperature, the spin
asymmetry is suppressed and the spin disorder increases.
Below 60.0 K, AR is weakly and linearly dependent on
temperature [see details in the inset of Fig. 3(a)]. AR is 4.5
£+ 0.4 m at 5.0 K and 3.6 £ 0.2 mQ at 60.0 K with a
negative linear slope of (—1.4 4 0.2) x 1072 m&2/K. The spin
asymmetry plays an important role, so AR decreases with

increasing temperature. Above 60.0 K, AR increases suddenly
and rapidly with increasing temperature, ultimately reaching
as high as 30.4 £+ 8.5 mQ at 260.0 K. AR(260 K) exceeds
AR(5 K) by a factor of 6.8. In this temperature range, the
spin disorder dominates and AR increases with increasing
temperature. Figure 3(b) shows AR/Ry as defined above as a
function of temperature from 5.0 to 260.0 K. AR/ Ry is largest
(0.053%) at the lowest temperature of 5.0 K, decreasing
gradually to 0.034% at 60.0 K, and to 0.018% at 260.0 K.

To determine the intrinsic DWR and get rid of
anisotropic magnetoresistance (AMR), we calculate the
AMR contribution [38,40] assuming Bloch DW and 6 =
arccos[tanh(mx /o 4,,)] [18,41]:

ARAMR 1/°° Ap(0)
Ro L) s pPo

dx,

where [ is wire length of 7.5 um. For ARsmr/Ry at low
temperature, the magnitude is 0.0014% with a factor of 38
smaller than AR/R, and the sign is negative, leading to a
resistance drop rather than a positive jump in Fig. 2. Similarly,
AMR contribution from the rest regions except DW is also
neglected.

IV. SPIN ASYMMETRY RATIO

Our micromagnetic simulation shows that the DW is not
located along the y axis across the weak link, but rather at
the left-hand side of the weak link as illustrated schematically
in the inset of Fig. 4. The terminal edges are pinned at the
narrowest constriction of the nanostructure. The contour of
the DW is approximated as semioval defined by two principal
axes as illustrated schematically in the inset of Fig. 4: r is
the distance of weak link center to the domain wall and b
is the elongation parameter of DW intrusion to the left half
of the nanostructure. Considering the possible deviation of
real domain wall from our simulated spin configuration, we
base our analysis on different shape of the DW contour, i.e.,
the b/r ratio. the DW resistivity ratio (Appw/po) and the
experimentally measured AR/R, ratio obeys the following

3,1

[ bir=10,7,5,

Appulpy (%)

o 1 1 1
0 50 100 150 200 250

Temperature (K)

FIG. 4. Ratio of DW resistivity to the longitudinal resistivity
based on different shape of domain-wall contour b/r. b/r =5 is the
approximated value obtained from micromagnetic simulation. The
inset shows the domain-wall contour shape.
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relationship,
Appw/po = B x AR/Ro,

where § is a constant factor dependent on b/r. For CrO,,
the domain wall width dpw = w+/A/K, is estimated to be
70.2 nm. Figure 4 shows Appw/po versus different temper-
ature based on different DW contour shape (b/r). Assuming
a semicircle contour (8 = 24.7), Appw/po is 1.30% at 5.0 K,
0.84% at 60.0 K, and 0.45% at 260.0 K. However, a large elon-
gated contour with b/r = 10 (8 = 249.8), Appw/po would
be 13.18% at 5.0 K, 8.52% at 60.0 K, and 4.57% at 260.0 K.

According to the theory of Levy and Zhang [29], the
DWR arises from the mixture of resistivities in the two spin
channels, the spin-up channel pg and the spin-down channel
,oé . For current parallel to domain walls (CIW) and current
perpendicular to domain wall (CPW), DW resistivity ratio is
given by the following formula, respectively:

Apcrw _ i(a — 1)

’

Po 5 «
Apcpw  E2 (@ — 1) 10/«
Sherw _ 5 3+ ,
00 5 o a+1

where & = 7/i%kg/4mldpy and a = pl/pg. For CrO,, the

Fermi wave vector kg is 1 A_l; Stoner exchange splitting J
is 1.8 eV. Since charge current flows primarily perpendicular
to the DW, the second formula is applicable in our case. Using
the values of b/r = 5 and 8 = 114.4, estimated from the sim-
ulated domain-wall configuration, we calculate that the values
of Appw/po and p /p¢ are 6.04% and 4256 + 388 at 5.0 K,
3.90% and 2719 + 141 at 60.0 K, 2.09% and 1428 + 416 at
260.0 K, respectively. These are very large values comparative
to conventional ferromagnets (non-half metals). For example,
pg / ,oé in Co films is estimated in the range of 5-20 at room

temperature [14,29]. For Ni and Fe, pg / pé is on the order of

10 at low temperature and 1 at room temperature [42]. The
spin resistivity asymmetry of L1y FePd is about 12 at 50 K
and decreases to about 3 at room temperature [43]. The pg / ,oé
ratio in half-metal CrO; is larger than that in non-half metals
by 2 to 3 orders of magnitude. pg / ,oé decreases approximately
linearly with increasing temperature. Strictly speaking, a half
metal is a zero-temperature concept. At a finite temperature,
the generation of spin waves creates increasing density of
states in the minority band, hence reducing the pg / ,oé ratio.

V. CONCLUSION

In conclusion, we report an observation of DWR in half-
metallic CrO, by employing two types of magnetoresistance
hysteresis loop: full loop and half loop. In our asymmetrical
nanostructure, the field to generate a domain wall is consistent
and stable. Sweeping the magnetic field along the nanostruc-
ture at a critical field annihilates the domain wall. By mea-
suring the resistance jump between the single-domain state
and the single-DW state, we are able to extract the resistance
difference within DW in nature’s ultimate half metal CrO,.
Further analysis presents a very large spin asymmetry in the
resistivity ratio between the majority and the minority spin
channels. We provide our electron transport results within the
domain-wall region over a broad temperature range of 5.0 to
260.0 K. These results may offer insight into the theoretical
understanding of the effect of magnons at finite temperatures
on the integrity of the half-metallic state.
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