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Abstract

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 single 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 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 p}/p$ 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 the half-metallicity of CrO,.
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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 (DWs) 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 generate DWs and to manipulate or
propagate DWs within magnetic nanostructures. The presence of DWs can be probed by
a magnetic 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
non-trivially from the corresponding electronic structure of a single domain ferromagnet.
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 materials such as Co, Fe,
Fe/Pt, Co/Pt, (Ga,Mn)As, and SrRuO; [11-19]. Spin polarizations of common
ferromagnetic metals (FMs), Co, Fe and Ni, are about 42%~46.5% [26,27]. While some
DWs contribute positively to the underlying single-domain resistance as expected of the
spin texture, some DWSs contributes negatively. The latter has been explained
speculatively by the suppression of electron interference in the weakly localized DW
region [28]. Levy and Zhang [29] proposed 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 scatters 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. p}/pg = 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
fundamental, but also of significance in the applications of DWs in spintronic devices.
For example, probing DWR can be a read-out 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 manipulation 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.

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 of the order of 10 nm, contributing only a tiny volume fraction. The
emergence or disappearance of DWR barely register a noticeable change to the total
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 pm 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 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 4-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 post-
deposition 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 pre-patterned 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 measures 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 our sample fabrication process as follows. First, we sputter a 100 nm-
thick SiO, layer on a 5x5 mm® rutile TiO, substrate, followed by spin-coating a 200 nm-
thick polymethylmethacrylate PMMA 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 nanostructure as
shown in Fig. 1(a). Afterwards, 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,O; precursor maintained at 260 °C and a reaction zone loaded with
Ti0, 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 VSM (vibrating sample magnetometry). CrO, has a tetragonal
rutile structure with lattice constants of @ = b = 4.421 A and ¢ = 2.916 A [33,36]. One
parameter to characterize the quality of CrO, films is the residue resistivity ratio, RRR
= p3ook/Po> between room and low temperature limit. A large RR infers insignificant

impurity-induced elastic scattering, hence, a low concentration of defects in the sample.
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Fig. 1(b) shows the CrO, resistivity of the nanostructure sample as a function of
temperature from 300.0 K to 5.0 K. The residue resistivity is 6.7 pQ-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].

We measure the sample resistance as a function of magnetic field to obtain a
hysteresis loop of resistance or magnetoresistance (MR) defined as [R(Hcx)-R(0)]/R(0).
Fig. 2(a) shows an MR loop within a maximum x-axis field of + 50.0 mT at T = 5.0 K.
Initially, the magnetization direction of CrO, is made to be along the negative x-axis. We
then measure the MR, starting from H. = 0.0 mT 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 as the real
sample, with a cell size of 5x5 nm®. The exchange stiffness constant is A,, = 4.6 X 1077
erg/cm, which is estimated from CrO, Curie temperature of 7 = ~390 K [33]. The
uniaxial anisotropy constant for 100 nm CrO, film is K,, = 9.2 X 10* erg/cm?3 [33]. The
simulated multiple distinctive spin maps under different external fields along 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 to the abrupt jumps
in the MR loops in Fig. 2 (a). Let us trace the magnetic domain state as we start at H,,, = -
50.0 mT and gradually increase the field to +50.0 mT through 0 mT. Within the field
range, -50.0 mT < H,, < 14.6 mT, the entire nanostructure is a single domain with
magnetization vector aligned along the negative x-axis. At the first critical field, H,,, =
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
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the center. Further increasing the field to the second critical field, H,,, = 20.2 mT, 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 towards -50.0 mT repeats the domain 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 analyzing 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 magnetization 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 Fig. 2(b) and (c¢) at T = 5.0 K. 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. Fig. 2(b) shows that the nucleation field to create the single-DW
state is 14.5 mT, whereas the de-pinning field to annihilate the single-DW state is -8.9
mT. While in either state, the MR changes smoothly and reversibly with field, due to a
coherent magnetization process under a field. To remove the contribution of the coherent
magnetization process, 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 Ry + AR) and the single-domain state (with resistance R,) at zero
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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 1s 0.053%. At each temperature, we measure the MR loop multiple
times to provide error analysis. Fig. 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 Fig. 2(b) and (c), as required by the symmetry of

magnetic states under a positive and a negative magnetic field along the x-axis.

Fig. 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 mQ at 5.0
K and 3.6 £ 0.2 mQ at 60.0 K with a negative linear slope of (-1.4 £ 0.2) x 10> mQVK.
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. Fig. 3(b) shows AR/R; as
defined above as a function of temperature from 5.0 K to 260.0 K. AR/R, 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( p— )) [18,41]:

ARgmpr _ f Ap(6 )
R, 1

where [ is wire length of 7.5 pm. For ARsmr/Ry at low temperature, the magnitude 1s

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.

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 pinned at the narrowest
constriction of the nanostructure. The contour of the DW is approximated as semi-oval
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 relationship,

Appw/po =B X AR/Ry

where B is a constant factor dependent on b/r. For CrO,, the domain wall width Spy =
T \/KZ is estimated to be 70.2 nm. Fig. 4 shows Appw/po versus different temperature

based on different DW contour shape (b/r). Assuming a semi-circle contour (f = 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
elongated contour with b/r = 10 ( = 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 p}) and the spin-down
channel p§. 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 g (a—1)?

Po 5 o




Apcpw & (a0 —1)? ( 10\/a>
=— 3+
Po 5 a a+1

where £ = h?kg/4m]8py and a = pl /p§. For CrO,, the Fermi wave vector kg is 1 A™1;
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 P
= 114.4, estimated from the simulated domain wall configuration, we calculate that the
values of Appw/po and ph/py 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, p})/p} in Co
films is estimated in the range of 5-20 at room temperature [14,29]. For Ni and Fe, p}/p;,
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 p}/py ratio in hal-metal CrO, is larger than that in non-half-metals
by 2 to 3 orders of magnitude. p}/py 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 p/py ratio.

In conclusion, we report an observation of resistance jumps corresponding to DW
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 nanostructure at a
critical field annihilates the domain wall. By measuring the resistance jump between the
single domain state and the single domain-wall 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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Figures and Captions
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,. V', 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.
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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.

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. ¢) Similar to b), except under a sweeping field between -17.0 and 30.0

mT. The blue arrows are the magnetic field sweeping direction.
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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 Fig. 1 b) and c¢). The inset is an

expanded view of AR within 5.0 K to 60.0 K.

b) Ratio (AR/Ry) of resistance difference AR to the zero-field resistance Ry in the low-resistance

single-domain state.
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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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