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Spin curvature induced resistivity in epitaxial half-
metallic CrO, thin films
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Spin configuration inside a ferromagnetic metal influences its magnetoresistive behavior. The local spin
curvature induces excess resistivity from the homogeneous ferromagnetic state. In this work, we charac-
terize the spin curvature induced resistivity in epitaxial half-metallic CrO, nanowires with 100% spin polar-
ization. We control the magnitude of the spin curvature by introducing different geometric notches along
the edge of the wire and applying an external magnetic field. Through magnetoresistance measurements
and micromagnetic simulations, we uncover an empirical relationship between the spin curvature and the
induced resistivity in this archetypal half-metallic solid. This relationship provides a quantitative method to

Received 5th November 2019,
Accepted 4th January 2020

DOI: 10.1039/c9nr09443a

calculate the resistance of magnetic domain walls or other spin textured states. We also study the
influence of the thermal effect on the spin curvature induced resistivity across temperatures ranging from
10 K to 250 K. Thermal magnons worsen spin asymmetry considerably and suppress spin curvature
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Introduction

Spin dependent electron transport has been observed in
various physical systems such as the anomalous Hall effect,"”
spin Hall effect,”® and domain wall resistance.'®™** In ferro-
magnetic metals, the resistivity is strongly affected by detailed
spin configurations due to their spin dependent electronic
structures and magneto-transport.’>>> For example, magnetic
domain wall resistivity (DWR) represents an excess resistivity
resulting from the non-uniformity of spins within a single
domain wall.">**"” In this work, we quantify the spatial non-
uniformity of spins as the spin curvature. According to Levy
and Zhang’s model of DWR based on the two-spin-current-
channel theory, the essential element inducing excess resis-
tivity is the spin curvature."” Spin curvature not only exists in a
domain wall but can also be induced and manipulated through
sample geometry and external field, and is the essential
element of different spin textures.'***>* Understanding the
effect of spin curvature on electron transport is fundamentally
important for innovative magnetic logic*® and memory'® device
applications. One of the best materials for this type of study is
a half-metallic ferromagnet with 100% spin polarization.>®?”
Due to its strongly spin dependent electronic structure, it is
expected that the presence of spin curvature would induce a
large excess of resistivity in half metals. CrO, was first pre-
dicted to be a half metal by Schwarz in 1986® and confirmed
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induced resistivity at temperatures much lower than the ferromagnetic ordering temperature T.

as such through various experimental techniques®®>"

detailed band structure calculations.*>**

In this work, we characterize spin curvature induced resis-
tivity in epitaxial CrO, nanowires by intentionally creating geo-
metrical objects: notches, along the edge of a nanowire. We
have observed a positive correlation between the magnetoresis-
tance (MR) and the spin curvature. In the moderate field range
(IB| < 0.2 T), MR depends on the spin curvature linearly. We
have also studied the effect of temperature on the MR and
spin curvature in the temperature range of 10 to 250 K, below
the Curie temperature (T ~ 390 K).>* The amplitude of the
MR and the dependence of the MR on the spin curvature
decrease with increasing temperature because of reduced spin
asymmetry.

and by

Experiments and characterization

We fabricated epitaxial CrO, nanowires without post-depo-
sition patterning using chemical vapor deposition (CVD) and
selective area growth.*>?® First, we deposited a 100 nm-thick
SiO, film using magnetron sputtering on an insulating TiO,
substrate, which has the same rutile crystal structure as CrO,
and similar lattice constants to it. We then spin-coated a
200 nm-thick electron beam resist layer (950 PMMA A4) onto
the sample, followed by the deposition of a 5 nm-thick con-
ducting Cr layer. Using electron-beam lithography and reactive
ion etching with CHF; (removing SiO,), we exposed the TiO,
substrate in the form of a nanowire as shown in Fig. 1(a).
Finally, using CVD, we deposited a 100 nm-thick CrO, nano-
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Fig. 1 (a) Schematic and SEM image of a typical sample. Each sample is
a 300 nm-width wire with 6 notches. The four leads are designed for
4-wire transport measurements. The samples are classified as Notch-1/
3 and Notch-2/3 according to the notch depth in the schematic. (b) The
resistivity and estimated mean free path of the Notch-1/3 sample in the
temperature range from 2 to 300 K.

wire directly onto the TiO, substrate without the requirement
of post-deposition patterning, which tends to generate edge
and surface defects in a nanowire. The method of selective
area growth is made possible because the sticking coefficient
of CrO, vapor on SiO, is null. Previous studies® have deter-
mined that the spin polarization is 0.96 + 0.01 at 1.85 K in a
CrO, thin film deposited with this method.

Fig. 1(a) shows the scanning electron micrograph (SEM) of
a representative sample. The CrO, nanowire is along the easy
axis [001] direction with a width w of 300 nm. There are six 90°
notches localized along one edge of a nanowire to introduce
spin curvature. We denote the two samples with the notch
depth d of 100 nm and 200 nm as “Notch-1/3” and “Notch-2/
3”7, meaning “Notch-d/w”, respectively. The nanowire has four
leads for transport measurement. No grain boundaries are
observed in the SEM, which confirms that the nanowires are
epitaxial.

Fig. 1(b) shows the resistivity of the Notch-1/3 sample
within the temperature range of 2 to 300 K. At 2 K, p(2 K) ~
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9.2 pQ cm, and at 300 K, p(300 K) =~ 259 pQ cm, with a residue
resistivity ratio, RRR = p(300 K)/p(2 K), of 28.2. These values
are well comparable to those obtained for single crystal
Cr0,:*? p(0 K) = 5 pQ cm, p(300 K) ~ 250 pQ cm, and RRR =
50. We can estimate the electron mean free path using the
approximate relation based on the Boltzmann theory,**”

(em)®n 1 3
> =
€ Aps +Aps P

(1)

where f is the resistivity, and Alg and Al are the areas of the
Fermi surfaces for the majority and minority electrons,
respectively (for CrO,, Al ~ 8.86 A= and AL¢ ~ 0).** Based on
the resistivity data given in Fig. 1(b), we determined that /(2 K)
~ 377 A and (300 K) ~ 13.3 A. These numbers are also close to
the single crystal values of /(0 K) ~ 700 A and /(300 K) ~ 14 A.**
Our analysis validates the high crystalline quality of our nano-
wire. The electron mean free path is much smaller than the
dimension of the nanowire. Therefore, electron transport is
diffusive rather than ballistic.

Results and discussion

We study the dependence of resistivity on the spin curvature
by measuring the MR of our nanowire samples. Fig. 2(a)
and (b) show the hysteresis loops of the MR ratio, defined
as AR/R = [R(B) — R(0)]/R(0), for the Notch-1/3 sample at
10 K over a medium (+0.2 T) and a large (6 T) magnetic
field range, respectively. The initial magnetic field B is
along the length of the wire, i.e., the easy axis, as shown in
Fig. 1(a). The same measurement is performed on the
Notch-2/3 sample over a medium (+0.1 T) magnetic field
range. In Fig. 2(a), as we increase the field from —0.2 T to 0
(point d) and then to +0.02 T (point e), the MR increases
linearly from —0.182% to +0.037% with the field, followed
by a sudden decrease in the MR from +0.037% (point e) to
—0.033% (point f). Further increase in the field causes the
MR to decrease linearly to —0.190% at +0.2 T (point g). In
higher fields as shown in Fig. 2(b), the MR continues to
decrease with the field and reach the minimum of —0.67%
at +2.0 T (point h). Beyond +2.0 T, the MR starts to increase
with the field parabolically due to the strong Lorentz force
on the electron motion.

To understand the MR behavior, we simulated spin maps
for the Notch-1/3 sample in Fig. 2(d) to (h) in key magnetic
fields, indices (d) to (h) correspond to points d to h as shown
in Fig. 2(a) and (b). The simulation was carried out using
Mumax®**?° software, based on the uniaxial anisotropy con-
stant K, = 9.2 x 10" erg cm™ for the 100 nm thick CrO, film,**
the saturation magnetization M = 640 emu cm > for CrO, at
10 K,** and the exchange stiffness constant A., = 4.6 x 1077 erg
em™' estimated from the Curie temperature.>* To reduce the
computational time, we simulate one notch with the length of
5um, which is long enough to eliminate the effect of the edge
on the magnetization near the notches. We confirmed the val-
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Fig. 2 (a) and (b) The magnetoresistance of the Notch-1/3 sample at 10 K within the field range of +0.2 T and +6 T. (c) The spin curvature induced
magnetoresistance (blue) and the fitted Lorentz magnetoresistance (the red dashed line). (d)—(h) Simulated micromagnetic spin maps of the Notch-
1/3 sample at magnetic fields corresponding to the states in (a) and (b) (points d—h).

idity of such approximation by performing a simulation with
the exact same geometry as shown in Fig. 1(a), which shows
the same spin map near the notches. In Fig. 2(d) to (h), the
color scale represents the y component of M (blue along —y
and red along +y). The spin map is the result of the compe-
tition among multiple energy components,

E= Emagnetostatic + Ezeeman + Eexchange + Eanisotropy (2)

3960 | Nanoscale, 2020, 12, 3958-3964

The shape anisotropy energy Emagnetostatic 1S determined
by the sample geometrical details and has the tendency to
align the spins near the edges to be parallel along the edges.
Emagnetostatic 18 the main culprit behind the local spin curva-
ture near the notches. The magnetocrystalline anisotropy
energy Eanisotropy defines the easy axis along the length of the
nanowire. The Zeeman energy Ezeeman = —Ho J"A7I-I§dV forces
the spins to the direction of the external field. The exchange
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energy FEexchange 1S responsible for the ferromagnetic
ordering.

We simulate the spin maps in the following sequence.
Starting at B = —0.20 T, we gradually bring the field to zero
(point d), and the corresponding spin map is shown in
Fig. 2(d). The overall M vector is along the —x direction.
Increasing B to +(0.02 — §) T (point e) introduces more spin
curvature in the spin map as shown in Fig. 2(e) in order to
lower the Zeeman energy. At this moment, a slight increase in
B to +(0.02 + &) T (point f) leads to a switching of M to the +x
direction as well as a sudden decrease in the spin curvature
due to the sign reversal of the Zeeman energy. Fig. 2(f) shows
the corresponding spin map. The sudden decrease in the MR
in Fig. 2(a) is caused by such a decrease in the spin curvature.
B increases to +0.20 T at point g, and the corresponding spin
map is shown in Fig. 2(g), where it becomes obvious that all
the spins tend to be aligned along the +x direction with
reduced spin curvature. When B is as large as 2.0 T, all the
spins align perfectly along the +x direction as shown in
Fig. 2(h) and the MR value saturates to its minimum without
the spin curvature.

A simulated spin map reveals the spin curvature in the
corresponding field. For further analysis of the spin curvature
dependent MR, we must exclude the contribution from other
MR effects such as anisotropic magnetoresistance (AMR) and
Lorentz MR. The AMR contribution is due to the angular vari-
ation between the electrical current density and the local mag-
netization vector,"”*® as described by the following relation:

p(0) =pi + (p| — p1)cos’ 0 3)

where @ is the angle between the magnetization (1\71) and the

N M

current flow direction (J), iLe., cos 0 = {—4; p1 and p are
i

the resistivities when j is perpendicular and parallel to M,

. Pl —PL
respectively. Anwar et al. have found ——

= 0.7% in epitax-
Po
ial CrO, thin films at 4.2 K.*' From the simulated spin maps

M(x,y) as shown in Fig. 2(d)-(h) and the current flow map
j(x7 y), which is calculated from the same notch geometry
using COMSOL Multiphysics®, we derive a distribution of res-
istivity p(x, y) using eqn (3) in different fields. By feeding the
distribution of resistivity p(x, y) into COMSOL Multiphysics®,
we derive the resistance in the corresponding fields under
AMR. The resistance difference at 0 T and 2 T is ~0.001% in
our nanowire with notches, which is two to three orders of
magnitude smaller than the measured MR as shown in
Fig. 2(a) and (b). The negligible AMR effect is expected since
the change in the spin map in our experiment is small and
only exists around the notches. Compared with the 90° change
across the whole sample observed from the AMR measure-
ment, the AMR contribution in our experiment should be
orders of magnitude smaller than 0.7%.

In Fig. 2(b), a significant positive Lorentz MR is observed.
The Lorentz MR can be approximated as a quadratic function
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of the external field B.>” The red dashed lines in Fig. 2(b) show
the fitted curve with eqn (4) with the coefficient £ = 6.5 x 107,

= (4)

The strength of the Lorentz MR is another indication of the
crystal quality of our sample.’” £ = 8 x 10~ has been reported
in CrO, thin films with an RRR ratio of 71 as measured in the
same longitudinal (B//j) configuration.*? In contrast, a CrO,
sample with an RRR ratio of 11 did not show a Lorentz MR up
to ~4 T.*

Besides the AMR and Lorentz MR, we also exclude the inter-
grain tunnelling magnetoresistance, which is significant in
polycrystalline CrO,,** because no grain boundaries are
observed. Even if there are any grain boundaries, the low
density of the grain boundaries contributes to negligible inter-
grain tunnelling MR. The magnitude of spin disorder scatter-
ing induced by the defects and boundaries should also be
small considering that the defect density in our sample is low.
More importantly, both effects do not distinguish between
different sample geometries, but our experiment shows that
the strength of MR depends strongly on the notch geometries,
which will be discussed later. Thus, we conclude that the MR
effect in our measurement mainly arises from the Lorentz MR
in a high field and spin curvature induced MR.

In Fig. 2(c), we decompose the overall MR versus B depen-
dence into two parts. The positive part (red dashed line) is due
to the strong Lorentz force on the electron motion. The nega-
tive part (blue solid line) is primarily caused by the spin curva-
ture within the nanowire. The negative spin curvature induced
MR increases linearly in a low magnetic field and becomes
saturated at about ~3 T with a maximum MR ratio of —0.73%.

According to Levy and Zhang’s model,"” the essential
element inducing excess resistivity is the spatial gradient of
the spin angle: |V0)|. d(x, y) is the angle of a local spin relative
to the x-axis. V@ leads to a mixture of two spin current chan-
nels. It induces extra resistivity by partly removing the short
current circuit between the two spin current channels. To
capture the cumulated effect of the local spin curvature on the
MR, we define the averaged spin curvature as K = |VO:f|aye,
where j(x, y) is the unit vector of the local current density. The
expression of K ensures that the spin curvature component
along the local current flow direction contributes most to the
excess resistivity. It is averaged over the region between the
voltage leads so that the relationship between the MR and the
spin curvature is retained regardless of the region we measure.
For each magnetic field, the MR is derived from measurements
excluding the Lorentz MR as shown in Fig. 2(c), and we calcu-
late the spin curvature K(B) based on the simulated spin map
O(x, y) in each field and the current density vector j(x,y) from
COMSOL Multiphysics®.

Fig. 3(a) shows the dependence of the MR ratio on the aver-
aged spin curvature change (relative to zero field): AK = K(B) —
K(0) at T = 10 K. The star points are from the Notch-2/3
sample, measured between —0.01 T and 0.1 T. The square

Nanoscale, 2020, 12, 3958-3964 | 3961
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Fig. 3 (a) The relationship between the magnetoresistance and the spin
curvature change (relative to zero field), AK = K(B) — K(0), from a simu-
lated spin map for both the Notch-1/3 (star points) and the Notch-2/3
sample (square points). The color of the points represents the external
field as shown in the color bar. The black line is the fitted curve obtained
using eqgn (5). (b) The calculated spin curvature change versus the exter-
nal field for both the Notch-1/3 and the Notch-2/3 samples. The green
line is the ratio of the spin curvature between the Notch-2/3 and the
Notch-1/3 samples.

points are from the Notch-1/3 sample, measured between
—0.02 T and 2 T. The fact that the square and the star points
all fall on the same trendline suggests that the induced resis-
tivity is primarily dependent on the averaged spin curvature
change in a sample, and not on its detailed geometrical shape.
The color of each point represents the corresponding external
field applied for the MR measurement and spin curvature cal-
culation. When |B| < 0.1 T, the MR ratio is almost linearly
dependent on AK. When |B| > 0.1 T, the MR ratio decreases
faster with AK, reaching the saturation point of MR = —0.7%
as K(B) approaches zero and AK approaches a minimum of
—2.5 x 107" nm™". This trendline can be fitted empirically as
the sum of a linear term and half of an S-shaped term (we
choose tanh) centered at the saturation point,

LN +Dbtanh(c(AK +2.5x 10 *nm ) +d (5)
p

We derive parameters as follows: @ = 3.4 nm, b = 6.5 X 107>,
c=1x10"nm, and d = —-6.5 x 107>,

3962 | Nanoscale, 2020, 12, 3958-3964
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In Fig. 3(b), we show the averaged spin curvature change,
AK, as a function of B for both the Notch-1/3 and Notch-2/3
nanowires. As shown in Fig. 2(d)-(h), when the magnetic field
is negative, the spin curvature increases (AK > 0), and the
corresponding MR is positive; when the magnetic field is posi-
tive, the spin curvature decreases (AK < 0), and the corres-
ponding MR is negative. The value of AK in Notch-2/3 is
always larger than that in Notch-1/3 by a constant ratio of
~1.47. This is qualitatively consistent with our measurements
that in the same field, the MR ratio in Notch-2/3 is larger than
that in Notch-1/3 by a factor of ~2.2, and the value is 50%
larger than the simulated result.

Based on our model, the excess resistivity induced by the
spin curvature reported in this work shares the same physics
with the domain wall resistance (DWR). We should be able to
infer the DWR using eqn (5). The domain wall width in CrO,

. . A .
is estimated to be Spw = 7y /f = 70.2nm.***> Assuming that
u

the angle of the spin changes with the position x as the func-

X

tion cos @ = tanh ( 5 ),36'45'46 the averaged spin curvature in

DW
the range of (—35,35) nm is 3.3 x 10~> nm™ ", which corres-
ponds to a DWR of 19% based on eqn (5). This value is a bit
larger than that mentioned in a previous report on the DWR of

1

. . A .
CrO,, which estimated that 2PDW s in the range of 1.3% to
P

13% at 5.0 K.*® This discrepancy arises from the assumption

X

of cos 0 = tanh (6 ) : the spin curvature is only along the

DW
x-axis and ignores the y-axis direction. Alternatively, we have
simulated a domain wall in CrO, with the parameters men-
tioned before and obtained the spin curvature K = 4.7 x 107>
nm™" when the current flows perpendicular to the DW. The
domain wall resistivity is estimated to be ~3%, which is con-
sistent with the published DWR range of 1.3% to 13%.%® The
DWR of 3% implies a high spin asymmetry of ? ~ 2000 based
1

on the model of Levy and Zhang."”

Finally, we present the change of the magnetoresistance
with temperature. As shown in Fig. 4(a), the MR ratio changes
linearly with the external field. The slope of the MR ratio
versus the magnetic field decreases from 10 K to 200 K. By
fitting the linear relationship between the MR ratio and B, we

. AMR . .
obtained the slope within temperature ranges from 10 K

to 250 K as shown in Fig. 4(b). It shows that the magnitude of

AMR e s .
the slope decreases with increasing temperature for both

AB
Notch-1/3 and Notch-2/3 nanowires. It is primarily because

half-metallicity is a low temperature physics phenomenon.*”
At higher temperatures, the increasing magnon population
causes increasing density of states at the Fermi surface for the
minority spins. The reduced spin asymmetry lessens the effect
of the spin curvature in generating excess resistivity.

From 10 K to 200 K, the slope of Notch-2/3 is always larger
than that of Notch-1/3 due to the larger spin curvature. At

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Magnetoresistance of the Notch-1/3 sample at 10 K to 200 K

AMR
in the field range of —0.2 T to 0.2 T. (b) The slope AB versus tempera-

ture for the Notch-1/3 sample (black dots), the Notch-2/3 sample (red
dots), and the sample with no notch (orange dot) from ref. 44. The

AMR
green line represents the ratio of “AB between the Notch-2/3 and

Notch-1/3 samples.

AMR
10 K, the slope is NI —0.95%/T for Notch-1/3 and —2.0%/T

AMR
for Notch-2/3. At 100 K, is —1.2%/T for Notch-2/3 and

—0.7% for Notch-1/3. For comparison, we include the data
point for an epitaxial CrO, nanowire without notches, showing

AMR L
that at 77 K the slope is —0.15%/7,"* which is about one

order of magnitude smaller than those of our nanowires with
the notches due to their negligible spin curvature. It further
confirms that by introducing notches into the nanowires, the
induced spin curvature generates excess resistivity effectively.

AMR
The ratio of the slope
AB

samples is represented by the green curve in Fig. 4(b). The
slope ratio is at its largest at 2.2 at 10 K, primarily because the
spin curvature of the Notch-2/3 sample doubles that of the
Notch-1/3 sample. As the temperature is increased, the slope
ratio decreases steadily, decreasing to 1.3 at 200 K. The
decrease of the slope also proves the decrease of the spin cur-
vature induced resistivity, which depends highly on the sample
geometry. At higher temperatures, other mechanisms such as
the suppression of spin fluctuation by the magnetic field may

between Notch-2/3 and Notch-1/3

. AMR
contribute to the MR.*®*° Therefore, the curves of for
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Notch-1/3 and Notch-2/3 converge at high temperatures, and
the ratio of the slope decreases to ward 1.0.

Conclusion

We have quantitatively measured spin curvature induced resis-
tivity in epitaxial half-metallic CrO, nanowires. The spin curva-
ture is introduced by creating notches along the edge of the
nanowires. An external magnetic field is used to control the
degree of spin curvature and to observe magnetoresistance.
Our analysis shows a strong dependence of magnetoresistance
on the spin curvature. This relationship of resistivity versus
spin curvature is linear when the magnetic field is in the range
of +0.1 T. MR measurements at different temperatures show
that the effect of spin curvature on the resistivity is the highest
at low temperature. It offers insight into the influence of the
thermal effect on half-metallicity, which is highly relevant to
spintronics application using half-metals at room temperature.
We have estimated the magnetic domain wall resistivity for
CrO, based on our obtained relationship between spin curva-
ture and induced resistivity and concluded that it is consistent
with the experimentally measured value of DWR.
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