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We investigate the anisotropic magnetoresistance (AMR) of ferromagnetic CoNi microhelices fabricated by
electrodeposition and laser printing. We find that the geometry of the three-dimensional winding determines
a characteristic angular and field-dependence of the AMR due to the competition between helical shape
anisotropy and external magnetic field. Moreover, we show that there is an additional contribution to the
AMR that scales proportionally to the applied current and depends on the helix chirality. We attribute this
contribution to the self magnetic field induced by the current, which modifies the orientation of the magne-
tization relative to the current flow along the helix. Our results underline the interest of three-dimensional
curved geometries to tune the AMR and realize tubular magnetoresistive devices.

The anisotropic magnetoresistance (AMR) has been
intensively studied in the last decades to provide insight
into the charge and spin transport properties of magnetic
materials*? as well as to realize magnetic field sensors®4
and recording devices®® As most of AMR sensors are
thin films, this effect is well-known and characterized for
planar two-dimensional systems. Recently, advancement
in micro- and nanofabrication techniques has opened new
pathways for the investigation of the magnetic proper-
ties of more complex three-dimensional structures ™ in
which curvilinear or chiral geometries potentially allow
for new manifestations of the AMR.

Previous studies have addressed magnetoresistive
effects in curved structures such as ferromagnetic
nanotubes™™ and rolled-up membranes’ 214 In these
systems, the AMR is mainly determined by the shape-
dependent behavior of the magnetization in an exter-
nal field. In order to further exploit the interplay be-
tween structure and magnetotransport, it is appealing
to engineer microscale devices with a geometry that al-
lows for additional AMR effects due, e.g., to chiral do-
main walls™® or self-induced current dependent magnetic
fields and scattering by nonmagnetic chiral defects 1617
The latter effects are expected to induce nonlinear con-
tributions to the AMR that result in a directional de-
pendence of the resistance on the current flowing in
the ferromagnetic structure, similar to the unidirec-
tional spin Hall magnetoresistance reported in ferromag-
netic/nonmagnetic bilayers 282! Tn nonmagnetic conduc-
tors, such chiral nonlinear effects have been observed in
the ordinary magnetoresistance of bismuth helices 19 car-
bon nanotubes,?? and enantiopure molecular crystals/23

In this work, we study the AMR in CoNi microhelices
of left and right chirality. We find that the helical geom-
etry imprints a characteristic angular dependence on the
AMR, due to the competition between shape-anisotropy,
which favors the direction tangential to the helical path,
and external field. This competition results in a differ-
ent angular dependence of the AMR of the helices com-
pared to planar thin films™¥ and tubular structures V14
Moreover, we find that the helical geometry gives rise
to a solenoidal field that interacts with the magnetiza-

tion, inducing a unidirectional contribution to the AMR
that depends on the helix chirality. In the following, we
describe the realization of the CoNi helices and report
on the AMR measurements as a function of current and
magnetic field strength.

The helices were fabricated by means of electroforming
using a Cu mandrel with a diameter of 500 um.?*24 The
wire was coated with ethyl cyanoacrylate super-glue, onto
which the helical pattern was printed by a laser beam
that removed the coating while rotating the wire and let-
ting the laser run along it. The pitch angle was controlled
by varying the rotational speed of the wire and the linear
speed of the laser. The resulting template was then used
for the electro-deposition of CoNi into the conductive
trenches. Finally, the Cu wire was chemically wet-etched,
allowing the helices to be removed from the support. The
alloy stoichiometry determined by energy-dispersive x-
ray spectroscopy is CoggNigg, which is known for its large
AMR in bulk specimens! The helices are polycrystalline
with mixed face-centered cubic, hexagonal-close-packed,
and a minority of amorphous structures#22 All sam-
ples have length, inner diameter, separation, pitch an-
gle, width, and thickness of [ = 10 mm, d = 500 pm,
s =70 pm, « = 9°, w = 50 pm, and ¢t = 8,20 pum,
respectively (Fig. . We present results for two pairs
of samples (four helices in total), which differ from each
other only in thickness, with the first pair of helices hav-
ing a thickness of 8 ym and the second pair of 20 pm. We
will henceforth refer to these samples according to their
thickness, Thin/Thick, as well as their chirality, A/B for
right-handedness/left-handedness.

To characterize the AMR, we measured the electrical
resistance of the helices using a four contact geometry in
the presence of an externally applied magnetic field ﬁem.
We applied an AC current of frequency f = 10 Hz and
amplitude I ranging from 1 to 20 mA in order to separate
the linear (current-independent) and nonlinear (current-
dependent) contributions to the sample’s resistance us-
ing harmonic signal analysist® The total resistance can
be expressed as R = R + R?/| where R and R?f are
the first and second harmonic components of the resis-



FIG. 1. Scanning electron microscopy images of a left-handed
helix and coordinates of the reference system.

tance obtained by Fourier transformation of the voltage
measured between the two ends of an helix. Here, R/
includes the conventional AMR, whereas R/ contains
additional resistive effects that are proportional to I. As
applying a current to a helix gives rise to a solenoid-like
magnetic field Hyoc I , one such effect is the perturbation
of the magnetization M around its equilibrium orienta-
tion induced by the self field, which modulates the AMR
of the helix in addition to ﬁmt. In order to quantify the
observed effects, we compare the normed peak-to-peak
values of R and R?f, given by

Ale R}'r{ax — R;{in
Rmin B le

min

ARQJC R?r{am — R717{zn
y Ronim = le ’ (1)

min

where RL:21 (RM21) are the maxima (minima) of
le,2f.

We begin by investigating R'f to see if the AMR has
any geometry induced effects. Starting with Hen applied
along the long axis of the helix (pe,: = 0°), the samples
are rotated in the yz-plane, yielding R(pez:). Figure
shows R plotted as a function of ¢, for different field
strengths for the samples Thick A (a) and Thin A (b).
For both samples, R'f appears to behave similar to the
AMR of polycrystalline thin-films, given by

R=R, + (R —Ry)(M-1)? (2)

where 2y and R) are the resistance for M 1 T and

M I I, respectively. This behavior produces a typical
unsaturated bell-shaped curve at low field, which transi-
tions into a sin? Yert lineshape as ﬁemt becomes strong
enough to force M along its orientation. However, an
important difference relative to the AMR in thin-films
can be seen in the normed amplitude of R'f, where
ARY /Ronin grows linearly until it reaches a maximum
at 170 mT, and then starts to decline [Fig.[2| (c) and (d)].
This trend can be rationalized by analyzing how R ==
RY (pext = 90, 270°) and R} = RY (pewr = 0, 180°)
change as a function of H,,. The behavior of RS~ can
be explained by considering that the preferred orienta-

tion of M induced by shape anisotropy is the tangential
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FIG. 2. Angular dependence of the AMR on external field. (a)
R of Thick A and (b) Thin A helices for different strengths
of ﬁezt measured for a current of amplitude I = 20 mA.
(c,d) Normed peak-to-peak values AR /RS as a function
of applied field.

direction, for which M || I. For low fields applied at
Yexrt = 90, 270°, ﬁem favors the re-orientation of mag-
netic domains with M parallel to the tangential easy axis,
leading to a large RL/ . For .. = 0, 180°, on the other
hand, the field is aligned with the long axis of the helix
and M is progressively forced towards Z, leading to a de-
crease of Rir{in' As the shape anisotropy in the radial
direction is much stronger than along 2z, the initial de-
crease of R},{in is larger than the change of RL/ .. The
and R/

. 1f .
difference between R,/ . in leads to an increase

of ARY up to ﬁewt ~ 170 mT. At higher fields, M
is saturated along Z, but not along the radial direction.
Thus, R}nfin does not change whereas R/ — slowly de-

creases with increasing field, leading to a small reduction
of ARY.

Another interesting geometric effect can be seen in R/
of the thinner sample [Fig. [2[ (b)], where two minima in-
stead of one appear close to ey = 0, 180°, shifted by
the pitch angle +«. This effect can be understood by
considering one winding of the helix as the projection
onto the yz—plane of two mirrored planar elements, each
with its own M. At Yext = 0, 180°, M is not perpendic-
ular to the current in either of the two elements. As @¢q¢
moves from 0° to a = 9°, M in one element increasingly
aligns itself to the easy axis, which is also the direction of
the current, thus increasing R'/ in this element. This in-
crease, however, is negated by the greater rate of change
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FIG. 3. Angular dependence of the current-induced AMR on
external field. R?/ of (a) Thick A and (b) Thick B helices for
different strengths of ﬁem measured for a current of ampli-
tude I = 20 mA.

away from the easy axis of M in the second element,
which results in a net decrease of R and a minimum
at @zt = £a. This behavior is only seen in the thin he-
lices, as they have a stronger shape anisotropy compared
to the thick ones. Finally, we remark that there is no
noticeable influence of the current and helix chirality on
R,

We now turn our attention to the nonlinear effects in
the AMR, captured by R?/. Figure [3|shows that there is
a distinct current-induced AMR signal that has opposite
sign in right- and left-handed helices and has a different
angular dependence on Hew compared to R'f. Whereas
the difference in chirality has little or no effect on R/,
it clearly produces the mirrored behavior in R2/. This
is a first indication that R?f arises from a self-induced
solenoidal field Hy, which changes sign depending on the
winding direction of the helices. The measurements also
show that the current-induced effects are largest at low
external magnetic fields. This behavior is consistent with
a modulation of the magnetization direction caused by
H 1, as the relative contribution of this field to the to-
tal magnetic field increases for decreasing ﬁezt. Indeed,
for small ﬁem, |R%| is largest at ¢ = 0, 180° as H;
reinforces or weakens ﬁewt in tilting the magnetization
perpendicular to the tangential direction. For large ﬁemt,
on the other hand, only the component perpendicular to
the external field, H;, = Hj sin ..¢, can change the ori-
entation of M in a significant way. As the gradient of
RLf ORY

’ aSoemt
in the change in resistance for small perturbations around

this point, the second harmonic signal is approximately
given by R (0ert) o Hrsin ezt sin 20q4¢, as observed

X sin 2@..¢, describes the linear relationship
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FIG. 4. Field dependence of AR?/ / Ryn;n for (a) Thick and (b)
Thin helices of A/B chirality. (¢, d) Current dependence of
AR* /Ry, for the Thick (c) and Thin (d) helices at constant
external fields of 13.5mT (black) and 550 mT (red).

in Fig. B

Figure 4| shows the normed peak-to-peak values of R*f
of Thick and Thin helices of opposite chirality plotted for
different field and current strengths. Besides the strong
decrease of R?/ with ﬁeam we observe that AR2f/Rmm is
linearly proportional to the current amplitude, reaching
values of up to 0.01 % in the Thin helices for I = 20 mA.
The thickness of the helices can also be seen to have an
effect on the current-induced AMR, as AR?f /R,,;,, of the
Thin samples is generally greater than that of the Thick
ones for fields below 40 mT. We attribute this behavior
to the thinner samples having a greater shape anisotropy
in the tangential direction, which favors the orthogonal-
ity between H; and M at low field, thus augmenting the
current-induced deflection of M relative to the thicker
samples. We note that, according to our interpretation,
AR /Ronin is proportional to the absolute current flow-
ing in the helices, rather than to the current density j.
However, if we normalize the maxima of the curves in
Fig. 4| (a) and (b) by the current density, we find that
ARY /(Rping) ~ 2 x 10712 m2A~! for both Thick and
Thin samples, since the shape anisotropy scales approxi-
mately with the inverse of the thickness,2% as j does. The
difference in the low field magnitude of R%/ for samples
Thin A and Thin B is not understood and is tentatively
assigned to unintentional structural differences between
the two samples. Further, we find that AR?*/ /R,,;,, de-
creases by 14% in shorter helices with L = 5 mm, con-
sistently with the decrease of the axial component of H;
produced by a finite solenoid of reduced length. For the
same reason, we expect that increasing the coil spacing
should reduce R?f.

To check our understanding of the AMR, we tested a
finite element model in which the helix is discretized into
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FIG. 5. Finite element simulations of (a) the angular depen-

dence of R and (b) the field dependence of ﬁi%f for the

sample Thin A with an induced field of uoH; = 56”;;T. (c, d)
Simulations of the angular dependence of R* and field depen-
AR?S
R?nin
Thin A measured for a current of amplitude I = 20 mA. (f)
Schematic of the finite element model used in the simulations.

dence of . (e) Angular dependence of R*/ for the sample

1 = 72 rectangular prismatic elements, each possessing its
own magnetization M;. We computed the magnetic en-
ergy of each element, E,,q,y = —M;- (ﬁext +H; —N~Mi),
where N is the demagnetization tensor calculated by
Aharoni 28 and minimized it to find the equilibrium di-
rection of M;. Once the orientation of the magnetization
is known, the AMR, can easily be determined by sum-
ming Eq. [2| over all elements. Thereafter, R/ and R%f
are separated by a Fast-Fourier-Transform. The results
of our simulations can be seen in Fig. |5 where the sim-
ulated field dependence of the R'f and R?f for Thin A
is shown, assuming that Hj is that of an ideal infinite
solenoid and that \Z\Z'l| is the same for each element and
equal to 0.44 MAm™!, as measured by vibrating sample
magnetometry. Despite these simplifying assumptions,
we find that the model reproduces the main features

of the experimental data. In particular, the first har-
monic characteristics, such as the shifted minima in the
thin sample, as well as the declining behavior of R at
higher fields, see Fig. [2| can be observed. Furthermore,
the amplitude and the main features of the angular de-
pendence of R?*/ are comparable to R?>/ measured on
sample Thin A, as shown in Fig. |5| (¢). A better fit can
possibly be obtained by constructing a micro-magnetic
model taking into account the exchange energy, the in-
fluence of the curvature, the dipolar interaction between
adjacent windings, and the non-solenoidal components
of Hy. However, our simple finite-element model already
provides adequate insight into the linear and nonlinear
AMR of the helices.

In summary, we studied how the geometry of a three-
dimensional helical structure manifests itself in the AMR.
Our measurements show that the geometry and the cur-
rent both influence the AMR. The first effect is due to
the competition between shape anisotropy and external
field that gives rise to a specific angular and field de-
pendence of R, which is independent of the helix chi-
rality and applied current. The second effect, on the
other hand, induces a nonlinear contribution to the AMR
that depends on the relative orientation of current and
magnetization and changes sign in helices of opposite
chirality. The magnitude of this effect, quantified by
AR2f | Rypin, scales with |H;| oc I and is largest when

M 1 Hy in thin samples with strong shape anisotropy.
Such current-induced effects are expected to be general
to chiral magnetic conductors and should allow for a bet-
ter understanding of the magnetotransport properties in
these systems. From a practical point of view, ferro-
magnetic microhelices could find applications as tubular
magnetoresistive sensors in microfluidic channels for the
in-flow detection of magnetic particles 2% Besides provid-
ing a mechanism to sense the presence and direction of
the magnetization, the helices could also be used to gen-
erate gradients of magnetic fields to steer the particles
along the channels. Further geometry optimizations may
lead to enhancements of the observed effects.
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