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Influence of local anisotropic magnetoresistance on the total magnetoresistance
of mesoscopic NiFe rings
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The magnetoresistance of mesoscopic NiFe rings is studied by low temperature magnetotransport measure-
ments and numerical simulations. In order not to disturb the magnetic states in the electrical transport mea-
surements, nonmagnetic gold wires are attached to individual rings. The simulations compute the change in
resistance that is caused by the anisotropic magnetoresigtakié®) effect and are based on a combination of
magnetostatics for the magnetic domain configuration and electrostatics for the current distribution. Measure-
ments as well as simulations reveal the presence of two stable “onion” states at remanence and a stable
“vortex” state near the switching fields. Moreover, a quantitative comparison between experiment and simu-
lation is possible without the use of any free fitting parameters. Apart from the AMR effect, no additional
domain wall resistance has to be introduced for the onion state. In the switching region, experiment and
simulation reveal the presence of a “stressed vortex” configuration which plays a key role in the quantitative
description of the magnetoresistance. The switching behavior of the NiFe rings can be modified by introducing
a wedge shaped notch at the expected position of one of the domain walls in the onion state of the rings.
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[. INTRODUCTION configuration. Finally, we demonstrate how the introduction
of a notch influences the switching behavior. In order not to
During the last few years, mesoscopic ferromagnetic ringiisturb the magnetic states of the rings, nonmagnetic gold
structures were studied intensively because of their interestyires are attached to all the individual rings for the electrical
ing ferromagnetic propertiés® The shape anisotropy in the measurements.
narrow rings induces two stable ferromagnetic states. An on-
ion state is stable at remanence and can be accessed by satu- II. FABRICATION
ration of the magnetization. This state is characterized by
two opposite head-to-head domain walls. A flux-closure state The rings and the nonmagnetic contacts are fabricated by
or vortex state occurs in the vicinity of the switching fields. combining electron beam lithography and lift-off techniques.
In this case the domain walls disappear and the magnetizd a first step, a ring with inner radius of 2m and outer
tion runs continuously throughout the ring. Because of theiradius of 2.5um is written into a double resist layer which is
particular magnetic properties, the rings are well suited téspin coated on an oxidized silicon substrate. After develop-
study fundamental magnetic properties, including magnetizament a 35 nm thick permalloy80%Ni, 20%F¢ layer is
tion reversal, domain wall trapping and magnetoresistance.deposited in a molecular beam epita®BE) system with a
Arrays of rings were intensively studied by magnetizationbase pressure of 1% mbar. Next, the substrate is immersed
measurements as well as by micromagnetic simulations. Th#§ a hot bath of acetone for the lift-off. In a second step, the
way, the influence of the geometry and the thickness on theame procedure together with a very precise alignment is
switching fields was identified. By introducing notches alongused to attach to the NiFe rings nonmagnetic gold contacts
the ring circumference, one is able to tune the switching ofvith a width of 0.5um and a thickness of 20 nm. To im-
the rings from the onion state to the vortex state. The differprove the adhesion of the Au to the oxidized silicon sub-
ent magnetic states of the rings were visualized by magnetigtrate, a 2 nm thick Ti layer is first deposited. Figui@) 1
force microscopy and Hall probe microscopfyRecently, shows a scanning electron microscopy image of a regular
isolated rings were studied by magnetotransport measurdNiFe ring with the attached gold contacts. A second ring
ments and Hall magnetome®y In this article, we present containing a single notch at the expected position of one of
our study of isolated NiFe rings using magnetoresistancéhe domain walls in the onion state is shown in Fig)1The
measurements and numerical simulations. We show that th@agnified image of the notch shows that it is wedge shaped
measured change in resistance can be compared quanti&Rd extends as far as half the width of the ring.
tively with simulations that are based on the anisotropic
magnetoresistand@dMR) effect” Switching from the onion lll. EXPERIMENT AND SIMULATION
state to the vortex state, the resistance change is mainly
caused by the annihilation of the two head-to-head domain
walls of the onion state. This way a detailed quantitative The magnetoresistance of the rings is measured using a
analysis of the resistance caused by the domain walls is po$ur-terminal ac technique with lock-in detection. The ring is
sible. An essential ingredient in the understanding of thded with a current having a frequency of 27 Hz and a root-
magnetoresistance is the introduction of a stressed vortexean-squarérms) amplitude of 3.5uA. The temperature is

A. Regular ring
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FIG. 1. Scanning electron micrographs of a regular (@gnd 023
a notched ringb). The white arrows indicate the direction of the 00+ 0.00
external magnetic field with respect to the rings while the inset in P PR o 5 o e
(b) shows a magnified image of the notch. ) Magndtlc Fleld (T) ) )
224 (b)
fixed at 10 K(x10 mK), while the magnetic field is applied

in the vertical direction within the plane of the ritigee Fig.
1). The magnetoresistance of the regular ring is shown in
Fig. 2a), where the magnetic field is swept from 0.5 to
—-0.5 T. Atotal resistance change of approximately 215
observed, which is about 1.7% of the resistance of the ring in
saturation(R=128()). In Fig. 2b) a more detailed view of
the magnetoresistance near zero field is shown for the regular
ring (upper continuous curyas well as for the notched ring
(lower continuous curvyeAfter applying a saturating field of 40 30 20 40 0 10 20 30 40
0.5 T, a field sweep is performed from 45 to —45 mT with Magnetic Field (mT)
field steps of 0.05 mT. The switching region can be clearly
recognized in the vicinity of —25 mT. At positive fields the  FIG. 2. Magnetoresistance of a regular NiFe ring for larger mag-
ring remains in the onion state with two opposite head-to.netic fields[continuous curve irig)], and close to zero fieltlpper
head domain walls. In the switching region, the first jumpcontlnuous curve _|mb)]. The open circles correspond to the calcu-
corresponds to the transition from the onion state into théatéd magnetoresistance based on the AMR effect. The lower con-
vortex state. After a steep decrease in the resistance, a secdfjiy/ous curve in(b) gives the experimental magnetoresistance for
smaller jump indicates the transition from the vortex state"® notched ring. Note the different scale for the two rigee
into the onion state with opposite magnetization. The heigh?rrows'
of this second jump is enhanced for the notched ring whe@omain walls. When further decreasing the field, the onion
compared to the regular ring. For a further discussion of thetate remains stable. In Fig(l3 the onion state is shown at
notched ring, we refer to the next paragraph. remanence. A careful analysis of the simulated magnetization
The resistance changes in Fig. 2 can be explained in termgveals a vortex-like configuration of the magnetic moments
of the anisotropic magnetoresistar@MR) effect’ The re-  in the domain walls, consistent with the behavior expetted
sistivity depends on the angtebetween current and magne- from the width and the thickness of our rings. We note that
tization: p=p , +(p,—p,)cos a, wherep, andp, are the re- the shape induced vortex-like domain walls have a width
sistivity for «=90° anda=0°, respectively. Therefore, it is (=500 nm which is considerably larger than the usual do-
necessary to know the current distribution as well as thénains walls appearing in larger NiFe films. At a field of
local magnetization. The latter is calculated using micromag=22 MT, the ring switches into the vortex state, where no

tion of the Landau-Lifshitz-Gilbert equation. Because ourthe vortex state can occur either by the reversal of the left or

rings are made out of polycrystalline NiFe, the crystallinethe right half of the ring. Figure(8) shows the stable vortex

anisotropy term can be neglected. The material parametefgate at a field of —24 mT. At larger negative values of the

used for the simulations are a saturation magnetizatign r:;l\?é tr?c?t m;ggggﬁ rr‘r;(\)/rgggtg Ifnefarl]eaggmérhei;g tg?](;'nog tr:)i,tite
=8.6X10° A/m and an exchangéstiffnesy constantA Y ' 9 P

B 11 L . . . external field. In Fig. &) the vortex state is shown for
=1.3x 10" J/m. The ring is divided into a two-dimensional _ 1 mT. Because of the external field, the moments on the

square mesh containing three-dimensional spins. The laterghy sige of the ring form a zigzag pattern in order to lower
cell size is 12.5¢12.5 nnf, while the damping coefficient e energy. We refer to this feature as the stressed vortex
is equal to 0.05. Figure 3 shows the calculated local magnésonfiguration, which to our knowledge has not been de-
tization for a regular ring at different magnetic fields. For ascriped before. The stability of this new configuration is con-
field of 0.55 T[Fig. 3@)], the magnetization reaches satura-firmed by micromagnetic simulations for a cell size down to
tion. All the magnetic moments point in the direction im- 5 nm, which is comparable to the exchange length of NiFe.
posed by the external magnetic field. When decreasing theinally, at a field of -31.5 mT the ring switches into the
field towards zero, the moments start to align with the bordegecond onion statfFig. 3(€)]. When further increasing the

of the ring because of the shape anisotropy, and the ring wilfield, saturation is again reached. In Fige¥the correspond-

be in one of the onion states with two distinct head-two-headng simulated hysteresis loop can be found.

AR(Q)
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resistivity. The head-to-head domain walls in the two differ-
ent onion state$Figs. 3g) and 3j)] clearly correspond to
regions of low resistivity. Inside the domain walls the mag-
netic moments and the current point into different directions,
explaining the reduced resistivity. In the other parts of the
ring the resistivity is higher because the magnetic moments
tend to align parallel to the current. In the vortex stidg.
3(h)] the domain walls disappear and the resistivity becomes
more homogeneous throughout the ring. Figufg Bicely
illustrates that the zigzag pattern of the stressed vortex con-
figuration[Fig. 3(d)] results in a local reduction of the resis-
tivity.

By integrating the local resistivity over the entire ring, the
total resistance of the ring can be calculated as a function of
the external magnetic field. This calculation is performed for
140 different magnetic fields. The calculated magnetoresis-
tance values are added as open circles to the magnetoresis-
tance plots in Figs. (@ and 2b). For convenience, the re-
sistance is set to zero at a field of 0.5 T for both the
experiment and the simulation. On a larger field s¢&ig.
2(a)], there is a nearly perfect quantitative agreement be-
tween experiment and simulation. The total resistance
change between saturation and remanence is Q.15 the
experiment and 2.26) in the simulation. Figure ®) shows
a more detailed plot of the magnetoresistance around zero
field. Starting from 45 mT, experiment and simulation nearly
coincide until reaching the switching region. According to

FIG. 3. Simulated configuration of the magnetization of thethe simulation, the switching to the vortex state occurs at
regular ring at different values of the applied magnetic figh). -22 mT and the height of the corresponding resistance jump
0.55 T (saturated staje(b) O T (onion statg, (c) —24 mT (vortex  js 0.39(). The experimental switching field of the regular
statg, (d) —31 mT(stressed vortex configuratipand(e) —31.5 mT ring is —19 mT with a resistance jump having an average
(;ec_ond_ onion stateln (f) the_equipotential lines and the _c_urr(_ant height of 0.310+0.02(Q) (averaging over 14 measure-
distribution are shown. Iig)—(]j) the calculated local resistivity is menty. Since the removal of the onion state domain walls
plotted corresponding to configurations of the magnetization Showrl]esults in an increase of the resistance, one can conclude that
in (b)~e), respectively. the appearance of the domain walls results in a decrease of

To calculate the AMR related Change in resistance Correthe resistance. Moreover, our Simulations indicate that the
sponding to the simulated variations in the magnetization, iAMR effect provides a quantitative description of the resis-
is necessary to know the current distribution inside the ringtance decrease and no additional intrinsic domain wall resis-
From electrostatics we know that the current flows in a di-tance has to be introduced. This is in disagreement with pre-
rection perpendicular to the equipotential lines. Figu(® 3 vious experiment§ that report on a negative intrinsic
shows the equipotential lines and the current direction for alomain wall resistance for shape induced domain walls. The
regular ring when a voltage is applied between the two goldabsence of intrisic domain wall resistance can be understood
contacts. We assume the finite width of the gold contact$n terms of the larger width of the domains walls which
does not disturb the current distribution. A second approxiallows the conduction electrons to fully track the changing
mation is that local resistivity changes due to the AMR effectmagnetization direction inside the domain wal&vhen fur-
are neglected when calculating the current distributionther increasing the field towards more negative values, the
Knowing the local magnetization and the current direction,experimental and simulated magnetoresistance decreases
i.e., the anglex between the current and the magnetization,with an almost identical slope. From the local resistivity
the local magnetoresistivity in the ring can be calculated. Thelots, we know that this decrease is caused by the formation
only parameters needed gre andp;, which are determined of the stressed vortex configuration with a zigzag pattern of
experimentally by measuring a reference sample which ishe magnetization. This decrease continues until the ring
simultaneously deposited with the ring. We fipd =1.56  switches into the second onion state. The simulated transition
X107 Om and p;=1.63x10°7 Om, corresponding to an to the onion state takes place at -31.5 mT with a second
AMR ratio Ap/p, =(pj—p,)/p.=4.3%. In Figs. 83)-3(j) smaller jump in the resistance. Experimentally, the onion
we show plots of the local AMR resistivity corresponding to state with reversed magnetization nucleates for the regular
the distribution of the magnetization shown in Figs.ring at —27.6 mT with an almost identical jump. The experi-
3(b)-3(e), respectively. Lighter regions correspond to amental and simulated width of the vortex state is 8.6 and
higher resistivity, while darker regions correspond to a lower9.5 mT, respectively.
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B. Notched ring P e
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The magnetoresistance of the ring with the nofEig.
2(b)] behaves very similar until reaching the second switch-
ing field. The height of the jump at the first switching field
matches very well for both rings. Also, the field range for the
existence of the vortex state is comparable. The main differ-
ence between both rings is the increased height of the second 8
jump into the reversed onion state for the notched ring. Mi- R
cromagnetic simulations of the notched ring and the regular ..
ring shown in Fig. 4 reveal that this can be explained by a qgae”TTTTT I
combination of two effects. First, comparing Figgagand
4(b), the introduction of the notch results in a more pro-
nounced zigzag pattern of the magnetization, resulting in a
lower resistance of the stressed vortex configuration just be-
fore the jump. Second, there is a difference in the onion ,
states after switching has occurred. Because the notch is in- NS =235
troduced at the expected position of one of the two head-to- o=
head domain walls for the regular ring, this domain wall
emerges next to the notch. This results in an asymmetric
onion state with a slightly increased resistafiE@ys. 4c)
and 4d)]. Finally, the calculated hysteresis loop of the
notched ring has been added to Fige)dand can be com-
pared to the corresponding hysteresis loop of the regular
ring.

Magnetization (M/M,)

IV. CONCLUSION

We measured the low temperature magnetoresistance of
mesoscopic NiFe rings. The results are compared to humeri- —— 1
cal simulations which take into account the contribution of “ % 2 0 0 0 20 2 L
the AMR effect to the magnetoresistance. In the calculation Megretic Field (mT)
no adjustable fitting parameters are used. The nice agreement
between simulation and experiment indicates the AMR is th}:

r‘ -

FIG. 4. Micromagnetic simulations of the regular rif{@ and

dominati f . F h ] and the notched rinf(b) and(d)] just before and just after the
ominating source of magnetoresistance. From the compa witch from the stressed vortex configuration into the ‘onion’ state.

son between measurement and simulation we can conclug@e encircled areas indicate the location of the notch. The white
that(i) the stressed vortex configuration is essential to obtaiRng plack contrast reflects the magnitude of the horizontal and ver-
a quantitative description of the resistance behavior @d tical component of the magnetization, respectively(énthe hys-

no intrinsic domain wall resistance has to be introduced tQeresis loop obtained from the micromagnetic simulations is shown
explain the resistance of the onion state. Introducing a notckbr the regular ring as well as for the notched ring.

along the ring circumference results in a modified switching

behavior that can be linked to a more pronounced stresse@sistivity changes due to the AMR effect on the current
vortex configuration and a shift in the position of one of thedistribution.

domain walls. In the future, similar techniques will be used
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