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Magnetization processes of microstructured NiFe rings are studied by the fringe-field-induced local
Hall effect and numerical model calculations. The changes in reversible and irreversible
magnetization of single rings are detected with very high resolution. We observe that the type of
magnetic transition depends on the ratio between the inner and outer ring diameter. For narrow
rings, sharp transitions from so-called “onion” to the “vortex” state are observed. In rings with
smaller inner diameter, the transitions are more complex. The creation of local vortices and their
spatial movement by applying an external magnetic field are detecte@00@ American Institute

of Physics. [DOI: 10.1063/1.1646223

In recent years the interest in microstructured magneti@and the magnetic field was applied in the plane of the 2DEG.
rings has increased rapidly because they offer potential apFhus the external field does not induce magnetoresistance
plication in magnetoresistive random access memorieand the changes in the Hall signal measured can be attributed
(MRAMs)! Therefore stable well defined magnetic statesto changes in the magnetization of the rings only.
with reproducible transitions are necessary. Generally narrow  The Hall resistance measurements are shown in Fig. 1
microstructured rings show two stable magnetic sfates for different inner diameters. The hysteresis curves change
which are the so-called “onion” state for saturation fields systematically from a reversible transition for the disk to an
and the vortex state. In the vortex state the magnetization igreversible hysteresis curve with two sharp transitions for
orientated circularly and almost no stray field is generatedparrow rings with inner diameters of 1.2 and Juén. The
which offers the potential for high integration storage fact that the absolute change in resistance from saturation at
densities! Most noninvasive investigations have used thepositive and negative magnetic fields decreases with an in-
magneto-optical Kerr effe¢MOKE) and measured averaged crease in hole diameter can be attributed to a systematic
magnetization values of ring arrdys>®or used anisotropic change in the stray field distribution. The measured hyster-
magnetoresistance measureméﬁﬁhe application of local esis curves are normalized and are offset in the following
Hall effect (LHE) measuremenis!! allows one to investi- graphs for a better comparison with the computational re-
gate the magnetization transitions of single rings and insults.
creases the resolution dramatically. In this letter, sharp tran- Detailed insight into the magnetic transitions is obtained
sitions from the onion to the vortex state are observed iy micromagnetic simulations usingommr.'® The three
narrow rings and we measure more complex behavior ifnost significant magnetic transition types are discussed here.
rings with small hole diameters. In Fig. 2, the hysteresis and magnetization pattern for a disk

In our devices an InGaAs based heterostructure with &re shown. By applying saturation fields almost all magnetic
two-dimensional electron gd8DEG) 31.5 nm under the sur- moments are oriented in the field directionin Fig. 2. Re-
face similar to the one in Ref. 12 is used as a local Hallducing the external field yields the creation of a wave-like
probe. The charge carrier density was determined ta be
=1.7x10" cm 2 and the mobilityx=26 000 cm/Vs at
T=0.3 K. A Hall cross is prepared by electron-beam lithog-
raphy and by chemical dry etching. The permalloy
(NiggFey) rings described here have an outer diameter of
row=2 wm and an inner diameter that is varied between
ri»=0.0 (disk) andr;;=1.6 um in steps of 0.4um, so we
investigate a total of five rings. Rings of 60 nm thickness
were fabricated by electron-beam evaporation at base pres-
sure of 5x 10”7 mbar and a lift-off technique. To attain the
maximum signal-to-noise ratio the rings are dislocated on the 100 50 0 50 100
Hall crosses. A typical sample is shown in the inset of Fig. 1. B (mT)

All measurements were performed at a temperature of 0.3 K

FIG. 1. Local Hall measurements of permalloy rings with an outer diameter
of rou=2 um and different inner diameters at film thickness of 60 nm.
dElectronic mail: steiner@physnet.uni-hamburg.de Offset is added for clarity. The inset shows a typical Hall bar sample.

1= 0.0 um (disk) |

Ryjan (@)

0003-6951/2004/84(6)/939/3/$22.00 939 © 2004 American Institute of Physics
Downloaded 31 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.1646223

940 Appl. Phys. Lett., Vol. 84, No. 6, 9 February 2004 M. Steiner and J. Nitta

3 T T S
P < (D
JREeanaaN (i) o NS

2 - i X & il
8 8 i o . z
5 5 oo
‘li)’ 1 ‘6 1 [ \\: Rl |
c c
[=>] [=>}
© ©
= = \
hel hel
L o 8 of ]
© ©
E E
o o
z —— Simulation 2 AP :

—— Measurement Simulation
— Measurement
2 1 1 1 N 2 1 1 1 N
-100 -50 0 50 100 -100 -50 0 50 100
B (mT) B (mT)

FIG. 2. Measured and simulated hysteresis curves for a disk wjgim2  FIG. 4. For narrow rings r,=2 um andr;,=1.6 um) only two sharp
outer diameter. At saturatiofi) almost all magnetic moments point in the transitions are measurable. For saturation fields the onion Glate ob-

field direction. A reversible change into a wave-like st@itewith two vor- served which enters the global vortex stéii¢ without any intermediate
tices arising at the edges of the disk is observed followed by an irreversibleonfigurations. Another sharp transition back into the onion state arises at
transition into a single local vortex stafiéi ). The vortex is shifted spatially ~about—50 mT.

by the external magnetic field until it reaches the disk’s edge and is annihi-

lated.

global vortex state into a local vortexv) which is shifted

. ) ) until annihilation. The complex transition via wave-like and
state(ii) with two local vortices at the edges of the disk. The local vortex states described becomes much simpler by in-

transition into this state happens reversibly and therefore 8reasing the hole diameter of the ring. Figure 4 shows the
smooth change in the corresponding hysteresis curve is olpysteresis curve for a ring with,=1.6 um inner diameter
served. Further reduction of the magnetic field results in and only two sharp transitions observable. The correspond-
magnetization change with the generation of a single locaing magnetic configurations, i.e., the onion stéjeat satu-
vortex (iii ). Such a vortex may be the configuration with theration and the global vortex stai@) are the only stable
lowest energy for a defined external field because antiparalléNagnetic configurations. The creation of intermediate states

orientation of the magnetic moments is minimized towardiS Suppressed because the width of the ring is too small for

the vortex center. The vortex is shifted through the disk relhe creation of local vortices. From the measurements in Fig.

versibly by the external magnetic field until it is annihilated - 2 Value between,=0.8 um andr,=1.2 um necessary for
L : ) L the inner diameter can be estimated to obtain sharp transi-
at the disk’s edge and the saturation configuration is restored = ) .
. ic field tions atry,=2 um and 60 nm film thickness. For smaller
at negaﬂ_ve magnetlc 1elas. ) ) inner diameters the creation of local vortices is favored en-
For rings with small holes;,=0.4 um the onion staté) ergetically.
is observed at saturation magnetization as shown in Fig. 3. | Fig. 5 the irreversible transition fields extracted from
Via a wave-like stateii) similar to the transition in the disk the measurements as well as from the simulations are de-
the ring irreversibly enters the global vortex stéig). This  picted for all rings. Only the upward sweeps of the curves are
state is stable for the interval betweer6 and —14 mT  evaluated but all necessary information is obtained due to
and thus a plateau in the hysteresis is created. By a secosmmetry. The hysteresis curve of the disk shows no irre-

irreversible transition the configuration changes from theversible changes and is not evaluated. The transitions are
referred to as “onion to vortex” and “vortex to onion” tran-

sitions, since we know that intermediate states like local vor-

tices can arise. The inner diameter allows one to vary the
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FIG. 3. Measured and simulated hysteresis curves for a ringryjta 2 um 00 05 10 15 20 00 05 10 15 20
andr;,=0.4 um. Starting from the onion statg) the ring reversibly enters Inner diameter (um) Inner diameter (um)

a wave-like statéii). The global vortex statéii) is irreversibly reached and
forms a stable configuration that produces a plateau in the hysteresis. Via &1G. 5. Transition field dependence on the inner diameter. Only the upward
irreversible transition into a single local vortex stéite the saturation con-  sweeps are evaluated. The simulated values show good agreement with mea-

figuration is reached again. surements for parametefs=3x 10" 2 J/m andM =500 000 A/m.
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switching fields by changing the shape anisotropy for both  The authors would like to thank Y. Lin for fruitful dis-
kinds of transition and therefore is a powerful tool in the cussions and T. Koga and Y. Sekine for their technical sup-
design of rings. In our model calculations we use saturatiomport.
magnetization oM =500000 A/m and exchange constant
of A=3x10" "2 J/m. Although these values are smaller than }J. G. ihu, Y. Zher}g, and G. A. Prinz, J. Appl. Phg3, 66|6i3(2:00-
_ _ J. Rothman, M. Klai, L. Lopez-Diaz, C. A. F. Vaz, A. Bleloch, J. A. C.
the values ‘3“12"7 67bG 000 d?51 000 A/m and fo:fé Bland, Z. Cui, and R. Speaks, Phys. Rev. L86, 1098 (2001.
=5.5-9.3¢10"*“J/m obtained from spin wave resonarice, s p, |j, D. peyrade, M. Natali, A. Lebib, Y. Chen, U. Ebels, L. D. Buda,
the model calculations agree with the experimental results. and K. Ounadjela, Phys. Rev. Le86, 1102(200D.
The saturation magnetization and exchange constant of NiFé;- J-I Hfﬁde;?afc’,&l?fggg M. Kig, C. A. F. Vaz, and J. A. C. Bland, J.
i Appl. Phys.93, :
probably depend on the sample preparation process, the Subg"s voo v Kiaui, C. A. F. Vaz, L. J. Heyderman, and J. A. C. Bland,
strate, the film thickness, and the composition. All simula- app|. phys. Lett.82, 2470(2003.
tions are performed for zero temperature which is a good®M. Kldui, J. Rothman, L. Lopez-Diaz, C. A. F. Vaz, J. A. C. Bland, and Z.
approach for our measurements at 0.3 K. For higher tempera;&“'kﬁpp'-CPhAysi:L\e/tt-78vJ3;‘5‘(3:(23'036 W Wernsdorfer. G. Faini and £
. . . . aul, C. A. . Vaz, J. A. C. bland, V. Wernsdorter, . Fainl, an .
ture§, i.e., room temperature tk]@MMF. co_de still delivers Cambril, Appl. Phys. Lett81, 108 (2002.
qualitatively correct results but the switching values of the 8. Kidui. C. A. F. Vaz, J. A. C. Bland, W. Wermnsdorfer, G. Faini, E.
rings might show temperature dependence. 9Cambril, and L. J. Heyderman, Appl. Phys. L8, 105(2003.
In conclusion, we have applied local Hall magnetometry ﬁgbﬂggﬂs,‘igb,apﬁ'SBELZE?T’ g'\ghgig\ga?;]g' M. M. il and 8. 1 Shac
Fo mlgron-5|zegl Nl!:e rings. The magnetic trap5|t|0ns WEr&or G Manzon, M. Johnson, and M. L. Roukes, Appl. Phys. [Z11.3087
investigated with high resolution. For narrow rings, a sharp (1997.
transition between the onion and the vortex state is detectedtM. Rahm, M. Schneider, J. Biberger, R. Pulwey, J. Zweck, D. Weiss, and
Our LHE measurements at low temperatures and numerich\J/- l';lji’;'t‘;‘”TSkéc ’;Eg:-spgyg hegfricﬁilg(zé’gi . Sato, and H. Takayanag
simulations show that in rings with small holes Ioca_l VOrtiCes 5pn_ 3. Appl. Phys., Part41, 2497 (2002.
are created and that the interplay between reversible and iFThe publicly available object oriented micromagnetic framewxme)
reversible transitions rules the hysteresis curve. This obser-code (http:/math.nist.gov/oommiffis used for all simulations described
vation (evejals _that rings are interesting magnetic _systemgﬂ,\‘/le_rz_ Seavey and P. E. Tannenwald, J. Appl. PI88.2275(1959.
The switching fields can be controlled by the inner diameterisy; gartheimess, A. Thieme, R. Eiselt, and G. Meier, J. Appl. P9,

in good agreement with our computational results. 8400(2003.
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