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Magnetic configurations in 160-520-nm-diameter ferromagnetic rings
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The remanent states and hysteretic behavior of thin-film magnetic rings has been investigated experimentally
and by micromagnetic modeling. Rings of diameters 160—-520 nm, made from Co using lift-off processing,
show three distinct remanent states: a vortex state, an “onion” state with two head-on walls, and a “twisted”
state containing a 360° wall. The range of stability of these states varies with ring geometry, with smaller width
rings showing higher switching fields and greater variability.
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[. INTRODUCTION potential applications in high-density devices, and it is there-
fore important to explore the effect of diameter, width and
Magnetic ring-shaped structures have been studied fdahickness on ring behavior, in particular the formation and
many years, and macroscopic ferrite rings were used in corgtability of the twisted state. Previous work has shown that
memory, an early magnetic data storage device, over fiftghe switching field for the onion-vortex transition increases
years agd. More recently, there has been an upsurge in inwith increasing diameter and film thickness and decreases
terest in small thin-film ring-shaped structurésr a review  with increasing widtH? and that the vortex state is less
see Ref. 2 motivated in part by their proposed use in mag-likely to occur in rings made from thinner filnfsHowever,
netic random access memoriEsOne appealing feature of there has not been any detailed investigation of the formation
thin-film rings is the existence of well-defined remanentand stability of the twisted state. In this paper, the behavior
states, which could be used to store one or more data bits f Co rings with diameters of 160—-520 nm has been inves-
each ring. Previous work in micron- and submicron-diametetigated as a function of diameter and width. Results are com-
rings** has confirmed the existence of distinct “vortex” pared with the predictions of a micromagnetic model, which
states, where the magnetization runs clockwise or countereproduces the existence of vortex, onion, and twisted states.
clockwise around the ring, and “onion” or bidomain states
which contain two head-on (180°) walls at opposite ends of
a diameter. Lately a third state, called a “twisted” state, was
identified in submicron ring®® this consists of a vortex state Circular Co rings were fabricated using a Raith-150
containing a 360° wall. Although metastable with respect toelectron-beam lithography systéfmand liftoff processing.
the vortex state, the twisted state can exist over a range dfo avoid edge roughness due to pixellation, the rings were
fields and at remanence. The twisted state has also recentlyritten by scanning the electron-beam along parallel single-
been proposed for use in magnetic random access merhorigsixel circular trajectories. Typically 10 fields with an area of
in which the ring is switched between two twisted states by @00x 100 um? were written with increasing electron-beam
small circumferential field. dose. Each of these fields contained nine8arrays of rings
The behavior of thin-film rings has been explored by sev-of various dimensions written in a 120 nm thick polymeth-
eral groups as a function of the geometry of the ring. Theylmethacrylate layer, spun ontd 3liameter Si100) wafers.
ring can be parametrized by its outer diameteits widthw  The resist was developed in a 2:1 solution of isopropy! alco-
(i.e., the inner diameter is given la¢2w), and its thickness hol and methylisobutylketone at a temperature of 21 °C for
t. The majority of experimental work has been carried out or00 sec. After development of the resist, Co2nm)/ Au
rings with outer diameters from about 500 nm up to severa{3nm) bilayers were deposited onto the patterns by electron-
microns®™** but rings with d=90nm and abov®, d beam evaporaton and a final lift-off step in
=180-520 nm> and octagonal ring shapes witll  n-methylpyrrolidone at 120 °C was performed. The rings had
=300-800 nm(Ref. 16 have also been investigated. All the a width variation of less than 10 nm. Figure 1 shows a sche-
rings exhibit vortex and onion states, and transitions betweematic representation of the lithography processing, as well as
the states occur by the movement, formation or combinatioorresponding scanning electron micrograpBEM’s) after
of domain walls. For instance, a vortex state is formed fronthe metal evaporation onto the resist and after the lift-off
an onion state by the unpinning of one wall and its move-step. The films were polycrystalline with grain size of order
ment around the ring until it combines with the other wall. In 10 nm. In the present work we investigate circular Co rings
contrast, twisted states have only been observed in theith thickness of 12 nm, outer diameters ranging from 160 to
smaller rings, with diameters of about 500 nm and béfdw. 520 nm, and widths of 30 nm and above.
This may be a result of the transver@¢eel) micromagnetic A Zeiss LEO 982 scanning electron microscope with
structure of the head-on walls in the onion state in smalleGemini column was used to image the structures. Magnetic
rings, which makes the formation of a metastable 360° walktates were determined using a Digital Instruments Nano-
more likely. scope magnetic force microscopdFM) with a low-
Deep-submicron diameter rings are interesting because afioment tip, typically at 35 nm lift height. MFM tips can

II. EXPERIMENTAL METHODS
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(b)

FIG. 1. Schematic representation of the lithographic processing,
(a) after thee-beam exposure and resist developménit,after the
metal evaporation, antt) after the lift-off step. Partd) shows a
SEM corresponding to stejp), while (e) corresponds to stee), in
an array of rings with outer diameter of 160 nm and width of 30
nm.

FIG. 2. Top row: SEM images of rings with outer diameters of
500 (left), 360(middle), and 180 nn{right column. The larger ring
produce significant fringing field§ with components both  is shown in plan view while the other rings are shown tilted. Middle
parallel and perpendicular to the sample surface(lolike ~ row: MFM remanent images after saturating the sample in a hori-
similarly sized NiFe rings we found no evidence of tip- zontal field of 10 kOe, showing onion states. Bottom row: MFM
induced perturbation of the magnetic states of the Co ringscans after applying reversing fields of 216, 1000, and 1700 Oe,
during repeated scans in different directions. This is attribrespectively. The images show twisted states, except for two of the
uted to the high switching fields of the Co rings. To image,smallest rings which are in the vortex state and therefore show no
the rings were first saturated in an in-plane field of 10 kOe ircontrast.
an electromagnet, then imaged at remanence. Reverse in- R )
plane fields of different magnitudes and opposite direction téit & high field. As the reverse field is increased, the rings
that of the saturating field were then applied and removedyPically switch into a twisted state and then into a vortex
and the rings again imaged at remanence. Remanence imagddte, and eventually into a reverse onion state. By appropri-
were taken every 70—100 Oe. The reverse in-plane fielddte field cycling, all of these states can be imaged at rema-
were appliedn situ in the MFM using permanent magnets nence. Figure 2 shows remanent MFM images of onion,
on an adjustable holder, which were calibrated prior to théWisted and vortex states in rings of different dimensions.
experiments. The maximum field that could be applied at th&nion states are characterized by dark and light contrast at
sample was 2500 Oe. opposite sides of the ring, the 360° wall in the twisted state

Micromagnetic simulations were performed using two-Shows as a dark-light pair, and the vortex state shows no
dimensionaloommF software, available from NISTNa- ~ contrast. o
tional Institute of Standards and Technoldg@ircular ring Based on the MFM data, a qualitative remanence loop for
shapes with equivalent dimensions to those of the experi@n individual ring can be constructed by assigning a rema-
mental structures were discretized into 5xBnm square Nence of zero for the twisted or vortex state and for the
elements. Simulations were also made with 2 nm square eRnion state. An example is shown in Fig. 3 for a 520 nm
ements which gave similar results for switching fields. Thediameter ring. The zero-moment plateau corresponds to the
model used parameters appropriate for hcp (Exchange twisted and vortex states. Two S\_/wtchmg flell;l‘em and
constant A=3x10° erg/cm, saturation momentM,  Hcz. corresponding to the destruction of the onion state and
=1422 emu/c, and anisotropyK,;=5.2x 1¢° erg/cn?), the creation of the reverse onion state, respectily®can
with a damping coefficient of 1. The direction of the uniaxial P& measured from the remanence loops.
anisotropy within each square element was varied randomly Individual rings show a range of switching fields, so to
in three dimensions to simulate a polycrystalline film. TheObtain average values, the collective remanence loop of an
remanent loops were calculated by equilibrating the mag@rray of typically 64 rings was constructed from MFM data.
netic structure at an applied field, then setting the field td-iguré 4 shows how the remanence loops of ring arrays vary
zero, equilibrating the magnetization again and then recalcy¥ith ring diameter and ring width. The field$c; andHc,

lating the remanent magnetization. both increase with decreasing ring width, as shown in Table
I. The dependence of switching fields on diameter is weaker;
Ill. RESULTS from the tableH -, changes little or increases with increasing

diameter, whileH, decreases. This corresponds to a wider
zero-remanence plateau for smaller-diameter rings. Addition-

In all the arrays investigated, MFM indicates that theally, the switching field distribution is greater for narrower
onion state is present at remanence after saturating the ringsgs.

A. Hysteresis of rings as a function of width and diameter
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onion state formed, shown in the minor remanence loop.
However, in a separate experiment to those undertaken to
deduce the minor loop, rings were initially magnetized into

twisted states by a smaller reverse field, then an increasing

N positive field was applied. Average positive fields of 100 and
| \ 200 Oe were required to switch twisted states into forwards
g N JV onion states in nanorings with outer diameter of 520 nm and
£0 VY widths of 170 and 110 nm, respectively. This indicates that
E tHCz HCIJ only a relatively small field is needed to separate the 360°
) wall into its two component head-on walls.
/500 250 0 250 500 Although individual rings behave reproducibly on re-

Field (O . . .
1 ( e) peated scans, there is a wide range of behavior between

nominally identical rings. An indication of the variation in
behavior can be obtained by plotting the range of fields over
which a twisted state is observed in the rings of an array. The
FIG. 3. MFM images of a 520-nm-diameter Co ring showing theﬁeId ranges for th? existence of tW.iSte.d states of sgveral 520-
evolution of remanent magnetic states in the ring as a function Opm-dlame_ter C_O rings are Sh‘?W” in Fig. 5. The twisted state
reverse field, at 0, 108, 179, and 460 Oe. The arrows on the schd] SOMe rings is found over field ranges of several hundred
matic representation of the states indicate the magnetization dire@€: While in other rings the state is short lived. The narrow-
tions in the ring.(a) Onion state(b) twisted state(c) vortex state, €St rings show the most variation in the stability of the
(d) reverse onion state. At the center, a remanence loop of the rinfjvisted states.
has been constructed from these and other MFM images.

@ © O

B. Morphology of the twisted state

Figure 4b) also shows a minor loop for an array of rings  There are four variants of the twisted state depending on
with diameter 360 nm and width 110 nm. After positive satu-which of the two domain walls in the initial onion state
ration, a reverse field of 1370 Oe was applied briefly, whichmoved around the ring and which direction it moved. Four
put all of the rings into the vortex state. An increasing posi-variants observed in a 520-nm diameter ring array are shown
tive field was then applied. At a field dic,, the forward in Fig. 6, two with clockwise and two with counterclockwise

magnetization directions. The variants occurred with equal

) frequency in each array. Although it cannot be imaged di-
S 1.0 (a) R ,*W rectly by MFM, once a vortex state forms from a twisted
-g 05 ./Oj %I state, the vortex necessarily maintains the magnetization di-
< g o/(? rection of the twisted state that precedes it.
-% 0.0 p ! All the twisted states in an array of rings of the same
-.g 05 e O D 5'23‘;';’5}'?'{’{’““"‘ geometry have similar appearance in the MFM images. The
S /8/ / oy o 520/ 135 nm arc angle between the domain walls was estimated by mea-
20 . . —#—520/175 nm suring the angle between the lines joining the center of the
-1200 -800 -400 O 400 800 1200 ring to the centers of the dark and light MFM contrast, as
B 10 indicated in Fig. @). For rings with diameters below 200
"g ' nm, quantitative measurement was not possible because it is
g 05 difficult to resolve the positions of the walls with respect to
£ Lol the center of the ring. Results for 360—-520 nm diameter rings
_§ o E‘:ﬂ“;ggitfg“”“““ (nm) are shown in Table |, along with the corresponding lengths
_g -0.51 /.»' _J a— 360/ 160 nm along the circumference of the ring. The uniformity of this
g _1.01.»'-—-/ i?ggﬁl&o minor loop angle for a given ring width and diameter makes it unlikely
g T - ' ~ that creation of the twisted state is controlled by random
= -2000  -1000 0 1000 2000

. pinning of the walls. Pinning of walls is seen occasionally,
Field (Oe) but this gives a different MFM contrast, as exemplified in
Figs. Ge), 6(f). Figure 7 shows the wall angles measured for

FIG. 4. (a) Remanence loops deduced from MFM data for rings . . . .
with outer diameter of 520 nm and widths of 110, 135, and 170 nm.the twisted, pinned and onion states seen in an array of 520-

The solid lines are provided for clarity and one of the data sets iglm-diametgr 170-nm wide _rings.
mirrored to illustrate the entire remanent lodp) Remanent hys- As the ring becomes wider, the angle between the two

teresis loops for arrays of rings with outer diameter of 360 nm andcomponent head-on walls, and the overall length of the 360°

widths 110 or 160 nm, and for rings with diameter 180 nm andWall in the twisted state decreases. For a constant ring width,
width 40 nm. Note that the field scale is different from thatan A the arc length is constant within the error of the measure-

minor remanent loop for the 360 nm diameter, 110 nm wide rings ignent. In rare cases, other, more complex states were ob-
also shown in which a reverse field of 1370 Oe was applied tsserved, for instance, a double twisted state consisting of two
generate vortex states, then the field was increased back to positid60° walls, as well as a triple twisted state containing a 540°

saturation. wall were reported in 520 nm diameter rings.
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TABLE I. Data for the switching fields, the arc angldetween the positions of maximum contrast in the
MFM images of twisted states, and the corresponding length of the feature in the MFM images, for rings of
different geometries. Data for the arc angles was based on measuring 5—15 rings of each size.

Angle 6 between

Ring Ring walls in the Circumferential
diameter, width, Her, Heo, twisted state, length of twisted
nm nm Oe Oe deg. state, nm
520 170 170 410 388 150+ 36
520 135 330 690 246 109+ 27
520 110 470 850 202 91+9
360 160 150 850 3911 123+35
360 110 240 1900 328 100+ 25
C. Modeling results IV. DISCUSSION

Both remanence loops and conventional hysteresis l00ps The rings in this study are sufficiently narrow and thin
were simulated for single rings with dimensions matchingthat the domain walls have an in-plane, transverse
those fabricated. Figure 8 shows calculated hysteresis loopgaractef® and transitions between the magnetic states are
for a 360 nm diameter, 110 or 160 nm wide ring. The modelaccomplished by the creation, movement or annihilation of
reproduces the decrease in switching field with increasingransverse walls. The switching fieti., represents the field
ring width observed experimentally. There is a reasonablgt which the onion state is destroyed by the unpinning and
quantitative agreement between calculated switching fieldghovement of one domain wall, whilelc, is the field at
and the measured average switching fields, except that thghich the reverse onion state is formed from a wall-free

model underestimatedc, for the narrower ring. ~ vortex state by creation of a reverse domain followed by
Figure 9 shows the calculated remanence loop for the ring

of 520 nm diameter and 110 nm width, along with images of
the magnetization state of the ring at different stages in the
magnetization reversal. Remanence loops display sharper
transitions and a lower saturation magnetization than hyster-
esis loops because the moments relax along the edges of the
rings at remanence. The model reproduces the states ob-
served in the MFM images in Fig. 3. In particular, the angle
between the midpoints of the head-on domain walls in the
twisted state is 25°, which compares well with the measured
value of 20 (=2)° from the MFM measurements.

w170 NM .
e» 135nm _-_

= 110 nm —

[=]
o

4000 750 500 250 0
Field (Oe)

FIG. 5. Field stability ranges for the twisted states seen in three
different arrays of 520-nm-diameter Co rings of width 110, 135, and
170 nm, respectively. Each bar represents the range over which the FIG. 6. Top: SEM of several 520 nm diameter, 170 nm wide
twisted state was seen in an individual ring. Some rings haveings. Below, MFM image$a)—(d) demonstrate four variants of the
twisted states that persist over hundreds of Oe while others showtisted state seen in four different rings. (l) the angled between
twisted state only over a small field range. the domain walls is definede),(f) Examples of pinned states.

144421-4



MAGNETIC CONFIGURATIONS IN 160-520-NM. . .

rings, 520 nm in diameter, and 170 nm wide. The distribution of
angles between the walls in the twisted state is centered at 33°. Tr%e
distribution of angles between the walls in the onion state is cen
tered at 180° while the angles in the pinned states vary.

Pi

B
HisoNE

Number of occurrences

Il Twisted states

I Onion states

nned states

100

150

200 250

Angle between domain walls (degree)

PHYSICAL REVIEW B 69, 144421 (2004

separation of a domain wall pair, at a region of the ring
magnetized antiparallel to the applied field. At;;, the
movement of one of the domain walls and its combination
with the other to make a 360° wall produces an intermediate
metastable twisted state; the twisted state then decomposes
into the vortex by the annihilation of the 360° wall at a field
intermediate betweeH; andH¢,. This intermediate field

is difficult to measure by conventional magnetometry, be-
cause the twisted and vortex states have little or no moment,
but the transition can be detected using MFM. Many of the
rings in this work showed the onion-twisted-vortex-reverse
onion state sequence upon field cycling. In some rings,
twisted states were not seen, which indicates either direct
transitions between the onion and vortex states, or a small

FIG. 7. Histogram of the angles between the domain walls in Costability range of the twisted state compared to the field step

1.0
0.5
E; 0.0
\i.
=
-0.5
Ring diameter/width (nm)
-1.04 —e—360/ 110 nm
~O— 360/ 160 nm
1000 -500 0 500 1000
Field (Oe)

FIG. 8. The simulated hysteresis loop for rings with outer diam-

eter of 360 nm and widths of 110 and 160 nm.

M./ M,
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-0.2+
-0.4+
-0.64
-0.84

-1.0

0o i

1500 -1000

.56:0"'. 0 500
. Field (Oe)

1000 1580

Py e ke

size between measurements. Larger rings, on the micron

cale, have not been reported to show twisted states because
the 360° wall is unstable in wider structutesand easily
annihilates to produce a vortex state.

For the ring geometries and film thickness studied here,
the ring width is the key parameter in controlling the switch-
ing fields, with ring diameter secondary. Bdth:; andH ¢,
increase for narrower rings, in agreement with previous
results>*?19 H, is expected to be lower for wider rings
where the potential energy landscape in which the wall
moves, which is affected by the various microstructural and
shape irregularities in the ring, is flatter. The increask i3
with decreasing width can be attributed to the increasing dif-
ficulty for narrower rings in rotating the moments away from
the edge of the ring to form a reverse dom&iiChanges in
the switching fields with diameter are less dramatic, espe-
cially for wider rings. The data suggest little if any increase
in Heq, but a decrease i, with increasing diameter.
Both Hc; andH¢, have a wider switching field distribution
for smaller and narrower rings. Data from elliptical rings of
constant width’ shows little effect of the radius of curvature
onH¢q, butHe, is lower when the reverse domain is nucle-

FIG. 9. Simulated remanence loop for a ring
structure with outer diameter of 520 nm and
width of 110 nm. Images of the different states
during magnetization reversal are also depicted
for the data points at zero fielgnion statg, at
500 (twisted statg at 800 (vortex statg and
1100 Oe(reverse onion state
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ated in the more sharply curved section of the ring. at a field smaller thamds,. Observations on several rings
The size of the 360° wall in the ring is governed by com-confirmed this expectation qualitatively.
petition between exchange energy, which is minimized by a This work has shown that small rings commonly reverse
greater separation between the two constituent 180° wallyia intermediate metastable twisted states. The remanent
and magnetostatic attraction between the constituent walgtate of a ring could conceivably be chosen from one of eight
due to their stray fields. The circumferential length of thePossibilities (two onion states, four variants of the twisted
360° wall, and the arc angle which it subtends at the cente$tate, and two different vortex stajgsr even more complex
of the ring, therefore depend on the geometry of the ringconfiguration®® under appropriate field cycling, provided
The length of the 360° wall is smaller in narrower ringsthat pinning sites for the walls can b_e controlled. This could
because the total exchange energy is smaller, allowing th@e useful in devices such as magnetic random access memo-
walls to approach more closely, while in rings with the same'i€s, where each ring might store several bits. Readback of
width, the length of the wall along the circumference is simi-the various states could be accomplished by making the rings
lar for different ring diameters. In the example of Fig. 9, thefrom magnetoresistive multilayer stacks, and measuring the
arc angle subtended by the 360° wall is similar to that meal€Sistance of the ring under a small perturbing field. A one-
sured experimentally. bit-per-ring scheme using two twisted states has already been
The behavior of rings, as with other lithographically pat- proposed Even if only the vortex states are uged for _data
terned magnetic elementfr example, Ref. 22 shows con-  Storage, to take advantage of their zero stray f|%itﬂan§|—
siderable variability between nominally identical structures ions between them are likely to involve onion or twisted
The switching fields for transitions between micromagneticdntermediate states, and the switching process will therefore
configurations depend on defects or imperfections in th&lépend on the behavior of domain walls within the rings. As
ring, which affect domain wall generation, pinning, and with conventional magnetic random access memory cells
movement. For a twisted state to form at all, one wall in themade from elongated or tapered elements, the ultimate use-
onion state must move before the other. In a perfectly Symtuln'es_s'of such devices will depend on whether the intrinsic
metrical ring the two walls are expected to move simulta-variability betwee_n the _elements can_be controlle_d. This de-
neously and the ring would switch from the onion to reversgP€nds on controlling microstructural inhomogeneity, for ex-
onion state without forming intermediate statds. practice, ~2MPple, by using an amorphous or single crystal material, or
some edge roughness or microstructural irregularity will al-0n€ with a low magnetocrystalline anisotropy, and reducing
ways break the symmetry of the system. Edge roughness &d9e roughness by improvements in the lithography and pat-
grain size are more significant in smaller patterned strucl€MiNg processes.
tures, leading to the greater switching field distributions and
twisted state stability ranges seen in the smaller and narrower
rings. Notably, in a few rings the pinning sites are strong V. CONCLUSIONS

enough to lead to “pinned states” with domain walls present o omagnetic thin-film rings with diameters of 160~520

at positions different from those characteristic of either onior‘hm made from 12-nm-thick Co, commonly transform from
or tw'?ted sta;te;. We obsgrzved tW'Steg and plﬂned St_l"i‘rt]ea?n onion (bidomain to a vortex(flux-closed state via an
more drequenty mbrlngs W'(; grgak;ter edge rougnhness. Iﬂwtermediate metastable twisted state, which contains a 360°
twisted state can be reproduced by micromagnetic simulgs o Tyisted states can be stable over a wide field range, and

tions, because the edge roughness _due to the disc_:retizatiﬂave a distinctive micromagnetic structure in which the spa-
and the random 3D magnetocrystalline anisotropy mcludeqia' extent of the 360° wall, determined by exchange and

in tlge S|rtnhulat|onsI breﬁkg_k;'t: syfmmetry of the ;Thg.f . magnetostatic interactions, depends on the ring width. Mi-
rom the equal probabiiity o appearance of the four varl- romagnetic modeling also reproduces the formation of the
ant_s(Flg. 6) of the tv_wsted states, it appears t_hat the choice o wisted state during the reversal of a ring. The measured
n’lh'ch waI.I movzs f|rsE|,_r?nd \;]Vh.'Ch d:;gctl?r: |t(;ntt3ves. aroutnhd switching fields for transitions between the onion, vortex and
€ rllng, |sd_ran om. f hls ¢ 0'?? uitimately de eémln_es. wisted states increase with decreasing ring width, vary less
circulation direction of the resulting vortex state. By pinning strongly with diameter, and show significant switching field

one wall, for instance, with a UOtCh' Some con_trol can bedistribution. The transitions between the states depend on the
imposed over the eventual circulation direction of the

tox L and theref I hich variant of th q movement, creation and annihilation of domain walls and are
vortex,” and theretore aiso over which variant ot the précety, o rofore highly sensitive to microstructural and shape ir-
ing twisted state forms.

: regularities.
The minor loop data shows that, as expected, the forma- 9

tion of an onion state from a vortex state occursHai,
irrespective of the direction of the applied field. A similar
result was reported for micron-size rings, in which the onion
state formed at the same fieldl-, for both the minor and The authors thank Henry I. Smith for the use of facilities
major loops However, if the field direction is instead re- at the Nanostructures Laboratory at MIT, and Dario Gil and
versed when the ring is magnetized in a twisted state, thEeng Zhang for useful discussions. This work was supported
field will act to separate the two 180° walls and recreate thdy the Cambridge-MIT Institute, the German Academic Ex-
original onion state. Since domain wall nucleation is not rechange Servic€DAAD), and the Danish Technical Research
quired, the recreation of the onion state is expected to occuCouncil.
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