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Direct observation of spin configurations and classification of switching processes
in mesoscopic ferromagnetic rings
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Using nonintrusive imaging techniques we have directly observed the nanoscopic details of the magnetiza-
tion configurations of epitaxial and polycrystalline mesoscopic ring structures withSanm resolution. We
have found head to head domain walls with different spin structures depending on ring width. Further, we can
classify the geometry dependent switching processes according to the number of tra(siitigies double,
triple) that a ring undergoes in a hysteresis cycle. In the case of triple switching we find a state with a complete
vortex core present in the ring.
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Understanding and controlling the magnetic properties of In this paper we use non-intrusive imaging techniques
small ferromagnetic elements is a major challenge in the rapsased on photoemission electron microscdp¥EM), and
idly evolving field of nanoscale science. This is not only duefor higher resolution, scanning electron microscopy with po-
to the fact that these structures allow for the investigation ofarization analysi$SEMPA) to directly observe the different
fundamental physical propertiebut they also have impor- magnetization configurations present in polycrystalline and
tant applications such as in magnetic random access memoepitaxial ring geometries, including details of the different
cells? One key issue is to understand and control the magtypes of head to head domain walls. Furthermore, the geom-
netic switching precisely. To achieve this one needs, first, tetry and material dependence of the switching is comprehen-
have well defined and reproducible remanent states and, sesively studied using both the magneto-optical Kerr effect
ond, the switching process itself must be simple and reprotMOKE) and micromagnetic simulations. We find additional
ducible. A possible geometry that fulfills these criteria is thestates and transitions that allow us to classify the observed
ring geometry, and in particular narrow ferromagnetic rings,switching behavior of all mesoscopic rings into three catego-
which have recently become the focus of intense intérést. ries. Two methods were used to fabricate micrometer-scale
In all the ring geometries investigated so far, macroscopicings, lift-off of polycrystalline Co and PermalloyNiFe)
measurements and micromagnetic simulations suggest thigms grown on naturally oxidized §01) (Ref. 5 and epi-
existence of two magnetic staté$®the flux-closure vortex taxial growth of Co on prepatterned (801)-H substrates.
state and the “onion” state, accessible reversibly from satufor the latter method, the epitaxial rings were obtained by
ration and characterized by the presence of two oppositdepositing a trilayer G00)/fcc Co(100/Cu(100) capped
head to head walls. However, since it is the microscopic spinvith 4-nm Au on a Sil00 prepatterned wafer in a ultrahigh
configuration of the magnetic states that governs the macroracuum molecular beam epitaxyHV MBE) system(base
scopic magnetic properties and switching, nonintrusive im-pressure X 10~ 1° mbar) 2 The lift-off rings were fabricated
aging of the microscopic details of the magnetization includ-by means of a PMMA mask that was patterned by e-beam
ing the exact spin structure of the head to head domain walleriting.*® This was followed by MBE deposition in UHV
at the nanometer scale is needed in order to understand aadd a lift-off of polycrystalline Co or Permalloy layers and 4
control the switching process&s-'!Furthermore the geom- nm of Au to prevent oxidation.
etry and the magnetocrystalline anisotropy are predicted to To image the magnetization configurations we chose
determine the microscopic spin structure of the magneti®EEM and SEMPA, which are nonintrusive techniques in
states’'? for which direct experimental evidence so far is contrast to imaging techniques such as magnetic force mi-
unavailable. croscopy(as shown in MFM imaging of octagonal struc-
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FIG. 1. (Color) (a) Hysteresis loop measured on an array of ritmsger diameteD = 1200 nm, inner diametat=900 nm, and thickness
t=15 nm polycrystalline Cp The magnetization configurations of the onion and the vortex states are shown schematically. Red arrows
indicate the field path used to obtain the rings in the states imaged with PEE} {b) PEEM image of four polycrystalline Co rings. The
top ring is in the clockwise vortex state, the bottom and right rings are in the counter-clockwise vortex state, and the left ring is in the onion
state pointing along the direction of the applied fieldThe field of view is=10 um across and the blue arrow points in the direction of the
photon beam. The color scale indicates the direction of the magnetization with reference to the direction of the incoming photon beam
[magnetization parallel to the incoming photon be@eu) to antiparallel(purple].

tures, MFM can influence and even switch the magnetiézation P and the magnetization directiovi. The secondary
configurationg) Furthermore, unlike MFM, the nonintrusive electrons are used for imaging by a SPELEESbectro-
techniques used here allow us to image even magnetic statssopic Photo Emission and Low Energy Electron Micro-
with no stray field such as the vortex state. PEEM was carscope and the yield difference is visible as magnetic contrast
ried out at the synchrotron ELETTRA in Triestéln x-ray  in the images? To achieve a higher resolution than that pos-
magnetic circular dichroism PEERKKMCDPEEM) the yield  sible with MFM or PEEM, scanning electron microscopy
of secondary electrons created by excitation with circularlywith polarization analysiSSEMPA) was performed at the
polarized light depends on the dot prod@M of the polar-  National Institute of Standards and TechnolddyST).!® In

FIG. 2. (Color) Micromagnetic calculations and SEMPA images of the onion state in a viddel(700 nm,d=900 nm) and a narrow
(D=1700 nm,d= 1200 nm) epitaxial 34-nm fcc Co ringa) SEMPA image of the wide ring. The vortex walls and the magnetocrystalline
anisotropy induced domain structurearked withS) is visible.(b) Micromagnetic simulation of the wide ring. In addition to the vortex head
to head domain wall, the domain structure is visibtegarked withS). The position of the vortex core is slightly different from the SEMPA
graph as in the experiment the position is determined by non-magnetic defects that pin the vortex core, which are absent in the simulation.
The color code indicating the direction of the magnetization is shd@yrSEMPA image of the narrow ringpnly half the ring is shown
No domain structure is seen as the local shape anisotropy dominates over the magnetocrystalline anisotropy. A transverse head to head
domain wall is presenid) Micromagnetic simulation of the narrow ring exhibiting the transverse domain wall.
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this technique, a scanning electron microscope geometry simulations predict different types of head to head domain
extended to include spin polarization sensitive detection ofvalls® It is the type of domain wall that characterizes the
the scattered electrons. In this study SEMPA was used tonion state and is very important to for the switching behav-
measure the in-plane magnetization direction. To investigat®r investigated in Ref. 9 and for the nucleation-free onion to
the switching behavior, MOKE was used to measure hystervortex transitiort For epitaxial samplese.qg., fcc cobalt
esis loops as described in Ref. 3. Simulations were computegtiicromagnetic simulations predict that, in addition to the
by solving the micromagnetic equilibrium equation for eachhead to head domain walls that are also present in the onion
applied field on a square mesh, with a 4-nm cell size. Astate of polycrystalline rings, epitaxial samples should show
conjugate gradient solver and tloMMF packagd® were  additional domainlike features due to the cubic anisotropy.
used for the energy minimization and yielded similar resultsFurthermore, epitaxial samples of different geometries also
The intrinsic parameters used for Co afM =1424 allow the study of the interplay between the magnetocrystal-
x10° A/m, A=33%x10 2 J/m, andK;=6.5x 10" J/n? for  line anisotropy and the local shape anisotropy that is due to
epitaxial rings, whileK,;=0 is used in the polycrystalline the dipolar interactions in this particular geometry. A SEMPA
case. For Permalloy we used =800x10° A/m and A image for a wide epitaxial ringd¥=1600 nm,d=900 nm,
=13x10"12 J/m. As shown in Ref. 3, we can use an appro-andt=34 nm fcc C9 is shown in Fig. 2a). In this wide ring
priate minor loop field path to obtain rings in the onion statethe head to head wall is a vortex wall, since this minimizes
or in the vortex state at remanence. Since we measure dhe stray field at little cost from the exchange energy term as
array of rings with a switching field distribution we can theoretically predicted. The micromagnetic simulation in
switch some of the rings into the onion state while some willFig. 2(b) shows remarkable agreement, although the exact
remain in the vortex state by following the field path indi- position of the head to head domain wall in the experiment is
cated by the red arrows in the hysteresis loop in Fig),1 determined by local defectthe highly energetic vortex core
where the field is relaxed to zero from the middle of theis pinned at non-magnetic defecti addition to the head to
switching field distribution of the vortex to the onion head walls, a domain structure is visible in the SEMPA im-
transition® A low resolution PEEM image of four rings age and in the simulation demonstrating the influence of the
(outer diameteD =1100 nm, inner diameter=850 nm and magnetocrystalline anisotropy for this wide ring geometry.
thicknesst= 15 nm polycrystalline Co, taken at remanence, In narrow rings any deviation of the magnetization from
is shown in Fig. 1b). As expected some rings are still in the parallel to the ring edge will create dipole stray fields. There-
vortex state(two rings have a counter-clockwise and onefore, the magnetization closely follows the shafiecal
ring has a clockwise circulation directipwhile one ring has  shape anisotropyand aligns with the circumference. In this
already switched into the onion state. While it is easy thus t@¢ase no domain features are expected since the strong local
confirm the vortex and onion states with PEEM, the maxi-shape anisotropy supersedes the magnetocrystalline anisot-
mum resolution achieve(B0 nm is not sufficient to resolve ropy. This can be seen in the SEMPA image in Fig) 2nd
the details of the exact magnetization configuration such a the micromagnetic simulation in Fig(® of a narrow ring
the structure of the head to head domain walls in the onioffD =1600 nm,d= 1200 nm,t=34 nm fcc C9. Furthermore
state. in this narrow ring a transverse head to head domain wall is
To obtain more detailed, higher resolution images we us@resent since a vortex wall would have to be compressed into
SEMPA. A higher resolution is essential since micromagnetiche narrow ring resulting in a prohibitively high exchange
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FIG. 3. (Color) MOKE loops of an array of ringsi@) Hysteresis loop showing single switching in thin film ringd® € 1700 nm,d
=1250 nm,t=4 nm polycrystalline Cpwith the magnetization configurations of the onion states shown schematiballyiple switching
in very wide rings with thick films D= 1700 nm,d=300 nm,t=32 nm polycrystalline Co, experimental data: black line, micromagnetic
simulation: empty circles The magnetization configurations are shown schemati¢fibiyn top to bottom: onion, vortex, vortexcore and
opposite onion staje(c) Micromagnetic simulation of the magnetization configuration in the vortexcore (s@it@ code as in Fig. )2 (d)
Enlargement of the experimental data in the interesting field region showing the difference in curvature when the field is applied to the ring
in the vortex statdindicated with pog.and in the vortexcore statéendicated with neg.
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energy. The energetics of the different domain wall types isnatically. Apart from the onion and vortex state, we observe
analyzed further in Ref. 9 and the different kinds of domaina new stat¢schematic in Fig. @) and micromagnetic simu-
walls observed here are in good agreement with Ref. 9. lation of the detailed magnetization configuration in Fig.

While the geometry dependence of the remanent magneti&c)], which we term the “vortexcore” statésince a com-
states can be studied with SEMPA, it is difficult to image plete vortex core is presenfThis state is not stable at rema-
under an applied magnetic field. To study the magnetic statasence, where the ring reverts to the vortex state. This is
and transitions, which develop when a field is applied, webecause both states have a zero stray field but the exchange
make MOKE measurements on arrays of rings. In the limitedcenergy is higher in the vortexcore state due to the presence of
range of geometries and materials that have been studigHe vortex core. In an applied field, on the other hand, the
previously**® only the double switching process discussedgain in Zeeman energy in the vortexcore state makes it en-
above was reported. Here we have varied the film thicknesgrgetically favorable. As the vortexcore state has to be stabi-
and ring width over a very wide rang@im thickness fcc Co  |ized by an applied field, it could not be directly imaged with
5-34 nm, polycrystalline Co 2-34 nm, and polycrystallinethe techniques available, but we can compare the simulated
Permalloy 2—45 nm, ring Wiglth 5-90% of the outer diam_eterand measured hysteresis loops shown in Fiig). The height
D, 300 nm<D <3000 nm) D is kept<3 um for mesoscopic  of the jumps is well reproduced in the simulation. In addi-
rings to prevent the occurrence of complicated and defecfyn 3 very sensitive measure for the type of magnetization
dommate_d_ multidomain states. i configuration is the curvature of the loop when the field is
Ceslg[z?gdItll(()g]te?4t2§p2r§g;r? ; S(l)r/] ft%ing eol)o#gl?ys\\,’vvgcfmggo%; applied. As predicted earlithe curvatured®M/dH? of the

' hysteresis loop is positive when a field is applied to a ring in

types of hy_s;eress behay|or:_ the revgrsal_can oceur with the vortex state and negative if the ring is in a state where a
single transition as seen in Figla or with triple switching vortex core is present, such as the vortexcore state. As seen

as seen in Fig. ®). — . X :
: . . . in Fig. 3(b) and the enlargement of the interesting field re-
To elucidate these different behaviors we consider the(Tgion [Fig. 3d)], the curvature after the first switching is

::aallgiilzgnti;hf?é|§rf?o?r\1/2:ftglrztif8; Zaﬁzgr%aé%r:ggssttﬁ;ebr’/;\if;ﬁposltlve, whl_ch means that the rings have switched _from the
state with a wall structure determined by the geom@see onion state into the vortex state. After the sgcond jump the
Figs. 2a)—2(d)]. Additional simulations show that then there curvature is negative, which means that the_ ring ha_s switched
are t'WO com e.tin switching processes when a reverse fielf(gom_the vortex to the vortexcore state. This negative curva-
. ) competing gp : e tUre is the same as that reported for the case of diswhere
is applied:(i) for rings made of a thick magnetic film, do-

main wall deninning followed by bropadation leads to the?Y direct imaging of the vortex cof@it has been established
aep 9 y propag . that the negative curvature is directly correlated to a mag-
double switching process as seen in FiR) and explained i "co10 \where a vortex core is presént® The similari-
n Ref_s. 3 and 17; andi) in rings with a thin film a reverse .r;[ies in the curvature are due to the fact that physically the
) o : Yime process is occurring when a vortex core is present in a
(nqt necessarily related to the position of the dor_naln v)/,_alls disc (vortex statg or in a ring (vortexcore statewhen an
which _then grows anq spre_ads over the wholg fing unti t.heapplied field is increased: the component of the magnetiza-
opposite onion state is attained. This process is a nucleation-

ropagation process similar to that described in detail in Ref, > parallel to the field direction grows, and hence the vor-
E? %u? in thig case it leads to a single onion(teversey tex core is pushed outwargin the case of Fig. (&) towards
. o ) 9 . : the left] until at the critical field it leaves the structure and
onion switching characterized by a single jump in ¥eH

loop [Fig. 3a)]. This process is very unfavorable in thick the ring attains the onion state. It is now clear why the vor-
oop LFg. Ja)]. P yu X texcore state is only observed in wide and very thick rings:
film rings since the spins are strongly aligned with the edge

S . . .
D> : ) .~“due to the exchange energy it is only possible to “fit” a
Any deviation from the perimeter would be energetically dls—lv ftex core into rings above a certain width and only for

advantageous in this case due to the large dipolar stray fie rge thicknesses the energy gain due to the absence of a

created, whereas in thin rngs the necessary twisting of SIOInsstray field offsets the higher exchange energy of the vortex-
to nucleate a reverse domain can happen easily. Furthermo 8re state

in very thin rings the onion state can be energetically favore In conclusion, we have presented the nanoscopic details

over the vortex state because of the lower exchange energyr o magnetization configurations in mesoscopic rings,

which outweighs the small stray field energy of the onion, ik show the influence of geometry and magnetocrystal-

ﬁzsisfﬁtgr;}aetsajirseﬁln I]‘r:ofr:q?geao\ﬁc% tgt'gtgntg irTeArrr;r\?erse"ne anisotropy particularly on the spin structure of the dif-
onion state. In the sgfter ermallov the sinale switchin iSferent types of head to head domain walls. The influence of

' P oy sing 9 Sihe geometry on the switching processes is evident, and three
observed as well but for thinner rings, since the smaller ex-

. o categories of switching behavior are found. In addition to the
change and saturation magnetization favor the vortex state Auble switching process, thin rings show a single reversal
compared to cobalt. !

To exolain the triple switching observed for wide and ver mechanism, while very wide rings with a thick film exhibit
. -Xplal Ipie switching Ve Wi v ytriple switching where the vortexcore state is shown to occur.
thick rings[e.g., the ring geometry for Fig.(B)], we have

computed a hysteresis loop for such a ring. As seen in Fig. The authors acknowledge support from the Gottlieb
3(b) the simulation reproduces the experimental loop wellDaimler-and Karl Benz FoundatigiM.K.) and the Office of
and the magnetization configurations found are shown schéNaval ResearcliT.L.M. and J.U).
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