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The three possible transitions of a wall involving a change of chirality and position of a vortex were
previously identified in Permalloy™ using the Kerr effect. These transitions have now been
simulated using direct integration of the Landau—Lifshitz—Gilbert equation in a 1300000 point
Cartesian lattice. One transition is between two C-shaped, same chirality walls whose vortices are
on opposite sides. The transition is done via a 32-nm-long pi-VBL structure at the surfaces and at
the center via a shape transition 117 nm long. The pi-vertical Bloch(ir¥ BL ), which changes
chirality along the wall, conducts the flux between the walls of opposite chirality via a vortex
structure by letting the magnetization rotate out of the plane of the walls at the center of this vortex.
The Neel caps switch chirality via an antivortex flux at one surface and a vortex flux at the other
surface. Another transition is a pi-VBL that takes place between two C-shaped, opposite chirality
walls whose vortices are on opposite sides of the walls. The transition between ¢hedgs of

same chirality is a jog at the top surface, while it is a vortex—antivortex pair at the bottom surface.
© 2002 American Institute of Physic§DOI: 10.1063/1.1454983

I. INTRODUCTION II. TECHNIQUE

The effect of wall transitiongi.e., Bloch line$ on wall Simulations were developed as described in Ref. 7 by
motion in thin film magnetic R/W heads was experimentallysolving the Landau-Lifshitz—Gilber{LLG) equation nu-
investigated by Argyle using magneto-optic Kerr effect. merically in a regulafxy? grid with 128 points perpendicu-
These transitions were inferred earlier from a Lorentz mi-lar to the wall in(x), 128 points along the wall ify) and 20
croscopy study done by Harrison and Leavéfsing high  points perpendicular to the plane of the film @. The el-
resolution Kerr magneto-optic observation of Permalloyementary volumesia 4 nmcube, which is less than the 5 nm
films, three plausible wall transitions based on wall chiralityexchange length for Permalloy. The boundary conditions are
change and vortex position were propodetléel and  such that the wall, in théyz) plane, is of infinite extent iy.
C-shaped Bloch type sections, which depend on filmThe sample is extended ix direction normal to the wall,
thickness,® were then used to infer the internal structures ofwith two semi-infinite magnetic domains saturated along the
these transitions from experimental observations. These tramasy axisy.
sitions will be referred to as T1, T2, and T3, using the nam-  The initial magnetization distributions for T1 and T3
ing convention of Ref. 3. Recently, the T2 transition has beenvere generated by applying an external field to split a 2pi-
simulated in an 80-nm-thick Permalloy filtnlt is a pi-  VBL structure found in Ref. 6. The initial state is then re-
vertical Bloch line(pi-VBL) between two “C” shaped wall laxed by solving the LLG at zero external field until the
sections of opposite chirality, vortices on the same side of thenaximum angular spin precession is below 0.004 GHz.
wall, and a Nel cap switch at the surfaces. Isolated Bloch ~ The material parameters are exchange congiani.0
wall sections were found to be symmetric at 80 nmx10 © erg/cm, anisotropy fieldH,=2.5 Oe, saturation
thickness’ however, they are C-shaped due to the presencmagnetization 4M,=10,053 G, and gyromagnetic ratip
of the long range magnetostatic effect of the transition. =—-0.0179 Oé ' nsec!. Gilbert damping constank=0.5

In this work, the detailed3D) magnetization structure of is chosen large to speed up the computations since only equi-
transitions T1 and T3 are simulated in an 80-nm-thick Per{ibrium magnetization states are desired. The film thickness
malloy film along with wall transition energies per unit areais 80 nm.
and transition width. Some details of transition T2 have been

included where needed. lll. RESULTS AND DISCUSSION

Figure 1 shows the 3D magnetic wall transitions based
dElectronic mail: makhlouf@bu.edu on chirality change and vortex position. The volume is 512
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FIG. 2. Magnetization configuration at the tog=80 nm), middle ¢
=40 nm), and bottomzZ=0 nm) layers in a T1 wall with a pi-VBL.

vortex—antivortex pair at the bottom surface. The transition
width is 80 nm. The wall energy is increased by 0.43
erg/cnf.

Figure 2 shows the magnetization configuration irkgn
plane, parallel to the film plane, containing a T1 transition at
200 the (a) top surface £=80 nm), (b) middle (z=40 nm), and

X(m) 5807 (c) bottom surfaceZ=0 nm). On the top surfaddrig. 2(a)]
FIG. 1. 3D magnetization configuration in an 80 ®H12 nmx 80 nm vol- th,e magn_etlzatlon rotaftes m. a _Vortex flux when joining tWO
ume of Permalloy film in a wall with a transition tye) T1, (b) T2, and(c) Neel sections of opposite chirality. At the center of the swirl,
T3. IsosurfacegA) and (C) are Neel caps withm,=+0.9M; Isosurface  the magnetization is out of the plane, normal to the surface.
(B) is a Bloch section withm,==0.9M. Figure Zb) shows the middle layer where the two Bloch wall
sections of same chirality are joined in the middle with a jog.
In Fig. 2(c) the magnetization converges into the same point,
an antivortex, as the two Né€sections of opposite chirality
nm long iny, 80 nm wide inx, and 80 nm thick irz. Isos-  are joined at the bottom surface. Identical magnetization con-
urfaces(A) and (C) show them,=+0.9M, component of figurations were found for the T2 transition at the top and
the magnetization, whil¢B) shows them,= +0.9M, com-  bottom surfacé, respectively.
ponent. Isosurfac€D) for m,=+0.9M¢, a funnel- I|ke vol- Figure 3 shows the magnetization configuration inxan
ume, represents the core of a pi-VBL. These isosurfaces ilross section normal to the wall platg) at (a) y=0 nm,
lustrate magnetization changes as the outer sections of tf{E) y=248 nm, and(c) y=512 nm. Nel cap contours for
wall are joined in the wall transition region. The interior my=*0.9M; (dashed and Bloch wall contours fom,=
volume of each isosurface contains a magnetization whose 0.9M; (solid) show the extent of the N and Bloch sec-
corresponding component exceeds the.9M value. Each tions. Figure 8) shows a C-shaped domain wall with &le
arrow vector corresponds to the magnetization vector whereaps of opposite chirality at the film surfaces, a Bloch wall in
indicated. Figure (8) shows a wall transition of type T1 the center with a €z) chirality and an adjoining, right-
between two C-shaped, same chirality walls whose vorticesided, vortex structure marked by an overshoot of magneti-
are on opposite sides of the walls. A C-shaped section of thzation pointing out of the film plane. The cross section at the
wall, aty=0 nm, with a (+z) chirality and a vortex on the center{Fig. 3(b)] shows two symmetric vortices on each side
left is joined, alongy, with another C-shaped section,yat  of the wall with a symmetric Bloch wall at the center. Figure
=512 nm, with a (+2) chirality and a vortex on the right. 3(c) shows another C-shaped domain wall witheNeaps,
The transition between the Mecaps of opposite chirality at but with a Bloch wall of ¢+ z) chirality and a vortex on the
both surfaces is done via a 32-nm-long pi-VBL structure.left side of the wall. The central Bloch sections are offset by
The wall transition at the center is a shape transition 117 nn30 nm in thex direction as the vortices switch sides.
long. The wall energy is increased by 0.38 ergfammpared Figure 4 shows the magnetization configuration irkgn
to the energy of a plain wall. Figurgd) shows a wall tran-  cross section parallel to the film plane containing a T3 tran-
sition of type T2 between two C-shaped, opposite chiralitysition at (a) top surface £=80nm), (b) middle (z
walls whose vortices are on the same side and whost Ne
caps are of opposite chirality. This transition was previously

simulated and is included for comparison. A C-shaped sec- ’E“,B (a)’ 5::1:::: (b) E 21T ::::‘.E:%f\:gi
tion of the wall, aty=0nm, with a (~z) chirality and a N ;”@77332::: S ; : € .vii’,ti"{\'@‘;
vortex on the right is joined, along with another C-shaped 50| NNNSEPE | RS £ HEEES ,:""‘,\\‘:‘ll:i'/":
section, ay="512 nm, with a ¢+ 2) chirality and avortex on B [v13gTscoof i) oo byl
the right. The wall energy is increased by 0.43 erdjanhile G 320 oo 300
the pi-VBL width is 88 nm. Figure (&) shows a wall transi- Position X (nm)

tion of type T3 between two C-shaped, opposite chlrallty, o o ) ]
walls whose vortices are on opposite sides of the wall. Thi FIG. 3. Projection of magnetization unit vectors on xancross section
PP %ormal to the wall plangy2 in a T1 transition at(@ y=0nm, (b) y

transition is a pi-VBL. The transition between theelleaps  —24g nm, andc) y=512 nm: also shown are NEcap contours fom,=
of same chirality is a jog at the top surface while it is a+0.9M, (dashed and Bloch wall contours fom,= +0.9M (solid).
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FIG. 4. Magnetization configuration at the tog=(80 nm), middle ¢ .
=40 nm), and bottomz=0 nm) layers in a T3 wall transition with a pi- and bottom layers of the wall center. For the T1 transition

VBL. [Fig. 6(@)] the spins at the center rotate away hy° from

the (+2) chirality but remain, on average, saturated in the
(+2) direction. At the surfaces, the spins rotate 180° starting
in a Neel cap with (+x) chirality at the top surfacé—x
chirality at the bottom and end in another N¢ cap with
(—x) chirality (+x chirality at the bottom In the T1 tran-

=40 nm), and(c) bottom surface =0 nm). On the top
surface[Fig. 4(a)] the transverse magnetization in onéelNe

section of the wall is joined to another dlesection with a ' . ) . T
sition region, the spins rotate counterclockwise, “up” out of

jog in a direction normal to the wall. At the center of the the plane of the film at the t of nd “down” out of
swirl, the magnetization is out of the plane, normal to the € plane ot the at the fop surtace, a 0 outo

surface. Figure @) shows the middle plane where the mag- the '?’En?';ft the f;!mr(at t.h(\a/é)g[t?r; sug;?le.t ; d end
netization rotates out of the plarigz) of the wall when two € ransitiona pi- - LF19. starts and ends

Bloch wall sections of opposite chirality are joined. An iden- n .BlOCh s_ecpons W.'th opp05|te_ch|rallty_ through a 180° ro-
tical magnetization configuration was found for the T2 tran-tatlon (solid line) of its center spin, passing through a short-

sition at the same middle plafidn Fig. 4(c) the transition ened Nel section with a {-x) chirality, the center of the

between the Na caps is a vortex—antivortex pair at the bot- pi-VBL. At. the tof) surfaqe, the spins remain satgrqted n
tom surface. average withint7° excursion away from the{x) chirality

Figure 5 shows the magnetization configuration inxan except at the transition region, where an excursion-&b

cross section normal to the wall plaf) in a T3 transition out of the plane and *down was computédashed I|n¢' At o
at(a) y=0 nm, (b) y=248 nm, andc) y=512 nm. Nel cap the bottom surface, the spins rotate counterclockwise 360

contours form,= +0.9M (dasheg@land Bloch wall contours Eﬁlottelzd Im_é .St.art":ﬁ ata %T) l;lleel th']‘p atgzl(()_nm,l out .Of
for m,= +0.9M, (solid) show the extent of the N¢ and e plane joining the € 2) Bloch section, back in plane in a

Bloch sections. Figure(8) shows a C-shaped domain wall (iX) g:aelhcap e;_ty=f56 nr(;‘n,_cotrr]]tmumg ﬁp’ljommg tthe
with Néel caps of opposite chirality, a Bloch wall with a ¢ 521)2 och section to end in thex) Neel cap aty
(—2) chirality and an adjoining, left-sided, vortex structure — nm.

marked by an overshoot of magnetization pointing out of the The width of the pi-VBL at the surface for T1 transition

film plane. The cross section at the center of the T3 transitioﬁ‘nd at the center for the T3 transition is determined by ex-

[Fig. 5(b)] shows the core of the pi-vertical Bloch line, wide f[rapolatlon of the linear portion of the curve to 0° and 180.
at the top and narrow at the bottom, whose extent is delim” the surface layer. The widths are 256 nm for a T1 transi-

ited by them, = + 0.9V contour. Figure &) shows another tion at the center but only 28 nm for corresponding pi_—VBLs
C-shaped domain wall with M caps, but with a Bloch wall &t the surfaces. The width is 45 nm for the T3 pi-VBL

of (+2) chirality and a vortex on the right side of the wall. transition.
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