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Magnetic domains — early views

magnetized state

unmagnetized
state . |
original image taken from:

B. D. Cullity

Introduction to magnetic materials
Addison-Wesley, Reading,
Massachusetts 1972
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Magnetic domains - preliminaries

*Real ferromagnets at zero applied field are usually divided into domains which are
magnetized in different directions [1,2,3]
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Magnetic domains in a single grain (outlined with a black
line) of non-oriented electrical steel. The photo shows an Visualization of meandering domains (image taken
area 0.1 mm wide. The sample was polished and with CMOS-MagView).

photographed under Kerr-effect microscope. The
polishing was not perfect - there is an angled scratch
through the whole width of image (top half of the photo).
The area outside of the grain has different crystallographic . . .
orientation, so the domain structure is much more complex. Typlcally the_ magnetlc domains are of
The arrows show the direction of magnetisation in each 10-100um size

domain - all white domains are magnetised "up", all dark
domains are magnetised "down".
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Magnetic domains - preliminaries

*Real ferromagnets at zero applied field are divided into domains which are magnetized in
different directions [1,2,3]

*Barkhausen noise was the first confirmation of the domain concept [3].
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*Usually it can be safely assumed that magnetic moment direction within a given domain is
constant in areas distant from the boundaries with other domains (domain walls)
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Magnetic domains - preliminaries

*Magnetic domains are of magnetostatic origin and their shapes and sizes can be calcu-
lated within the classical electrodynamics™:

D. Clarke, O. A. Tretiakov, and O. Tchernyshyov,

PHYSICAL REVIEW B 75, 174433 (2007)

FIG. 5. (Color online) A stationary configuration obtained from
a random initial state in a disk of thickness of 14 nm and diameter
of 400 nm. Magnetization length M=1.4xX10° A/m, exchange
constant A=3.3% 10~!! J/m, exchange length A=5.2 nm, and easy-
axis anisotropy K=1.5X10°J/m? yield k=022 and k,=0.45.
Magnetization points up in the red (light gray) regions and down in
the blue (dark gray) regions. Numerical simulation using OOMMF
(Ref. 18).

*quantum mechanics enters through exchange, anisotropy etc. constants
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Magnetic domains - preliminaries

*Magnetic domains visualized in bulk materials (propagation of volume magnetization)
*Neutron refraction at domain walls allows the visualization of the domain structure.

(b)

FIG. 1. (Color online) (a) Setup with the source grating G, the phase
grating G, the analyzer absorption grating G,, and an electromagnet creat-
ing a horizontal variable magnetic field around the sample. (b) Multiple
refraction of neutrons at magnetic domain walls in the sample causes a local
degradation of the coherence of the neutron wave field and results in a
decrease of the local fringe visibility of the interference pattern.
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C. Grunzweig, C. David, O. Bunk, J. Kohlbrecher, E. Lehmann et al.,

Z J. Appl. Phys. 107, 09D308 (2010)

. 2. (Color online) Neutron DFIs of the geometry-dependent magnetization process of the polycrystalline steel plate for different orientations w=0°, 22.5°,
and 45°. Different magnetization behaviors and starting ponts of the propagation of the volume magnetization for each orientation are observed. The yellow
color in the DFIs indicates domain wall-rich areas.
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Origin of magnetic domains

*Consider a infinite cylinder, with 2R diameter, magnetized uniformly:

. *The discontinuity of magnetization at
[pmagn:_v M} outer boundaries creates magnetic
charges at the surface of the cylinder
(see L.2)
0,(F)=§ B[ VA gt
S 7] 4 7]

1 o -
*Using the expression for the shape anisotropy energy (from L.5): Edemag—z Vu,(N-M)-M,

btain for th it length al :
we obtain for the energy per unit length along z V —volume of the sample

1 1

2 2 T 24,2
EdemagZEMOEMS]TR :MOZR MS

Tdemag factor for cylinder N +N +N =1
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Origin of magnetic domains

«Consider now a infinite cylinder magnetized as shown below (i.e., divided into two
antiparallel domains):

. oIt is assumed that both domains are of
[Pmagn:_v'M} equal sizes
*The division into the domains
changes the distribution of magnetic
surface charges over the surface of
the cylinder

*\We outline now the derivation of the demagnetization energy of the two-domain cylinder
(that part is taken from A. Aharoni [2]).
*The magnetization is:

+1 if p>0, e, O0<@p=<nm
M =M _=0, M =M X

y z X

-1 if .0, ie.,, m<@=<2m
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Origin of magnetic domains

*The step function can be expressed as a Fourier expansion:

My ‘
sin[(2n+1)¢]
=—M
0.5 ;E% 2H4‘1
| ' ‘ ' ' ' f 1000 ©
[Rad] ¢ ma
: 1. :

~10] - — cosasmﬁzi sin (o + B)+sin(a— B))
*The normal component of magnetization (i.e., the one creating magnetic charges) is then:

o sin[(2n+2)¢|+sin[2n ¢ ]« (2
M”_MP_MXCO|S M Z 2n+1 osm 2n+2)¢l=sin[(2n+1)p+¢]=

2sin (2n+ )¢ ]cos(¢)—sin(2n¢)

*The sum can be broken down into two sums [2]: sin[(2n+1)¢]cos(¢)= [Sm [(2n+2)¢]+sin(2n¢)]

4

2 1 :
M, == SZ!Zn : 2n 1]3m[2n¢]

the second term is null for n=0 and in the first term

n is replaced by (n-1) so that the sum starts effectively from n=0 pon—1; Sol(2n+2)g]  sin(2ng)

2n+1 2n—1

Urbaniak Magnetization reversal in thin films and... —




Origin of magnetic domains

*The boundary condition, at cylinder surface, for magnetic scalar potential U is [2]:

0 0 IR nsin(2n¢) I 1 4n
(ap Umside_é_onutside) _M _M Z 2n+1)<2n_1) 2n—1+2n+1_(2n+l)(2n—1)

o =Radius

*\We seek a solution of the form (guessing):

U= Zu )sin(2n¢)

«Since magnetization is constant throughout the domains we have VU =0 and:

0 2 2 Laplacian in cylindrical coordinates:
Viu=Ysin(2ng)| Lot 2910, ()
2 P 0 2 n 2
n=1 0 P p 2,10 (8 16° 0
vf_r@r rarf+2a 2f+62f

*Because we are calculating demagnetization energy we need only magnetic field within
the cylinder. The solutions to differential equation in the Laplacian of U are*:

(p/R)"  if p<R
u,(p)=c,X

(p/R)™  if p=R

*negative powers are introduced to have vanishing potential at infinity;
constant R is introduced to comply with magnetostatic problem - p" is
a solution too.
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Origin of magnetic domains

*The boundary condition, at cylinder surface, for magnetic scalar potential U is [2]:

0 0 _8 nsin(2n¢) I 1 4n
i (ap Umside_% Uoutside)p_Radms_M _M Z 2n+1)(2n_1) 2n—1+2n+1_(2n+l)(2n—1)

*\We seek a solution of the form (guessing):

U= Zu )sin(2n¢)

«Jince magnetlzation is constant throughout the domains we have V’U =0 and:
® ol 16 4n° Laplacian in cylindrical coordinates:
D . . vy Tn
\% U—;sm(2n(p) 5 2+'08p = )un(,o) |52 .

2,10 [0
vf_r@r(rarf

*Because we are calculating demagnetization energy we need only magnetic field within
thie cylinder. The solutions to differential equation in the Laplacian of U are*:

+2a 2f+a2f

(p/R)"  if p<R
u,(p)=c,X

(p/R)™  if p=R

*negative powers are introduced to have vanishing potential at infinity;
constant R is introduced to comply with magnetostatic problem - p" is

a solution too.
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Origin of magnetic domains

«After substitution of Uinside and Uoutside WE have:
g 2n

>, |2 2n

nsin(2n¢) 2M R
Zo9\R TR MZ w o

(2n+1)(2n—1)

sin(2n¢ )=

*And the potential inside the cylinder is: l

sin(2n¢)  (p \"
Vinia:= RMSZ (2n+1)(2n— 1)(?)

< U=3 u(p)sin(2n9)

*The field inside the cylinder is obtained from gradient of U [2]:

H?Side_ _g Umszde (COS ¢ a _Sln ¢ 2 ) Uinside
o op p o9 We need only Hx since:
*The demagnetizing energy is given by: M, =M _.=0

demag

___f MBdV—_Z_Mo f M. HmszdedV

P<R P=<R

*\We leave out the integration [see 2] and have for the demagnetizing energy per unit
length of the cylinder:

[E'demag:]'[l MORzng
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Origin of magnetic domains

one domain __ 2 2 two domains __ 2 2
Edemag — Uy R MS Edemag _MOFR Ms

*The demagnetization energy of the cylinder with one domain is higher that that with two

domains: .
Eonedomam 2

d J
T >1 =25
Etwo domains 4
demag

Magnetostatic interactions favor
*The result does not depend on the radius or the the subdivision of the crystal into
saturation magnetization of cylinder. magnetic domains
It may be surmised that for any ferromagnetic
material the magnetostatic energy may be
reduced by subdividing the crystal into at least
two domains.
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Potential energy of magnetic charge - digression

In many cases instead of calculating energy of a magnetic body in the external field from
the formula:

E,.=—| M-Bav=—{J-Hav

magn

one can use magnetic charge method and the magnetic scalar potential (lecture 2): H=-V¢

Lo . . . . 8 .8 .0
Emagn:—uofM-HdeuofM-Vq)dV:MOf(xMx+yMy+zMz).(xa(p+y$¢+za—z¢)d1/:

i 0 0 0
M —¢+M —¢+M _ — =
o) (M 5 o0+ M, 20+ M.2=0)dV
I, 0 0 0 0 0 B
Up [(EMXCD (PaMx)JF(EgMﬂ? ¢§My)+(a—ZMZ¢ ¢8—ZMZ)]CI’V—
0 o o o o o B
U, (EMXCZ)JFEMMJFa—ZMZCZ’)dV Mof(ﬁbaMﬁﬁD@—yMﬁF(f’@—ZMz)dV—
w [ Vo M)av—u, [ oV -Mav=u, | oMdS+u,[ ¢0,umdV ,
‘ surface Magnetic charge (L.2):
from Gauss divergence theorem T pmagn:—V.M

Ep=tty | oMdS+u,[ ¢p,0mdV

surface

A. Hubert, W. Rave, S.L. Tomlinson, phys. stat. sol. (b) 204, 817 (1997)
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Potential energy of magnetic charge - digression

In many cases instead of calculating energy of a magnetic body in the external field from

the formula:
Eppe=—| M-Bav=—[J-Hav
one can use magnetic charge method and the magnetic scalar potential (lecture 2): H=-V¢

If body is magnetized uniformly (no volume magnetic charges) to obtain its magnetostatic
energy in external field it is enough to evaluate surface integral of surface charges times

the scalar magnetic potential on the surface:

Emagn:MO f ¢MdS

surface

]\_Z-JS - surface magnetic charge

Epr=tty | 0MdS+u,[ ¢p,0mdV

surface

A. Hubert, W. Rave, S.L. Tomlinson, phys. stat. sol. (b) 204, 817 (1997)
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Origin of magnetic domains

*The calculations performed for other geometries™® lead to the same conclusions.
It can be shown that further subdivision can reduce further the magnetostatic self energy

2]
_ O
H

The division into domains increases magnetic induction B within the magnetic film and
decreases magnetostatic energy — stripe domain structure appears.

Ofr{rEe

* A. Aharoni obtained the similar expressions for a sphere J. Appl. Phys. 51, 5906 (1980)
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Domain walls

*The exchange energy of a pair of spins, making an angle ¢, located on neighboring atoms
can be expressed as [1]:

E,=—-2J S%cos¢, cosp=1—¢°/24+¢*124—...

*For small angles the variable part of energy can be written as:

[E@FJ S*9; The lower the interspin angle the lower the exchange energy}

*Consider a line of uniformly spaced spins (atoms) gradually changing uniformly their
orientation from down to up through N atomic layers.

For that case we have:
¢, =mIN

Plve1t
*For a simple cubic structure with lattice spacing a

there is 1/a2 spin pairs per unit area of (100) surfaces
The exchange energy stored per square meter is then:

2 2

><JSz(£ —
N

JS*?

1 1
> oC —
aN N

Eex:N 2
a

The larger the width of transition region in 180° wall the lower the exchange
energy stored in transition region
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Domain walls

*The deviation of spin directions within the transition region from easy directions of
magnetocrystalline anisotropy results in a increase of anisotropy energy.
*That increase in energy, per unit area, can be approximated, very roughly by [1]:

E =K X thickness of transition region=K XN a
*The total (magnetocrystalline and exchange) energy of transition region is thus:
2 2
—E +E, =227 KNa
a N
*The energy is minimum with respect to N for:

2 2
N= /JSJ:
Ka

*And the corresponding transition region thickness, i.e., the thickness of domain wall is:
2 2
5:Na:\/‘][i; = 5oc\/%

*For iron the above expressions predict domain wall thickness of approx. 42 nm which
corresponds roughly to 150 lattice constants a [1].

E

total
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Domain walls

*The preliminary assumption of the uniform rotation of spins within the domain wall must be
determined/confirmed from the equilibrium condition [1].

*\We assume that at z=-co the spin angle is -11/2 and at z=+ the spin angle is 11/2.

In continuum approximation the angle between the neighboring spins is given by [1]:

0
S

*And the exchange energy per spin pair is:

z

2
Eex:JSzaz(ai) Eex:JS2¢i2j

*The exchange energy per unit area of the wall can be thus expressed as:

y :LJ SZ 2 f %) ¢ dz- 2 T 0 ¢ number of spins per unit length
“ g’ 0z | a a 0z
T 4 number of spins per unit area of the wall
I

«Similarly the magntocrystalline energy (with one anisotropy constant) is given by:

= f’ K cos’ ¢ dz
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Domain walls

*The sum of the magnetocrystalline and exchange energy is then [1,3]:

let)

Y=Yt ¥ u= f +Kcos'¢ |d

S| a \0z The expression J S*/q is called a
exchange stiffness constant and is

*The ¢(x) function that minimizes the energy can  usually denoted by A. For ferro-

be found with variational calculus [3]. The Euler- ~ magnetic metals A is of the order of

Lagrange differential equation that minimizes the 10™ Jim.

integral of the form™;

. of _d|af _dy
_ ) ==
| rlx,y, = dx is 3y dx(@yx) V=

*Substituting the integrand of the above energy integral into E-L equation we get:

0
24 ¢) 2Ksingcosp=0 cos(2a)=2cos’a—1
oz
*Multiplying left/both sides by ¢' and integrating transforms it to [3]: Z—Z A(g—f)z =24 g—f 27"’
52 1 o 2 P 2
f 24 5 ¢ 2Ks1n¢cos¢ a9 dz——2—Kc0s(2(p)+A o9 +C=—Kcos’¢+4 o9 +(C-1)=0
Z Z z

*Weisstein, Eric W. "Euler-Lagrange Differential Equation." From MathWorld--A Wolfram Web Resource.

http://mathworld.wolfram.com/Euler-LagrangeDifferentialEquation.html
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Domain walls

*For an isolated domain wall in an infinite medium the derivative ¢' at infinity must vanish
[3]. We have then, with Poo=T1/2:

09\

2
Py +C'=0 = C'=0 = | Kcos'¢p= A(g¢) = dz=xVAIKd¢lcosg
z

—K cos ( )—I—A

*Substituting this into the expression for the total energy we get:

+/2

y= 2chos $pdz=2 f KcospvAIKdp=4VAK
A

—/2

*The energy of the 180° Bloch wall is thus: [y =4VAK }

*The dependence of spin deflection as a function of z is obtained from the dz expression:
+/2

z=vAIK f

—l2

d =2+ AIK tanh™'(tan(¢/2))

CoS ¢

* at every point within the wall anisotropy energy density equals exchange energy density
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Domain walls

*The z-dependence of the deflection angle of spins:

4 -2

0
2V AIK ]

Urbaniak Magnetization reversal in thin films and...

*For high values of z (far from the
center of the domain wall the angle
asymptotically approaches + /2
*The Bloch wall has an infinite extent
but for z>5v A4/K it can be assumed
to be practically saturated [3]
*That is the reason why the solution
obtained for the infinite medium can be
used in many practical applications
*To note is that the divergence of
magnetization in Bloch domain wall is
zero — it does not create magnetic
charges within the crystal
V-M:aM’“ +8My +6MZ o

0x oy 0z
*The charges exist on outer
boundaries of the crystal and become
important in the analysis of thin
magnetic films or small magnetic
particles.




Domain walls - width

*There are several definitions of the domain wall width [3].

T T T T T *Since the rotation of spins within
¢ Bloch wall extends to infinity there is
T+--r-----r---- /e no unique definition of its width
sin(g)
( ) | *Some most popular definitions:
— Ccos (@
g O 1. Based on the slope of the ¢@(x)
ox dependence for x=0 (Lilley):
d [ WLGW ] .
- /2R ] o 2. Based on the slope of the sin(¢(x))
| dependence for x=0:
4 2| o |2 a4 W,=2VAlK
2V AIK ] 3. Integral definition:
W.=| cos¢(x)dx
W,=nvAIK ’ _'[o (x)
< > - better reliability in experimental

practice than the above definitions
based on a single point in a profile

*most commonly used [3]
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Domain walls - width

*Taking into account anisotropy constants of higher order changes the expression for
domain width [4]:

W,=rxvAIK,+K,)

*Domain width for exemplary ferromagnetic materials [4]:

Wi [nm] y [102 Jm-?]

SmCos 2.64 5.71 <« high anisotropy material
Nd2Fe14B

*J. L. Tsai, S. F. Lee, Y. D. Yao, C. Yu, and S. H. Liou, J. Appl. Phys. 91, 7983 (2002)
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Domain walls

*The minimization of magnetostatic and exchange energies favors planar Bloch walls in
infinite or bulk samples [1].

* Meandering domain wall is a source

1111 1111111 of magnetic charges

1111 1111111 *The charges appear where the local
ft1t11 1111111 magnetization is not parallel to domain
BN 1111l wall |

RER 1111111l ‘The surface density of the charge
t111 111l created on the wall is:

1111 1111111 ) A o,
1ttt rrrriey =Vt e =A==
1111 1111111

SRR R REEER g

BERER 19T 1111 Pmag=M =M+ M;=2M,
RERRE 111111

ft111111 111111 _

tt1ttttttl0 11111 1| Lmagneticcharge
f1t11t1111p0111111

f1T11t1111(0 111111

ftrt1t1111(0 011111

ft1Tt1t11111(01 11111

1111111111111 |y
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Domain walls

*The minimization of magnetostatic and exchange energies favors planar Bloch walls in
infinite or bulk samples [1]

* When the wall winds in a plane
perpendicular to the magnetization
(see left) no magnetic charges appear

*The increased length of the wall is the
source of additional exchange and
anisotropy energy, though.

*The wall tends to decrease the area of
its surface unless there is some reason
to sustain the non-planar shape [1].

*Some of possible mechanisms are:
-presence of inclusions, voids

-internal stress

-orientation dependence of wall energy
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Domain walls — pinning on narrows

— — — — — — — - - o
— ) — = = — — — - - o o o
— ) ) =) =) =) =) =) =) ) (G
— ) =) = = = = E— ¢
— ) ) =) =) =) =) =) = = (o

*The domain wall positioned at narrows minimizes its length and thus the energy

*To minimize magnetostatic energy the magnetic moments align along the axis of magnetic
wire

*Note the presence of head-to-head domain wall

Urbaniak Magnetization reversal in thin films and...




Domain walls — pinning on narrows

*The tendency of the domain walls to minimize its length results in pinning at notches
made in magnetic wires.

* NiFe(20 nm)/Cu(10 nm)/NiFe(5 nm)

/—20um 151.5 ——m—————————
1,0 2 _— |
e T~ c 1510 |
§ 150.5
:g .
o
x 150.0
(1) | | | 1 1 1 | |
149.5 b i L
0 5 10 15 20 25 30 35 40 45 50
H,./ Oe
(3)i=
=
(2)F—
(1)%_ b Q===
ext N

FIG. 2. Resistance as a function of the external magnetic field at 300 K
FIG. 1. SEM image and schematic illustration of the sample. The sample determined by the four-point de technique as illustrated 1n Fig. 1. The mag-

. 7 . - ] netic domain structures inferred from the resistance measurement and the
consists of a NiFe(200 A)/Cu(100 A)/NiFe(50 A) trilayer. direction of the external field are schematically shown.

T. Ono et al., Appl. Phys. Lett.,, 72, 1116 (1998)
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Quality factor

oIt is usual in analysis of magnetic structures to define quality factor Q [3, p.120] which is a

quotient of relevant anisotropy energy density (for example uniaxial anisotropy) and the
maximum possible energy density which may be connected to stray fields:

K, 1 2
EQ :Kdemag } Kdemagzz MOMS

*There are rare cases when stray field energy exceeds the value given by the expression
for Kgemag but even then the energy is proportional to Kgemag.

*For Q=1 the magnetization will be aligned along one of the easy directions
*The sample of infinite length and uniform cross-section easy axis (shape anisotropy)
states are energetically favorable even for small Q — no domain structure is expected
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Single domain particles

*There exists a critical diameter below which it is energetically more favorable for a particle
to have a monodomain state [3,4].

*The gain in energy through the division into domains is less then than the energy of the
domain wall between domains.

*Equating the energies of single domain cylinder with a
cylinder subdivided into two domains (see 15 slides
back) but with domain wall energy included we get*
per unit length (assuming that the wall is placed in the
middle of the cylinder):

Mo 1 r M y2r+uolr M <4+—— energy of the cylinder
T with two domains

energy of the single wall energy per unit area
domain cylinder

*exact calculations must include size dependence of wall energy [3]
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Single domain particles

*The infinite cylinder divides into domains if its radius exceeds™;

VAK

r~17 >
MOMS

c

«Calculations (still without including size dependence of DWs energy) show that for
spherical particles the critical radius is [3]:

VAK
r,~35 >
MOMS

*The critical size is shape dependent so that the analytical expressions give only the
approximate values. For cubic particles the critical size is given by [3]:

VAK

MoMi

| ~12.3

*The transition from two-domain to three domain configuration takes place at approximately:
JVAK

[ ~38 =
MOMS

C

*Needle-like particles are characterized by a large critical diameter — application in recording
industry [4].

*exact calculations must include size dependence of wall energy [3]
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Single domain particles

*SmyFe17N3 particles (2 wt%) were mixed with and
distributed homogeneously in a Zn metal powder matrix,
and the mixture was compressed at about 20 MPa into
spherical pellets about 1 mm thick.

*The 2 wt% of SmyFe17N3 particles in the Zn matrix
corresponds to an average distance of 5 times the particle
diameter when the distribution is homogeneous.

*Dome-shaped particles with a critical single-domain
diameter of 2 pm.

*The sample magnetization can be reversed by the 5T
field (compare panels b and c)

Fig. 1. Single-domain particle. (A) AFM (STM) image:
(B) MFM image in demagnetized state; (C) MFM image
after pulse magnetization at 3 T perpendicular to the
polished surface.

KURIMA KOBAYASHI, AKIKO SAITO, and M. NAKAMURA, Electrical Engineering in Japan 154, 1 (2006)
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Single domain particles

*Magnetic states of small cubic particles with uniaxial anisotropy
1000

*High uniaxial anisotropy (high Q) hinders creation of

Multi-domain ) )
magnetic domains

range

1004

» pf{z@‘%ﬁ%gg@; g . . . . .
— WM All two and multi-domain configurations are not unique
range ,%

A.:LIJ\IA/KH

Fig. 2. Sketch of the phase diagram as based on domain theory
alone, using the asymptotic behavior for large and small O de-
rived in this section. The regions where the exact phase bound-
aries are anticipated are indicated by the gray shaded areas.

Single domain range

l T T T
0.001 0.01 0.1 I 10

Q=K11/Kd

O] ® O]
Single domain Two domain states Three domain states
or Flower state  Symmetrical vortex Twisted vortex  [100] double vortex [110] double vortex
a) b} c) d) c)

Fig. 14. The energetically favored one, two and three-domain states: (a) flower state, (b, c) two-domain states for high and low
anisotropy. (d, e) three-domain states for high and low anisotropy. The sketches in the second row always show the central slice in the
z-direction indicating the walls and domains.
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Single domain particles
VAK

M0M2

N

«Critical sizes of spherical particles [4] according to expression: 7.~36

re[nm] v [103 Jm2]

Fes304
SmCos 585 57 <« high anisotropy material

«Critical radii of spherical magnetic particles are typically of the order of 10 -100 nm. For
iron single-domain particle may contain up to about 35x103 atoms and for SmCos over
1x1010 atoms.
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Domain configuration in nanorings uniform axial, (M parallel to z axis)

*Shape of the particles has great influence H :E_\_E_gﬁ
on their magnetic properties. ‘ r
*For cubic or spherical particles one can ¢e ;
define the size limit by single number but o |
for complex shapes more parameters are
needed. . ©
*The treatment is limited to single domain O
size, uniaxial anisotropy, and only three :
particular magnetization states are 20— | BT \
considered: uniform in-plane, uniform - £=0.00 | | e=005
axial, and vortex. lvs\\\r | s
R, | g
o=— e 1.0 : Mortex
RZ
T:L “'Sﬁ :::'-3).
2 E% g
, K, 00 0.5 1.0 0.0 0.5 1.0

K, c c

2«/A/Kd Fig. 4. Phase diagrams of the magnetized ring as a function of
—R2 the shape parameters ¢ and 7 for fixed value of y = 0.2 and
Fig. 1. Schematic representation of a ring shaped object with 2 Sﬂ'&"ﬂral 1"311.1'&5 Gf £ Thf: vortex reglﬂn grﬂw‘s rapldl}l “'Ilth

rectangular cross-section. In general, the magnetization M : : .
. € . S . INCTreasing &.
forms an angle 0 with the z axis. For the two configurations =
studied, we have ! = 0 (axial) and 0 = /2 (in-plane).

M. Beleggia et al., Journal of Magnetism and Magnetic Materials 301, 131 (20006)
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Domain configuration in nanorings

*Permalloy nanoring:
R,=(58=%5) nm
R,=(104=5) nm
t=(4.7+0.8) nm
*Electron holography

confirms vortex state in
nanoring

*The magnetization in vortex
state is “single domain” as
there are no abrupt changes
of magnetic moment direction
within the ring

Ag=
nBH(R,-R )6, ]

0 100 200
distance [rm]

7 4"—"

==
—

I "\!J r"_

R R

Fig. 11. {a) Hologram of a permalloy ring {t = (0023, & = 0,535) on amorphous Silicon Nitride membrane. The interference fringes
have an average spacing of 12.5mm. (b) Reconstructed electron phase shift showing total contribution from electric and magnetic
components. (¢} Magnetic component of phase shift obtained from the difference of reconstructed phase maps obtained after flipping
the sample 1807 relative to the electron beam. (d) Average profile along dashed line in (c) showing the magretic phase shift consistent
with a ring in the vortex state. A phase simulation from an ideal ring of the specified sizes and with a magnretic field of 17T is
superimposed to the experimental profile as a thin line. The total phase difference Ag is proportional to the ratio between the total
magnetic flux in the ring cross-section and the flux quantum oy,

M. Beleggia et al., Journal of Magnetism and Magnetic Materials 301, 131 (20006)
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Superparamagnetic particles

*The uniaxial anisotropy particle of volume V has the anisotropy energy given by:
E,=V Ksin’0

*To change the direction to the opposite one along easy axis
(from red to yellow arrow, to the right) the magnetic moment has
to overcome the energy barrier equal to the maximum
anisotropy energy:

AE=V K

*The energy can be provided by the external field but
if the particle is small enough the thermal fluctuation
energy may be enough to overcome the barrier [35].
o[f K=0 then the moment can point in any direction energy barrier

with equal probability and the classical theory of

paramagnetism applies (see lecture 3).

*The essential difference though is that the magnetic
moment of the particle may be much higher than that
of typical paramagnetic atom or ion which is usually

PolarPlot[{0.5+Sin[t]*2},{t,0,2 Pi}]

For spherical particles of cubic structure
the energy barrier between neighboring

few ps [5]. . _ stable directions is kV/4 if easy
*5 nm iron sphere (much smaller than single-domain directions are <100> and KV/12 if easy
critical diameter!) has moment of about directions are <111>.

5560x2.2=12,000 Us.
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Superparamagnetic particles

*As a result of high moments the assembly of superparamagnetic particles saturates in

relatively weak external fields:

MAGNETIZATION
I (ARBITRARY UNITS)

H x10°3 Qe
| ! _'l 1 L i

r
o
o
o
o
n
&
)
&
n
[=3

Fic. 1. Low field portion of demagnetization curves of fresh
iron amalgam. This amalgam consists of 29, iron by volume in the
form of small iron particles whose diameters are estimated to lie
between 30 A and 45 A.

C. P. Bean and |.S. Jacobs, J. Appl. Phys. 27, 1448 (1956)
Urbaniak Magnetization reversal in thin films and...

this curve is not
“superparamagnetic”

e N

*Very high moments S of
superparamagnetic particles
results in saturation in much
weaker fields

*Technical saturation can be
reached even at room

temperature
28+1  [28+1 | 1 x
Bylx)= h ———coth| 2~
sle|="5 g coth| T x| =g cot (23)
-




Superparamagnetic particles

*As seen on previous slide the superparamagnetism disappears below critical blocking
temperature Tg.

*\We assume that the external field magnetized the sample to initial magnetization M; and
was turned off at t=0 [5]. The magnetization will start do decrease with a rate depending
on temperature and M. The time dependence may be approximated by:

—d;f :fOMe_KV/kBTEj\% with Tl:foe‘KV”‘BT, f~10"Hz - frequency factor
Integrating we get:

[ MR:M,- e—t/r}

*The relaxation time is very strongly dependenton Vand T:

Spherical Co particle

=01s 7=3.3x10° s (100 yers)

*The assembly of 9 nm particles is essentially stable with respect to magnetization at RT

[3]
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Superparamagnetic particles

*The dependence of the relaxation time ron V/T quotient is used for the arbitrary definition
of superparamagnetic limit, i.e., the size of the particle below which the resultant magnetic
moment the assembly of them is unstable:

The critical value of relaxation time is arbitrarily taken to be 100 s [5].

It follows from %:foe‘KV”‘BT that for =100 s:
KV 1k, T=25

*The transition from “stable” to “unstable” behavior for uniaxial particles takes place at

roughly:
25k,T
E Vsp: K

*For spherical Co particle the critical diameter is 7.6nm at RT.

} this value has only accessory character

oIt should be noted that the superparamagnetic character of the assembly of particles
depends on the time scale of the experiment used for its investigation.
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Superparamagnetic particles — blocking temperature

*The assembly of small particles of a constant size will have a stable magnetization
(r=100 s). For uniaxial particles and the same as above criterion of stability we have [5]:

KV
ETb_zskJ

*Schematic representation of the behavior of single domain particles versus temperature:

A A A
/»

> >/

blocked | superparamagnetI paramagnet

0 Ty Tc T

*graphics based on Fig.8.30 from [6]: J.M.D. Coey, Magnetism and Magnetic Materials, Cambridge University Press 2009
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Superparamagnetic particles — coercive field

*The energy of the uniaxial anisotropy particle in field B parallel to z axis (easy axis) is [5]:

E=V (K sin’@—BM cos8)

*The effect of the external magnetic field on the assembly of single-domain particles is to

change energy barrier:
OE

ﬁzVQKsianosH#—BMsinH)
OF M
= =0 6 =—""B
oo = UmeT ok
E6, )=VK|1- M g 2 +B2M2V

ma 2K 2K
AE=E(0, )-VBM
ap=kv|1-BM]|

2K
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Superparamagnetic particles — coercive field

*The energy of the uniaxial anisotropy particle in field B parallel to z axis (easy axis) is [5]:
E=V(Ksin’0+BM cosf)

*The effect of the external magnetic field on the assembly of single-domain particles is to
change energy barrier:

E i
BM | max
energy barrier

] ——
2K

*The particle of a given size which was stable in zero

field can become unstable in external field. As

previously, for 7=100 s, we get:

| BM Y
2K

AE=KV

sin(x)"2+cos(x)*0.5
=25k, T 0 : ; ;
0 [Rad]

AE=KV

*The solution is [5]:

1/2

25k, T
KV

12K
Uy M

H - field for which energy barrier diminishes to 25kp T
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Superparamagnetic particles — coercive field

*For low temperature or high volume of the particle the expression gives the coercivity
(saturation field) equal to the value when the field is unaided by thermal energy (compare
Stoner-Wohlfarth model):

PO S T < 1710
oM o M KV y 25ksT
sp
- [1_ , 1/2 e 1 Dsp)3/2
C Co 124 C.0 D

*The coercivity of the assembly of superparamagnetic particles increases as the
temperature is increased.

«Similar expression can be obtained for temperature dependence of coercive field. In
general however the variations of H¢ are due to thermal variations of anisotropy and
saturation magnetization.

*In real systems there is a dispersion of particle sizes and random orientation of easy-axes.
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Superparamagnetic particles — coercive field

*Coercive field of Ni powder: 4 ~

1/2 “
T S
QE | (a)
*Hysteresis of granular CuCo alloy: s ‘
10 i
T=300K 0 | = |
5L [t} 00 200 300

TEMPERATURE- DEBREES KELVIN

(b)

YOLUME OISTRIBUTION FUNCTION ¢ (R)

00
INFERRED RADIVS = ANGSTROMS

Fi1c. 8. (a) Coercive force vs temperature for a nickel powder.
Numbers along the curve indicate the ratio of remanence to
saturation magnetization at the wvarious temperatures. (b)
Particle size distribution inferred from these data (after Weil).

-0.2 0.0 0.2
H (kOe)

W. C. Nunes, W. S. D. Folly, J. P. Sinnecker, and M. A. Novak,

PHYSICAL REVIEW B 70, 014419 (2004)

FIG. 2. (a) Hysteresis loop for the CugyCo4q as cast sample at
room temperature. (b) A detail of the narrow hysteresis at different
temperatures.

Urbaniak Magnetization reversal in thin fllmsl—

C. P. Bean and J. D. Livingston, J. Appl. Phys. 30, S120 (1959)



Domain wall displacement

\When magnetic field is applied to H H H H
ferromagnetic substances the domain H H E E
structure changes as to minimize the energy:
the torque/force acts on individual atomic H H H H H RNy |
moments as long as the reach the state in
which the resultant torque is zero: H H H H
N=ixB tttt
tttt

total —
|

0

where B, is the effective field due to
external field, demagnetizing field,
magnetocrystalline anisotropy| etc. wall

“When the field is applied paralielly to the L

magnetization of one of the domains the H H H H H

moments within that domain and the domains

with opposite magnetization experience no H E H H H

torque as they are parallel to B. H H H H H

*Only magnetic moments located within the

domain wall make an angle with B: L] H H H L]
trett

wall motion wall

Field m—
for better viewing Néel-type, not Bloch, wall is shown

graphics is a derivative work from Fig. 6.17 of [1]: S. Chikazumi, Physics of Magnetism, John Wiley & Sons, Inc., 1964
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Domain wall polarization

*Depending on the sense of rotation of the E E E H H \‘%fi i i i i i
el S SR AL R R R R
equivalent forms (3.6, LERRRERS A RN
‘sogments of diferent sense of rotation. .~ § 3 F T 1R~/ § 0010
‘Siry i syloms with Neotype wale oce 188 81N B I TN
*Bloch lines can influeynce wall motioW H E E H H X‘%‘f’i i i i i i
crastic way (5] Y YRy
1ttt 2rNG 0081010
Tttt 2oNE iRl
2Nl 000
frtttzonNillld
11ttt 2o9N0 0008
e

wall
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Hysteresis — general classification of magnetization mechanisms

*The initial magnetization curve and the demagnetization curve can be schematically
sketched as [1,5,6]:

M/Ms

1.0 1

0.5-

e LLLLLLLT T T

mwation

irreversible wall
motion

nucleation,
wall motion

0.0

Urbaniak

/ reversible wall motion

Magnetization reversal in thin films and...

0 2 Hla.u]

*It is not always possible to attribute
precisely the field ranges to different
reversal mechanisms

*Especially in magnetically hard
materials wall displacement and rotation
magnetization can coexist [1]

*At higher frequencies domain wall
movement is more easily damped than
the magnetization reversal [1].

*The region corresponding to
0.9<M/Ms<1 is called the approach to
saturation [1,6]




Domain walls and hysteresis

*Consider a uniaxial anisotropy substance which has an isotropic distribution of easy axes
(polycrystalline materials) [1].

*The field dependence of the angular dependence of magnetization directions of magnetic
domains can be schematically sketched as:

*In demagnetized state all accessible domain
orientations are equally occupied

*On increasing the field the energetically
favored domains (with magnetization roughly
parallel to the applied field) spread over the
volume of the sample.

*At technical saturation there is a limited
number of domains and all moments are
nearly parallel to field direction.

*The domain distributions at points 1 and 2
different although both correspond to the
absence of macroscopic magnetization.
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Hindrances to domain wall motion

In real materials a nonzero applied field is necessary to move the domain wall [5].
*Crystal imperfections may hinder the motion of the wall.

«Some of imperfections result in regions of different, than the rest of the material,
spontaneous magnetization — these are called inclusions.

Inclusions may take many forms [5]: impurities, oxides, sulphides etc., holes, cracks...
*The most straightforward mechanism of domain pinning by the inclusion is the
minimization of the wall energy by decreasing its area:

lelo

*\When the wall bisects the spherical inclusion of radius r its surface diminishes and the
wall energy related to its surface decreases by:

AE=mr’y
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Hindrances to domain wall motion

*Néel pointed out that the appearance of surface charges on the inclusion can be lead to
much greater decrease of magnetostatic energy than the change of energy related to
surface change [5]:

wall

*The magnetostatic energy of the uniformly
magnetized sphere is [compare p. 14]:
one domain 1 8 2 2 3
Edemag :szMsMsVspherezgf[ Msr
*The magnetostatic energy of sphere bisected

by the wall is approximately half of the above
value [5].

*The quotient of the energy gain by the virtue of magnetic charges and the gain by the
decrease of the wall area is:

EA E charges

For 1 um diameter inclusion in iron
area = g y P« the quotient is 140!

Urbaniak Magnetization reversal in thin filmsand... SN



Hindrances to domain wall motion

*Often the energy of the inclusion can be further reduced by the creation of additional spike
domains protruding from it [5]:

i { S *If the domain walls of spike domains were all
o Vs exactly at 45° to the magnetization of the
ss oy surrounding domain there would be no
% % magnetic charges
T % T / T *To achieve this the wall would have to extend
N/~ to infinity increasing wall surface energy
T NN " *The observed length of spikes is a
} compromise between this two energy
Fig. 12. Links: Freie Pole an einem kubischen EinschluB. Rechts: contributions.

Vermeidung der Streufelder durch angesetzte dreieckige Zwickel
nach NEEL.

*The spikes, predicted by Néel, were first
observed by H.J. Williams* in single crystal
silicon-iron [on electrolitically polished (100)
surface]:

both images from H. Konig, Naturwissenschaften 41, 341 (1954)

*H.J. Williams, Phys.Rev. 71, 646 (1947) e eTicte, B T, Witsianra, 8 s Hleine
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Hindrances to domain wall motion

*Often the energy of the inclusion can be further reduced by the creation of additional spike
domains protruding from it [5]:

4 S_J )
— Zﬁ*
1

a b C

Fig. 14a—c. Wandverschiebung iiber einen Fremdkorpereinschluf3
hinweg mit der Ausbildung Nfrrscher Zipfelmiitzen.

g J

*The spikes, predicted by Néel, were first
observed by H.J. Williams™ in single crystal
silicon-iron [on electrolitically polished (100)
surface]:

both images from H. Konig, Naturwissenschaften 41, 341 (1954)

*H.J. Williams, Phys.Rev. 71, 646 (1947) T ehlicse, H T Witgaaie, 18 i Weine
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Hindrances to domain wall motion a

» Grain oriented electrical steel sheet: {110}<001> or
{100}<001> crystallographic texture

 Highly anisotropic with one or two magnetic easy
axes lying in the sheet plane since the easy axes in
Fe-Si lie along the <100> directions.

wall

Fig. 4 Lorentz microscope images of a non-
oriented electrical steel sheet with external
magnetic field. The arrow indicates a precipitate in
the specimen, and the arrowheads indicate a
domain wall which seems to be pinned at the
precipitate.

Zentaro Akase et al., Materials Transactions 46, 974 (2005)
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Hindrances to domain wall motion - stress

*Residual stress (the stress existing in a body after all external forces have been removed
[5]) influences magnetization reversal through stress anisotropy (magnetostriction).

*The stress can be caused by various kinds of crystal imperfections.

*\When ferromagnetic material is cooled down below Curie temperature the spontaneous
magnetization within each domain distorts the lattice within the domain. As the domains
are not free to expand independently the stress field is set up [5].

*90° domain wall sweeps from left to right
under the influence of external field H
*The movement of the wall effectively
corresponds to the reversal of magnetic
moments within the area swept by the wall
*Due to stress the energy depends on the
orientation of magnetic moments. Let the
stress be directed along y-axis*. Then the
magnetoelastic energy is given by (see
lecture 5):

E:_E Ay O €08° 0

*For positive magnetostriction it follows that
the stress favors the magnetization along y
direction.

*it is assumed that the magnetocrystalline anisotropy predominates stress anisotropy so that
magnetization in the left domain can be assumed to be parallel to x-axis.
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Hindrances to domain wall motion - stress

*\When the wall moves a distance dx the energy of the system changes by [5]*:

3
dE== A0 dx—u,M  H dx it is the energy per unit area of the

2 wall (neglecting cos(45°) factor)

*The stress often depends on the position. Assuming o=gx (0>0 — tensile stress) we get:

3
dE=5)LlOngdx—MOMSde
*From equilibrium condition (dE/dx=0) we have as the equilibrium position of domain wall:
_% MOMS H It is not generally true that equilibrium
x_3 A’IOO g position of 90° wall in zero external

field corresponds to zero stress [9].

In case of 180° walls in stressed sample the magnetoelastic energy does not depend
directly on the position of the wall as the magnetostrictive strain does not depend on the
sense of the magnetization [1].

*The stress influences the domain wall energy of 180° walls so in the stress field it
introduces position dependence of energy.

*dependence of 90° wall energy on stress is neglected.
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Hindrances to domain wall motion - stress

10 1 : :
Reversing stress gradient causes the

stable wall position (energy minimum)

L 0.5 to become unstable.
5 = Ezz—ilooax
o L0.0 O,
© 7
g o £
= --0.5 ?

. : : . It is not generally true that equilibrium
-10 -5 0 5 10 position of 90° wall in zero external
x [a.u.] field corresponds to zero stress [3].

In case of 180° walls in stressed sample the magnetoelastic energy does not depend
directly on the position of the wall as the magnetostrictive strain does not depend on the
sense of the magnetization [1].

*The stress influences the domain wall energy of 180° walls so in the stress field it
introduces position dependence of energy.

*dependence of 90° wall energy on stress is neglected.
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Domain walls and hysteresis

*The reversal of magnetization can involve several processes [6].

blue
arrows
show the
movement
direction of
domain
wall (red)

*The wall can nucleate at defect, thermal fluctuation, surface asperity
*The movement of wall can be hindered by pinning centers

*graphics based on Fig.7.9 from [6]: J.M.D. Coey, Magnetism and Magnetic Materials, Cambridge University Press 2009
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Stripe domains
«In thin films with perpendicular magnetic anisotropy it is possible to observe stripe

magnetic domains (see p. 4) magnetized perpendicular to the surface of the film:

*If perpendicular anisotropy is weak
closure domains are observed

*If perpendicular anisotropy is high
closure domains cost to much
anisotropy energy and the stripe
structure is observed
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Stripe domains

*Stripe domains in Co/Au multilayer (MFM images):

tau=1.5nm tAu=3nm

Stripe domains in Si(100)/[Nig,Fe20(2 nm)/Au(tau)/Co(1.0nm)/Au(tau)]10

Urbaniak Magnetization reversal in thin filmsand... SN



Stripe domains

*Period p of the stripe domain structure depends on the thickness of the layer [3]:

s ¢ o "t
- Oferm}
4407
0%
{40
10 —
~
./ -/ e M 7 404
q 10 107 s 40°

Fig. 2. The width of the domain as a function of the thickness of the film: @) general,
in the non-dimensional quantities v and ¢ (coordinates bottom and left), b) for MnBi
(coordinates T', D top and right).

For very small thicknesses of the magnetic layers stripe domain period can be in
macroscopic range

Z. Malek, V. Kambersky, Czech. J. Phys. 8, 416 (1958)
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