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Hard disk drives
- >400 fold increase in storage capacity

Magnetic Random Access Memory
- promises a solid state memory which is non-volatile, high
performance and cheap

Magnetic race-track memory
-> promises a novel data storage device with the capacity and
cost of a hard disk drive but with the performance and reliability
of solid state memory
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Przysztosc zapisu magnetycznego

Seagate, M.H. Kryder, CTO, zapis prostopadty SOMA
(self-ordered magnetic arrays)

Perpendicular vs.
ssisted Magnetic Recording (HAMR) Laser
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HAMR can theoretically extend areal density beyond 5 Tbpsi
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Korelacja domen w warstwach wielokrotnych
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FIG. 1. Current-in-plane magnetoresistance measurements for
the [Co(6 nm)|Cu(6 nm)]y multilayer at room temperature.

The magnetoresistance of the as-prepared and coercive states
are marked.

[Co(6 nm/Cu(6 nm)],,

bardzo stabe sprzezenie
miedzywarstwowe

J.A. Borchers et al., Phys. Rev. Lett. 82, 2796 (1999)
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FIG. 1. Current-in-plane magnetoresistance measurements for
the [Co(6 nm)|Cu(6 nm)],y multilayer at room temperature. X ;
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FIG. 2. Total PNR (shaded symbols) relative to the diffuse
scattering (open symbols) as a function of @, = 47 /Asiné for
[Co(6 nm)|Cu(6 nm) ]y in the (a) as-prepared and (b) coercive
state at H¢e = 54 Oe. The diffuse scattering was measured
by offsetting the angle by 0.2° and then scanning Q,.
The circles and squares correspond to (——) and (++) NSF
data, respectively. The up and down triangles mark the (+—)
and (—+) SF data. No corrections have been made for the
polarization efficiencies or sample footprint. The insets show
the idealized magnetic structures suggested by the scattering in
each state.
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FIG. 1. Current-in-plane magnetoresistance measurements for
the [Co(6 nm)|Cu(6 nm)],y multilayer at room temperature.
The magnetoresistance of the as-prepared and coercive states
are marked.
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FIG. 3(color). SEMPA images of the topmost Co layer
magnetization (a) and topography (b) and second Co layer
magnetization (¢) in the [Co(6 nm)|Cu(6 nm)],, sample.
The magnetization direction is mapped into color as indicated
by the color wheel in the center. A histogram of the difference
in the magnetization direction between the two layers, A, is
shown in (d).




soft ferromagnet
insulator
hard ferromagnet

soft ferromagnet
insulator
hard ferromagnet

Example for 1.:
Initially well defined magnetizations

Soft layer forms domain walls
during switching

Cycle

Cycle

...hard layer's initially homogeneous
magnetization gets deteriorated

= TMR shrinks




Stabilnosc¢ zapisu magnetycznego

Oddziatywania dipolowe

1.0 M - obszary namagnesowane
_ W gore”
T 0.8-
= ' W wyniku przemagnesowania warstwy
§ 0.6 1 miekkiej przemagnesowaniu ulega np.
© - 10% ziaren warstwy twardej o nama-
S 0.4+ gnesowaniu przeciwnym do kierunku
= _ pola.
I
()
2 0.2
©@)
=

0.0+

0 10 20 30 40
liczba cykli przemagnesowania
Stan poczatkowy:

M=1, M=0

Cykle nieparzyste: M(N¢):= M(N¢-1)%0.9, M(N¢):= M(Nc-1)+ M(N¢-1)%0.1
Cykle parzyste: M(N¢):= M(Nc¢-1)+ M(N¢-1)%0.1, M(Nc¢):= M(N¢-1)%0.9



Stabilnos¢ zapisu magnetycznego

Oddziatywania dipolowe

N s W wyniku przemagnesowania
1.2 | 05 ﬂ’-ﬂj 1 warstwy CoFe przemagnesowaniu
\ s o { — ulega np. 10% ziaren CoPtCr o
\ os| /_—’—jj — namagnesowaniu przeciwnym do
. 08 \r”\

' 1 , , o kierunku pola.
= -1 -0.5 0 0.5 1
g B} \‘\\\'\,\4 H (kOe)
T
= 04 \ ) H przemienne <H koercji warstwy twardej

1

1 10 100
Number of cycles

L. Thomas et al.,
Phys. Rev. Lett. 84, 3462 (2000)

Nc indeksowane co pot cyklu O
poszczegodlne przetgczania CoFe

Si(100)/Si0O,/Cog,Fe;s(10nm)/Cr(1.5nm)/CossPt1:Cris(5nm)/Al.(1.5nm)



Pola dipolowe domen
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Pole scian domenowych jest istotne 0
w odlegtosciach rzedu szerokosci DW
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Pola dipolowe domen

pole H

jednowymiarowa,
liniowa Sciana Néela

dipol
G

L Nl

X O,

500

Pole sScian domenowych jest istotne
w odlegtosciach rzedu szerokoéci DW

| w pierwszym przyblizeniu traktowane s
moze byc jako pole dipolowe

300 400 500



Pola dipolowe domen
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Oddziatywanie miedzy
Sscianami domenowymi
moze by¢ przyblizone
oddziatywaniem typu
dipol liniowy-dipol liniowy

Louis Néel
(photos.aip.org)
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Replikacja w uktadach z anizotropig w ptaszczyznie
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Replikacja w uktadach z anizotropig w ptaszczyznie

H.W. Fuller, D.L. Sullivan,
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['1c. 1. Geometry for calculation of intera
between layered film structure
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Replikacja w uktadach z anizotropig w ptaszczyznie
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H.W. Fuller, D.L. Sullivan,
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Replikacja w uktadach z anizotropig w ptaszczyznie

H.W. Fuller, D.L. Sullivan,

J. Appl. Phys. 33, 1063 (1962) —
M (x)= sin(m i x))
2a
R cos (1r az—ax)>
1 DivM = —1m 7 tadunek magnetyczny
X oM —
= > «  cos(t (azax) )
m=fp(x)xdx=—Mtf(1T ) x dx
+ —u 2a
+
+ 4t
+ =—Ma o« a moment magnetyczny
N T

Sciane Néela mozna przyblizy¢ dwiema liniami, o przeciwnym tadunku
magnetycznym, znajdujacymi sie w odlegtosci 2a.



I'16. 1. Geometry for calculation of interaction
between layered film structure.




Replikacja w uktadach z anizotropig w ptaszczyznie

H.W. Fuller, D.L. Sullivan,
J. Appl. Phys. 33, 1063 (1962)
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IF16. 1. Geometry for calculation of interac
between layered film structure



Replikacja w uktadach z anizotropig w ptaszczyznie

H.W. Fuller, D.L. Sullivan,
J. Appl. Phys. 33, 1063 (1962)
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Replikacja w uktadach z anizotropig w ptaszczyznie

H.W. Fuller, D.L. Sullivan,
J. Appl. Phys. 33, 1063 (1962)
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]
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Replikacja w uktadach z anizotropig w ptaszczyznie

H.W. Fuller, D.L. Sullivan,
J. Appl. Phys. 33, 1063 (1962)

g =nplitlita=bllls' +(x=a )
[s"+(x—a=b)][s"+(x+a+b)

]]—thMsz, s=0.2,a=1,b=1

]

W polu B<=Il domena w

104 warstwie gornej znajduje si¢
w obszarze x<0 — przyszpilenie
domeny
B=0.15
-0
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Replikacja w uktadach z anizotropig w ptaszczyznie

2.5x2.5 cm?, szklane podtoze
1) 47 nm Ni_Co_ , 2.5%2.5 cm?

, —» 2b re—
M i i

50/ { s ‘ ; — __-4!
2) 90 nm MgF, S“’C“ '"@"fg"'g“;“%i-?;-@-'-69_:_}. 4%'
3) 40 nm Ni_Fe , 0.32x2.5 cm? R R
X

I1c. 1. Geometry for calculation of interaction
between layered film structure

warstwa miekka

Imm

['1G6. 3. Bitter pattern showing narrow domain nucleated in low—H, ilm by field
of Néel wall in high-/{, film plus applied field.



Replikacja w uktadach z anizotropig w ptaszczyznie

2.5x2.5 cm?, szklane podtoze

1) 47 nm Ni_Co_, 2.5%x2.5 cm’ Y Relatan |
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e X —

I1c. 1. Geometry for calculation of interaction
between layvered film structure

warstwa miekka

| |

$ciana Néela ! 1 dl\?_mlf”a W $ciana Néela
. I e .
w Ni_ Co,, Imm 81 19 w Ni_ Co,_

['1G6. 3. Bitter pattern showing narrow domain nucleated in low—H, ilm by field
of Néel wall in high-I1, film plus applied field.
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2.5x2.5 cm?, szklane podtoze
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I1c. 1. Geometry for calculation of interaction
between layvered film structure

warstwa miekka
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W leocoso Happ|¢0 Imm W I\“50(:050

['1G6. 3. Bitter pattern showing narrow domain nucleated in low—H, ilm by field
of Néel wall in high-I1, film plus applied field.



Replikacja w uktadach z anizotropig w ptaszczyznie

W.S. Lew et al., Phys. Rev. Lett. 90, 217201 (2003)

Typowa niepetna petla R(H) uktadu
warstwa twarda - warstwa miekka
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O \
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-0,5 0,0 05 ~ 5
7 — —>
-MBE (2x10**Pa)-szorstkos¢ — —>
-GaAs(100)/Co(1.8nm)/Cu(6nm)/ e —
(6nm)

-Co-bcc, reszta fcc, in-situ RHEED
-wspdlna magnetyczna os fatwa
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MIMS (Soft Layer)
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Replikacja w uktadach z anizotropig prostopadta

B. Rodmacq et al., Phys. Rev. B. 73, 092405 (2006)

M/M_(Soft Layer)

S
1

I I I

-200 -150 -100 -50 O 50 100 150 200

Magnetic Field (Oe)

H=0

H=200 Oe

*pole magnetyczne domen jest
efektywnie polem polaryzujgcym
warstwy miekkie

eZ€rowa remanencja warstwy
miekkiej

skoercja warstwy miekkiej zalezy
od stanu warstwy twardej



Replikacja w uktadach z anizotropig prostopadta

B. Rodmacq et al., Phys. Rev. B. 73, 092405 (2006)

1

0.5

M/M_ (Soft Layer)
o

-200 -150 -100 -50 O 50 100 150 200
Magnetic Field (Oe)

Petla M(H) jest symetryczna wzgledem
H=0:

-pola magnetyczne domen t i | w
warstwie twardej sq zblizone

-MFM: domeny t i | majg podobny
ksztatt i rozmiary (ok. 1.6 um)

erozmagnesowana warstwa
twarda

eZe€rowa remanencja warstwy
miekkiej

FIG. 2. Minor hysteresis loops for the soft layer. The hard layer
is either (a) demagnetized or (b) saturated. The magnetization is
normalized to that of the soft layer. (c) is a 110X 110 um> MFM
image in the demagnetized remanent state.



Replikacja w uktadach z anizotropig prostopadta

B. Rodmacq et al.,

Phys. Rev. B. 73, 092405 (2006)
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Replikacja w uktadach z anizotropig prostopadta

B. Rodmacq et al., Phys. Rev. B. 73, 092405 (2006)

Magnetization (arb. units)

| II ] | 1
(a) l/ 7( H =460 Oe
| max |
I J — /I ﬂo Og
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j_/ / —/— H =390 0Oe]
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| U J max |
H .= 340 Oe
I max ]
/1 -~  H_ =200
L /'f max —
IV | / i 1 ]
-200 =100 0 100 200 300

Magnetic Field (Oe)

Replikacja wystepuje w catym zakresie
namagnesowania warstwy twardej

400

*namagnesowanie warstwy
twardej rozne od zera

eremanencja wzrasta ze
wzrostem H,, .,

Zaleznos¢ momentu warstwy
miekkiej od momentu warstwy
twardej:
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Replikacja w uktadach z anizotropig prostopadta

B. Rodmacq et al., Phys. Rev. B. 73, 092405 (2006)

Magnetization (arb. units)

| | ! | 1
; / — «ze wzrostem H._ wzrasta
(a) H =4600e ,
i max i obszar warstwy twardej
B J f/’ —"'ﬁ—fﬂo Oe|
max
— [ ——"mos cdomeny . maja mniejsze
j_/ mx | rozmiary i tworza silniejsze
1 ] 7 H =3700e pola magnetycze; skutkuje
- |/ / "® | tozwiekszeniem przesunie-
m Hoe o008 cig petli histerezy warstwy
= /'f/ /’/"; H =200 Oe| miekkiej
1/ | / 1 | 1
200  -100 0 100 200 300 400

Magnetic Field (Oe)

W dodatniej potowce matej petli na
przemagnesowanie warstwy miekkiej
wptywajg gtéwnie domeny ,,twarde”
namagnesowane ,,na dot”.

namagnesowany ,,do gory”



Replikacja w uktadach z anizotropig prostopadta

B. Rodmacq et al., Phys. Rev. B. 73, 092405 (2006)
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Poréwnanie zmierzonego ,,shift field” z polem
domen prostopadtych otrzymanym z modelu

Magnetic Field (Oe)

domen pasiastych.

Zatozono, ze okres struktury domenowej jest staty.

*niezgodnosc powyzej
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Replikacja w uktadach z anizotropig prostopadta

B. Rodmacq et al., Phys. Rev. B. 73, 092405 (2006)

M/M_ (Soft Layer)
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FIG. 2. Domain expansion in Sg: (a) initial domain state after switching oft
the field, (b) new snapshot after the application of a field pulse with mag-
nitude H=-74 Oe and duration t=6 ms, after switching off the field.
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Fig. 14. Cut view of remnant magnetizations
in Sq and Sy; after:

1) a small field was applied during a
long time
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560 Oe
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v
Fig. 14. Cut view of remnant magnetizations
in Sq and Sy; after:

1) a small field ) was applied during a
long time

Stan poczatkowy: gora-gdéra w polu
560 Oe

Szerokosc pierscienia ok. 1 pm

\

kanat

FIG. 7. PMOKE image (30 pm X 30 gm) of the domain structure in the
remanent state, observed 1 h after the application of a pulse of field (H=
=272 Oe) during 150 ms. Image size 30 pm X 30 pm.
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Fig. 14. C ut view of remnant magnetizations
in Sg and Sy after:

1) a small field H, <0 was applied during a FIG. 9. Schematic upper view of a square down-down (black) magnetized

domain with a nonreversed channel of width “e.” The distance x is taken

long time
Stan pOCZQ_tkOWY: géra—géra W pO|U either from the square side or the base of the channel.
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X (um)

FIG. 11. Variation of the calculated stray field H, acting on the external wall
in Sg as a function of the distance x (—), and its best fit with the b/x law
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Szerokos¢ pierscieniowej domeny gora-gora zmienia sie z wartoscig
pola zewnetrznego w sposob zgodny z rownaniem ruchu domen dla

Hwypadkowe = H domen + Hzewnetrzne.
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Fig. 10. MOKE 1mages recorded after , . . .
demagnetization (image under H, = 0), 10 20 30
then after application of H,: t (hours)
(a) H.=+7 Oe and At=2 mn Fig. 11. Graph of mean propagation
Y a — e " =

(b) H,=-77 Oc and At=2 mn distance of the crown with time.
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Kerr Intensi

o) Polar MOKE
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(a) Néel-Kopplung (b) Dipol-Dipol Kopplung

10
”oH (mT) Abbildung 1.12: Kopplungseffekte zweier magnetischer Schichten.

FIG. 2. Magnetic hysteresis of the ferromagnetically interacting
nanoparticle system [CoggFeso(1.6 nm)/Al,O5(3 nm)]g at T
=150 K. The inset shows the normalized longitudinal (open tri-
angles) and polar (solid triangles) MOKE intensity. The circles and
labels (a), (b), and (c) mark the points on the hysteresis for which
PNR measurements are shown in Fig. 3.
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FIG. 3. (Color online) PNR reflectivities R** in red (dark gray),
R~ in black, and R™* in blue (light gray) vs angle of incidence,
measured at 7=150 K and poH=12 mT (saturation) (a), close to
the coercive field poH=3.8 mT (b), and close to remanence in the
cuiding field of the neutrons, pyH=0.47 mT, after negative satura-
tion (c) (see Fig. 2). The plateaus of total reflection, Q. and Q7.
are designated by vertical arrows. (d) Magnetization of individual
CoFe layers in the multilayer stack, numbered N=1,...,9 and ex-
tracted from the fitting to the PNR data at H,, (b, red), and to similar
data for ugH,+0.04 mT (black).
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L thepertodioprentin (a) Commeneurane Suatare, () imommensurate stuctire, (] haoitruchure, guiding field of the neutrons, upfH=0.47 mT, after negative satura-
tion (c) (see Fig. 2). The plateaus of total reflection, Q_** and Q.
are designated by vertical arrows. (d) Magnetization of individual
CoFe layers in the multilayer stack, numbered N=1,...,9 and ex-
tracted from the fitting to the PNR data at H, (b, red), and to similar
data for ugH_.+0.04 mT (black).
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FIG. 4. (Color online) (a) Spin structure of the single layers
coded M, in red (light gray) and blue (dark gray) for M, >0 and
<0, respectively, obtained from micromagnetic simulations (see
text). The layer magnetization M, vs distance in units of the bilayer
thickness d=6.4 nm and the corresponding Fourier transform in
units ¢~ are shown in panels (b) and (c), respectively.
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ptaszczyznie wywotana jest gtownie polem Scian
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« W warstwach z anizotropig prostopadtg istotng
role odgrywajq pola domen

« Replikacja domen silnie zalezy od pol zewnetrznych
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