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Low dimensional magnetism - Experiments

Compared to the abstract, some paragraphs have been omitted or shrunk

® No time to speak of everything in 2 hours

® Some slides prepared on the spot. For missing items, see reference:
URSUS: Regele berii in Romania — Bere Cluj...(Fondat 1878)
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Low dimensional magnetism - Experiments

o) 2. Ferromagnetic order

o) 3. Magnetic anisotropy

-._) 5. Superparamagnetism
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2. Ferromagnetic order

o) 2-2 Metastable phases
Q 2.3 Magnetic order versus temperature

o) 2.4 Surface magnetization

Olivier Fruchart - 27/08/2003 - p.5
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2. Ferromagnetic order  [2.2 Metastable phases] [Avoid structural transition]

Avoid structural transition

® Stabilization by:

. L 0 Cf lecture by Stéphane ANDRIEU
® Epitaxial misfit

Films, or
i, clusters in a matrix
® In-plane stress Fe/Cu(001)
® Optimize growth methods and 300K growth WiP: fcc |
parameters TOML

Fe/Cu(001)
300K growth with MBE: fcc>bcc

P. Ohresser et al., PRB59, 3696 (2001) Olivier Fruchart - 27/08/2003 - p.7
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2. Ferromagnetic order  [2.2 Metastable phases] [fcc y-Fe]

Theory (e.g.) fcc y-Fe Thin films

® fcc y-Fe for T>1185K: non-magnetic
.‘ground-state’: sensitive on lattice parameter

L J4 fcc Fe/CuAu(111)
120~ Fel(fec) 3 T T T T
_ 2.6 -~mm=-—m== w
s I~
=
2 T
E B0 2 o }JFe
;: L i Mg
E 2
uc: - 1
w - 0.6— ==
0
40 /l
. . - — 3,80
Anti-Ferro 360 | deyaufA i 1 J
Non- 0 10 CAu/Ot 9/, —= 30 L0
& Lo High Spin U
. Gradmann et al., JIMMM 15-18, 1109 (1980)
0 h | | | 1
2 o ® Agreement with theory?
ws
V. L. Moruzzi et al., PRB39, 6957 (1989) ® \What happens for thicker films?

FIG. 2. Zero-ficld magnetic moments and total energies as a
function of #ygs showing nonmagnetic {(NM), antiferromagnetic
{AF), low-spin (LS) and high-spin (HS) solutions for fce iron.
The 1.8 total-encrgy branch is indistinguishable from the NM
anch an this scale.
See also: O.K. Andersen, Physica B 86, 249 (1977) Olivier Fruchart - 27/08/2003 - p.8
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2. Ferromagnetic order  [2.2 Metastable phases] [fcc y-Fe]

Spin-density wave antiferromagnetism

ﬁéggﬁ \| ﬂ\ /m \ Fe/Cu(001)
T

> Ferro.

> SDW - AF

FEPETIIIIIIIE Ferrrraeraiiin ———

6ML 7ML SML IML

FIG. 4. Magnetic structures proposed for 6, 7, 8, and 9 ML Fe
on Cu(100); the inset gives the layer dependent magnetic mo-
ments for fcc Fe along the z direction, z(d) = 0 corresponding
to the first AFM layer. (Note: all the moments drawn here are
lying in the planes parallel to the front plane of the structure
section.)

D. Qian et al., PRL87, 227204(2001)
See also V. Cros et al., Europhys. Lett. 49, 807 (2000)
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2. Ferromagnetic order  [2.2 Metastable phases] [fcc Co]

Stabilization of fcc Co m

® Stabilization by:

® Epitaxial misfit | Films, or DPM, CNRS, Lyon, France : LASER vaporization
clusters (matrix, and inert gas condensation source
® Surface stress or free) M. Jamet, V. D

® Surface orientation. e.g. (001)

® Optimize growth methods and
parameters

HRTEM along a [110] direction
fcc - structure, faceting

Cf lecture by Edgar BONET

Model system: shape, magneto-crystalline anisotropy

% Olivier Fruchart - 27/08/2003 - p.10
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2. Ferromagnetic order  [2.2 Metastable phases] [fcc Co]
fcc Co films 300K MBE: stacking faults 300K PLD: fcc
1

Height(nm)
o ? ,
[

L
=
0 0

3
Length(nm)

0 Cf lecture by Stéphane ANDRIEU

Co/Cu(001)

I-V LEED curves

. FIG. 2. STM topography images of Co/Cu(111) films prepared by therir
. =
StaCkmg faults for MBE deposition (a), (¢) and pulsed laser deposition (b), (d). The height scale

the line scans are shown in the msert. The islands of TD films are alrea
® pure fcc for PLD double-layer high in the beginning state of film growth (a), where the PL
films consist of one monolayer high islands only (b). At higher thickness t
TD films show a pronounced 3D growth (c), while the pulsed laser depc

ited films continue to erow laver-by-laver (d).
% M. Zheng et al., APL74, 425 (1999) Olivier Fruchart - 27/08/2003 - p.11
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2. Ferromagnetic order [2.3 Magnetic order versus temperature] [Tc]

Elements of theory

® Bloch (1930). No magnetic order at T>OK in 2D.
(spin-waves; isotropic Heisenberg)

® Onsager (1944) + Yang (1951). ::> Magnetic anisotropy
2D Ising model: Tc>0K stabilizes ordering

Experiments: Tc(t)

feC 48N 52Fe(111_)/Cu(011) _ 0 Cf lecture by Dominique GIVORD
e Spin Wave regime

: B ¢ T 1
Oy= : N T }0
P Mean field 15.7 s
T agr Ny, : inacurate i T
iy — in low ( %3
) . . 0.4 5.5 o
w06 dimension... o
N =
i" ! EM# 3.8 ]
04t 5
:"0.2— -
a2r
01+ -
_— ; . Tc interpreted with — 1
0 a1 a2 43 04 45 06 a7 molecular field—w L o—iL >
7 (=) —> T/K
U. Gradmann and J. Miiller, R. Bergholz and U. Gradmann,

% Phys. Status Solidi 27, 313 (1968) JMMMA45, 389 (1984) Olivier Fruchart - 27/08/2003 - p.12
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2. Ferromagnetic order

.

Naive model
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G.A.T. Allan, PRB1, 352 (1970)

D
Handbook of Magn. Mater. Vol.7, ch.1 (1993)

Olivier Fruchart - 27/08/2003 - p.13

Conclusion:

Naive views are roughly correct
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2. Ferromagnetic order [2.3 Magnetic order versus temperature] [Bloch law] - ' B

BLOCH LAW
Resuts

Ag/Fe(110)/W(110)
<3 L Ag interface

| FIT: B (T) = Bhf(O)[1- bT3 2]

34

33

Remarkable result [Fe/W(110)]:

b(t) = b(¥)+[b(1) - b(¥)]|/t

B,,(T

Film center

31

Fits: T3/2 Bloch laws
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Olivier Fruchart - 27/08/2003 - p.14
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2. Ferromagnetic order [ 2.3 Magnetic order versus temperature] [Dead layers]

BLOCH LAW AND DEAD LAYERS
Interpretation

Idea:

Determine surface magnization, ] o )
enhanced or reduced. Reality Misinterpretation
Ideal measurement _bUlk_ bulk

Ms(OK, 1) = Mg(OK, ¥ )(t +1 )
Real measurement: 7>0K

Mq(T,t) = Mg(0 K,t)[1 - b(t)T3 2]

12345678910 12345678910
ST M(T,t) » My(0K, ¥)’ [t(1 b¥T3’2)+Q b1T3/2|

Slope
</,>O</
::> Study of surface versus bulk ‘9@/}‘
magnetization must be undertaken x

% at low temperature Olivier Fruchart - 27/08/2003 - p.15
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2. Ferromagnetic order  [2.3 Magnetic order versus temperature] [Dead layers] - ' B

BLOCH LAW AND DEAD LAYERS: Experiments

UHV
80 Fe(110) |} D; 300..600 K .
T=322K = 051 T, (w) e Lt
i j [ T T T 71 ;
¢ | (@STEPWISE PREPA-/ 1 3o 60
S [ RATION £ S = )
. 5l /7 by =
2| SPIN WAVE , ; o
> | THEORY 5~ S L0t .
—_ / ’ s
S ~
B8 E e
E — £ 20 6 3
b e s i
— o 12 3 L5 6
E
O il 0 1 1 1 1 1 1
0 S 0 20 40 60 80 100

/ (b) SINGLE FILM 7 0
L o/ PREPARATION | ‘
’ | | Fe(110): surface magn. Enhanced
0 L ! fromecfh o] o o ) | ~
O 0 . L Tapparent = 10.14

¢ Tsw-corrected = 1T0.42

Ni(111): surface magn. reduced

% U. Gradmann, Handbook... Olivier Fruchart - 27/08/2003 - p.16
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2. Ferromagnetic order [2.3 Magnetic order versus temperature] [Dipolar fields]

Example: Vicinal Spin-

Fe(110)/W(110) ) Polarized
Scanning Cf lecture by Dominique GIVORD

B Tunneling Atomically-narrow
B Spectroscopy domain walls

(b) lateral displacement [nm] Thickness = 1.25AL Cf lecture by André THIAVILLE

® In-plane magnetization
imaged
(reflects out-of-plane)

Conclusion

| ® Dipolar fields
‘ stabilize magnetic order

Figure 35. (a) Topography and (b) magnetic d/ /dU signal as measured with a Fe tip on Fe
ML stripes on W(110). Adjacent ML stripes exhibit opposite in-plane magnetization directions.
Obviously, the domain walls in the ML are very sharp. The region in the rectangle will be shown
in more detail in figure 36.

M. Bode et al, Rep. Prog. Phys.

% 66, 523 (2003) Olivier Fruchart - 27/08/2003 - p.17
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Cf dominique GIVORD

Example: Vicinal
Fe(110)/W(110)

Spin-
Polarized

Scanning | nickness = 1.25AL

Tunneling
Spectroscopy

M.

~i1thetrata
- 1Sl ale

(b) lateral displacement [nm]

Atomically-narrow
domain walls

Bode et al, Rep. Prog. Phys

523 (2003) Olivier Fruchart - 27/08/2003 - p.18

66,
Laboratoire Louis Néel

http://lab-neel.grenoble.cnrs.fr/themes/couches/ ext/



2. Ferromagnetic order  [2.3 Magnetic order versus temperature] [Discrete layers] - ' B

Discrete number of atomic layers

Fe/Ir(100) single or multilayers

R R ___ Rough growth
4 ml > ml 6 ml Island size < magn. correlation length

T T T T T T T T T T T T T T

lity (arb.|un.)

\

G

Susceptibility (arb. un.)

=
—:——>
Q_
R T T T T T T T T T O O O I I R 8:
0 100 200 300 g_
Temperature (K) @ [~ T i oy
0 100 200 300 400

FIG. 1. ac susceptibility peaks observed for Fe/Ir multilayers
of 20 periods with Ir spacer thickness of 15 A, and integer num-
bers of Fe atomic planes.

Temperature (K)

FIG. 3. Influence of the surface roughness as shown by the
RHEED patterns (shown in inset) on the ac susceptibility mea-
surements for a S with 4.6 ML thick Fe layers grown at 300 K
(top) and 400 K (bottom).

___ Layer-by-layer growth
Island size > magn. correlation length

% S. Andrieu et al., PRL86, 3883 (2001) Olivier Fruchart - 27/08/2003 - p.19
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2. Ferromagnetic order  [2.3 Magnetic order versus temperature] [Discrete layers] -

Discrete number of atomic layers

1 T T L] 1 1 I
3801 w1101 (D)1 Ag y
3201 7
300 -
¥280 E —®— 7
260 1 § H.{j\\.EImers al., Pr:ys.Rev.L-étM.VB, 8(94)
0 Te = 475K
2&'0 g 1? o B Tp = 300K .
" ® T, = B800K
220 ] [ | 1 ! | ]
0 0.2 04 0.6 0.8 1.0 1.2 1.4

U. Gradmann, Handbook...

::> Conclusion
Tc depends on size of islands

(lateral dimensions)

% Olivier Fruchart - 27/08/2003 - p.20
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2. Ferromagnetic order

[2.4 Surface magnetization] [Effect on Tc]

Effect of capping layer on Tc

Table 1. T¢ of various ultrathin Ni and Co on Cu(001) films before capping with Cu. The capping
layer thickness and the decrease AT, after capping are noted. AT is more pronounced in the case
of d = 2 ML Co films.

df(ﬂ‘!‘ﬂfﬂt!ﬁ”i’?‘ (ML]‘ TC (K) d{"u {ML) &TC {K-)
Ni 3.6 168 2.0 —31
4.0 217 2.5 —37
4.0 210 3.5 —50
5.0 21 2.0 —25
3:1 278 0.5 —23
31 263 7.0 —28
Co 1.9 290 6.8 —120
1.8 300 4.8 —75
P. Poulopoulos and K. Baberschke, J. Phys.: Condens.

Matter 11, 9495 (1999)

General rule

® Enhanced surf. magn.
> increased Tc

® Decreased surf. magn.
> decreased Tc

Olivier Fruchart - 27/08/2003 - p.21

% Laboratoire Louis Néel

http://lab-neel.grenoble.cnrs.fr/themes/couches/ ext/



2. Ferromagnetic order  [2.4 Surface magnetization] [Effect on Tc]

Quantum well effect on Tc

] 5 ] = 1 | 4

40 - ;
FM 5

20 b 5

= | .3 "3
A @
< _ |, B
2

20t AFM ]2

1 ; | ; 1 _3

Cu

Figure 17. Oscillatory variation of interlayer coupling results in a periodic change of the ordering
temperature ATy; in Co/Cu/Ni trilayers [114]. ATy; was measured and J;,., was calculated via
a molecular field formula which may yield too large values for Ji,.,.

P. Poulopoulos and K. Baberschke, J. Phys.: Condens.
Matter 11, 9495 (1999)

% Olivier Fruchart - 27/08/2003 - p.22
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2. Ferromagnetic order

[ 2.3 Magnetic order with temperature] [layered systems]

Exchange-coupling increase of Tc

1600—————

1400~

& 600+~

2.8ML Cu
O 4.8ML Ni

Cu (001) /
=

1%

& 238ML Co
2.8ML Cu
@ 4.3ML Ni

Cu (001}
m

Conclusion
Tc increased in Ni due to
‘proximity’ of Co

150 200

OOO—TE—8—
250 300 350

T(K)

A. Ney et al, PRB59, R3938 (1999)

See also: exchange-coupling

Olivier Fruchart - 27/08/2003 - p.23
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2. Ferromagnetic order [2.4 Surface magnetization] [Surfaces]

Surface magnetization

Surface techniques at OK

e Mossbauer with probe layers
Plot m(t) at OK:

e Magnetometry

e XMCD (See lecture S. Pizzini)

® Fe/W(110) : 0.14mi(+0.35p;) ::}

® UHV/Fe(110); Ag/Fe(110): 0.26mI(+0.65;)
® Cu/Ni(111): -0.5ml

® Overlayers: Pd/Ni(111)/Re(0001)

DCU

0 74 4 8 10 12
0 T T T [ T
(a)
-0.2 Cul111) kDO, 1
Ni{111) DM:10_5
-0.4 Re (0001) 4
0.6 B

AM/S8x10" " Wbm
é 1
(@ o]
T
g
d
1

I
—
o

-

U. Gradmann, Handbook...
Pd(D)/Ni(111)/Re(0001)

—

=
v

(o]

’
1 ] ]

2 5 10 15
Conclusion | %
Pd is polarized over

several layers

. Fe/Pd multilayers

e g
21 XMCD
E | -
]
©
5 02t
o
B
o 01
£
(o]
=

0‘0 1 1

1 2 4 7 4 2 1

Pd monolayers

FIG. 8. Magnetic 4d moments of Pd as a function of the dis-
tance to the interface in Pd/Fe multilayers.

J. Vogel et al., PRB55, 3663 (1997)
See also: Stefania PIZZINTI's lecture

Olivier Fruchart - 27/08/2003 - p.24
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2. Ferromagnetic order  [2.4 Surface magnetization] [from surfaces to atoms]

Pioneering work:
TOM magnetometry
Step on Fe(110): +0.7pg

M. Albrecht et al., Europhys. Lett. 20, 65 (1992)

% Olivier Fruchart - 27/08/2003 - p.25
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2. Ferromagnetic order  [2.4 Surface magnetization] [from surfaces to atoms] - ' B

H.Diirr et al., PRB59, R701 (1999 K. Koide et al., PRL87, 257201 (2001
( ) CO/ Au(111) Num;)er of Atorr:s/CIuster, N( )

Co coverage (AL) —
0 05 1.0 15 g 3.0400 800 1;"0 1600
— T (— T T © /
0.24} - ~o 25 Z
i 3 77
0.22 - B 20 77
¢ : _
0.20 7 £ 15 Z
0.18 § -1 éﬂ 1.0 ) 1 Z
g - z} . 0.35 =
& 016] . 1/NV2 fit ] = 0.30+ e —4 |
- R ] S 0.25) Z |
S . (RS o 0.20 # I &4 -
0.12 LN T &_' . S . T "Y_‘ l—'?
I 1 <2 0.15} SPM % FM
0.10 - 5 (b) Z
L Bulk QI £ 8’18 ; . . % j
0.08 1 1 1 1 1 ] : SPM ? FM
0 2000 4000 6000 8000 10000 12000 T oe + Z
N (atoms) % + '—*2
| g 0.00 ff." # "?é m
Conclusion: extra orbital 2m,/edge atome 05| (C) | | 7 .
4 5 6 7 8 'l =
Problems: Average Cluster Diameter, Dav. (nm) (bulk Co)

Conclusion: no extra orbital moment for

[ ) .
dots coalescence above 1300 atoms: edge atoms (dot=*small thin film’).

non-valid fit...

imati - . Probl :
® Estimation of dot size by Langevin roblems

function (Brillouin 2 better suited) ® dot size is still large.

Laboratoire Louis Néel http://lab-neel.grenoble.cnrs.fr/themes/couches/ ext/
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2. Ferromagnetic order  [2.4 Surface magnetization] [from surfaces to atoms]

P. Ohresser et al., PRB64, 104429 (2001) Fe/Au(111)

L L L L v v L v ' L L v v L v LJ v ' L L
ossqy | | L @) ]
0.152 1D 2D fec-bee -
o coalescence percolation phase transition #=
= . . :
-  0.07- - Conclusions:
2 o < .
e 0.06= Spin moment not modified at edges
i 05 (spin more influenced by deformation)
Q  0.04- ° , o
£ ' Edge orbital moment ~ 0.5M,, similar to steps
c 0.03 - .
- on vicinal Fe.
0.02
—— 0.7 -
m
=.
Q 0.6 -1...
-8 r
- 0.5 - Il~ T T T T T T T
8 _. Ccﬂm Cﬁdse ]
- RN PR R— I
= 0.4 - N 1 70 -----
w
= Low-spin fcc i
0.3 ' L] L] L] L] l L4 L] L] L] ' L] L] L] v ' L} L} L L l L] LJ

0 1 2 3 4

Coverage (ML)

1 1 1
00 02 05 o8 10 12 15 18 20
Coverage (ML)

% Olivier Fruchart - 27/08/2003 - p.27
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2. Ferromagnetic order [2.4 Surface magnetization] [from surfaces to atoms]

Co/Pt(997)

\
\ Terraces ~ 1 ML A 4, P Ar 0.1
[} = IF"
il
. 10_' E B‘
=
é 3 = 4 i
m v 21
= o
] 0X L. : .
= 05 "@“ : 0.0 0.4 0.8 1.2|
L (g / atom)
0.4 - ;Ir i %‘
— 100 A | N | - @ IS T o e
A. Dallmeyer et al., Phys.Rev.B 61(8), R5153 (2000) 0.2 N S il e AR bt M aa

Conclusions B
n (atoms)

® Bulk: mL=0.14nyat. P. Gambardella et al., Science 300, 1130 (2003)

® Surface: m =0.31m/at. Conclusions

® Bi-atomic wire: m =0.37n}/at. ® From bulk to atoms:
considerable increase of orbital moment

® Mono-atomic wire: m,=0.68m/at.
L M/ ® > atoms closer to wire than 1 atom

® hHi- : =
bi-atom: m, =0.78my/at. ® pi-atomic wire closer to surface than wire

® atom: m =1.13m/at.

% P. Gambardella et al., Nature 416, 301 (2002) Olivier Fruchart - 27/08/2003 - p.28
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3. Magnetic anisotropy

o) 3:-2 Microscopic origins of Magnetic
Anisotropy Energy (MAE)

o) 3.3 Can one disentangle magnetoelastic
from surface anisotropy?

o) 3.4 Temperature dependance of anisotropy
in low dimension

Q 3.5 From surfaces (2D) to atoms (0D)

Olivier Fruchart - 27/08/2003 - p.29
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2. Magnetic anisotropy

[ 3.2 Microscopic origins] [Dipolar energy]
Dipolar energy

Mutual energy of two magnetic dipoles :

é—> -> 3 -> > -> > l\J
Er= 2o qifly -~ (Hyr).(Hp )y
4pr~ é r u

Let us assume two magnetic dipoles
with vertical direction, either ‘up’ or ‘down’ :

E1-(Q)=

_ E 2 _
4pr? ml”hl1 3cos Q] cos“(Qc)=1/3
Parallel alignment is favored for q <(gc »54.74°

Antiparallel alignment is favored for q >qc » 54.74°

‘Cone’ of alignment

T T Conclusions
l l l l ® Nanostructures: long axis favored

® Films: in-plane favored

1

z _ 2

eq = mMz
T T Cf lecture by Dominique GIVORD 2

Olivier Fruchart - 27/08/2003 - p.30
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2. Magnetic anisotropy [ 3.2 Microscopic origins] [Magneto-crystalline]

Magnetocrystalline anisotropy energy

Electronic cloud

+

Atom nucleus
(crystal structure)

Spin-orbit coupling = the energy of both spin and orbital moment depends on orientation
Series development on an angular basis:

Anisotropy energy _  Normalized magnetization components

Uniaxial Alignement of magnetization

is favored along
Enc =K, msm; \+... given axes of the crystal

% (Derived from slide of A. Thiaville - CNRS/Orsay) Olivier Fruchart - 27/08/2003 - p.31
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2. Magnetic anisotropy [ 3.2 Microscopic origins] [Magnetoelastic]

Magneto-elastic anisotropy

AAERRERRERERE N
AR RERR R RN AREERRRRERRRE N
+ AARRRRRRRR RN

SRR Y AAARRRRRARAAAL
AAARARA AL AR LB S AR AR RRRRRRRY

+ EARRRERERREREEN
SRR RRRRRRRRR N EARRRRR R R RN
B R R R RN
Origin Result
Deformation of orbitals E o = Kmel,1 COSZ(q )+...
Correction to the ~R.
magneto-crystalline energy Kmel,i Bie

Olivier Fruchart - 27/08/2003 -
Laboratoire Louis Néel
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2. Magnetic anisotropy [ 3.2 Microscopic origins] [Surface/Interface]

Surface anisotropy

L. Nr:éel, ] « Anisotropie magnétique superficielle et surstructures d'orientation »
J. Phys. Radium 15,
15 (1y;54)a i « Superficial magnetic anisotropy and orientational superstructures »
R R RERRRE RN Overview
Soo0ssvsrbeee . Breaking of symmetry for
S0 0000000000000 surface/interface atoms
EERRERER R R R RN ::>Correctiontothe
S0 0000000000000 magneto-crystalline energy
ERRERERERERRE RN 5 4
TR RN Es =Kg4c087(q)+Kg,0087(Q)+...

« Cette énergie de surface, de I'ordre de 0.1 a 1 erg/cm2, est susceptible de jouer
un role important dans les propriétés des substances ferromagnétiques dispersées
en éléments de dimensions inférieures a 1004 »

« This surface energy, of the order of 0.1 to 1 erg/cm2, is liable to play a significant
role in the properties of ferromagnetic materials spread in elements of dimensions
smaller than 100A »

Pair model of Néel:
® Ks estimated from magneto-elastic constants

® Does not depend on interface material Lecture of Edaar Bonet
® vields order of magnitude only: correct value J
from experiments or calculations (precision !) Olivier Fruchart - 27/08/2003 - p.33
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[ 3.2 Microscopic origins] [Anisotropy of orbital moment]

2. Magnetic anisotropy
Magnetic Anisotropy Energy (MAE): Link with anisotropy of orbital moment

Ab initio calculations

High precision needed: 1meV <<10eV

Perturbation theory for 3d metals:
X P. Bruno, ini
MAE =a ey Dm, PRoae H6s (1993) 6 Cf Iecl\‘rI;Jr'e by Dominique GIVORD| , |
200} .
M. does not rotate in 3d metals —_ yy
-> MAE reflects cost in x 5100l ) g - A eis
Covers magnetocrystalline, magnetoelastic S WR=0.50 o B _
and surface anisotropy ER K _ o005 |
> c/a=1.08 7
Experiments [
Cf lecture by Stefania PIZZINI . ,
-0.005 0.000 0.005 0.010
A Orbital moment (ug/atom)

Bulk (Fe, Ni, ...)
-4

Dm; »10™ " mg /atom ::> MAE £1meV Hjortstam et al., PRB55, 15026 (1997)

Conclusions

® Origin of MAE = anisotropy of orbital moment

® No strict linearity
® o may also depend on thickness in thin films (band structure)

% - Direct measurement of MAE preferable

ier Fruchart - 27/08/2003 - p.34
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2. Magnetic anisotropy [ 3.2 Microscopic origins] [Surface/Interface]

Dipolar contribution to surface anisotropy

(less known) Overview

Atomic-scale roughness

ER R R R R R RN R ::>Correctiontothe
dipolar ener

O 0006000000000 00 P gy

0 0000000000000 Inter-atomic distance

— 1 2 2
IR RN Atomic scale Esmagn. = K@}z mMs|cos®(q)

TEERERRERR R Y Roughness  (One kg for each surface)
Surface K
fcc(111) 0.0344
fcc(001) 0.1178
hce(110) 0.0383

::> Conclusion / bcc(001) 0.2187
Modifications more important hcp(0001) 0.0338
for ‘open’ surfaces

H.J.G. Draaisma, W.].M. de Jonge,
JAP 64, 3610 (1988).
(included in Néel’s pair interaction
model from 1954 1)

% Olivier Fruchart - 27/08/2003 - p.35
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2. Magnetic anisotropy  [3.3 Disentangle...] STEP 1

History of surface anisotropy : STEP 1 (1/t plot)

2k
Eiot (t) = kyt +2ks i> e(t) = ky TS
A
e(t)
> surfe - 1
e == l
Bulk 20 Bulk 0 48 NI/S2Fe |
— (1)
|
> :EJ |
e :EMQS |

T=2AL

\,\_x./

0 a3
U. Gradmann and J. Mdller,
1/D Phys. Status Solidi 27, 313 (1968)

% Olivier Fruchart - 27/08/2003 - p.36
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2. Magnetic anisotropy

Structural relaxation

Pseudomorphic range
4

Strain (a.u.)

Relaxation range
(introduction of dislocation)

/

W.

%s

Thickness (a.u.)
A. Jesser et al., Phys. Stat. Sol. 19, 95 (1967)

fitlm thickness d ——p»
T o0 20 30 4o 504

Flﬁm T T T T T

>~ —Qo1 -

Co/Cu(111)
s —ﬂg?..

misfit

-ao3

U. Gradmann, Appl. Phys.3, 161 (1974)

t
,,tc e(t) ~ (asubstrate = @bulk )_tc

[3.3 Disentangle...] STEP 2

Effect on anisotropy

Magneto-elastic anisotropy:

kme| - Bmele

Strain relaxation regime:

k(t) = Kpuik +@ Bpel /t
A

Conclusion:

Mixing of surface and
magneto-elastic contributions

v
2Kk
e(t) = ky TS

C. Chappert and P. Bruno., JAP64, 5736 (1988)

0 Cf lecture by Stephane ANDRIEU

Olivier Fruchart - 27/08/2003 - p.37
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2. Magnetic anisotropy  [3.3 Disentangle...] STEP 3

Methods: 1.2 wNi{Cu(OOl)w--- :-—Ni/Cu(111)--

(100) | 1% (111)
0 AN

®1/t plot in the pseudomorphic range (t<t,) | 0.8}

beyond (t>t,)

® 1/t plot with magnetoelastic corrections E | | < | \
goal
v

Surface + ME 2Ks “Kt versus t bid_;t .0 151,
bw / e \\ AT w3
= 4 /\ O 40 80 120 0 100 200 300
¥ VAT Ni thickness (A) Ni thickness (A)
Surface 2kt | R. Jungblut et al., JAP75, 6424 (1994)

FIG. 2. The product of total anisotropy K and Ni layer thickness ¢, plotted
magnetic layer thickness t as a function of ¢ for (100) and (111) orientations.

TABLE 1. Summary of Cu/Ni anisotropy data pertaining to both investigated orientations. Critical thicknesses (¢, reported for both single layers and
sandwiches) and stress-induced anisotropy energies are determined both experimentally and (in parentheses) by calculation.

-
g

The positions of the breaks are not in agreement with

Gﬁ:::;m the ¢, values established from LEED studies. Probably the =
i presence of the overlayer has increased ¢, for the sapdwich p©

structure

% Olivier Fruchart - 27/08/2003 - p.38
Laboratoire Louis Néel http://lab-neel.grenoble.cnrs.fr/themes/couches/ ext/



2. Magnetic anisotropy  [3.3 Disentangle...] STEP 4

History of surface anisotropy : STEP 4
(Direct measurement of magneto-elastic coupling coefficients)

D Sander ef al

Methods:

®H = Q0 : stress > strain

®H 1 0 : magnetostriction

60 nm
:’\\A? | 20 cm —
O, = >
L split
2 nm laser photodiode

% Groups: Sander, O'Handley, Farle Olivier Fruchart - 27/08/2003 - p.39
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2. Magnetic anisotropy  [3.3 Disentangle...] STEP 4

History of surface anisotropy : STEP 4
(Direct measurement of magneto-elastic coupling coefficients)

Ni/Cu(001)

— 10 10 : T
O‘E bulk .a. I—
U -e—— .
=z = e (@ |B
5 ¢ R || '
£ = :
S 6 158 6F o 1
Q —5 =
T 4rE 252 2 4| / T ]
S :;'a; p % 1 4 ——
-— -— = ..g : | K
% 2 'E —— mean film strain @ g 2 : 3 1R i
E 0 film thickness 1 [nm] | E oL 290 12 14 16
0 - 3 0 10 20 30
strain € [%] film thickness t- [nm]

Th. Guthjar-Loser et al., JAP87, 5920 (2000)

Conclusion:

Magneto-elastic coefficients are strain-dependant: B(e) — Bbulk +De
(they are not constants)

% Olivier Fruchart - 27/08/2003 - p.40
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2. Magnetic anisotropy  [3.3 Disentangle...] STEP 4

Fe(001)/W(001)
The correlation between mechanical stress and magnetic anisotropy 851
D. Sander, Rep. Prog. Phys. 62, 809 (1999)
(a) [ (b) °
! : 1.5
8+ * :4 .
; . L0 e o
~ 64 e
o E 0.5 ®
% 1 ® o e ‘ LB>0,A<0
s ] % e :B<0,A>0
S W ] B<0,A>
2 "“. e =03% }1 mﬁ 0.5 v
e res : ; _ MiJ MJ]
| Tres = 0.6 GPa ?"!'!f”"ftm"’: 0 1'0, Bglera=ba oy e
0 10 20 30 40 50 60 70 Ay PR L S
t., (nm) £ (%)
®,
Figure 19. Simplified stress analysis. (a) Average film stress, left axis. and film strain. right axis.
of Fe(100) on W(100), grown at 300 K. (b) Effective magneto—elastic coupling. B.g data from
figure 18, as a function of film strain. A linear strain correction of B.g is deduced from the slope
and the intercept of the linear curve for e < 0.6%. After [10].
Conclusion:

Magneto-elastic coefficients can even change of sign

% for strain smaller than 1%. Olivier Fruchart - 27/08/2003 - p.41
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2. Magnetic anisotropy  [3.3 Disentangle...] The Néel pair model

® Use a pair model to predict surface anisotropy

® Surface/interface = symmetry breaking (no pairs)
See highly non-linear
magnetoelasticity

® Pair constants: derived from magnetostriction <«——

® Does not depend on the nature of the interface «
(UHV, material, ...)

® However:
yields good order of magnitude:~100ueV/atom

L. Néel, J. Phys. Radium 15, (1954).

Conclusion (pessimistic view)

® Can we really derive surface anisotropy in the sense of Néel?

® Yields order of magnitude, but not values (not even sign)

% Olivier Fruchart - 27/08/2003 - p.42
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2. Magnetic anisotropy  [3.3 Disentangle...] The Néel pair model

JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 10 15 MAY 2002

Volume and interface magnetic anisotropy of Fe,_,Co, thin films
on GaAs(001) w. bumm etal, 1aPo1, 8763 (2002)
M. Dumm,? B. Uhl, M. Zolfl, W. Kipferl, and G. Bayreuther

Institut fur Experimentelle und Angewandte Physik, Universitat Regensburg,
93040 Regensburg, Germany

25 ML Au /X ML Fe, Co,/GaAs (001) ®Slope :

200ML 100ML 67ML 50ML 40ML bulk-like terms

: ®Intercept with Y axis:

B surface-like terms

-

i> Ks ~ Kbulk

Conclusion (optimistic view)

B Fe ® Feﬂ,'ttq:ma3
v Femc:cszz A FeMCo“

K™ [10° ergicm’]

® Pair model might work better

: with material-dependant

— : —— : A B phenomenologic parameters ?

0.00 0.05 0.10 0.15 0.20 0.25
INVERSE THICKNESS [1/ML]

% Olivier Fruchart - 27/08/2003 - p.43
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2. Magnetic anisotropy

® Generally decays faster than Ms(T)

—» ® Roughly scales with M

Low dimension

t=T/T,

t(mg) with

mg(T) = Mg(T)/ Mg(0K)

[ 3.4 Temperature dependance]

n(n+1)

S

® Thermal decay enhanced

— ® A more natural variable than T could be

2

(T)

E. Callen and H.B. Callen, PR139, A455 (1965)

T/T

0.2 0.4 Y 0B 0.8

— 15_ . I % I -' I I |
g _ 7 - 8 ML Ni/Cu(001) a)
e |
S 10}
() |
3 I
F 5L m K
f [ ¥ Ky
% : O Ky
v 0
& [TOTOT
v 4th order

-5t

Conclusion:

indeed faster

Higher order constants decay

160 240 320T (K)
M. Farle et al., PRB55, 3708 (1997)

Olivier Fruchart - 27/08/2003 - p.44
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2. Magnetic anisotropy  [3.4 Temperature dependance]

Surface versus volume

fcc 3d/Cu(001)

Low temp RT

Fe ‘ // Ks favors perpendicular anisotropy

Ni // ‘ Ks favors in-plane anisotropy

Conclusion:

Generally observed: purely surface constants decay faster than volume constants

% Olivier Fruchart - 27/08/2003 - p.45
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2. Magnetic anisotropy  [3.4 Temperature dependance]

Thin films versus bulk

= Ni(001)

—

(6]
o

- Ni(111)

..........
-----

O

v, K28 ! IML (peV/atom)

K,

........
..............
............

0.0 02 04 06 08 10
TIT (d)

Figure 21. Temperature dependence KES (squares) and KEV (circles) for Ni(111) on smooth
W(110) (JO ) and Ni(001) on Cu(001) (H® ). The cubic anisotropy of bulk Ni () after [46]
is given also. Broken and full curves are guides to the eyes.

Conclusion:
® Not well understood in thin films > measurements are needed in each system
® Generally observed: purely surface constants decay faster than volume constants

® Bulk constants might however decay faster than in thin films (with T/Tc)
because of symmetry breaking, implying lower order orbitals.

Olivier Fruchart - 27/08/2003 - p.46
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2. Magnetic anisotropy  [3.5 From surfaces to atoms]

Vicinal surfaces

® Numerous studies during the late 1990’s

::> Conclusion similar to that drawn below (but only for steps)

Sub-atomic-layer epitaxial deposits on surfaces
® Self-organization is preferable (smaller size distribution)

® | ow-temperature deposition for the smallest clusters

See Co/Au(111) :> Separation of 2D versus 1D (edge) contributions?

Olivier Fruchart - 27/08/2003 - p.47
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2. Magnetic anisotropy [3.5 From surfaces to atoms] [wires]

From surface to wires (1D)

Self-organized Co/Pt(997) __ . F_»W —— N
" : \% ] Monatomic b monoloyer> ’ Bulk
: : N 3 chain P N—rl | e 4
: = \ 7 ) —u
) S .
\J 4 |_2 ; !\\—m,___ ;'\M
) | 1 1 | 1 | 1 | |
O
M=
-2l
El
5-4
)
O-6
Coat = :
O aloMS Pt torrgCe o -8 v-r:’fﬁn‘- - {t
770 7I80 790 860 810770 7I80 7‘.?0 8&)0 810770 7.80 7‘I?O 800 810
Photon energy (eV) Photon energy (eV) Photon energy (eV)
N\ N\
m > gt i
L 3 2 Conclusion:

ff ® Increase of orbital moment
m‘; » - (‘)2L3 +4 ), (necessary condition for
anisotropy)

% Olivier Fruchart - 27/08/2003 - p.48
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2. Magnetic anisotropy

From surface to wires (1D)

Method

® XMCD > Orbital moment

® Fit magnetization curves
> Anisotropy functional

MAE
® Bulk Co: 40ueV/atom

® Co ML: 140ueV/atom
® Co bi-wire: 0.34meV/atom

® Co wire: 2meV/atom

Conclusions:

® Easy axis of magnetization
perpendicular to the wires, but
not the the mean film surface,
nor to Pt(111)

® See anisotropy of orbital
moment on the saturation XMCD.

>
o

=

[3.5 From surfaces to atoms] [wires]

Y — N
0.4 0.2rF T
0.3 . +i+ : o ° e
502} ++* +439 | |00 e,
= 02/%m _ o ] T |
PR 900 ¢! g
055 €0 30 30 60 50 %0 60 30 30 60 90
¢(deg) @ (deg)
T=10K |0guguguuns
"
’5359. 2
b 90°
[ |
@ 2] |opoet
] [ |
} ...l.:l...
D 4 6 6 4 2 0 2 4 6
B (T)

Olivier Fruchart - 27/08/2003 - p.49
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2. Magnetic anisotropy  [3.5 From surfaces to atoms]

Ayl K at-To-RORIGINENOI) Co/Pt(111)

Giant Magnetic Anisotropy of
Single Cobalt Atoms and
Nanoparticles

P. Gambardella,’?* S. Rusponi,’? M. Veronese,? S. S. Dhesi,*}
C. Grazioli,®> A. Dallmeyer,® I. Cabria,” R. Zeller,”
P. H. Dederichs,” K. Kern,'2 C. Carbone,>* H. Brune'

P. Gambardella et al., Science 300, 1130 (2003)

864202 468 864202 468
B (Tesla) B (Tesla)

1 atom STM, 8.5nm, 5.5K

5.5K

Ma. u.)

8 6 4 -2 0 2 4 6 8
B (Tesla)

Cf question by Dominique GIVORD
Qualitatively:

® Easy axis of magnetization
perpendicular to Pt(111)

=1
1l
[ W

A N N : ® See anisotropy of orbital
775 780 785 790 795 800 moment on the saturation XMCD.

% Photon Energy (eV) Olivier Fruchart - 27/08/2003 - p.50
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2. Magnetic anisotropy  [3.5 From surfaces to atoms]

Ayl K at-To-RORIGINENOI) Co/Pt(111)

B 10- MAE
® Bulk Co: 40ueV/atom
8 - ® Co ML: 140ueV/atom
E 5 ® Co bi-wire: 0.34meV/atom
E ® Co wire: 2meV/atom
@ L1, CoPt _
E 4- & ® Co bi-atom: 3.4meV/atom
* hep Co ® Co atom: 9.2meV/atom
2 ’_3"9"4
_____ Ll i e L
D“._ T o T T —— ._.'_,'._.'"' e e _-,_
0 5 10 15 20 25 30 35 40

% Olivier Fruchart - 27/08/2003 - p.51
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5. Superparamagnetism

o) 5.1 Theoretical description
o) 5-2 Experimental examples
-._) 5\4) Fitting superparamagnetic curves

o) 5(3)\How can one overcome superparamagnetism?

% Olivier Fruchart - 27/08/2003 - p.53
Laboratoire Louis Néel http://lab-neel.grenoble.cnrs.fr/themes/couches/ ext/



5. Superparamagnetism [1. Theoretical description]

Simplified framework

® Stoner-Wohlfarth (rigid macrospin)

® Second order anisotropy, field along easy axis:
E = Ksin2(q )+ myMgsH cos(q )

® Thermal activation to jump over energy barriers described
using Boltzmann statistics (Arhrenius law):

E O
kgT &
| » Attempt frequency t g ~ 10°1%2.107s

6 Cf lecture by Edgar BONET

% Olivier Fruchart - 27/08/2003 - p.54
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5. Superparamagnetism [1. Theoretical description]

E =KV sin2(q )+ myMgHYV cos(q ) Magnetic enthalpy e = sin2(q )+2hcos(q )
(h = mMgH /2K)

Determination of barrier top

ﬂE—O P cos(q)=nmMsH/2K E:O P cos(dmax)=hH

ﬂq ﬂq A / h=0.2

2
Mo & y— 5
DE = E(Qmax ) - E(0) = KVEi- HDZKS g Barger height (De>: €(Omax ) - €(0) = (1' h)

Quasistatic measurement during time 7=1s

t =toexp2E0 b DE =kgTin(t /tg) t =toexp(22)

ksT @
~25ksT | b t /to)

AH_. Coercivity at temperature T>0K
2K 25k 70O\ Y
H, = a? 67 2 h, =1- J25¢
9

”sz

| »Blocking temperature

> T Ty, = KV [ 25kg
Superparamagnetism:
% For moderate anisotropy K and/or volume V Olivier Fruchart - 27/08/2003 - p.55
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5. Superparamagnetism [2. Experimental examples]

Hysteresis loops

Fe/MgO(001) islands

300 K

5 x 10 * emu

Magnetization

e —

150 K

100 K

40 K

5 K

H (kOe)

Y. Park et al., PRB52, 12779 (1995)

M (10" ° emu)

Field cooled (FC) versus
zero field cooled (ZFC)

3.0 “ -
S— —a— FC
—— ZFC
20
1.0 F
00 L ! 1 1 1 1
"0 50 100 150 200 250 300 350

T (K)

Olivier Fruchart - 27/08/2003 - p.56
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5. Superparamagnetism [2. Experimental examples]

Permalloy dots
1=6nm t=10nm t=15nm

d=500nm Vw j —/V
i 7— pavd

d“34}l:lnm f /P
) il
s
Small dots made by d=200nm ﬂ/ _;_/J/
lithography N rrg
I

R

d=150nm

-

d=100nm

d=80nm Jr
i

d=55nm [_ Jr l.’lf

R.P. Cowbur\‘_x et al., PRL83, 1042 (1|9_99!

—

% 250 Oe 600 Oe 8000e  phart - 27/08/2003 - p.57
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5. Superparamagnetism [2. Experimental examples]

Role of dimensionality

f

Spontaneous magnetization is perpendicular to the plane [similar to Co/Au(111) films]

Co/Au(11l)

0

RT

/,a"“""

1.25ML

10

0-1D

10

0.75 ML

1.75 ML

w

H.Takeshita et al., JMMM165, 38 (1997)
see also: S. Padovani et al.,

W Laboratoire Louis Néel

[ )

~

~25kT

A

tee | pown

Blocking temperature Tb ~ 20K

H.Diirr et al., PRB59, R701 (1999)

K. Koide et al., PRL87, 257201 (2001)

Ph. Ohresser, F. Scheurer et al., private
comm.

Olivier Fruchart - 27/08/2003 - p.58
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T, = KV /25kg

TWO ROUTES TO OVERCOME SUPERPARAMAGNETISM in SO
® Increase K. Problef: K does not increase as fast

as V decreases
® Increase V. Problem : lateral coalescence occurs \

i> INCREASE THE HEIGHT OF NANOSTRUCTURES ?

S. Padovani et al.,
Phys. Rev. B 59, 11887 (1999)

% Olivier Fruchart - 27/08/2003 - p.59
Laboratoire Louis Néel http://lab-neel.grenoble.cnrs.fr/themes/couches/ ext/



5. Superparamagnetism [3. Overcome superparamagnetism in self-organization?]

» Co,Ni, Fe:
Nucleation at the
elbows of the chevron$

7.5nm

1 L 1 1

0 5 10 15 20 M

Fe, Ni: 1 AL-high dots

D.D. Chambliss et al., PRL 66, 1721 (1991)
B.Voigtlander et al., PRB 44, 10354 (1991)

. - i
- *"*rb.ll-.--‘.::‘:2:"‘1--‘; “as”
Ffar"qudegae kT ‘.“‘.‘-[-'E!
toss g Thew Tetata et u suy
LT LY TS ., .
z 8RB i wuan, . .

";!s-g !
- e
. o’
TS s mrant: £ og
..:“.'ﬂ'-..-*.- &
—l-‘“,.‘..."J_'
FreESEangre.

. e e T T
""""lﬁl‘---.‘-..:::‘
fas l-.iq .,_.""!

- h-'i'."‘-" ™

& ad g e

: L] "'llr-l.'!. Al ET TN
- ‘.""""" - = -? Samyg
1..!!"‘..‘..‘. ..‘-“""

saadteal
i v
ag e
i‘§b.-,. " 1 LA T YT

] -...._‘ . e

issnnjy \ 3 ""“"“_“I.-.ﬂ-‘
L L R T L UL L L Y Py
ave l"'. .“!.: ||_|'-._“-- -y

1 3 Y
_"."iqtnng... L -
L » -."'l"l"'
ALALL T "
. ol ‘e

. 5 1
t;qlqilig.lj‘L.--. adg LA AL ALY LT YT
T e f.,...l -

1“‘.'."....;.
1{: "“..'h.'

Pato.at.onn, ~
. Y
Febopal-., Saga P srtiaby

ol
.'a "I‘

»  Medium-ranged organization

Olivier Fruchart - 27/08/2003 - p.60
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5. Superparamagnetism [3. Overcome superparamagnetism in self-organization?]

Assembly of 1solated dots

» Vertical 3D self-organization of
In Ga,_As/GaAs :

50 nm . &
~ < Thinning the spacer layer
Q.Xie et al., Phys.Rev.Lett.75(13), 2542 (1995)

Strong interaction between dots?

& superparamagnetism overcome ?

U Enhanced magnetic signal

% Olivier Fruchart - 27/08/2003 - p.61
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O. Fruchart et al., Phys. Rev. Lett. 23 (14), 2769 (1999)
O. Fruchart et al., Appl. Surf. Science 162-163, 529 (2000)
O. Fruchart et al., J. Cryst. Growth 237-239 (3), 2035 (2002)

% Olivier Fruchart - 27/08/2003 - p.62
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Tp (K)

300 ‘C D
2000 °B
100 <>A

00 100 200

3
Pillar volume V (NM )

/
» Blocking temperature > 300K

(~ 30K for flat Co/Au dots)

Expected: KV~25kTb

> K decreases for the largest pillars

\

60K

22 Samplel D

~ 7 08 04 00 04 08
0. Fruchart et al., MMM 239, 224 (2002) Applied Field (T)
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5. Superparamagnetism [4. Fitting superparamagnetism]

Co (> Magnetization essentially N
7.5nm 3nm perpendicular
| | — 2 states: up and down (Ising
6nmi Au macrospin)
Superparamagnetism fitted using
: ! . . : : . Brillouin 1/2 function
= C eVeO
: & %
N
B /—\
= ~25KT
E A
< 300K
)
N
= .
£
o
Z
-0.8 -06 -04 -02 0 02 04 06 08 T l DOWN
myH (T) \ UP y
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5. Superparamagnetism [4. Fitting superparamagnetism]

Classical spin

Uniaxial anisotropy  pg =- gm? - hm

H // anisotropy axis
d =bK
Anisotropy

K:KV, 1%

h=brynH | Zeeman

Exact solution

Partition function Z = Ollexp(a’m2 + hm)dm
Obstacle (?) (‘éexp(xz)dx =9 </ Imaginary Error function, Erfi(t)

exp(d +h? / 4d)sinh(h)
Brfi(\/d +h/24d) + Erfid - h/2/d)

Magnetization m=-h/2d+2/\pd)’

Zero field susceptibility c =-1/2d +exp(d)/(\Jpd Etfi/d)
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5. Superparamagnetism [4. Fitting superparamagnetism]

Asymptotic behavior

High temperature c =1/3+4d/45 Langevin-like

Low temperature c=1-1/d Brillouin 2 -like

Blocking temperature

= K /25kg

t =t exp(bgE)

AN

9 -1012¢

% Olivier Fruchart - 27/08/2003 - p.66
Laboratoire Louis Néel http://lab-neel.grenoble.cnrs.fr/themes/couches/ ext/



5. Superparamagnetism [4. Fitting superparamagnetism]

>
=
S 0.8 e
10 Our data _.'%
- : : o
(N 8 07 -
> 09 5
= 2 o6 .
0 0.8 - .©
-+ =
& £ o5 -
& :
2] 0.7 Exact solution
- —— High temperature expansion: 1/3+4d/45
N 0.4 - _
Low temperature expansion: 1-1/d
5 06 . . .
= 5 10 15 20
© 05 ~ d#=hK
()
N ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.4
0 10 20 30 40 50

25/(bK)=T/T,
% O. Fruchart et al., 3. Magn. Magn. Mater. 239, 224 (2002) Olivier Fruchart - 27/08/2003 - p.67
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5. Superparamagnetism [4. Fitting superparamagnetism]

» Brillouin 1/2 function

(D)
m =By, (,uO,u ColVH et/ kT) 016 - | - 0042584 + 0.00030788x R= 0.96311
0.14 | S
» Effective field 012 5
ff =H+r M m 1/ *
0.1
0.08 |
0.06 |
0.04 |
(Demagnetizing dipolar interactions) 0.02 |-
%0 50 100 150 200 250 300

» First order expansion:

Deduced from STM |

susceptibility
dCLtoH> 1 |
=- +
; o Msr 0 NT
a + b.T

Ly N=3300 atoms e

T(K)

A ... from magnetism

>Q> N=2800 atoms

Y Hdip= -32 mT <

>0 Hdip= -42 mT

» Good quantitative agreement o1 pillar = 1 magnetic entity

O. Fruchart et al., Phys. Rev. Lett. 23 (14), 2769

(1999)
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— ATOMIC LAYER RANGE : WETTING
% nanometer-world / surface physics

1.5AL on
vicinal
Fe /W (110)

; - ; X *

M. Bde et al, J. Electr.‘ Spectr. Rel.
Phenom. 114- 116, 1055 (2001)

THICK DEPOSITS : NO WETTING -
% micrometer-world / materials physics

Fe/Mo(110)  (Pulsed Laser Deposition)

S

AFM, ~1 mm

MEFM:
Y. Samson

(CEA/France)

P.-0.Jubert et al.,, IMMM 226, 1842 (2002)

P.-O.Jubert et al., PRB64, 115419 (2002)
P.-0. Jubert et al., EPL63, 135 (2003)

U Is there an intermediate world ?

Olivier Fruchart - 27/08/2003 - p.69
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Fe(110) stripes

: [501]

CONCLUSION

Q{) Significant coercivity and
remanence at 300K
> can display features of
conventional hard magnetic materials

-150-100 -50 0 &0 100 150
Applied field (mT)

Olivier Fruchart - 27/08/2003 - p.70
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Sample: Sapphire\Mo(8nm)\W(1nm)\ M
Fe(2.5nm)\Mo(1nm)\AI(3nm) S

ELETTRA Syncrotron, Trieste a
Coll. 3. Vogel (LLN), P.O. Jubert (IBM-Ziirich), Jf Polarized R—xays
Olivier Fruchart - 27/08/2003 - p.71

% A. Locatelli (ELETTRA)
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Parois a 180°

~ ¢
"~ 2.25 M

CONCLUSION

Q{) Stable domain patterns at 300K
> can behave like a conventional

soft magnetic material 90° walls
e Cf lecture by Stefania PIZZINI
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% PEEM resolution better than 30nm :>
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