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N IN ELECTRONICS

| OXFORD MASTER SERIES IN CONDENSED MATTER PHYSICS |

MAGNETISM
AND MAGNETIC
MATERIALS

J. M. D. COEY 7 Magnetism in
: Condensed Matter

Stephen Blundell

Bureau International des Poicds et Mesures.
URL http://www.bipm.org/

siunits WTEX package.
URL https://www.ctan.org/pkg/siunits

F. CARDARELLI, Encyclopedia of Scientific units, weights and measures, Springer, London, 2003.

R. B. GOLDFARB, The Permeability of Vacuum and the Revised International System of Units, |EEE
Trans. Magn. 8, 1-3 (2017).

R. B. GOLDFARB, Electromagnetic Units, the Giorgi System, and the Revised InternationalSystem of
Units, IEEE Magn. Lett. 9, 1205905 (2018).

S. SCHLAMMINGER, Redefining the kilogram and other S| units, IOP, 2018.

NccYI24| Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liege, Belgium “[ 3|



Quantities and units in physics
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Quantities and units in physics

Q spintec

Quantity

J  Example: speed V = 6€/4t

< Dimension: dim(v) = L-T™1

Units
< Why?
- Provide a measure
- Universality: share with others

./ Possible formalism:

X =Xo(X)g
A// s Refovence
@wa“l".b/ quam\)} ’\7
]\Ileﬁ Svve

(L)s; = meter = 100(L) g
L = 50(L)s; = 5000(L)gs
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The electric charge and the electric field QS Qi ntec

IN IN ELECTRONICS

Facts: force between charges Modeling by the Physicist
414, < Electric field E;_,, Fi, =qE{,
Fio2 = 47T€07"122 Uiz . Chargeslgre scalar sources of electric field
+q, +q; \ — 1.
< ) < > ) ® R 4Ameyr?

/
7\

O «—O '
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The electric charge and the electric field

Macroscopic level: Gauss theorem

- Ostogradski theorem

N

a

»

Q spintec

< @)
(I, v-E@v =6 E-nds

/
N\

JE, R E.(x + 6x) — E,(x) o

dx Sx

Microscopic level: Maxwell equation

V- E=£
€0

5_Q Volume density

p= 5V of electric charge

< pisthe scalar source of E

| (cc) | Olivier FRUCHART - Units in Magnetism
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Origin of magnetism O spintec

(Ersted experiment in 1820

Century-old facts
. Magnetic materials (rocks) & = . N

Hans-Christian Oersted,
1777-1851.
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The electric current and the magnetic induction field QS Qi ntec

Facts: force between charge currents Modeling by the Physicist

I,1,[5€, x (6@, X uyy)] - Magnetic mductlon field: Biot & Savart law

4777”122 16€
' f( Holot X U
0B =
+11 @ ® 4-7'[7‘2
<

. Retrieve the force (Laplace)

0F1 2 = o

_12 5F2 = 1258 X B(rz)
Note: former definition of the Ampere: :{> F=qvxB
The force between two Jinfinite wires
1m apart with current 1A j 2 x 1077 N/m J Magnetic induction
field defined through
wa's Lorentz Force

ESM2025, 1-11 July 2025, Liége, Belgium €)L__9
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The electric current and the magnetic induction field QS Bi ntec

N IN ELECTRONICS

Macroscopic level: Ampere theorem Microscopic level: Maxwell equation
- Stokes theorem V X B = uj :
A
. . 5
ffs (VXB)-nds = SﬁasB . de j: Volume density of current (A/m?)
B
< jis the vectorial 1
:> I= o[- G ds = §. B-de source of curl of B
= to lls (-M) dS = Gy Unit for B: tesla (T)

>

s, |2

x

VxB=|0B, 0B, |=|By(x+80)=-By®) By(y+8y) B

dx  dy Ox dy

2L
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Maxwell equations (in vacuum) QS pintec

IN IN ELECTRONICS

Gauss theorem

Ampere theorem

—

Vx E=-— =) Faraday law of induction
—
—

B is divergence free
(no magnetic poles)
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The magnetic point dipole (a magnetic moment) QS pintec

N IN ELECTRONICS

Biot and Savart

A2

< Note: 1/r? decay

AT

By =
g >

Ampere theorem and (Ersted field

< Note: 1/r decay

1101
2mr

The magnetic point dipole

B

< Simple loop

n=ISn Unit:A - m?

-l General definition

n=- fﬂ r X j(r)dv

\ r—De))_lVQ
-
Ho J Note: 1/r3 deca
8= 4rrr3 |12 (M FF = ] / !
B = 47rr3 (2ucosfBu, + usinfug)

(ccJI2d| Olivier FRUCHART — Units in Magnetism
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The magnetic point dipole in a magnetic induction field

Energy
E=—-—u-B

Demonstration

Zeeman energy J

-/ Work to compensate Lenz law
during rise of B

- Integrate torque from Laplace
force while flipping dipole in B

Q spintec

Torque

I‘=j€ rxI[(dexB)=uxB

- Inducing precession of dipole around the field

(-
(Lorentz) force

It is energy-conservative, as expected from Laplace

N-m=]

Force
F=pn-(VB) N
- Valid only for fixed dipole

- No force in uniform magnetic
induction field

| (cc) | Olivier FRUCHART - Units in Magnetism
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Two interacting magnetic point dipoles

Energy
£ ==

47rr3

[ ((TPRR DI(TPRE 9 Il 1 PR 1 P

- The dipole-dipole interaction is anisotropic

 Dspi

Intec

N IN ELECTRONICS

Examples
o— —e— £= 42
} + g = 4 ol
(“D<—9— E=0
RN
o— —e— £= -2

| (cc) | Olivier FRUCHART - Units in Magnetism
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Magnetization Qs pintec
Definition Equivalence with surface currents
.. Volume density of magnetic point dipoles
L A/
= — m
oV

. Total magnetic moment of a body

.M‘=j M dV A - m?
v

. Applies to: ferromagnets,
paramagnets, diamagnets etc.

. Must be defined at a length scale
much larger than atoms

 Is the basis for the micromagnetic
theory

-/ Name: Amperian description of magnetism

. Surface current equals magnetization A/m

NccYI24| Olivier FRUCHART — Units in Magnetism
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Free currents and bound currents QS Bi ntec

N IN ELECTRONICS

Back to Maxwell equations The magnetic field H
.. Disregard fast time dependence: B
magnetostatics - One has: VX|—— M| =],
Ho

VXB-= I —
Ho (l + € 6t> .
J  Bydefiniton: H=—-M A/m

./ Consider separately real charge current, Jc Uo
from fictitious currents of magnetic dipoles J,

_ _ VXH=j
VXB:MO(]C"’]m) .
U Onecanshow: VXM = ji. A/m? B versus H : definition of the system
_ - M: local (infinitesimal) part in 6V of the
MXn=jyg A/m system defined when considering a magnetic

material

~ H:The remaining of B coming from outside

- Outside matter, B and uoH coincide and o0V , liable to interact with the system

have exactly the same meaning.

(24| Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liége, Belgium €f§)__16



Derivation of the dipolar field Q spintec

Derive the dipolar field

The dipolar field H,

-/ By definition: the contribution to H . B .
not related to free currents (possible Maxwell equation V-B=0 - V-Hy3=-V-M

to split as Maxwell equations are
: ’ IV-m(r’)] (r—r")

linear)
=) s =, ] ! v
VXHd=O :>Hd=—V¢d 4-7'['1' ’|3
H=H, () Exound Lo
= Hj ap m@&nd}é ko% . . . ) )
/b | To lift the singularity that may arise at boundaries, a
volume integration around the boundaries yields:

Analogy with electrostatics ") ( (r") ( )
p(r") (r—r') a(r’) (r—r
VXE = 0 E=- H - dv’ &’
—> a(r) = ﬂj 4 |r — r'|? ¥ ” 4t [r —1'|3
V- E=—

€o Volume density of charges

p(r)=— Mg V-m(r) — volume density of magnetic charges
ag(r)=Ms; m(r) - n(r) — surface density of magnetic charges

Olivier FRUCHART — Units in Magnetism ESM2025,1-11 July 2025, Liege, Belgium € ﬂb _17_|




Stray field and demagnetizing field Q spintec

N IN ELECTRONICS

Example Permanent magnet (uniformly-magnetized)

\\\W/ Vocabulary

— :
/ Q/\H H- M -/ Generic names
/ Magnetostatic field
' Dipolar field
' - Inside material
\ /f Demagnetizing field

N N

/))“k\\ <) Outside material

. Surface charges . Dipolar field Stray field
o\r)= mir)- -nr r) =

lllustration from: M. Coey’s book
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B versus H — Amperian versus Coulombian — Continuity conditions O spintec

Coulombian
Pseudo-charges sourc

—

2

Wi

VXH=0

No closed

J

lines

H

\

-l
-

From: M., Coey’s book

Olivier FRUCHART - Units in Magnetism

Amperian
Fictitious currents source of B

NI

-

JHAMH\A V : B — O
-~ No magnetic
monopole
Y ape=
- N .
- = o) X I
}1\& oul: - (n

ESM2025, 1-11 July 2025, Liége, Belgium €ff)___19_



Dipolar energy and demagnetizing tensor QS B ntec

N IN ELECTRONICS

Dipolar energy Size considerations
. Zeeman energy of microscopic volume or’)(x-r")
8E7 = —poMESV - Heye Hy(r) = Volume + # pp P ds
. Elementary volume_ of a macroscopic - Unchanged if all lengths are scaled: homothetic.
o NB: the following is a solid angle:
system creating it own Hipolar fl(f , f
1 W\u % Qn&g/ (r—r')ds

- Total dipolar energy of macroscopic body

1 < H, does not depend on the size of the body
L [ e

1 2
8d:§[10]jj HddV
14

< Always positive. Zero means minimum

< Said to be a long-range interaction

(24| Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liége, Belgium €fj)__20 |



Range of dipolar interactions in low dimensionality

 Dspi

ntec

N IN ELECTRONICS

Range
- Upper bound of dipolar field in thin films

/—DIV\}Q%VMQ’V\
IHa(M|| = M tj@dr

/~ > H {4 ohpage

/ ﬂ R
/

=) IH4(R)|| < Cste + O(1/R)

Non-homogeneity
- Example: flat strip with aspect ratio 0.0125

0.25

0.10

True profile

Average (demag coefficient)

0.00
0 100

Lateral position (a.u.)

200

- Dipolar fields are short-ranged in low dimensions

< Dipolar fields are highly non-homogeneous in such large aspect ratio systems

| (cc) | Olivier FRUCHART - Units in Magnetism

- Consequences: non-uniform magnetization switching, edge modes etc.
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Demagnetizing coefficients — Maths

Q spintec

Dipolar energy for uniform magnetization
M(r) =M = M;(m, X+ m,y + m,Zz)
p(H)=—M,V-m(r) =0

- No volume charges:

- Dipolar field:

.
Lol e

ds’

- Dipolar energy:

n;(r") (r; — r/
Edz—Kdmimjjjf dV# l( )(] ,3{)
IW\P'QJ‘U\( Z ;— 7(‘\-51
q S e Y,

Ho(r) = ﬁ)‘av [M(r') -n(r')] (r—r’)

4t lr — r'|3

ca =~ ] W Wt =~ [ v ff P8 g

ds’

See more detailed approach: M. Beleggia et al., IMMM 263, L1-9 (2003)

=
L =’X}j. 72

/ # n(r') (r = ')
0

dS’' ="M m;
5, 4w —r'|3

4t |lr — r'|3

(Hq(r)) = —MsN-m

Edede-ﬁ-m

(ccJI2d| Olivier FRUCHART — Units in Magnetism

ESM2025, 1-11 July 2025, Liege, Belgium @)l__22 |



Demagnetizing coefficients — Take-away messages

Q spintec

For any shape of body
(Hg(r)) = =MsN-m
Eq=KqV/ m- N -m
Dipolar anisotropy is always of second order

4 N demagnetizing tensor. Always positive,
and can be diagonalized. N, + N, + N, =1

Eq = KqV(N,m2 + N,m; + N,m2)
- Along main directions
(Hq,:(r)) = —N; M,

Hypothesis uniform M may be too strong
Remember: dipolar field is NOT uniform

Z

For ellipsoids etc.
- Condition: boundary is a polynomial of the

R

coordinates, with degree at most two
Slabs (thin films), cylinders, ellipsoids

=1

5+ () -

Hy=-M;N-m
Edede-ﬁ-m

- Along main directions

Hy; = —N; Mg

M and H may not be colinear along non-
main directions

ESM2025, 1-11 July 2025, Liege, Belgium €fj)l__23 |
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Demagnetizing coefficient (examples) Q spintec

N IN ELECTRONICS

Sphere Cylinder Ly=L,=D
y b=
1
Ny=N, =7
X
> _ N,=0
Isotropic

Slab (thin film) L., =1, =
Favors axial
magnetization

Take-away message

><2
Il

=
Il
o

Dipolar energy favors alignment of magnetization

Favors in-plane magnetization with longest direction of sample

(: Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liege, Belgium 0l 24 |



Magnetostatics — The Fy, functions

Q spintec

Core function for the

magnetic scalar potential
1 1

Fooo(x,,2) = o JX2 + 9% + 22

# qb(x,y,z) = %FOO()(X,_V,Z)

Magnetic potential from a charged plate

Y2

X1 X2

g X2 Y2
¢(x!y!z)=4_j dx,f dy’FOOO(X—X’,y—y’,Z)
] X1 Y1

|:: > Sum of four terms involving here F; g

Definition for F;, function

Fijk(xryrz) -

Fooo Can be integrated and/or derived analytically to any order, against x, y, z

Integrated i times versus x
-/ Integrated j times versus y

-/ Integrated k times versus z

| Example I

FlOO(x)yrZ) — fFOOO(x»Y;Z)dx + Cste

| (cc) | Olivier FRUCHART - Units in Magnetism
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Magnetostatics — The Hy, functions — Examples of use Q Sp lntec

N IN ELECTRONICS

Magnetic scalar potential Gradients of magnetic field Demag coefficients
dH
Fi10 Magnetic scalar potential Fii1-, d(Zi’Z F>50 N,
. F de,x
Components of magnetic field =1 = Foz22 Ny
Fi1-4 Hy,
: dHy
Fio— 4 F302 N

Fo1o Ha W=t = 4
oo de | MFM contrast I

Examples of other specific cases
A Z

Fio_q z component of H, integrated along y
y .
Fis0 z-averaged z component of H, integrated along y
| Electron holography of a Pillar

lccYI24| Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liége, Belgium 0 26|



IN IN ELECTRONICS

Dimensional analysis (example: lengths) QS Qi ntec

The dipolar exchange length The anisotropy exchange length
When: anisotropy and exchange compete When: anisotropy and exchange compete
ami : . & ami ¢ . &
E=A 5 + K4 sin“ 6 E=A N + K sin“ 6
X; .
ki d] . ] .
l Exchange lDlp—oIarJ 1 L Exchange l AL ]
J/m /m®  Kq= E#OMSZ J /i /m3
Ay =+A/K| Ay =1nm - 100 nm
Ag =+A/Kq = \/ZA/,uOME Hard Soft
Aj =3 =10 nm ’J\
Critical single-domain size, relevant for DomamWa"(
small particles made of soft magnetic |z@
materials Bipols |

Sometimes called: Bloch

» Often called: exchange length " parameter, or wall width

Note: Other length scales can be defined, e.g. with magnetic field

(24| Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liége, Belgium @)l__27_|



Units in SI versus cgs QS pintec

IN IN ELECTRONICS

S.1. cgs-Gauss
Definitions | Meter m Centimeter cm Problems with cgs versus SI
Kilogram kg Gram g -/ The quantity for charge current is missing
Second S Second S No check for homogeneity;
Ampere A Ab-Ampere ab-A=10A paradox for spintronics
- Inconsistent definition of H
B = po(H + M) B =H+4rM Dimensionless quantities are affected:
Uo = 4m x 1077 S. 1. "Uo" = 4m. demag coefficients, susceptibility etc.

Conversion of measures for the same quantity

Field H 1A/m * >  4x x 1073 Qe (Ersted

Moment 1 1A -m? < > 103 emu

Magnetization M 1A/m < > 1073 emu/cm3 Electromagnetic Unit
Induction B 1T < > 104 G Gauss

Susceptibility x=M/H 1 < > 1/4m

Tutorial on units Questions: http://magnetism.eu/esm/2018/abs/fruchart-practical-absl.pdf
Answers: http://magnetism.eu/esm/2018/abs/fruchart-practical-answersl.pdf
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How to convert units from one system to another? QS pintec

N IN ELECTRONICS

Example: length ¥ = x_(X),

K/ \ﬁ &@(QV(V\C(
T quam\l} ’\7
/

I\Ilé‘ﬂ Svve

(Ruanl

The Sl standard is 100 times LARGER than the cgs one
The ratio is opposite if one considers the

L =50(L)s; = 5000<L>Cg5 standard for a quantity (a quantity) or the
50 m isequivalentto 5000 cm measure (a number) of a given quantity

The SI measure is 100 times SMALLER than the cgs one

NccYI24| Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liége, Belgium ‘, 29 |



How to convert units from one system to another? = s pintec

Process for converting units Example Mechanics, force F
1. Convert all basic units (MKSA) F=ma
L)s; = meter = 10%(L
( )SI ( )CgS dlm(F) —M-L- T_Z
(M)s; = kilogram = 10°(M)gs
- ] - F = Fgi(F)si
g] = secon = (T)cgs -
= Fs; (L)s1 (M)s1 (T)3f"
() = Ampére = 107(I) o
g = Fg; 10%(L)cgs 103(M)gs (1) "%(T)c%
2. DecomposeI any given qéjant.i%tyinffundalml_enllcal .
tities. tice, t tt
quantities already decomposed. T = Fg1 10%(F)gs = Fegs (F)cgs
3. Apply the formalism defining units and measures (F) . (F)
F SI — 10 F cgs
X =X (X
il = | ri=102

1N isequivalentto 10° erg

(<24 Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liége, Belgium @fj)l__30 |



How to convert units from one system to another?

Proposed logarithmic formalism
for dimensionality

dim(X) = L* - MA . TV . 19

M (meter) [L]=[1000] 107
K (kg) IM][]=[0100] 103
S (second) IT] =[001 0] 1

A(Ampere) [I]=[0001] 107*

[X] = a[L] + BIM] + y[T] + &[I]
X] =lapdyl

<X>SI/<X>ch Log

2

3

0
=9

Example  Mechanics, force F

F=ma

[Fl]=[m]+[a]=[0100]+[10 —20]
[F]=[11 —20]

23 0
23 0 -5

1N isequivalentto 10° erg

| (cc) | Olivier FRUCHART - Units in Magnetism
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Dimensionality of units in magnetism @ spintec

Dimensionality
e A magnetic moment has the dimension of a pinpoint magnetic dipole u = /S. thus, [u] =[2001].

e Magnetization is a volume density of magnetic moments: M = u/V, so: [M] =[-1001]. M and H have
the same dimension as we can see from: B = pg(H + M). Thus: [H] =[-100 1].

e Magnetic induction B is what matters in Lorentz force F = qv x B, so that: [B]=[01 —2 —1].
e Magnetic flux is ¢ = BS so that: [¢] =[21 —2 —1].

e Finally, as in electricity, o makes the link between the source (current) and fields on one side, and energy and
mechanics on the other side, as for the Lorentz force above: B = po(H + M), or in vacuum: curl B = j,
from which one derives: [pp] =11 —2 —2].

Units (easy situations)
e Induction B. 1T is equivalent to 10* G, G standing for Gauss.

e Magnetization M. 1 A/m is equivalent to 10—3 uem/cm?, emu standing for ElectroMagnetic Unit.
e Flux ¢. 1Wb (Weber) is equivalent to 10® Mx, Mx standing for Maxwell.

o Moment u. 1A-m? is equivalent to 103 emu.

| (cc) | Olivier FRUCHART - Units in Magnetism ESM2025, 1-11 July 2025, Liege, Belgium (JI’__§2=J



How to convert units from one system to another? QS Bi ntec

N IN ELECTRONICS

Tricky case 1: magnetic permeability Tricky case 2: magnetic field H
Ho = .UOSI(.U0>SI ol poH = HOSI(H0>SI Hgi(H)s;
[MO] - [1 1=2= 2] .UOH = 4mw1077 107(/10)ch 10_3HSI<H>ch

= (Uo)si= 10% - 10° - (107%) " *(1g) cgs Remember: [H] =[10 — 2 0]

= (Uo)si= 107<.uo>cgs cgs: H = Hcgs<H>cgs

(HO)cgs =1
Ho = MOSI(H0>SI = oy, = 4T
- 4 10_3 HSI = Hcgs
S.1. cgs-Gauss
B=puy(H+ M) B=H+4nM
1 A/m is equivalent to 4w 1073 Qe

— Unit for permeability dropped; H 4pi larger in cgs

(<24 Olivier FRUCHART — Units in Magnetism ESM2025, 1-11 July 2025, Liége, Belgium @j)l__33 |



The most tricky situation: dimensionless quantities

C Dsp

Demagnetizing coefficients link H with M
(Hg(r)) = =M N-m Unit:

dimensionless
N, +N,+N, =1

£d=Kde-ﬁ-m

H=-NM

.l Definition

- (Ny+Ny,+N,) =4n

cgs
W Definition H = —4nN M

> (Ny+N,+N,) =1

cgs

Magnetic susceptibility links M with H

W Definition y =06M/6H

= Xcas = Xs1/4m

J  Definition y = 4m 6M /6H

= Xcgs = XSl

> Both definitions are used...

Intec

N IN ELECTRONICS
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Quantum revolution in Sl units in 2019 ngi ntec

IN IN ELECTRONICS

Define quantities

< Times
- Length
- Mass

- Electric charge

Fixed values

' u f ligh -> Defi
To be measured Speed of light efines m

- Magnetic permeability of vacuum
Ko # 41 X 1077 S. L

to = 4m[1+2.0(2.3)-1071°] x 1077 S. L.

-/ Hyperfine Cs transition -> Defines s

« Planck constant -> Defines kg

- Charge of the electron  -> Defines A

R. B. Goldfarb, IEEE Trans. Magn. MAG. 8, 1-3 (2017); R. B. Goldfarb, IEEE Mag. Lett. 9, 1205905 (2018)
S. Schlamminger, Redefining the kilogram and other Sl units, IOP Physics World Discovery (2018)
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Cool-down O .
Quizz 1 - Stray field above thin film C__Zspintec

What is the value of stray field above
an extended perpendicularly-magnetized thin film?

M

1. Zero

2. +M/2

3. +M

4. Depends on the value of anisotropy
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Cool-down O
Quizz 2 - Maximum stray field C_spintec

What is the maximum stray field (in free space) that
can be obtained from a unlformly-magnetlzed
system of arbitrary shape?

1. M/3 ~
2. M/2 i
3. M

4. As high as we like, no limit
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Cool-down O :
Quizz 3 - Demagnetizing coefficients SPINtEC

One can define and compute (analytics or numerics)
demagnetizing coefficients for...

1. Ellipsoids, slabs, cylinders B . Any finite-size body of arbitrary shape

2. Any finite-size body 4. None, all is an approximation

made up of one single piece
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Cool-down O .
Quizz 3 - Demagnetizing coefficients SPINtEC

One can define and compute (analytics or numerics)
demagnetizing coefficients for...

1. Ellipsoids, slabs, cylinders . Any finite-size body of arbitrary shape

TR (¢

2. Any finite-size body
made up of one single piece

4. None, all is an approximation

I can “demonstrate” that
the demagnetizing field
inside a uniformly-
magnetized sphere is zero

Olivier FRUCHART - Units in Magnetism ESM2025, 1-11 July 2025, Liege, Belgium (JDL



Cool-down O .
Quizz 4 - Sign of magnetostatic energy \/5 P! ntec

The magnetostatic (dipolar) energy of a system is...

1. Always negative

2. Always positive

3. Depends on the shape of the body

4. Depends on other energies: exchange, anisotropy etc.
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Cool-down :
Quizz 4 - Sign of magnetostatic energy \/ SPI ntec

The magnetostatic (dipolar) energy of a system is...

1. Always negative

2. Always positive

3. Depends on the shape of the body

4. Depends on other energies: exchange, anisotropy etc.

| can “demonstrate” that
magnetostatic energy can
be positive and negative at
the same time
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Thank you for your attention !

www.spintec.fr | m

email: olivier.fruchart@cea.fr
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