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Q Introduction -Outline

This lecture will provide an introduction to a number of important tools
and methods employed in the investigation of magnetic materials.

They will focus on magnetometry tools and approaches available in
most laboratories:

- magneto-optical Kerr effect (MOKE) magnetometry.

- vibrating sample magnetometry (VSM),

- superconducting quantum interference device (SQUID),
- torque magnetometry,

- alternating gradient magnetometry,

Consideration will be also given to the special problems posed by
measurements on feebly magnetic materials, like nanostructured ones,
basic requirements regarding sensitivity and accuracy, and potential
artifacts.
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Q Introduction -Outline

Magnetometry: what we would like to measure?

e Saturation magnetization

« Remnant magnetization

« Coercive field

e Switching field

« Anisotropy symmetry and energy
 Reversal process

At the nanoscale
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‘j. Hds = I I} dA (Ampére's law)
£ A

Z'E r 1Tl
B [T): magnetic induction

what about Tesla [T]? rot B = M } Pg= 47107 [T mJA]
permeability of free space

B = l‘l'l]"'ir [T]

2nr

and Oersted [Oe]? 1T=10°0e=0.796 ichs

m
1Tisalargefield..., 100 Ain 1 cm: ONLY 2mT
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NG Constitutive equations and unit

Magnetization Mand magnetic moment m

E = KU, (f—} + Jf‘f ) Sommerfeld convention

M = N: number of magnetic moments

N total magnetic moment per volume,
V V. volume

atomic magnetic moment: Bohr magneton g
f

L =9274x10" Am* [JIT]
___/) e m"

1 i magnetic moment of 1 electron spin

classical picture
ERNG (1 emu = 1020 g = 10-2 Am?)
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D Sumrmary constitutive equations and units

Cgs Sl
H units Oe A/m
M=7y,H B units Oe T

M units emu /cm?3 A/m
B=py(H+M) ->B=pH
Conversions:
M: HO (1+ Xm)

For H 10e = 103/ 4 A/m = 79,58 A/m
Cgs System

For B 1T = 1040e
B=(H+4nx M) p,=1
For M 1lemu/cm3 = 103 A/m

p= (1+ 4 ) |
Magnetic moment 1 Am? =103 emu

lemu = 10?0 g5 = 103 Am?
1 pz = 9.274 1024 Am2 [J/T)
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irnacnatism and oararnacnetism
J

Every material which is put in a magnetic field H, acquires a magnetic moment.
In most materials M =y, H (M magnetic dipole per unit volume, y magnetic susceptibility).

U= - pg(L + gS) orbital and spin angular momenta
In soilds YW= - gugS (crystal field)

diamagnetism paramagnetism
M M Low T

1 ‘7 High H

> >
H c
Jm(r]= T-©

Each atom acquires a moment

caused by the applied field H and Each atom has a non-zero magnetic moment LL;
opposed to it The moments are randomly oriented (T);

(Larmor frequency). H arranges these moments in its own direction.
L= 0 e.g., noble gas. Eappl =- UM+ H <> temperature k,T
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Q rerromagnetism

There are materials in which M is NOT proportional to H.
M may be, for example, non-zero at H = 0.
M in these materials is not even a one-valued function of H, and its value depends
on the history of the applied field (hysteresis).

saturation magnetization Mg

N\

remanence

Limiting hysteresis curve: all the points
enclosed in the loop are possible
equilibrium states of the system. coercive field

With an appropriate history of the
applied field one can therefore end at
any point inside the limiting hysteresis
loop.

Fe, Co, Ni, alloys also with TM , C, and RE
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Q Phase transition ferrornagnet —pararmagnet
R

—> M (T)

Above a critical temperature called

Curie temperature (T.) all ferromagnets

become regular paramagnets — Mg = 0
atH=0

v

T, T
Mg oc (Te-T)P T < T

B = % mean field theory (identical average exchange field felt by all spins)

This temperature for anti-ferromagnets is called Néel temperature (Ty)
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Q Origin of nysteresis

Ferromagnetic order not enough

Zeeman energy Ej=-pop . H

P Many atoms

M ‘rr

Paramagnetism

M Individual atom

Ferromagnetism
(exchange only)
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Q Vlagneto-crysitalline anisotrooy: spin-oroit couoling

d-orbital momentum in an atom
Spin-orbit coupling tends to .
iInduce an orbital motion as <L,>=-1, -2 S
sketched...but there is the H
crystal field potential.

H l g <L,>=1,2
| — A
I (o _
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« Magnetocrystalline anisotropy: dependence of internal energy on the direction of
sposntaneous magnetization respect to crystal axis. It is due to anisotropy of spin-orbit
coupling energy and dipolar energy. Examples:

- Cubic Egnis = Ky (o202 + 0y20,2 + 0,2042) + Ky o,2ay2 a2 +.... -
Uniaxial E s = K; sin20 + K, sin40 +... = -K (n - M)2

 Surface and interface anisotropy: due to broken translation symmetry at surfaces
and intefaces. The surface energy density can be written:

- Egurt = K a2 - Ksan2, where a, and oy are the director cosines respect to the film normal
and the in plane hard-axis.

* Strain anysotropy: strain distorts the shape of crystal (or surface) and, thus can
give rise to an uniaxial term in the magnetic anisotropy.

E. = 3/2 Lo sin20; where A is the magnetostriction coefficient (positive or negative)
along the direction of the applied stress ¢ and 6 is the angle between the
magnetization and the stress direction.

« Growth induced anisotropy: preferential magnetization directions can be induced
by oblique deposition or by application of an external magnetic field during deposotion.




D excnange+anisotrooy — rlysterisis

Bistable one-dimensional potential: uniaxial anisotropy

Stoner and Wohlfarth model

g H Etot = Eappl + Eanis
Easy axis E..: = K sin2¢ - p,MsHcoso
.0 Vi [, Ms
EA HA

4
\\ H
2K,

> e H(; —
HoM s
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Measured EA loop

Expected EA loop (anisotropy field 282 Oe:
K = 48000 J/m3 Ms 1.7 105 A/m ->28.2 mT)

1.0/H |l Fe(100)
Easy aX|S oo &y LNV TIPPPPITINRY.

0.5/ |

=" 0.0 |
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—1 Attt Aok Ak dekk ek ekokok]

-7/50 -500 -250 0O 250 500 750

W hy this difference? Different reversal process: reversed domains nucleation
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Q Magnetostatic energy.

Magnetostatic energy is potential energy of magnetic moments in the field H, they
have created themseves.

The magnetostatic energy 8 can be evaluated as:
1
3 3
€= —ﬂo IHH (r)d ==t ”jM(r)-Hd(r)d r =0
all space sample

If for simplicity we assume that M is uniform inside the body the integral becomes

a surface integral where H, can be thought as produced by surface magnetic charges
=M . n and the energy €, depends solely on the shape of the body.

The uniformity condition can be realized only for isotropic ellipsoids and for such

special cases Hy = -N M, where N is a tensor called demagnetizing tensor.
Referring to the ellipsoid semi-axes the tensor becomes diagonal and the diagonal

elements N,, N,, N, are called demagnetizing factors and N, + N, + N, =1

Magnetostatic self interaction for an ellipsoid (referring to the ellipsoid semi-axes )

En=1/2 o(Ny M2 + Ny M2 + N, M,2).
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c energy: whny magnetic domains form.

The magnetization of a sample may be split in many domains.

Each of these domains is magnetized to the saturation value M, but the direction of
the magnetization vector may vary from one domain to the other at H = 0.

100 pm

Energy densities

In vacuum
u = B2/2u, Total energy
Inside a _
material U= J;;UUdT
u =1/2 py M2 space
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) cost for magnetic domains formation

Wall width

Usual expressions normalized by the spin quantum number:
Domain wall width waNJ/K

Domain wallenergy E«+J-K

wide wall
a Low K material . ; .
? || h&% ”/%fm Domain wall orientation
thin wall A Bloch wall in a thin films generates stray fields in
(b) ”HIHH“HH“H” High K material the outside regic_m,‘ W['uigh is ynfav_ou_rat?le.

el d 11130

Néel walls become more favourable when the film
thickness t becomes smaller than the wall width w: t<w

In both cases a 180° domain wall is shown with a wall width stretching over
the hox size.
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Measured EA loop

Expected EA loop (anisotropy field 282 Oe:
K = 48000 J/m3 Ms 1.7 105 A/m ->28.2 mT)

1.0/H |l Fe(100)
Easy aX|S oo &y LNV TIPPPPITINRY.
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W hy this difference? Different reversal process: reversed domains nucleation
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Q Vlagnetostatic energy: Shape anisotrooy

unfavoured

Equivalent to an uniaxial anisotropy

Ks=1/2 Ho M52 (NL' I\Ill)

Hy=NyMwm Hy==NM m Hy =N M, Osborne PRB 67, 351 (1945)
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Size ||eX
¢ |
K/ ‘\\ \ /ﬂ_-h“\\
\k \\‘ ’/’ )r/ (@TD) @
Multi domain Quasi-single domain  Single domain Superparamagnet
Shape

Aspect ratio effects

Closure
domains

S e

Superparamagnetic

S

Single
domain

Single
domain
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Very helpful!

It extends the size (volume
range for single domain
behaviour!

Utilized in applications.

‘Hl::i

D

Characteristic lengths

Z*H' = &/ ‘4; Kl
lex :\/2;‘_/,UOMS2

Exchange stifness
Aoc]

MDD = multi-domain
5D = single-domain
SP = superparamagnelic

SP

Linstable

MD

{ifi"d

Stable

M

= (111}

Particle diameter [0
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Magnetic vortex
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Q Thermal staoility of the remanent state: superoaramagnetism

Superparamagnetic limit

Below a certain size (blocking volume V), islands behave
In a superparamagnetic fashion. M is homogeneous but
fluctuates with the period:

0 0
/ TU
_ o Eg[ksT _
r= TO(" B -’EK - KH VB P . p* Many atoms
aramagnetism

M 103-10° atoms
E, Is the stored crystal anisotropy in a particle.
For T<Tg, the spin blocks freeze out, for T>Tg , the ,

remanent magnetization Mg, vanishes. W Individual atom Superparamagnetism H
For magnetic recording, a particle energy of E, = K Vg >
95 kgT is required for a 10 year stability.

Field-cooled /
Zero-field-cooled magnetization
~]1010s

‘ga&x’oor Appfedﬂeld 10 mT

7=1s for E, = 23kgT 3 of o .

- - E + N
Blocking T, Tg = E, /23K, is the £ ) % M.F. Hansen, S. Mérup,
: . . 2 > ) J.Magn. Magn. Mater. 203, 214-216 (1999
T at which for a given particle &0 & s famTas o o oon Mater (1999)

Temperaturg (K)

(f|Xed Ek) T =1S, Wh |Ch |S the Average blocking
. . temperaiure
typical measurement time.

Highest blocking temperature

Serious issue for magnetic recording
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Q Coherant rotation

Stoner and Wohlfarth model: coherent
rotation of an uniaxial particle uniformly

Free energy for unit volume Magnetc field (in units Ho)

magnetized.
Ms 1.0 | 6=0°[ | l . 1 T
0 _ | . P [
¢ > H = oSk | ” 507 l l T
g | 90,/ | l
Easyaxis & ..l | i -
g Ly / b
g L !
E = Ky sin2g - pgMsHcos® £ [ Y J | ]
/ .l L | i
1 - t /1‘

Hg = 2K1

toMsg

{~.CIC _b
.sr,”r Nanocune i VAVASSORI European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 IKer aSt‘._} UEI

Basque Foundation for Scienca




Q Coherent rotation in nanomagnets

FeNi elliptical nanostructures

S&W model Experiment (MOKE)

— iy
[ — = e
_?-:Hj =z ey = --_—_—'—'_ _F._._I_-.__-T"_- - -—'—___—IF".H-'I'_-FTIT. T
— o = ki (1 [
Py || S | || | i
0= ca "2 | = I |I L
I & I
I:I II|I |.!
2 | 3 | : IIJ}
E D cl = | n L |II JI- L
= ' i
. | fl
|48 ’ 1l
05 - Fo | J , /
B — e e e e oty
T [ ¥ b .y Wyt ok T T & & r [ % F |  §
600 400 200 O 200 400 500 450 300 150 O 150 300 450
H (OCe) H (Ce)
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For single domain particles the reversal process can be still incoherent, in a way
different from doman wall displacement: curling mode (Brown).

Coherent and incoherent reversal Incoherent nucleation (curling) above Rcon
Here: nucleation in a sphere HN = 2K, 1 8.666 A
NT M, 3 Ms + LMR2
R \ 4
- \
Hn ‘]
: 1
coherent incoherent cober "
B rotation .
Coherent rotation below Reoh = 5.099 \JA/ucMg2 : \
HN = 2K1 : 0 ; 2I. 3

UM
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Q VMagnetization reversal and domains

Rotation mechanism

M

reversible
“"“\

Pinning mechanism

A

M

>
>

H
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n oe derived from nhysteresis loops

magnetic measurements on plate shape samples

NO MAGNETOCRYSTALLINE ANISOTROPY

A

|[— —> — — — —| M
H——
T T e e = il
n’ Hsa;=Ms H

Magnetic measurements give magnetisation (A/m)

PERPENDICULAR ANISOTROPY
M 4 A

Ftrttttttiet ,
| [EXXERTXEREX] //////////z

/

—_—

H——> | Atttttttrett
| - = = > = = % R ,
= § H  Magnetic measurements give magnetisation (A/m =
Magnetic measurements give magnetocrystalline anisotropy Hat=Ha  H H 9 9 g (A/m) Heat = M, H
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.:"“

saturation magnetization Mg

remanence

There is a lot of valuable information
beyond that contained the limiting
hysteresis curve (major hysteresis coercive field
loop).

v

Grain assembly:
with competing interactions

' 'L’in ST

Based on this idea, a number of quantitative tools has been
developed to investigate the “switching field distribution” (SFD)
and interaction field distribution in granular materials (magnetic
recording).

int

Examples are: the AH(M,AM)-Method, Henkel-plots, FORC, SORC.....

Tagawa, |. & Nakamura, Y. Relationships between high density recording performance and particle coercivity distribution. IEEE
Trans. Magn. 27, 4975-4977 (1991).

Liu, Y., Dahmen, K. & Berger, A. Determination of intrinsic switching field distributions in perpendicular recording media:
Numerical study of the A H(M,A M) method. Phys. Rev. B 77, 054422 (2008).
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Q What can oe derived from nysteresis loops

AH(M,AM) and AH. methods FORC
| m, Mmajorloop 1 Hysteron (Preisach)
4 Mim, -~
g
M, 0.5 : s
3 } H.: H, )
:'E._ il—lE‘l—b-
= 0 . H
H -
-0.5 o
S 'S
a4Mm recoil loops =
T _1 J Hb Ha -0
-20 -TG UG 1'0 20 0.6 08 10 12 1.4 16
H {1 Ud DEJ H. (107 Oe)

Measurement protocol used to generate the FORC data:

- The starting point is the saturation of the sample by applying a large positive applied field. The field is then decreased
towards the reversal field, Hb, when the field direction is reversed and increased from Hb back to positive saturation.
This process generates a FORC attached to the major hysteresis loop at the reversal point Hb. The magnetisation point
at an applied field Ha > Hb along this FORC, denoted as M(Ha, Hb), is internal to the major hysteresis loop. As
illustrated, at any value of Ha in the hysteresis region, there is an entire family of such internal magnetisation points
M(Ha, Hb) distinguished by the reversal field Hb of their corresponding FORCs.

- The FORC data are then analysed by computing the numerical second-order derivative of the functional dependence
M(Ha, Hb) with respect to the applied field Ha and Hb.

1 1 &@M(H, H,) _ _ .
M, BH B, A FORCs diagram is a contour plot of equation

p(H, Hy)= —
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Q What can oe der

e

d from nysteresis loops: FORC

It is conventional (and useful) to transform p,, introducing new variables H. = (H, - H,)/2
and H, = (H, + H,)/2, which are the coercive and bias (also identified with H;, interaction)
fields, allowing one to capture the reversible magnetization component, which appears to

be centered in H,

H.(kOe)

H (kQe

H (kOe)

0.3 : A N (-
na ‘ b
(b) "
0.2 o 2 i
0.7 wld t
0.1 nﬁ oy (6
u:. e !
ﬂ - " 0.4 4
IJ‘
=01 n.a -0. 40
s 0.2 0.2
-0.2] i > 01
; ! - 01 02 03 04
o H, (kOe)

-0.3

H. and H, are essentially the coercive and bias (interaction) fields of the hysteron.

The SFD can be obtained by a straightforward integration over the variable H:

ppH) = [ p(H.H,)aH,

- Mayergoyz, |. D. Hysteresis models from the mathematical and control theory points of view. J. Appl. Phys. 57, 3803 (1985).
- Winklhofer, M. & Zimanyi, G. T. Extracting the intrinsic switching field distribution in perpendicular media: A comparative

analysis. J. Appl. Phys. 99, 08E710 (2006).
- Stancu, A., Pike, C., Stoleriu, L., Postolache, P. & Cimpoesu, D. Micromagnetic and Preisach analysis of the First Order Remversal

Curves (FORC) diagram. J. Appl. Phys. 93, 6620 (2003).
Kerbasquel
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Q VIOKE magnetorneiry

What could be measured?

s
—
.
=

o
§ 0.8
4]
Polar Longitudinal Transverse E
E 08
— SR @
s I3 | i b
e 0.7
s [ 2"
_§ 2 T E o6} -
o ‘ | = |
5
7] : | 05} ]
gj down i A P i
© .03} enpsm—— ) 0 5 10 15
= r — - At (ps)
Field (kOe)
Beaurepaire et al. PRL 76. 4250 (1996).
hysteresis

dynamics

surfacel/interface sensitivity
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Q Imoortanit ¢

@ not everything you measure is magnetization

VoLUME 85, NUMBER <+ PHYSICAL REVIEW LETTERS 24 JuLy 206K

Ultrafast Magneto-Optics in Nickel: Magnetism or Optics?

B. Koopmans,” M. van Kampen. J.T. Kohlhepp. and W.J. M. de Jonge
Emdhoven Umiversine of Technology Department of Applied Physics, COBRA Reseaprels Insritire,
£ Box 543, 5600 MB, Eindhoven, The Netherlands
(Reecrved 22 February 200

anmooend L 431n0m 16nd

-0.05

ind. MO response

-0.10

FIG, 1. Compansen of the indveed ellipticity (A" fds’, open

clreles) und motalion (A" Sy, Aled dismends) as o luncbion of

primp-probe dilay time, for o (111) erented Glm ot the thick- T HHST
nesses und pulse energies indicated, The thick line represents the 5} Stem Out Of E‘quﬂlbl um
pump-probe cress correlation trage. The insel depicts the experi-

mentul conligustion with pump (1) and probe (427) beams,
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Q VIOKE magnetorneiry: characteris

r

i g i The magneto-optic Kerr effect (MOKE) is widely
m used in studying technologically relevant
s T magnetic materials.

longitudinal transversal It relies on small, magnetization induced changes
in the optical properties which modify the
polarization or the intensity of the reflected light.

i —1 . . .
&g, 0 O o &2 y Macroscopically, magneto-optic effects arise from
£=|0 g O |:> c=|—- igz &g igx the antisymmetric, off-diagonal elements in the
0 0 i . dielectrictensor.
&= &AMy g,=6Qm, &=5Qm, g
* Non-destructive; / Fresnell reflection coefficients \
* High sensitivity; r r . "
R .. . - . pp ps rpp =r pp+ rpp (oo} my
Finite penetration depth (~ 10 nm); Sample o e B
H . ps X z
 Fast (time resolved m_easurements), rsp I r, ocm,-m,
 Laterally resolved (microscopy);
» Can be easily used in vacuum and E E E E
H . _ M _ IT™M _ ITE _ —ITE
cryogenic systems; Fop= =7 K=z L=
k EiTM EiTE EITM EiTE /
J. Kerr, Philosophical Magazine 3 321 (1877)
Z. Q.Quiand S. D. Bader, Rev. Sci. Instrum. 71, 1243 (2000) P. Vavassori, APL 77 1605 (2000)
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Q Vector MOKE magnetorneiry

Reversal in elongated ellipses and wires (FeNi) for H applied along
the short axis (hard direction). The process is now almost coherent.

y Y _
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Vector MOKE 3D magnetorneiry

180-nm-thick CoNiO
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P. Vavassori, Appl. Phys. Lett. 77, 1605 (2000)
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H ‘hy
Electromagnet
N |
5171 s He=HoSinEsft) Hy =700 Qe
sIl:jlm_la;izedl beam P4 —2:_J?P‘J 4 Ht = 35 Oe
(elliptical po arlzm]om/-_ _ I"jflj'f _p-polarized beam f — 156 HZ

Polarizer
> nGl an-'Thomp son

AT ré‘/
c'-,,_ﬂ ) Photodastic ‘Eﬁ Stabilizer

e L
(Vs Modulater (50 KHz) Q“S_'N Olse cater”)
Polarizer "'a--;‘v‘:;\;
- ™% Original ellipticity \%
i 1 \\‘:I .
' Modulated ellipticity HeNe ™ E
Preamplified Laser
photodiode | ) in 1: Ref. Lock-in 2:Ref
frea. 50-100kHz freq. f

My = Myq Sin (2rft)

¥ Myo

The quantity measured with the Lock-in 2 is proportional to the transverse
suceptibility x, = A8, / H,;.

It can be shown that : 1/y, = (E,"(0.,)/ <M>,) where E(0,,) is the total free energy
and <M>, is the average magnetization, which makes an angle 6., with the EA.
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Epitaxial, 10 nm-thick Fe film on MgO(001) single crystal, with its (100) axis

-~~~

1M, (arb. units
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Epitaxial, 10 nm-thick Fe film on MgO(001) single crystal, with its (100) axis parallel to the (110)
direction of the substrate. To avoid oxidation, the whole film has been capped with a 10 nm MgO film.
A Focused lon Beam has been subsequently used to selectively remove portion of the bilayer to
produce the different arrays (the area of each array is 50 x 50 um?2).

Film EA Film EA
Configurational EA} = v

X

18 x 18 pm*2

For a square element it has a fourfold symmetry, at first order, and eightfold symmetry at higher order.
This higher order term becomes more important as the size of the element is reduced.

Flower state: higher energy Leaf state: lower energy
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R. P. Cowburn et al. Phys. Rev. Lett. 81, 5414 (1998)
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Film EA 6.0x107
4.5x10°1
3.0x1071

Configurational EA 1.5x1071

X

18 x 18 um"?

1.5x1071
3.0x107
4.5x107
6.0x107

1/xM; (arb. units)
1/y, (dimensionless)

6.0x107]
4.0x1071

S 2.0x107%1
0.0]

2.0x10°1

1™, (arb. units)
1/y, (dimensionless)

4.0x1071
6.0x1071

5.0x1071

-2 |

..h
o
X
=
o

3.0x1071
0x10™1

1/4M; (arb. units)

2.
1

2.0x10™1
3.0x107%1
4.0x10°1
5.0x107%"

1/y, (dimensionless)

. - D
i =

Basque Foundation for Scienca



8

=

. »" 315 225

: i .
2 LRC WO RN R HC R R
BlimeasoemnGw u‘
sl s e o

sispsnsesese
Raspsnnsnnm
mhpn:g;ﬁp(ﬂ
ui,tn_n Fsammmem
slammnnuwnnm

A. di Bona, S. F. Contri, G. C. Gazzadi, S. Valeri, and P. Vavassori, J. Magn. Magn. Mater. 316/2, 106 (2007)
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e | ™ Peculiar structures due to
D - Collective properties
/ - Interference effects

Transverse Conventional loop Diffracted loop
(reflected beam) (2" order)
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P. Vavassori, et al.,Phys. Rev. B 59 6337 (1999)

M. Grimsditch, P. Vavassori, et al., Phys. Rev. B 65, 172419 (2002)
P. Vavassori, et al., Phys. Rev. B 67, 134429 (2003)

P. Vavassori, et al., Phys. Rev. B 69, 214404 (2004)

P. Vavassori, et al., J Appl. Phys. 99, 053902 (2006)

P. Vavassori, et al., J. Appl. Phys. 101, 023902 (2007)

P. Vavassori, et al., Phys. Rev. B 78, 174403 (2008)

T. Verduci et al., Appl. Phys. Lett. 99, 092501 (2011)
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Longitudinal
and transverse

aperiure
Camera :
= CCD 5
] e ¢ ]
o | Local hysteresis ~=r Tubelens | [ Q== fossecy
. Focusing [ Polatizer ;
lens [ Retarder
A : .‘I—— - = | M
| <. [ —t+—F——; | || Beam splitter ¢ >
= |L'ondl:-nscr I-‘oiarizr:r;l . Polar
At Objective i
I —i——
| Sample] |

Electromagnet _

MM,

Nnanocune LMZA\RSSIel

-0 =50 0 50 100
H (mT)

single sweep measurement sensitivity of approximately equal to
sensitivity of 1012 to 1013 Am? for the latest generation of SQUID magnetometer
APPLIED PHYSICS LETTERS 100, 142401 (2012)
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Spontaneous magnetization M, of bulk elements

bce-Fe hcp-Co fcc-Ni
286 K 287 K 287 K

[KA/m] 1717 1447 493
[T] 2.16 1.82 0.62
[ Ma] 2.18 1.74 0.58
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Sub-monolayer films (ultra-thin films)
Example:

Fe | W(110), bee (110),
a=3.16 A

n =1.42x10"5 ¢m2
/ 2 a Wi110)

/ Sub-monolayer (1% ML) sensitivity requires: 103 g

10000/ T
10 Acm?

accurate magnetization data can only be
derived for known amounts of deposited materials
(e.g. thickness calibration)

Similar cases occur, for example, studying nanoparticles, dilute magnetic semiconductors
(DMS), undoped oxides and superconductors, doped topological insluators, claimed to
exhibit room temperature ferromagnetism (RT-FM) in thin-film or nanoparticle form.

However, an increasing number of reports suggest or even demonstrate that the observed
ferromagnetism may originate from extrinsic sources, such as magnetic contamination or
measurement artefacts.
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S. Foner, Rev. Sci. Instr. 30(1959)548; JAP 79(1996)4740.
a moving magnetized sample Induces a voltage V in a pick-up coil

change of flux ¢ is induced by the stray fieid £of the sample,
which is approximated by a dipolar field

D(r) = II‘B:: (Xooi ), 2(1) dydz

I{t coil
coil d®

V ~—— (~myy,) Faradaylaw

4l

calibration: comparison to a moving Ni sphere
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S. Foner, Rev. Sci. Instr 30, 548 (1959)

Schematic
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drive

g 7
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[ | | |
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Schematic force due to a magnetic field gradient

: 5 El'b,. ar total magnatic momeant
J Real tool Fz=mz(B;)— £ magnetizing fiekd
oz & gradient field

Fagzoaledins 5
bumoepl I Sum I i 5
oL piezo-glacine
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¥

\ gradient colls

o *

N N T
.
;

\
>
B

diamagnetic moment resonance gives larger
of Au superimposed vibration amplitude

sensitivity 101° g, is possible

Alternating field gradient, produced by an appropriate coil pair, produces an alternating force on the
sample, which causes it to oscillate and flexes the fiber. Frequency of vibration is tuned to a resonant
frequency of the system, the vibration amplitude increases by a factor equal to the quality factor Q of
the vibrating system. A piezoelectric crystal to generate a voltage proportional to the vibrational
amplitude, which in turn is proportional to the sample moment

It is more limited than the VSM in the maximum mass of the sample that can be measured, and tuning
the vibration frequency to resonance complicates the measurement. The necessary presence of a field
gradient means the sample is never in a completely uniform field, which is sometimes a limitation.
Commercial tools sensitivity ~0.1 pyemu = 1013 pg
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JOSGphSOH jUﬂCtiOﬂ If a (de) bias current [ is applied to the 1]

Barrier
Superconductor Superconductor de .lijbﬁ{‘]'ihﬁtjll offect Ib > IO
o T S ac Josephson effect
L R
—— dd
=1 sin(wr —4&H ). — = 2l dy,.
it
Iy is the maximum supercurrent 2al/
® e i1 5
I = Iy sin T4yl
- IO < IC rf[l4 )
Cooper pair

Coupling a very small amount of flux ®

_, |sin{m®/dy)
I[{[}] = [[I .Tf‘b” :

A changing magnetic flux through the ring
T“"' generates a voltage and a current in the

ring, according to Faraday’s Law. This
induced current adds to the measuring
current in one junction, and subtracts in
the other. Because of the wave nature of
the superconducting current, the result is
a periodic appearance of resistance in the
superconducting circuit, and the
appearance of a voltage between points
A and B. Each voltage step corresponds
to the passage of a single flux quantum
across the boundary of the ring.

Fundamental flux quantum
fl .
dp = == AN6TH > i
Fll

Two Josephson junctions in parallel

T measuring currenl
A
e,
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DC SQUID

oj by

e

- ., /

lp

A dc SQUID is a device to transform magnetic
flux penetrating the loop into voltage currently
being the most sensitive device to detect
magnetic felds down to the range of 10> T or
respectively changes in magnetic flux on the

order of 108 @Dy,

Fundamental flux quantum

I
F

Lo
*55“ = == NG TS o« 10 L [T~

.rf:

{\CIC

\%
1,/2
T | - screening current to

effectively cancelling the B flux
out in the loop.

1,/2

S

: )
6. | Plot of the screening current I, over magnetic flux & applied to the SQUID.

Wa Nanocune i VAVASSORI European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 "{erba Sa UEI

Basque Foundation for Scienca



Fundagmental flux quantum

¥ I
Pry=——=—

For increasing applied flux the |-V —curve oscillates between

M6ETE = 10718 Tm?

2, = the two depicted extremal curves, leading to a @ -periodic
voltage output of the SQUID.
The obtained sinusoidal V-® curve represents the measuring
signal of the sensaor,
b) V
|b[2 4 a) L}}l
= v D={n+1/2)D, u
P=n, .
—_—— L. I:_E'-%-“ :' L .|.1.'.-'II:
Iy .
. il pagie ; i 4 >
/2 | 1 2 3 @,

The maximum sensitivity is obtained in the reversal point of the curve where the slope, or transfer
function V= dV/d® is steepest, as marked in red. To profit from this, SQUIDs can be operated in the
flux-locked loop where a feedback flux is generated to maintain the SQUID's working point such that
the transfer function is always at a maximum. This way, the sensor is most sensitive and also linear,
thus allowing a direct translation of the measured output to flux.
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Principle

flux transformers and gradient coils
pick-up loops for larger flux-sensitive areas
cm? vs pm?

MAGMETOMETEN

5.c. wire

sensitivity range: 102 py — 102 g
background signal (sample holdes, subsirate)
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Real tools
[T = KT
4& [E
: 4 | O
~ drinking straw
leds SQUID l
3
5 vﬁ‘.ﬂ.ﬁ
—— I — 5 SO dala
o J # J
- “] 3 L"’Hh_, g
E | S i
|III ] _} i
I-_', = } second order E. P ]
|_|' -~ aradiometer = o i
S __qj .j; { i 1 3
\-\-\-_ = u'l-l.ﬁ.l:l[“

European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 | erba Sa UEI

Basque Foundation for Science



A torque curve is a plot of the torque required to rotate the saturation magnetization away
from an easy direction as a function of the angle of rotation.

Sample is placed in a saturating magnetic field. The sample is rotated about an axis through
its center, and the torque acting on the disk is measured as a function of the angle of rotation.

T =rmxB

Passive sensing Active sensing
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Modern tools (e.g., PPMS)
T=mxB

cantilever magnetometry
built-in calibration:

.-I'III
|

P

i R
~ il
: 5"’ -

- m

-
—
m

s ki

Y

BAMMIN [

i'ﬂhucr.u'.r.:IJI

"y
_.-ﬂ"l‘ » {
I:FErEﬂ.rﬂ'.l h".‘!
-
L E . zonbimunu fikw

B,
T l film
S -~ |
I1 1 of
r I-II.
Fianhdient ma nubmirais
Frhoy i ey Ll T3, 108 { 1904)

400" L Fooon ;1 3em® 1« 100 A

o st

-

== lsniatinn

——
L wriplad

T d Bl

mGirrent eabiirafiin guires

. CIC _b
.{\Jmamoeune P. VAVASSORI European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 IKer asa UEI

' Basque Foundation for Scienca




i X-pos

| \

second order

| |l &
“l *-:_:} gradiometer

v‘:’ﬂ-.]l.ﬁ

e B datn |

SQUID signal is obtained from a fit of the gradiometer signal to a function assuming a
point dipole momento either at fixed position

Vilch= uS120rs 27V 77— [r. +0z+ AY

—[.":"+‘.: ~AYT)

L magnetic point dipole

r. coils radius

A distance outermost coil and central one
S calibration factor

Asymmetric samples, spatially inhomogeneus, extended.....can lead to a break down of

the poit dipole assumption used in the fit (correction factors).
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Usually the sensitivity of a SQUID device is of the order of fT/NHz, which is far
below the stray field of a single atomic layer of magnetic material of typical
lateral dimensions in the range of few mm?2. In contrast the sensitivity of
commercial SQUID magnetometers is usually provided in emu and typical
values are < 1 x108emu below 250 mT and < 2x10~"emu up to full field (5-9
T).

These specifications usually rely on a measurement with an empty sample
holder (straw) and the typical value of artificial signal returned by the fitting
routine. It therefore corresponds to the detection sensitivity of the entire pick-
up coil detection system including fitting artifacts.

1x10~7" emu roughly correspond to the magnetic moment of a single atomic

layer of Ni, depending on the chosen specimen size. This translates to a
fringing field of the order of nT in a distance of a few mm.
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Just cotton

a) —e—no gap
(EI) oL e /=0cm in-plane out-of-plane 2r %, —o—5mmgep
(a) (b) (c) T Tougtm,
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Example of artefacts due to sample extension.

Two limiting cases with equal moment y: a point-like dipole and a line-like sample with | = 2
cm. Figure shows how p,, decreases with increasing sample length I. Within normal sample
sizes (< 5 mm) the effect is negligible (~ 4%).

However if the ferromagnetic signal is external to the sample, the effects may become
significant. In order to fix the position and orientation of a sample inside the measuring straw, it
IS common to use two small pieces of commercial cotton, which is typically contaminated with
small ferromagnetic particles.
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At this level of sensitivity, sample cleanliness and mounting

methods become critical!!!

Effects of mounting:

- anisotropies (also contaminats spatial distribution)

- alignment with B, can be poor, especially for (c) case
- movement of sample

- thermal expansion of holder

- deformations, cuts, marks...

- A. Ney, T. Kammermeier, V. Ney, K. Ollefs, and S. Ye, J. Magn. Magn. Mater. 320, 3341—6 (2008)
- L.M.C Pereira et al. J. Phys. D: Appl. Phys. 44, 215001 (2011)

{~.CIC
Sa‘,ﬁ_,;j NanNoGuUNE P. VAVASSORI

European School on Magnetism (ESM-2018), Krakow 17-28 September 2018 "{erba Sa UEI

Basque Foundation for Scienca



{~.CIC

W’ Nnanocune I VAVASSORI

Artefacts due to non
colinearity of M and
H, especially affecting
hard axis, e.g., polar
loops in thin films, in
the low field region.

One has to use a
better fit for the
SQUID voltage signal.
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For practical magnetometry the specified sensitivity is however not the only
relevant quantity to be considered. In many cases in spintronics and magnetism
the actual magnetic specimen comes with a substrate or matrix which can be
diamagnetic or paramagnetic.

Due to the larger volume of the substrate compared to, e. g., a thin magnetic film
already at moderate external magnetic fields the diamagnetic moment of the
substrate exceeds the ferromagnetic moment of the film because the diamagnetic
moment increases linearly with field while the ferromagnetic moment quickly
saturates with fields and stays constant.

Therefore, to derive the magnetic properties of the specimen of interest, one has

to subtract a large diamagnetic background from a large measured signal to
derive the small magnetic moment of interest.
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Substrate

|'|.H i) uHIT
] ry Ll 4 & i ¥ kl Ny L
NP WhooZaoig, 1 (b) = e .
A w0 dizm g et sm i i
LA [ B s
£ g
i 3
= -
. &0 4
- M) &2 5T = ’
(0 4 _‘_..a-'l"'-r 2% af lnkd s ghi 1%
1.0 ich -"'I"':I_-\_i#::
R s oo | We are typically dealing with the
E | detection of ferromagnetism in
4.0 - -
=" . nanomaterials deposited on
o5 q- {4 diamagnetic substrates  with
h:i_q,._;-I: A @ 00K .
o] 855 af tetu! agra] comparable or even higher
U N Bt magnetic signal.
W HITI
Substrate signal subtraction is crucial...... well substrate properties are

crucial and its volume is huge compard to the actual magnetic material
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Handling Cleaning
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Artefacts associated with magnetic contamination due to sample handling or mounting can be as high as
1x10™4 emu.

Whenever Fe-containing tools were used, the level of contamination reached an order of magnitude of 1075
emu.

On the other hand, they can be consistently kept below 1 x 1076 emu using only tools made of non-magnetic
materials such as plastic, carbon fibre or copper.

- L.M.C Pereira et al. J. Phys. D: Appl. Phys. 44, 215001 (2011)
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M-T plots:
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Diamagnetism is an isotropic property. SPM or ferromagnetic contaminant particles may display
some degree of single-particle anisotropy but since they are randomly placed in a sample, their net

magnetization should also be isotropic.

Therefore, a diamagnetic substrate, even if contaminated with FM material, is not expected to show

anisotropic magnetization with respect to the field direction.

Anisotropy effects could in principle be used as a distinctive feature of intrinsic ferromagnetism.

However, the finite sample size or a non-uniform distribution of the contaminant material can lead to
an apparent anisotropy (breaking down of point dipole assumption) when comparing measurements
performed with the field parallel (in-plane) and normal (out-of plane) to the sample surface.
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All SQUID magnetometers commonly utilize a superconducting magnet with no direct
measurement of the magnetic field at the location of the sample.

A known issue of all types of superconducting magnets used in these magnetometers is the
remanent or trapped field which originates from trapped magnetic flux pinned at defects in
the material of the superconducting coil. Most importantly it is directed antiparallel to the last
experienced strong field by the magnet.

Recording a magnetization curve up to high magnetic fields, this residual field can neither be
avoided nor corrected since the commercial SQUID magnetometers do not measure the
magnetic field at the location of the sample. The offset field therefore leads to an apparent
residual hysteresis for diamagnetic samples and an inverted hysteresis for paramagnetic
samples, which may be held responsible for the possible pitfalls in performing
magnetometry using a (usually) diamagnetic substrate, and limits the ultimate detection
sensitivity.

The bad part.....is that this artefact shows up as a “ferromagnetic” signal difficult to spot and
remove.
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This signal is close to the limit of
detection of 1x10-7 emu.

\ Is it real?
It was shown that changing the
substrate from diamagnetic to
paramagnetic led to an inversion of
the loop....thereby it is an artefact.

It is actually due to the trapped field: coming from +saturation, it is negative and the
signal from the diamagnetic (paramagnetic) substrate results in a positive (negative)
moment at nominally “0 field” (at low fields). The opposite coming from —saturation.
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This is shown clearly in the following example of a 43 nm thick Py film on sapphire, which
also demonstrate that this is a potential problem when measuring soft materials with SQUID.
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To measure hard axis loop, we went up to +4 T (-4T) and this left a trapped field of -1.7 mT (+1.7mT)
resulting in the observed unphysical behavior. The red-loop was measured after resetting the magnet
(heating up above its SC critical temperatura and then cooling it down.....this consumes helium!!). There
is a remaining 0.1 mT shift (bias) which is an instrument unavoidable bias....variable from tool to tool...it
is in the specs...not an Exchange bias!!.
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A bare substrate is used and first a standard sequence is
recorded (M(H) curve at 300 K). The usual procedure to derive
the diamagnetic (in this example) signal of the sample is to take
the slope of the high field. A linear fit to the high field data leads
to a diamagnetic susceptibility. Since this procedure

relies on high-field data above 2 T, small offset fields of the order
of 2 mT do not significantly contribute to the uncertainty of the
derived value for the susceptibility.

After the standard sequence the magnet has been at5 T and is
now set to nominally 0 mT (open stars). Then a single
measurement is performed at nominally zero field which

should result in zero magnetization for an ideal diamagnet. sma
positive magnetization of 1.27x 10~7 emu is measured (full bl
square). From the diamagnetic susceptibility one can calculate
that there is a trapped field and how intense (-1.4 mT).
Then we set the field to 10 mT and we measure the moment an
from the susceptibility we calculate the actual field (8.6 mT)
resulting again in a antiparallel (negative) trapped field of 1.4 mT.

A. Ney et al., in press on JAP
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Example for a sapphire substrate
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- L.M.C Pereira et al. J. Phys. D: Appl. Phys. 44, 215001 (2011)

“We can conclude that the practical limits of SQUID magnetometry for
the detection of ferromagnetism in nanomaterials deposited on
diamagnetic substrates with comparable magnetic signal, when
proper procedures are followed, extrinsic magnetic signals can be
reproducibly kept below 5 x 1077 emu (5 x 1071°Am?, ~10%3 ).

However, the reliability limits should be established independently for
the sample processing and handling conditions specific to each
experiment, by means of adequate and statistically relevant tests.

We suggest that magnetic behaviour should only be reported
reasonably above those limits, as we were unable to identify
characteristics of the contaminant magnetism which could be
generally used as criteria to distinguish it from intrinsic
ferromagnetism.”
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