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• Exchange
- Coulomb Interactions + Pauli Exclusion Principle

• Magnetocrystalline Anisotropy
- Spin-orbit interactions

• Magnetic Dipole Interactions
- Magnetic field associated with a magnetic moment

locks spins together 

preferred direction in space

non-local
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• Exchange

J < 0 Ferromagnetic interactions

Microscopic Continuum

Eexc = A
(
|∇mx|2 + |∇my|2 + |∇mz|2

)

• Anisotropy

d < 0
Easy axis anisotropyd > 0
Easy plane type anisotropy

• Dipolar Interactions                                   Magnetostatic Energy
Hij =

µ0

4πr3

(
3("mi · r̂ij)("mj · r̂ij)− "mi · "mj

)

!m = γ!S γ = gµB/!

Eanis = −Km2
zHanis = −d

∑

i

S2
iz

!Hd = −D̃!m

a=lattice constant
c(lattice): c=1(sc), 2(bcc),4 (fcc)

Ems = −µ0

2
Ms !m · !Hd

A ! kTc/a

A = −JS2c/a

Hexc = J
∑

<ij>

!Si · !Sj

sample

all space

Ems =
µ0

2
H2

d
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•Zeeman Energy

Hz = gµB

∑

i

!Si · !He E = −µ0
!M · !He

Magnetostatic Energy
May sometimes be approximated by a local contribution to the energy

Ey =
µ0

2
DyM2

s

z

y
Ez =

µ0

2
DzM

2
s

Thin film
Dz = 1, Dx = Dy = 0

Ems =
µ0

2
(Dz −Dy)M2

s m2
z

Infinite Cylinder
Dz = 0, Dx = Dy = 1/2

Sphere
Dx = Dy = Dz = 1/3

Examples: 
1) single domain particles

    2) thin films with in-plane magnetization

Analytic solutions for the micromagnetic energy, saddle states, rate of thermally activated reversal, etc. are then possible.

Martens, Stein, ADK, PRB 2006
Chaves, ADK, Stein, PRB 2009 



NYU

2009 Boulder School, Lecture 1

Micromagnetic Energy

6

E[m(r)] = A

∫

Ω
|∇m|2 d3r −K

∫

Ω
m2

z d3r − µ0Ms

∫

Ω
He · m d3r +

µ0

2

∫

R3
|∇U |2 d3r

E[m(r)] =
µ0l2ex

2

∫

Ω
|∇m|2 d3r −K

∫

Ω
m2

z d3r − µ0Ms

∫

Ω
He · m d3r +

µ0

2

∫

R3
|∇U |2 d3r

Exchange Anisotropy Zeeman Magnetostatic

lex =
√

2A/(µ0M2
s )

λ =
√

2A/K

Exchange length

Domain wall width

|∇m|2 ≡ |∇mx|2 + |∇my|2 + |∇mz|2 ∇2U = ∇ · M

Magnetostatic Potential

+ boundary conditions

Uin = Uout
∂Uin

∂n
− ∂Uout

∂n
= M · n̂

H = −∇U

Ω ≡ ferromagnet

Anisotropy/Magnetostatic Q =
2K

µ0M2
s
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• Exchange   ~1000 K, 100 T
Curie Temperature

• Anisotropy ~10 K,  0.01 to 10 T

• Dipolar Interactions ~1 K, mT

Exchange length ~ 4 nm

Domain wall width λ =
√

2A/K ~ 5 to 100 nm

lex =
√

2A/(µ0M2
s )

.3d7.4s2[Ar].3d6.4s2 .3d8.4s2 Partially filled 3d shell

Elemental transition metal ferromagnets



NYU

2009 Boulder School, Lecture 18

 Competing interactions lead to the formation of magnetic domains: exchange, anisotropy and magnetostatic

STM
(110) Fe Thin Films

easy axis

film thickness t

Q <<1 flux closure domains Q >>1  stripe domains

a

w

a

Q =
2K

µ0M2
s

Examples
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After  transverse saturation After longitudinal saturation

H=0

Domain wall structure vs film thickness

Neel-cross-tie walls

(Asymmetric)  Bloch walls

Canted Bloch walls

•Domain configurations as function of:
• Linewidth
• Magnetic history

ADK, et al., J. Phys.: condens. Matter 13 (2001), R461-R488
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sapphire
100 nm Mo

100 nm Fe

1 nm Al

2 µm
hν

PEEM

PEEM
hν

MFM

Fe(110) Wire on Mo (110)/[Al2O3] 

Closure Domain
Length 1500 nm

Observed: 800 nm

[110]

[001]

PEEM-II

PEEM-II

MFM

Circular polarized light (right) Circular polarized light (left) Difference Image

60 µm x 60 µm 60 µm x 60 µm 60 µm x 60 µm
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(enhanced contrast)

Photoelectron emission microscopy--PEEM

Examples
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Ni/Co (111) Single Crystalline Superlattices
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quency for Co thickness of 2.5 ML. The x-axis !f =0" inter-
cept enables determination of K1, as described in Ref. 12. A
very good agreement is obtained between the two methods.
Moreover, Fig. 3 shows that the crossover between magne-
tocrystalline anisotropy energy !which tend to pull magneti-
zation out of plane" and the demagnetization energy !which
force magnetization to lie in-plane" appears for a cobalt
thickness of 3.5 ML

Very high perpendicular anisotropy constant is found,
comparable to the values of sputtered thin films.6 The per-
pendicular anisotropy strongly increases for Co layer thick-

ness in the submonolayer range, reaching a maximum value
for X=1 ML, and slowly decreases for Co layer thickness up
to 4 ML. The perpendicular magnetic anisotropy coming
from the strong magnetocrystalline anisotropy along !111"
direction in Co is enhanced by the strong interfacial Co/Ni
anisotropy for the !111" hexagonal lattice.

In summary, single crystal Ni/Co!111" SLs have been
grown which show strong perpendicular anisotropy. We
demonstrated that in this system magnetization and magne-
tocrystalline anisotropy may be tuned by changing the rela-
tive thicknesses of layers in the SLs. Since Cu could be
grown epitaxially on Co/Ni SLs, this material has great po-
tential for creating fully epitaxial spin valve structures which
will be a model system for spin transfer torque research and
applications.

This work was supported in part by the contract
ISTRADE of the French National Research Agency !ANR"
and by Région Lorraine and the Institut Universitaire de
France !IUF" through a Ph.D grant. The research at NYU
was supported by NSF-DMR Grant No. 0706322.
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FIG. 3. !Color online" Data for a series of SLs with 3 ML of Ni, Co
coverage varying from 0 to 4 ML, repeated ten times. !a" Saturation mag-
netization per unit surface area versus Co layer thickness from magnetom-
etry !open circles" compared to the calculated value assuming magnetization
value of the bulk Co and Ni–!solid line" !b" Frequency dependence of the
resonance field for the multilayer film with 2.5 ML Co. The x-intercept gives
the perpendicular anisotropy constant. !c" Energy density !Perpendicular
magnetocrystalline anisotropy constant and demagnetization energy density"
vs Co layer thickness. The anisotropy constant is deduced from magnetom-
etry !open circles" and FMR measurements !full circles". The dash lines are
guide to the eyes. The demagnetization energy density !full line" is calcu-
lated assuming magnetization value of the bulk Co and Ni.

1-3 Girod et al. Appl. Phys. Lett. 94, 1 !2009"
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bcc!110" and fcc!111" is expected to occur during the growth
of Ni on V !110". However, from the RHEED signals we
found that the first two Ni atomic planes do not grow in the
regular fcc Ni !111" hexagonal lattice but in the bcc Ni !110"
rectangular lattice. In order to obtain Ni and Co in-plane
hexagonal lattices for a Ni thickness equal to 3 ML, a second
10 ML Au seed layer was grown on top of V before the
deposition of the single layer !SL". fcc!111" Au epitaxial
growth is obtained and we were able to grow Ni and Co
hexagonal surface lattices on top of Au !Fig. 1". Using XPS
and AES we found that Co/Ni interdiffusion is only signifi-

cant for temperatures higher than 600 K. This means that the
Co and Ni layers are not intermixing at room temperature.
Clear RHEED intensity oscillations were observed during
the growth of Au on V, Ni on Au, and Co on Ni at room-
temperature. These RHEED intensity oscillations are typical
of layer by layer growth as shown in Fig. 1 for the two first
bilayers of a Ni3MLCo0.75ML SL. The damping of the RHEED
intensity oscillations which is observed during the SL growth
with time is related to the decrease of surface terraces length,
rather than an increasing roughness during the growth. In-
deed, the RHEED patterns recorded at the end of the SLs
growth are typical of flat surfaces.

Representative magnetic domain images obtained during
the switching of magnetization are displayed in Fig. 2. For
all samples the domains show clear signatures of perpendicu-
lar anisotropy. With increasing thickness or Co addition a
reduction in the magnetic domain size during reversal and in
the demagnetized state is observed !not shown". The depen-
dence of the domain size upon Co layer thickness becomes
clear from the magnetic property analysis. As expected from
the Kerr micrographs, the hysteresis loops clearly show that
the magnetization is preferably aligned out-of-plane for Co
layer thicknesses below 3.5 ML !Fig. 3". The easy axis of
magnetization is aligned along the SL’s !111" direction,
which is normal to the growth plane. The saturation magne-
tization per unit surface area Ms /S increases linearly with Co
layer thickness #Fig. 3!a"$. The experimental data are in very
good agreement with the expected value, which is estimated
from the weighted average of the Ms of bulk Co and of bulk
Ni: 1400 and 485 emu/cc, respectively. In Fig. 3!b" the an-
isotropy constant K1 is estimated by comparing the in-plane
and out-of-plane M-H loops and analyzing the data using the
Stoner–Wolfarth model. Also shown in Fig. 3 is the position
of the FMR absorption maximum, Hres, is plotted versus fre-
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FIG. 1. !Color online" RHEED patterns recorded along the !112̄0" azimuth
for !a" the Au 10 ML thick buffer layer, !b" the last Ni layer, !c" the last Co
layer of a !Ni3MLCo0.5ML"10 superlattice, and !d" RHEED intensity oscilla-
tions recorded during the growth of the two first bilayers.

2.0 ML Co0.75 ML Co

10 µm

(a) (b)

FIG. 2. !top" Kerr images obtained
during magnetization reversal close to
the coercive field for a !a" SL with Co
coverage equal to 0.75 ML and !b" for
a SL with Co coverage equal to 2 ML.
!bottom" Corresponding hysteresis
loops measured by SQUID on these
samples.
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Strong perpendicular magnetic anisotropy in Ni/Co„111… single crystal
superlattices

S. Girod,1 M. Gottwald,1 S. Andrieu,1 S. Mangin,1,a! J. McCord,2 Eric E. Fullerton,3

J.-M. L. Beaujour,4 B. J. Krishnatreya,4 and A. D. Kent4
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3CMRR, University of California, San Diego La Jolla, California 92093-0401, USA
4Department of Physics, New York University, 4 Washington Place, New York 10003, USA

!Received 29 April 2009; accepted 8 June 2009; published online xx xx xxxx"

Single crystal Ni/Co!111" superlattices have been grown by molecular beam epitaxy. The Ni
thickness is 3 ML whereas the Co thickness varies from 0.2 to 4 ML. The superlattices were studied
using magnetometry and ferromagnetic resonance spectroscopy and they all exhibit strong
perpendicular to the plane magnetic anisotropy. The maximum of magnetocrystalline anisotropy is
obtained for one cobalt monolayer. Kerr microscopy measurements show the variation of domain
pattern as the Co layer thickness changes. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3160541$

For the past 10 years there has been great interest in the
transfer of spin angular momentum between a spin-polarized
current and a ferromagnetic conductor. The angular momen-
tum transfer exerts a torque, the spin transfer torque, on the
ferromagnetic conductor which may induce switching or
steady state precessions. This effect was predicted in 1996
!Refs. 1 and 2" and then observed in 2000 !Refs. 3 and 4"
and should enable a range of magnetic devices such as high
performance random-access magnetic memory.5 One key ad-
vance needed to realize a practical device is the reduction in
the currents necessary to obtain magnetization switching
while maintaining the thermal stability of the device. It has
recently been demonstrated that samples exhibiting perpen-
dicular anisotropy provide a pathway to low switching cur-
rent and large thermal stability.6 Moreover, it has been shown
that using perpendicular #Co/Ni$ multilayer the switching
current is directly proportional to the anisotropy energy and
that it may be decreased down to 120 !A.7 To further de-
crease the switching current model, systems with well con-
trolled out-of-plane anisotropy are needed.

In this context, single-crystalline Co/Ni!111" superlat-
tices !SLs"8–11 are good material candidates, since it is pos-
sible, starting from this material, to build a fully epitaxial
spin valve. In this letter, we present structural and magnetic
characterization of single-crystalline Co/Ni!111" SLs for
which the Ni thickness is kept constant at 3 ML and the Co
thicknesses is varied. The magnetic properties of the films
are investigated at room temperature using conventional
magnetometry and ferromagnetic resonance spectroscopy
!FMR". Strong perpendicular anisotropy is observed even for
submonolayer Co thickness and up to several monolayers.
The origin of this feature comes from the high Co/Ni inter-
face anisotropy. Both magnetization and magnetocrystalline
anisotropy is quantitatively studied versus Co thickness. Fi-
nally, from Kerr microscopy measurements the domain pat-
tern could be measured and compared.

Ni/Co!111" single crystal SLs were grown by molecular
beam epitaxy with a base pressure around 2"10−11 h Pa

with cryogenic panels full of liquid nitrogen. The films were
deposited on !112̄0" single-crystalline sapphire substrates
and outgassed in situ at around 1200 K. The multilayer films
have the following layer structure !thickness in monolayer":
sapphire substrate/bcc V !110"/fcc Au !111"-10/fcc !111"
"%Ni3 /CoX&10 /Au capping layer with the Co layer thickness
X varying from 0 to 4 ML. The V seed layer proves effective
for good adhesion of the whole stacking on sapphire. V was
deposited at 0.1 nm/s by using an electron gun. Au, Ni, and
Co were evaporated using Knudsen cells at respectively
1500, 1600, and 1750 K. The epitaxial relationship between
each layer is determined by using reflection high-energy
electron diffraction !RHEED" electron diffraction. The Au,
Ni, and Co growth rates were determined from the RHEED
intensity oscillations during the growth. In order to obtain a
smooth surface, the Au seed layer was grown at room tem-
perature and annealed afterwards at 600 K. The chemical
quality as well as a possible interdiffusion of the layers was
checked using x-ray photoelectron spectroscopy !XPS" and
Auger electron spectroscopy !AES". The overall magnetic
properties were determined by superconducting quantum in-
terference device !SQUID" magnetometry. Hysteresis loops
were measured along the sample’s in-plane and out-of-plane
axis in magnetic fields up to 4 T. From the hysteresis loops,
the saturation magnetization Ms and the perpendicular mag-
netic anisotropy constant values K1 are determined. Ferro-
magnetic resonance was conducted from 4 to 50 GHz using
a broadband coplanar waveguide method.12 The applied field
is swept at a fixed microwave frequency, perpendicular to the
film surface and rf magnetic field. Measurements of the reso-
nance field versus frequency are used to determine K1.
Magneto-optical Kerr microscopy in the polar mode13 was
applied to observe the formation of magnetic domains and to
confirm the nature of anisotropy as derived from the magne-
tization loops.

V !110" epitaxy on sapphire is possible at room tempera-
ture but two epitaxial variants are observed. Therefore, 50
nm thick V seed layers were grown at a substrate tempera-
ture near 1000 K after which only one single variant is ob-
served. The Kurdjumov–Sachs epitaxial relationship betweena"Electronic mail: stephane.mangin@lpm.u-nancy.fr.

APPLIED PHYSICS LETTERS 94, 1 !2009"
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Single crystal Ni/Co!111" superlattices have been grown by molecular beam epitaxy. The Ni
thickness is 3 ML whereas the Co thickness varies from 0.2 to 4 ML. The superlattices were studied
using magnetometry and ferromagnetic resonance spectroscopy and they all exhibit strong
perpendicular to the plane magnetic anisotropy. The maximum of magnetocrystalline anisotropy is
obtained for one cobalt monolayer. Kerr microscopy measurements show the variation of domain
pattern as the Co layer thickness changes. © 2009 American Institute of Physics.
#DOI: 10.1063/1.3160541$

For the past 10 years there has been great interest in the
transfer of spin angular momentum between a spin-polarized
current and a ferromagnetic conductor. The angular momen-
tum transfer exerts a torque, the spin transfer torque, on the
ferromagnetic conductor which may induce switching or
steady state precessions. This effect was predicted in 1996
!Refs. 1 and 2" and then observed in 2000 !Refs. 3 and 4"
and should enable a range of magnetic devices such as high
performance random-access magnetic memory.5 One key ad-
vance needed to realize a practical device is the reduction in
the currents necessary to obtain magnetization switching
while maintaining the thermal stability of the device. It has
recently been demonstrated that samples exhibiting perpen-
dicular anisotropy provide a pathway to low switching cur-
rent and large thermal stability.6 Moreover, it has been shown
that using perpendicular #Co/Ni$ multilayer the switching
current is directly proportional to the anisotropy energy and
that it may be decreased down to 120 !A.7 To further de-
crease the switching current model, systems with well con-
trolled out-of-plane anisotropy are needed.

In this context, single-crystalline Co/Ni!111" superlat-
tices !SLs"8–11 are good material candidates, since it is pos-
sible, starting from this material, to build a fully epitaxial
spin valve. In this letter, we present structural and magnetic
characterization of single-crystalline Co/Ni!111" SLs for
which the Ni thickness is kept constant at 3 ML and the Co
thicknesses is varied. The magnetic properties of the films
are investigated at room temperature using conventional
magnetometry and ferromagnetic resonance spectroscopy
!FMR". Strong perpendicular anisotropy is observed even for
submonolayer Co thickness and up to several monolayers.
The origin of this feature comes from the high Co/Ni inter-
face anisotropy. Both magnetization and magnetocrystalline
anisotropy is quantitatively studied versus Co thickness. Fi-
nally, from Kerr microscopy measurements the domain pat-
tern could be measured and compared.

Ni/Co!111" single crystal SLs were grown by molecular
beam epitaxy with a base pressure around 2"10−11 h Pa

with cryogenic panels full of liquid nitrogen. The films were
deposited on !112̄0" single-crystalline sapphire substrates
and outgassed in situ at around 1200 K. The multilayer films
have the following layer structure !thickness in monolayer":
sapphire substrate/bcc V !110"/fcc Au !111"-10/fcc !111"
"%Ni3 /CoX&10 /Au capping layer with the Co layer thickness
X varying from 0 to 4 ML. The V seed layer proves effective
for good adhesion of the whole stacking on sapphire. V was
deposited at 0.1 nm/s by using an electron gun. Au, Ni, and
Co were evaporated using Knudsen cells at respectively
1500, 1600, and 1750 K. The epitaxial relationship between
each layer is determined by using reflection high-energy
electron diffraction !RHEED" electron diffraction. The Au,
Ni, and Co growth rates were determined from the RHEED
intensity oscillations during the growth. In order to obtain a
smooth surface, the Au seed layer was grown at room tem-
perature and annealed afterwards at 600 K. The chemical
quality as well as a possible interdiffusion of the layers was
checked using x-ray photoelectron spectroscopy !XPS" and
Auger electron spectroscopy !AES". The overall magnetic
properties were determined by superconducting quantum in-
terference device !SQUID" magnetometry. Hysteresis loops
were measured along the sample’s in-plane and out-of-plane
axis in magnetic fields up to 4 T. From the hysteresis loops,
the saturation magnetization Ms and the perpendicular mag-
netic anisotropy constant values K1 are determined. Ferro-
magnetic resonance was conducted from 4 to 50 GHz using
a broadband coplanar waveguide method.12 The applied field
is swept at a fixed microwave frequency, perpendicular to the
film surface and rf magnetic field. Measurements of the reso-
nance field versus frequency are used to determine K1.
Magneto-optical Kerr microscopy in the polar mode13 was
applied to observe the formation of magnetic domains and to
confirm the nature of anisotropy as derived from the magne-
tization loops.

V !110" epitaxy on sapphire is possible at room tempera-
ture but two epitaxial variants are observed. Therefore, 50
nm thick V seed layers were grown at a substrate tempera-
ture near 1000 K after which only one single variant is ob-
served. The Kurdjumov–Sachs epitaxial relationship betweena"Electronic mail: stephane.mangin@lpm.u-nancy.fr.
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Magneto-optical images
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Magnetic Nanostructures
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2 INTRODUCTION

Fig. I.1 Scale of size which goes from macroscopic down to nanoscopic sizes. The unit of

this scale is the number of magnetic moments in a magnetic system (roughly corresponding to

the number of atoms). The hysteresis loops are typical examples of magnetization reversal via

nucleation, propagation and annihilation of domain walls (left), via uniform rotation (middle),

and quantum tunneling (right).

Image from, W. Wernsdorfer, Advances in Chemical Physics 2001 and ArXiv:0101104
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Single Domain Model
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Uniform M--no exchange energy

x

z

y

MAGNETIZATION REVERSAL BY UNIFORM ROTATION 17

In the simplest case of uniaxial anisotropy, the energy of a Stoner–Wohlfarth particle

is given by

E = KV sin2 φ − µ0MSV H cos(φ − θ) , (2.1)

where KV is the uniaxial anisotropy energy which depends on the shape of the

particle, V is the volume of the particle, MS is the spontaneous magnetization, H
the magnitude of the applied field, and φ and θ are the angles of magnetization
and applied field respectively, with respect to the easy axis of magnetization. The

potential energy of (2.1) has two minima separated by an energy barrier. For given

values of θ and H , the magnetization lies at an angle φ which locally minimizes
the energy. This position can by found by equating to zero the first derivative with

respect to φ of (2.1): ∂E/∂φ = 0. The second derivative provides the criteria for
maxima and minima. The magnetization reversal is defined by the minimal field

value at which the energy barrier between the metastable minimum and the stable

one vanishes, i.e., at ∂E/∂φ = ∂2E/∂φ2 = 0. A short analysis yields the angular
dependence of this field, called the switching fieldH0

sw, or in dimensionless units:

h0
sw =

H0
sw

Ha
=

1
(

sin2/3 θ + cos2/3 θ
)3/2

, (2.2)

whereHa = 2K/(µ0MS) is the anisotropy field. The angular dependence of h0
sw is

plotted in Fig. 2.1.

Contrary to h0
sw, the hysteresis loops cannot be expressed analytically and have to

be calculated numerically. The result is seen in Fig. 2.2 showing the component

of magnetization projected along the direction of the applied field, i.e., MH =
MS cos(φ − θ). Such loops are often called Stoner–Wohlfarth hysteresis loops. 2

Themain advantage of this classical theory is that it is sufficiently simple to add some

extra features to it, as presented in the following.

2.1.1 Generalization of the Stoner–Wohlfarth model

The original model of Stoner and Wohlfarth assumed only uniaxial shape anisotropy

with one anisotropy constant (one second order term, see Eq. 2.1). This is sufficient

to describe highly symmetric cases like a prolate spheroid of revolution or an infinite

cylinder. However, real systems are often quite complex and the anisotropy is a sum

of mainly shape (magnetostatic), magnetocrystalline, magnetoelastic and surface

anisotropy. One additional complication arises because the different contributions of

anisotropies are often aligned in an arbitrary way one with respect to each other. All

2It is important to note that single particle measurement techniques do not measure this componentMH.

For example for the micro-SQUID technique, with the easy axis of magnetization in the plane of the

SQUID and perpendicular to the current direction in the SQUID wire (Fig. 1.5), one measures a magnetic

flux which is proportional toMS sin φ (Fig. 2.3).

z

x

y

E = −Km2
z − µ0Ms !m · !H

!m

!H
θ
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Fig. 2.1 Angular dependence of the Stoner–Wohlfarth switching field h0
sw = H0

sw/Ha

(Eq. 2.2). This curve is often called the ‘Stoner–Wohlfarth astroid’. The cases (1) to (3)

correspond to Eqs. 2.5 to 2.9 concerning the field dependence of the anisotropy barrier height.

Fig. 2.2 Hysteresis loops of a Stoner–Wohlfarth particle for different field angles θ. The
component of magnetization along the direction of the applied field is plotted, i.e., MH =
MS cos(φ − θ).
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Fig. 2.2 Hysteresis loops of a Stoner–Wohlfarth particle for different field angles θ. The
component of magnetization along the direction of the applied field is plotted, i.e., MH =
MS cos(φ − θ).

When does the metastable state become unstable?

+m -m

Uh2/3
x + h2/3

y = 1

also known as the Macrospin or Stoner-Wohlfarth Model
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44 INFLUENCE OF TEMPERATURE ON THE MAGNETIZATION REVERSAL

Fig. 3.3 Temperature dependence of the switching field of a 3 nm Co cluster, measured in

the plane defined by the easy and medium hard axes (Hy − Hz plane in Fig. 2.6). The data

were recorded using the blind mode method (Sect. 1.2.6) with a waiting time of the applied

field of∆t = 0.1s. The scattering of the data is due to stochastic and in good agreement with
Eq. 3.10.

Experimental study of an individual Co nanoparticle
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3.2.1 Waiting time measurements

Thewaiting time method consists in measuring the probability that the magnetization

has not switched after a certain time. In the case of an assembly of identical and

isolated particles, it corresponds to measurements of the relaxation of magnetization.

However, in most particle assemblies, broad distributions of switching fields lead to

logarithmic decay of magnetization, and the switching probability is hidden behind

the unknown distributions functions [8]. For individual particle studies, waiting

time measurements give direct access to the switching probability (Fig. 3.1). At

a given temperature, the magnetic field H is increased to a waiting field Hw near

the switching field H0
sw. Next, the elapsed time until the magnetization switches

is measured. This process is repeated several hundred times, yielding a waiting

time histogram. The integral of this histogram and proper normalization yields the

probability that the magnetization has not switched after a time t. This probability is
measured at different waiting fieldsHw and temperatures in order to explore several

barrier heights and thermal activation energies.

According to the Néel–Brown model, the probability that the magnetization has not

switched after a time t is given by:

P (t) = e−t/τ , (3.6)

and τ (inverse of the switching rate) can be expressed by an Arrhenius law of the
form:

τ−1(ε) = Bεa+b−1e−Aεa

, (3.7)

where ε =
(

1 − H/H0
sw

)

and A, B, a and b depends on damping, temperature,
energy barrier height (Eqs. 2.5 to 2.10, and 3.1 to 3.5), curvatures at well and saddle

points, and reversal mechanism (thermal or quantum) (cf. Tab. 1 of Ref. [95]). For

simplicity, experimentalists have often supposed a constant pre-exponential factor

τ−1
0 instead ofBεa+b−1.

The adjustment of equation (3.6) to the measured switching probabilities yields a set

of mean waiting times τ−1(Hw, T ). In order to adjust the Néel–Brown model to
this set of data, we propose the following relation which can be found by inserting

ε =
(

1 − Hw/H0
sw

)

into Eq. (3.7):

Hw = H0
sw

(

1 −
[

1

A
ln

(

τBεa+b−1
)

]1/a
)

, (3.8)

When plotting the Hw values as a function of
[

T ln
(

τBεa+b−1
)]1/a

, all points

should gather on a straight line (master curve) by choosing the proper value for the

constants B, a and b (a and b should be given by Eqs. 2.5 to 2.10, and 3.1 to 3.5). A
can be obtained from the slope of the master.

The number of exploitable decades for τ values is limited for waiting time mea-
surements: short-time (milliseconds) experiments are limited by the inductance of

Prob, of not switching in a time t:

Wernsdorfer, et al. 1996

τ = τ0 exp(U/kBT )
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Fig. 2.4 High Resolution Transmission

Electron Microscopy observation along a

[110] direction of a 3 nm cobalt cluster ex-

hibiting a f.c.c–structure.

Fig. 2.5 Scheme of a typical cluster shape

with light-gray atoms belonging to the 1289-

atoms truncated octahedron basis and dark-

gray atoms belonging to the (111) and (001)

added facets.

an applied magnetic field in any direction and in the temperature range between 0.03

and 30 K (Sect. 1.2). However, the desired sensitivity is only achieved for Co clusters

embedded into the micro-bridges where the magnetic flux coupling is high enough.

Due to the low concentration of embedded Co clusters, we have a maximum of 5

non-interacting particles in a micro-bridgewhich is 300 nm long and 50 nmwide. We

can separately detect the magnetization switching for each cluster. Indeed they are

clearly different in intensity and orientation because of the random distribution of the

easy magnetization directions. The cold mode method (Sect. 1.2.5) in combination

with the blindmethod (Sect. 1.2.6) allows us to detect separately the magnetic signal

for each cluster.

High Resolution Transmission Electron Microscopy observations showed that the

Co clusters are well crystallized in a f.c.c–structure (Fig. 2.4) with a sharp size

distribution [61]. They mainly form truncated octahedrons (Fig. 2.5) [39].

Fig. 2.6 displays a typical measurement of switching fields in three dimensions

of a 3 nm Co cluster at T = 35 mK. This surface is a three-dimensional picture

directly related to the anisotropy involved in themagnetization reversal of the particle

(Sect. 2.1). It can be reasonably fitted with the generalized Stoner and Wohlfarth

model [54] (Sect. 2.1.1). We obtain the following anisotropy energy:

E0(!m)/v = −K1m
2
z + K2m

2
x − K4(m

2
x′m2

y′ + m2
x′m2

z′ + m2
y′m2

z′) (2.11)

where K1 and K2 are the anisotropy constants along z and x, the easy and hard
magnetization axis, respectively. K4 is the forth order anisotropy constant and the

(x′y′z′) coordinate system is deduced from (xyz) by a 45◦ rotation around the z
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Fig. 3.2 Scaling plot of the mean switching time τ(Hw, T ) for several waiting fieldsHw

and temperatures (0.1 s < τ(Hw, T ) < 60 s) for a Co nanoparticle. The scaling yields

τ0 ≈ 3 × 10−9s. Inset: examples of the probability of not-switching of magnetization as

a function of time for different applied fields and at 0.5 K. Full lines are data fits with an

exponential function: P (t) = e−t/τ

as the temperature for which the waiting time ∆t becomes equal to the relaxation
time τ of the particle’s magnetization at "H = "0. TB can be used to estimate the

total numberNtot of magnetic Co atoms in the cluster. Using an Arrhenius-like law

(Eq. 3.7) which can be written as: ∆t = τ = τ0exp(KatNtot/kBTB), where τ−1
0 is

the attempt frequency typically between 1010 to 1011 Hz [102], Kat is an effective

anisotropy energy per atom and kB is the Boltzmann constant. Using the expression

of the switching field at T = 0 K and for θ = 0: µ0Hsw = 2Kat/µat = 0.3T
(Fig. 3.3), the atomic moment µat = 1.7µB, ∆t = 0.01 s, τ0 = 10−10 s, and TB =

14 K, we deduce Ntot ≈ 1500, which corresponds very well to a 3 nm Co cluster

(Fig. 2.5).

Fig. 3.4 presents a detailed measurement of the temperature dependence of the

switching field at 0◦ and 45◦ and for three waiting times ∆t. This measurement
allows us to check the predictions of the field dependence of the barrier height.

Eq. 3.9 predicts that the mean switching field should be proportional to T 1/a where

a depends on the direction of the applied field (Eqs. 2.5 to 2.10): a = 2 for θ = 0◦

and 90◦, and a = 3/2 for all other angles which are not too close to θ = 0◦ and 90◦.
We found a good agreement with this model (Fig. 3.5).
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µoHeff = −δE/δMEffective Field

Single Domain Model
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2K
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mz
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dt
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! | =
g|e|
2m

M

z

x

Mt

y
Heff



NYU

2009 Boulder School, Lecture 1

 AT EQUILIBRIUM DISTURBED FROM EQUILIBRIUM DRIVEN PRECESSIONAL MOTION

●       precesses about Heff  at the 
Larmor frequency:

● Decrease of the angle of 
precession due to damping.

is aligned with the effec<ve field.

● Maintain the precessional 
mo<on with rf field (ω):
● When   ω=ω0   θ is max.            

FERROMAGNETIC RESONANCE

Landau Lifshitz Gilbert Equation

Gyroscopic  term Damping term

17

Magnetization Dynamics

∂M
∂t

= −γµoM×Heff +
α
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M× ∂M

∂t

M
M

Resonance



NYU

2009 Boulder School, Lecture 1

FMR: Landau-Lifshitz-Gilbert Dynamics
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= −γµoM×Heff +
α

Ms
M× ∂M
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damping

precession

m̂

!Heff

γ/2π = 28 GHz/T

M×Heff

Applied Field

FMR: fixed frequency rf field           ⊥ H

Linewidth: Homogeneous or intrinsic linewidth
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∆H = 4παf/(µ0γ)

with inhomogeneous broadening
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19The FMR Linewidth - Grain boundary two magnon scattering

Quick tutorial on GBTMS processes
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Summary of Topics Covered

I. Magnetic Interactions
         –Exchange, Anisotropy and Dipolar Interactions
           –Zeeman Interaction
II. Micromagnetic Energy

–Energy, Field and Length Scales
           –Examples of Magnetic Domain Structure

III. Magnetic Nanostructures
      –Single Domain Model
       –Experiments on Individual (classical) Nanomagnets
       –Thermal Activation and Quantum Tunneling of Magnetization

IV. Classical Magnetization Dynamics  
          –Landau-Lifshitz-Gilbert  Equation
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