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PREFACE

Since the beginning of the 90s, several sciengifid teaching collaborations
have been engaged between French laboratories rmimdrilties and BalgeBolyai
University Cluj-Napoca, Romania. Physics is ondhgf fields in which common
teaching and research activities were strongly ldpeel. Many professors from
French Universities (Université Joseph Fourier, Gleenoble, Institut National
Polytechnique de Grenoble, Université Claude Berm Lyon, Université Louis
Pasteur de Strasbourg, Université Paris 12, Unteede Rouen, etc) have given
lectures at BalzeBolyai University. In the frame of our collabomati, more than
50 Romanian students followed training courses asten or PhD students in these
universities. On the other hand professors fromeg&wlyai University have
performed teaching and research in French partbaisersities. Furthermore
several French students joined as trainees thesEdigai University.

The scientific and didactic collaboration was reioéd by recurrent organisation,
at every two years, of summer schools since 19%p:{lesm.neel.cnrs.fr). The
topics were mainly in solid state physics and mégme Nanomagnetism (1997),
High performance permanent magnets (1999), Spectroscopic analysis (2001),
Magnetism of nanoscopic systems and hybrid structures (2003) and New
experimental approaches in magnetism (2005). For the first schools the
participants (professors and students) were mdimyn Romania and France.
Progressively the school was open for professodssamdents coming from other
European universities. Beginning with 2003 summehosl, besides of Babe
Bolyai University and Joseph Fourier University kg a lot of European partners
(Germany, Spain, Poland, The Netherlands, Franod)the French-Romanian
summer school becomg&siropean School on M agnetism.

The scientific theme of the 2007 school e Magnetic Materials and
their Functions' with a satellite workshop concerningAdvanced magnetic
materials’. The extraordinary dynamic in the field of the gnatic materials
imposes a constant effort in order to form and imf@ur students (the engineer
and researcher for “tomorrow”) in the elaboratipmperties and the applications
of new materials. So a large panorama will be giwetihe students on the actually
and emergent themes of the research on the newatiagnaterials from their
functionality to the applications. The workshop ggsium will give possibility to
the senior scientist to present and discuss the results in advanced magnetic
materials. Particularly we have in mind both thendamental (the deeply
understanding of the physical phenomena) and tipdicapive researches (high
performance permanent magnets, ultra soft magmeéterials, magnetocaloric
materials, multiferroic materials, shape memoryariats, magnetic materials with
biological applications, magnetic captors, spincetmic, high density magnetic
recording, etc).

Organising committee
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FUNDAMENTAL PROPERTIES
EKKES BRUCK"

As we know, electron states in atoms are charae@iy 4 quantum numbers:
n(=0,1,.),1 (=0, 1, .., n1), =l ,-1+1, .., ) and m(=-1/2, +1/2).

The latter three determine the magnetic responsa tapplied magnetic field. In
isolated atoms, the individual magnetic momentshiwitone shell add up,
according to Hund's rules, to the total magnetiomeat of the shell, characterized
by the quantum number J. For the 4f-shell thisdged reasonable description of
the observed moments, even in the metallic stataimodel).

In the absence of interaction the magnetizationf lel material is given by the field
derivative of Helmholtz free energy A.

0A 1)

M=-_—| =N JB;(x
( o )T g By(x)
where  x = gugJH /(KT )s known as Lande’s-factoug is the Bohr magneton,

kis the Boltzmann constantH is the magnetic field,T is the absolute
temperature, and\ is the numbers of the magnetic moments and

2J +1 2J +1 1 1
B,(x)= coth X) — —coth(— X
1) 2] 2] ) 2] (2J )

is the Brillouin function that varies between 0 ahdfor x = 0 and x =oo,
respectively. Wherx <<1, Eq. (1) becomes the Curie law (Buschow et al3g00

_CH, )
T

M

wherec = Ng 2u3J (J + 1)/ 3k isthe Curie constant. This equation

gives the well known inverse proportionality of thagnetic susceptibility = M/H.
When the argument of the Brillouin function is vearge, thus either at low
temperatures and or high magnetic field, the margigin will saturate to the
maximal valueMsg

" Van der Waals—Zeeman Instituut, Universiteit vamsterdam, Valckenierstr. 65, 1018 XE
Amsterdam, The Netherlands



EKKES BRUCK

Mg = NgugJ @)

When the distance between magnetic moments is ,siial Pauli exclusion
principle, which states that two identical fermianay not have the same quantum
states, results in interaction between magnetic emsn Heisenberg introduced a
model to describe this exchange interaction on aswpic scale. The Heisenberg
exchange Hamiltonian may be written in the form

4)

Hexch = —Z2J,JS, [Sj )
i<j
where the summation extends over all magnetic mopeains in the crystal lattice.
For positive values of the exchange constihnbne finds parallel alignment else
antiparallel. Ferromagnetism is observed for pesiéxchange interactions below a
critical temperature.

The exchange interaction can be described as igfefotld acting on the
moments. This field is produced by the surroundmagnetic moments and called
the molecular field. As the size of the surroundingments is proportional to the
magnetization, the molecular field,hk written as

Hem = NywM 5)

with Ny the Weiss-field constant. This constant was ajréaioduced in the early
20" century long before the development of quantunsiaisy The total magnetic
field experienced by a magnetic material is thiesghim of the externally applied
field Hy and the internal field

H=Hy+H (6)
and equation 2 needs to be rewritten as
M :.Cr:(Ho + Ny M).

Thus, in the presence of ferromagnetic interactuch lower fields are sufficient
to saturate the magnetization. The magnetic subdéptis given by

¥= C _ C (8)
T-NyC T-T¢'

This is the Curie-Weiss law, whefie is the Curie temperature. Below the Curie
temperature spontaneous magnetization is obseR@dmost materials, the phase
transition from the paramagnetic state to the feagnetic state is found to be of
second order. This means that the temperature depes of the first derivative of the

free energy (S, M, V) is continuous and only theosd derivative of the free energy
(specific heat @, X, thermal expansion) is discontinuous.

8
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FUNDAMENTAL PROPERTIES

In 3d-metals the adjacent atoms break the symntetan extent that the
orbital quantum number is no longer a good quantommber. Moreover,
hybridization leads to energy bands in which thim suantum number S is best
describing the properties (itinerant model). Insthiodel, the value of S is no
longer necessarily a whole number. In itinerantesys equations 1, 2, 3 and 8 also
hold when we substitute J by S.

Magnetism in 3d metals is well described by then8tdoand model, that
distinguishes spin up and spin down bands:

E, (k) = E(K) —'SI\TT

ln ©)
E, () =E(R) -

with Is the Stoner parameter that describes the energygehdue to electron spin
correlations. Ferromagnetism occurs when the dewsitstates at the Fermi level
D(E¢) is exceeding some critical value which is exprddsy the Stoner condition

B(EL )l >1 (10)

where D(E is the normalized density per spin andme!.
N.B. Exchange energy in 3d metal80meV

REFERENCES
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RARE EARTH-TRANSITION METAL COMPOUNDS:
MAGNETISM AND APPLICATIONS

E. BURZO’

The rare-earth or yttrium (R) — transition metal)(Ebmpounds form closely
packed structures which may be regarded as arrargenf spheres having
different dimensions. The necessity of maximum pagktaking into account
geometrical and energetic restrictions, leads toraered arrangement, with well
defined stoichiometry, in which the atoms are iflisted on specific crystallographic
sites. For example in Sm-Co series, 3607 SmCa, SmCg, SmCa, SmCo;,
SmCq and SmCo,; compounds, were reported. In the corresponding system
only SmFg, SmFg and SmgFe;; were shown [1]. Ternary compounds, as example
R,FeB or R,.1C0s,:5B,, are also of interest. Substitutions at the ramtheand
transition metal sites are possible, in a certaiounts.

From magnetic point of view, when transition metaigl R are magnetic, the magnetic
moments of the two sublattices are parallely atigménile in case of heavy rare-earths
(Gd to Tm), there is an antiparallel coupling. Frahis general rule, there are

exceptions as in cerium compounds. In case of gmiBiere is a change from

ferromagnetic behaviour to a ferrimagnetic one tes temperature increase. Spin
reorientations are frequently shown, characteriiic systems whose atoms have
competing anisotropies (uniaxial and planar). Tlagmetic interactions between rare-
earths and transition metals can be best desdnipdft5d-3d exchange path [2]. The
4f electrons of rare-earths (except Ce) have d spatial extent and generally one can
assume that they are well localized. On the otlaedhthe M metals show a wide
spectrum of magnetic behaviours. This enclose eatliblished magnetism in which

the magnetic ordering temperatures are high, uparo exchange enhanced
paramagnetism, crossing the situation in whichredi® moments collapse. Thus, the
analysis of the magnetic behaviour of the R-M dvf8 compounds can give very

usefull information on the transition metals, whosagnetic properties are not well

known. Thus, in first part we discuss the basiperties of these compounds, focusing
mainly on the magnetic behaviour of M (M = Fe,Cd,Hiements and then, their

technical uses will be presented.

The exchange enhanced paramagnets as those basaignYNis, LUuCa, YCo,,
at low temperatures, show on exchange enhancethpgreetism. At T > 10 K, the
magnetic susceptibilitieg can be described by & @ependence = y, (1+aT). At

" Faculty of Physics, Babes-Bolyai University Cluidoca, Romania



E. BURZO

temperatures higher than a characteristic valuetfigy* vs T follows a Curie-
Weiss behaviour, similar as in case of localizedmaots — Fig. 1 [3]. The XPS
studies, at RT show the presence of holes in Nédllof LaNi-based compounds.
The temperature dependences of the magnetic sislitgps were analysed in
Y(Co,Ni), in the model of spin fluctuations [4], assuminGaussian distribution —
Fig. 1 [3]. Replacing the nonmagnetic rare eartlytsium by a magnetic R atom,
in the above systems, a magnetic moment will beidad on Co or Ni atoms,
beginning with a critical value of the exchangeldfi¢5] — Fig. 2. Then, the
transition metal moments increase linearly with thehange field and finally
saturated, as shown for example inR0zn:sB2, System [6]. The same behaviour
was seen in RGebased compounds [5,7,8]. Band structure calculatferformed
on Gd(Co,Ni) system showed, that in a good approximation, al lenvironment
may describe the composition dependence of thesitiam metal moments in
which Co moment is little modified if there is &bt a critical number (i 3) of
atoms in a cluster. Values of,HJ 70 T were estimated for transition from
nonmagnetic to magnetic state of cobalt. In casaiakfel, a value of K [040(10)

T was suggested [9]. The high field measurement¥@n, [10] evidenced the
same type of transition [10]. Also, a linear depamk of the cobalt moment on the
exchange field of (30°)™ pe/T was shown [11] and confirmed by high field
measurements [12]. Iron shows a more localized\heba The dependence of the
iron moment on the exchange field is of ()™ ps/T. As seen in Fig. 3, there is
a rather good agreement between the computed vakmwding to the above
relation, and the variation of iron moments. Thehenge splitting of M3d band is
proportional to the exchange field.

The measurements made in a large temperature raetiejing the paramagnetic
one show that are large difference in the ratio $,/5,, between the number of
transition metals spin determined from Curie comsta$, and those obtained
from saturation data,Sas previously evidenced by the Rhodes-Wohlfauitve:
The ratio r, as function of reciprocal of excharfiggds acting on M atoms,
decreases as the exchange fields increase, appgath r = 1, a value
characteristic for a localized moment — Fig. 4.sThehaviour can be analysed
considering the effect of exchange field on M atoass well as the partial
guenching of spin fluctuation by exchange field.

The bands structure calculations showed that the IRBid polarizations can be
described by a linear relationsM= Ms¢(0) + aG where G is De Gennes factor and
Msg(0) is the value of R5d band polarization at G A8.example, in Fig. 5 are
given the data obtained in RMompounds. The first term, is due to short range
exchange interactions of R atoms with the M one&®d in the first coordination
shell, while the second is due to 4f-5d interactidn compounds where there are
lattice sites, having different environments, thg(P) is determined by the number
of atoms (and their moments) situated in the @csirdination shell — Fig. 6.

12
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The rare-earth-transition metal compounds haverasting physical properties
involving technical applications. Some of them vl surveyed:

Permanent magnets. The evolution of the maximum energy product in kst
century showed an exponential increase, descripdtidorelation (BH/max = 9.6
exp [(year-1910y] with & = 20 years — Fig. 7. The remarkable evolutionbeen
determined by the use of R-M or R-M-B intermetalicmpounds where R is
generally a light rare-earth. The SmG@md Sm(Co,Fe,Zr,Cupermanent magnets
have a good thermal stability determined by thé@jhhCurie temperatures (B
1000 K) [13]. Since both Sm and Co are expensilte, researches have been
directed for development of cheaper permanent niaghased on iron, as Nd-Fe-
B [14]. Since of the low Curie temperatures, of,N&,B, hard magnetic phase,
many studies were developed to improve their thestability, as alloying and

14



RARE EARTH-TRANSITION METAL COMPOUNDS: MAGNETISM AD APPLICATIONS

changing microstructure. The nanocomposite magreted on Nd-Fe-B were also
realized. These are formed from two magnetic phaseshard, as N&e4B and
another soft asi-Fe or FgB [15]. The remanent induction and coercive fietds
NdsFe,0sCosM1B1g s nanocrystalline alloys are given in Fig. 8. Certisi additives,

in combination with Co, significantly improves tlsguareness of the hysteresis
loops and the intrinsic coercivity [16]. Nanocrybitee metastable alloys Smge
vSi,C show also high coercive fields [17] — Fig. 9. Thigh coercivities of these
samples originate from the P6/mmm type structurth®fl/9 metastable phases.
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Magnetogtrictive materials. The non-S state rare-earths al low temperatur@ge h
high magnetostrictiory,. The value, at 4.2 K, argl9:10° for Tb and 2.8.0° for
Ho. Since of low Curie temperatures of R metal®eséh cannot be used in
magnetostrictive devices working at RT. In the RE&ves phase compounds, on the
support of exchange interactions involving irorg @urie temperatures increase up
to 600-700 K. Thus, the large magnetostriction ratizristic to R metals at low
temperatures, are translated at higher temperagsrelsown in Fig. 10 [18].

Magnetocaloric materials. Magnetocaloric effect (MCE) has been evidencetia-
earth compounds. Under adiabatic conditions, tregé in magnetic entropy is
compensated by an equal and inverse change ioelatitropy which causes a
variation in the temperature of materials. A varief intermetallic compounds
were studied in order to achieve alloys havingrgdaVICE, at RT, for magnetic
refrigerators or at smaller temperatures for liqaébn of nitrogen, hydrogen or
helium. The large MCE can be obtained for matehaléng large magnetic moment
and also a sharp drop of the magnetization witheasing temperature, associated
with the magnetic phase transition. Some exampkegigen in Fig. 11 [19].
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Hydrogen storage. Some intermetallic compounds can absorb a hugdeoggn
content as shown in Fig. 12, for LaNPure LaNi — shows an absorption plateau
pressure of a few bars at ambient. There is a aampleversibility between
formation and decomposition with a hysteresis betwehe corresponding
equilibrium pressures. Aa-phase solid solution precedes fiwaNisHe hydride.
The system requires an activation stage which iresldecrepitation into small
particles [20]. One of the most interesting usentdrmetallic hydrides has been as
a carrier of hydrogen fuel for motor vehicles.
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SOFT MAGNETIC MATERIALS AND APPLICATIONS

OLIVIER GEOFFROY *

Fields of applications of prior importance for Magic Materials can be crudely
distinguished as follows: Transformation of Enerdgtuation, Sensors (including
Tags and RFID), Recording, Qperating materials are magnetically soft, hard, o
characterised by coupling properties (transportperiies, magnetostriction,
magnetooptic, magnetocaloric, shape memory...). Trief presentation will
focus on soft materials, other aspects being tigatdedicated topics.

Soft materials are used to drive the magnetic flaxgoncentrate it in the air gaps,
for shielding. The first point to be consideredhs permeabilitys, obeying the
general formulation i = 1ju,s+1/ugyn. Different parameters act on the valug
measured under quasi-static excitation or on itsadycal partpg,, Related
guestions will be treated in parallel with the apgion fields.

1. Transformation of Energy at low frequency (f < 1kHz)

The transformation of energy at low frequensy50 Hz) involves different kinds
of sources, that is Mechanic& Electrical (Motors, actuators, generators)
Electrical s Electrical (transformers).

11. Mechanical & Electrical

The torque is the result of the interaction of fileéd produced by the moving part

(rotor in a rotating machine) and the static pstatpr). Fields can be produced by
magnets or coils associated with soft magnetic madge Scaling rules show that

for little power (P~ 100 W) magnets are more powerful than coils, thi ¢

generation more interesting for big machines.

Soft materials are used to reinforce in the air tjpfields generated by coils by
the way of a mirror effect (the soft material fatbithe penetration of the excitation
field inside it and as a result reinforces H ouwdsithat is inside the air gap). By this
way the magnetic forces exerted are increased.ndier effect is based on the
assumption of high permeability, that is no magnetturation. This leads for
machines big enough to the volumic maximum avadabitque

r~ XelR J= Saturation Magnetization e =airgap R =Rotor radius

" Institut Néel, CNRS - Université Joseph Fourid?, B56, 38042 Grenoble cedex 9, France
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Fig. 1. influence of Si content on the
principal characteristics of FeSi alloys

» Need of Material featuring high ® Use ofiron based alloys(Jsre= 2,2 T)
Classical design for rotating machines: cylindrisginmetry® The fields are in
the planeld to the axis® The magnetic circuits are made of sheets stacKeel.
ideal sheet should exhibit planar or cubic text(ire practise, magnetization
properties are more or less isotropic wit= 5000

! Most of the magneto motive force being developethe air gap, the relatively
low p of magnetic sheets is not critical.

I The stacked circuits offer the opportunity to cohtiron losses due to eddy
currents. Total Losses originating from mechanfdation and Joule effect in
coils too, lron contribution is thus of second impoce and Electrical
Insulation between sheets often simply obtainedsbperficial oxidation of
sheets. The FeSi3% alloys (cf. Fig.1 the evolutbprincipal parameters with
Si) correspond to the best gradps. € 10 10° Qm, presi= 48 10° Qm)

I Specific problem relating to Very Big machinesq@uction of energy: P > 1
GW): The high velocity (3000 trs/min for the rotof a two poles machines, 50
Hz), coupled to a large diameter leads to high rifeghl forces. The
mechanical resistance is achieved using high tersfength steelR = 550
GPa) with Cr, Mo, Va, Mn additions to machine a massiotor (static field in

the rotor reference systesh no induced currents).
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12TheElectrical & Electrical conversion

The fields in the core transformer are unidirecidef. Fig.2)

— N\ —

I pJi

<_ '

Figure 2. Flux directions in a core transformer

® Possibility to usésrain OrientedSilicon Steel sheets (see Fig.3) which offer an
easy magnetization direction in the plane of theestand thus a great increase of
permeability (1, > 50 00Q compared to non oriented shegts<5000).

The easy magnetizatic
directions lie along the
edges of the cubic cell.

Figure 3. Magnetic domains in a FeSi GOSS imaged by Kerr dEffender a 9 MPa
elongating stress and crystallographic orientatih respect to the lamination direction.

Optimization of dynamical Magnetization properties

Classical theory of eddy currents developed aequiency f in the magnetic sheet
of thickness e leads to choose &= [p/(ur)]*?, whered denotes the skin depth.
» go, =~ 0.3 mm, gyon; = 100 um (400 Hz = operating frequency of in board
electrical machines).
Classical volumic losses are thus obtained:

Puias/ f = Af A=0B *&1/6 (1)
I Taking into account the domain walls magnetizatioechanism leads to the

more accurate results:
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™ 1
Mdyn =m T R, =1,628 Ryas 20/ € 2 = width of a domain in the demagnetized st§®)

®» An elongating stresso(= 10 MPa) is applied by the mean of the isolating

coating allows to eliminates additional unproduetiocal domains (spikes...),

increasing the number of domain walls and improvthgs the properties of
dynamical Magnetization.

I Due to the great grain size® £ 1 cm) featured by the best grades (Hi B FeSi),
additional refining techniques (Laser scratchindasfa grooving...) are
involve to increase the number of domain walls.

! Adding Si to Fe to increase resistivity leads title alloys. As a result, the
minimum thicknesses obtained laminating.,&e are 50 or 10Qum, with a
maximum operating frequency towards 400 Hz. Regemtbmmercial SiFe
alloys featuring 6%Si have been proposed, the lemeént being obtained
starting from conventional §iFe by Chemical Vapour Deposition. The main
interest in the 6% amount Si is the vanishxg, and the increase of the
resistivity (cf. Fig.1). Those points are of prionportance regarding the
increase of the operating frequency in air-crafecteical devices, especially
concerning the problem of acoustic noise geneiayad board transformers.

1 3. Thelron Cobalt alloys

The Iron Cobalt alloys are used instead of SiFeyall when very high
specifications are needed. Their main advantages &irge polarization)§ recozs
= 2.4 T) and a high Curie temperatur€c(recoss = 1040 °Q . Adding chromium
and vanadium allows to reach resistivities to aut0® Qm comparable to the
FeSi one. Vanadium also reduces brittleness, aligyaminating until thickness
0.1 mm. The three main classes used for appliatiwa Fg, C0,5Crys (noses of
electromagnets), k&oV, (transformers and rotating machines), G,
(electromagnetic pumps for molten metals).

2. Electrical & Electrical conversion at medium and high frequenas
(f > 400 Hz)

According to the skin depth criterion (cf. 8112)etmaterials operating at higher
frequencies have to feature higher resistivities lower thicknesses than
conventional SiFe alloys.

2 1. The lron based amorphous ribbons (f < 100 kHZ2)

Amorphous magnetic soft alloys were introduced twwal970. The Fe based
alloys are the first member of the family of maijgsdly soft alloys obtained as
ribbons by quenching. Co based amorphous and ngstaltine alloys belong to

the same family.
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The elaboration requires glass form

(B, Hf..), leading to typical atomi | e a i
composition F@B13SizsC, . In 700k 0,035 mm
addition, very high cooling rate (dT/dt —m=N

10 K/s) is needed to preve | % “-‘”9\ .
crystallisation: This is achieved by tl % ool grain-oriented Sife |
Planar flow casting process, where 1 St

liquid metal is falls on a rotative coole ol \p3mm _
cooper wheel (cf. topic dedicated to s 200 Ha
nanocristalline melt spun ribbons) 300¢

Ribbons of several centimetres wid e T T e T
(until 20 cm) are obtained. - b

Ribbons are then annealed, (7400 °C) .

to get ride of internal stress due to théFigure 4. comparaison of the pow
quenching process. featured by different tran_sformers w
The same elaboration process leads ‘Z,Vi?fg?:ftdmca?eensag same sizesda with
some common characteristics featured b

the all members of the family, that is

* Qperating Temperature = 150 °C
limited by the Curie TemperaturedT

~ 300 °C)
* Ribbon thicknes@= 20-30um According to (2), good candidates for
* Electrical resistivityp=~ 140 1¢ Q medium frequencies applications

A specificity of Fe based alloys is the high Pslation inductiodds~ 1,75 T. As a result,
Fe based alloys can be compared to F&St .06 T) and, very attractive regarding
losses, appear to be more interesting for transigrmvhen the operating frequency
increases (cf. Fig. 4). Depending on the anneglingess, the density of domain walls
can be varied and Fe based alloys can be usedl@ tkHz. More expensive than the
FeSi alloys, their use for low frequency (50-60 k&zuntil now restricted to regions
characterised by a high cost of electrical endu$#, Australia...)

2 2. The soft ferrites

The soft ferrites belong to two different families:

- The Spinels feature a cubic crystal structure tpe a general formula MO,
FeO; M = divalent metallic ion (Mfi, F&*, Ni?*, zr**, Mg?*, Li*"...). The
small amount of magnetic ions and a ferrimagnetimipting between
neighbouring F& and M leads to low Polarization inductiodsf.z, = 0.5 T).

In addition, indirect coupling of magnetic ionsdsao low Curie temperatures
(Temnzn = 240 °Q
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The main interest of those compounds is their g resistivity Pynzn = 1-

10 Qm, pnizn = 10° Qm). This allows, starting from powder, to elaborate
massive magnetic cores (moulding followed by sintgroperating up td =

1 MHz for Mn-Zn and up td = 100 MHz for Ni-Zn ferrites. This industrial
process is very convenient for mass product, lepttirvery cheap cores.

- The ferrimagnetic garnets with the M,Si;O;, structure and general formula
(5Fe0; 3T,05) where T = rare earth element or Yttrium, Yttrifenrite garnet
commonly named YIG. The saturation polarizatiodoiwer than for spinels
(Js < 0.2 T) but their resistivity very high (until0" Qm), the dissipative
mechanism due to rotation damping of spins. Assalteferrimagnetic garnets
are extremely suitable for microwaves applicati@® MHz < f < 100 GHz).

3. Highest permeabilities and vanishing anisotropialloys

The highest permeabilities are needed for apptinatsuch as magnetic shielding,
low voltage circuits breakers (low frequency) oitefing. The quasi-static
permeability is given by

Hes™ k/ A b+ Ky + K, + 3/2Aa (3)

Where K = magnetocristalline anisotropy,, k= induced anisotropy, 3/20 =
magnetoelastic anisotropy € magnetostrictiony = stress supported). b corresponds
to a magnetostatic energy associated to inhomdiganédio obtain a high permeability
(u- > 300 009, it is necessary first of all to control perfgcthe metallurgical
process to get ride of the b term, and secondiyitdmize the various anisotropies
in (3). Dealing with magnetoelastic effects, tmgpliesA < 10%

Three kinds of materials fulfil the purpose in viglat is NigFesMos permalloys
(Js= 0.8 T), Co based amorphouds(z 0.7 T) and soft nanocristalline ribbonds(
=1.37).

The vanishing Kis in Co based amorphous and soft nanocristaliinigons a
consequence of the structural disorder state, #rmaskhingA obtained through
composition (cf. topic dedicated to soft nanocltista melt spun ribbons). One can
notice that although its disorded state, Fe basear@hous do not belong to this
family due to their high (= 30 10°)

Thought its crystalline state, it is possible tdait vanishing K in NiFe alloys by
an accurate heat treatment $00 °C ) which induces a short range order sufici
to bring K; to 0 for composition around 75% Ni. It is obsenthdtA;op andA g
vanishes towards the same composition (cf. Fig.AB)ding a small amount of
Molybdenum allows to mak&iqo, A111 and K vanish together. In addition, Mo
increasep to 55 1¢° Qm, which becomes comparablegias;
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Due to their higher Polarization saturation and lowst compared to permalloys
and Co based amorphous, nanocristalline ribbons sede called to take a major
part in the applications field.

40 A0 A

20

" Moo

| | | | | Ly
40 50 60 70 80 Ni%

Fig. 5.evolution ofA ;g9
andA 44 for NiFe alloys

4, Special hysteresis cycles and induced anisotropy

A very interesting characteristic featured by vhimg anisotropies alloys (cf. § 13)
is the possibility to tailor the shape of the hyssis cycle by the mean of induced
anisotropy K. The shape is characterised by the ratitBRx (B = remanent
induction). B/Bnax > 0.9 => rectangular cycles;/Bmax < 0.25 => flat cycles.
Rectangular cycles alloys are obtained annealiegatloy under a longitudinal
magnetic field (cf. fig.6 of topic dedicated to safanocristalline melt spun
ribbons). they are of main interest for Magnetigéfiers, fluxgates sensors...

Flat cycles alloys obtained by the

means of K feature coherent : Iﬂ Je
rotation magnetization instead of :
domain  walls displacements 8 7/
magnetization mechanism  (cf. € \ 0
Fig.6). As a result, the coercitivity

is nil and a nearly perfectly linear

behaviour can be observed (cf.

Fig.7). In addition, the dynamical
behaviour is improved, leading to
low losses and excellent quality
factors, point of prior importance
for filtering components. The way
to induce K depends of the
permeability needed:

NN

Figure €. coherent magnetization rotation
a sample featuring transversal domains
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Figure 7. effect of an elongating stre
applied during the cristallisation flas
annealing on a soft nanocristalline alloy

- For unipolar electronics (pulse transformers, dyoofar ground fault circuits
breakers ...), high permeabilities (5 00Qu<< 100 000) are needed. With =
Js?1 (2 Ho Ky), such levels are obtained for 4 5«80 J/n, annealing the alloy
under a transverse magnetic field.

- For energy storage (Fly-back transformers ...),dopermeabilities are needed.
The range 200£<1000 is obtained annealing under elongating stiiéss very
low range 10,<200 is obtained by other ways.

5. Low permeabilities and composites

The way to obtain an apparent low permeability vaittnagnetic circuit made from
a high permeability material is to make an airglpe latter introduces radiation
harmful for the neighbouring devices, and even nfaré¢he inductance coil the turns
of which are located near the airgap, especialteuigh operating frequencies.

This can be avoided considering circuits made frmpressed soft magnetic
powders in a non magnetic matrix: the magnetic dleat appear at the
particle/matrix interface warrant a weak relativermeability of the compressed
material, so that the air gap is no more neces§amthe other hand, the particles
being electrically insulated from each other (bg tinder and if necessary by an
insulating layer on the particles them-selves)y iatloys powder with highslan
be used. Depending on the frequency range andeadility needed, commercial
powders are made of iron, carbonyl ironsdNEs, or Fa;Nig;Mo,. Recently,
powders obtained by mechanical allowing have baagiex (cf. dedicated topic).
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COHERENT TRANSPORT AND SPIN EFFECTS
IN QUANTUM DOTS

BOGDAN R. BULKA "

The lecture is a review of recent results on cafitezkectronic transport in quantum
dots, especially on a role of the spin. In macrpagcanetallic systems, an
introduction of magnetic impurities leads to thenido effect, which is a spin-flip
process of a localized spin at the impurity causgdesonant interactions with
spins of conducting electrons [1]. In the last diecéhe Kondo effect has been
intensively investigated in nanostructures [2-5edEonic transport in such the
systems shows different features than those inmaeroscopic system, where the
characteristic feature is an increase of the meistvith lowering a temperature.
The effect is due to an increase of the relaxdtime, an increase a role of spin-flip
processes. In contrast in the quantum dot, theumbace increases and reaches the
value 2&/h at T=0, which means that electrons are thereptyftransmitted [6].

After the introduction of the Kondo resonance, wil sonsider more complex
systems of quantum dots (QD), where the Fano resenean occur as well. The
examples are presented in Fig. 1. The Fano resensna common gquantum
mechanical phenomenon and it is well known in waidranches of condensed
matter physics, as a special kind of interferencegss between a localized state
and a subsystem of continuum of states. The combikkendo-Fano effect was
observed recently in transport through in varioysteams of QDs [7]. The
experiments show that quantum interference andtrel@c correlations play a
crucial role in transport. The first experiment witg quantum interference in
nanoscale was on a metallic ring, where the Aharddwhm effect was observed.
Advanced lithography technology enables to produetallic rings with QDs. In
such the system, there is interplay between theeghhift of the electronic waves
traversing the arms of the ring and that one caydbhd Kondo effect.

" Institute of Molecular Physics, Polish AcademySafiences, ul. M. Smoluchowskiego 17, 60-179
Pozna, Poland bulka@ifmpan.poznan.pl
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Fig. 1. Schematic presentation of a QD dot strongly couplél electrodes (left), a side-
attached QD (center) and a large QD with many et (right). In all these systems the
Kondo-Fano resonance was observed.

Fig. 2. Metallic ring with a quantum dot, in which the Abapv-Bohm effect as well as the
Kondo resonance can be observed.

We will present a theoretical description of eleetrtransport in these systems as
well [8]. Only essential elements will be shownghweical details interesting for
theorists one can find in references or/and disthess later after the lecture.
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In the second part of the lecture we considerrfisence of accumulated electrons
on the conductance through a two quantum dot (2Bem. Such a system is the
simplest realization of a qubit, an electronic devbased on coherently coupled
quantum dots. Much experimental effort has beeretaklen to construct a 2QD
connected with the source and drain electrodesrefthrallel [9] or in series [10].
The problem is more complex, because one can Wavelectrons and the single
and triplet states have to be taken into accourtoiferent coupling of these states
with conducting electrons leads to the Kondo resoed?2] involving both the
orbital and spin degrees of freedom of electrorld.[The 2QD system can be
considered as two Kondo impurities and describethbytwo impurity Anderson
model [12, 13]. Depending on the relation of thieirdot coupling 4 to the dot—
electrode couplingy) one can expect two different ground states. Rerstrong
inter-dot coupling, the ground state is antiferrgmetic the singlet state formed by
electrons at two neighboring quantum dots), whilethe opposite case, for the
strong coupling between the dots and the electrothes Kondo singlets are
formed between conducting electrons and thoseimchht the dots [12]. There is
a competition between the two configurations, whazin be controlled by the
interdot coupling. We will show theoretical studisthe transition between these
states [14], the role of charge fluctuations andhynbody excitations, and their
influence on the electronic transport.

Fig. 3. System of two coupled quantum dots with competitietween an antiferromagnetic
ordering of the magnetic moments localized at thantum dots and formation of the
Kondo singlet (between the localized moments aridsspf conducting electrons in the
electrodes). Effective coupling parameters are tighas 4 and .
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APPLICATIONS OF HIGH ENERGY DENSITY
PERMANENT MAGNETS

W. KAPPEL"

ABSTRACT. The permanent magnets have today many applicationthe
industry and are key components in devices of teetrécal engineering, almost
75 % being used in motors, generators and actualbes limit of the 10 billion
Euros in the market of permanent magnets is suedaissthe year 2000 and the
world market for permanent magnets will continuegtow strongly at 10 — 15 %
annually. Powder technology is, and will remaine threferred, and for some
materials, the only method of hard permanent magneparation, and already
accounts for over 80 % of the market [1].

The development of the rare earth magnetic mase(stiarting with 70's) has
influenced significant and positively the applicatiof the permanent magnetic
materials owing to their large energy product andréased volume efficiency.
Fastest growth will be in Nd-F-eB materials, therigroduction for will reach
more than 39,110 t/year [2]. These are high perédmge magnets based on
NdoFe14B compound, whose performances exceeded that ofcahgentional
permanent magnetic materials Alnico and hard fsrishowing very high energy
densities (BHyaxof 145 to 400 kJ/m(~ 18 to 50 MGOe) and coercivities over 24
kA/cm (~ 30 kOe).

Permanent magnet applications can be divided, giypeinto four categories, as
follows:
a. Applications that make use of the tractive andépretling force of
the magnet, i.e., the attraction between a magnét a soft magnetic
material, such as a piece of iron or steel, ordtimction or repulsion
between two magnets, is used to do mechanical wbhke. following
applications are in this category:
« Magnetic separators, magnetic holding devices, sscmagnetic
latches;
« Magnetic torque drives;
« Magnetic bearing devices.

" R&D Institute for Electrical Engineering ICPE-Adwed Research Splaiul Unirii 313, sector 3,
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b. Applications that make use of the magnetic fieldraf magnet to
convert mechanical energy to electrical energy:

. Magnetos;

. Generators and alternators;

. Eddy current brakes (used widely for watt-hour mete

damping).
C. Applications that make use of the magnetic fieldhref magnet to
convert electrical energy to mechanical energy:

. Motors;

. Meters;

. Loudspeakers;

. Relays;

. Actuators, linear and rotational.
d. Applications that use the magnetic field of the neigto direct,
shape and control electron or ion beams:

. Magnetic focused cathode — ray tubes;

. Traveling wave tubes

. Magnetrons;

. lon pumps;

. Cyclotrons.

The purpose of a permanent magnet is to produceirfiitthe working gap of a
device. Obviously, all permanent magnetic matemall produce flux, but
depending upon the working application, certainemals types, grades and shapes
will be more efficient than others. The following a breakdown by product
applications that are most suitable for a matevieiitaracteristics:
- The key attributes of cast Alnico are: mechanicalipng, cast to a
variety of shapes, very temperature stable, cangghenagnetic orientation
and high remanence ,Band magnetic energy (Bkh characteristics
compared to ceramic materials.
- The key attributes of sintered Alnico are mechdhjicdrongest of
the Alnicos and close tolerances pressing/typiaailyimum grinding.
but both cast and sintered Alnico have low coetgiil, when compared to
ceramic or rare earth materials.

The general applications for both cast and sintétaito are:

Electron tubes, radar, traveling wave tubes;

Separators, holding magnets, coin acceptors, @atahd bearings;

Magnetos, motors, generators, meters, instrumeamstrols, relays, watt-hour
meters (bearings and dampeners);

Automotive sensors, loudspeakers, cow magnetsildigirs;

Communications, receivers, telephones, microphones.

32



APPLICATIONS OF HIGH ENERGY DENSITY PERMANENT MAGNES

Key attributes of the ferrite (ceramic) magnets. @nomical high Hand ;H,
compared to Alnico. On the negative side, ceramaiesgood for simple shapes
only, very fragile, require expensive tooling aethperature sensitive (0.2 %).
Generally, the ferrite magnets are used in: d.onpaent magnet motors used in
the automobile industry for blowers, window liftsyindshield wipers, etc.,
separators to remove ferrous materials from liquod/der and bulk commodities,
Magnetic Resonate Imaging (MRI), magnetos used amwnmowers, outboard
motors, DC brushless motors with controllers fazespand direction.

While being quite expensive, Sm-Co magnets are Higland;Hc, high (BH),a
very good temperatures ability and powerful foestaut, on the negative side, Sm-
Co alloy is price sensitive, due to the Co suppilgl demand. Sm — Co is used in
the traveling wave tubes, computer ring disc drivds c. motors (where
temperature stability is vital, such as militanetsatellite systems, small military
motors), sensors, growing automotive applicatiord lmear actuators.

Key reasons for using Nd-Fe-B permanent magnethigreenergy for size, more
economical than Sm-Co, good in ambient temperatitwations, very high Hand
jH¢ output, but, on the negative side of Nd-Fe-B perend magnets are relatively
high price, corrosion that can result in loss afrgy and temperature coefficient of
0.13 %/degree centigrade. For the permanent magasexd on Nd-Fe-B alloys,
some of the ever-growing list of uses is: lineatuatrs, speakers, microphone
assemblies, magnetic separators, d.c. motors anthative starters, servo-motors,
hammer bank printers, computer rigid disc drives,

The further improvement of current magnetic matenialies on nanostructuring.
Likewise, miniaturisation of MEMS requires matesidiaving a high coercivity
and remanence in order to maintain high force déipalat reduced sizes.
Promising candidates in both fields are rare eamthgnets such as NdFeB and
SmCo. When were prepared as thin films, the mdsegan be grown with
complementary magnetic textures, NdFeB films tylhicpossess a perpendicular
magnetic anisotropy with the easy magnetic axipgrgicular to the substrate,
whereas for SmCo films the easy axis commonly Jékin the film plane. The
NdFeB film permanent magnets are important forriadvances in microsensors,
micromotors and MEMS [3,4]. The miniaturisationtbése microdevices requires
magnetic thin films with high coercivity and remabenagnetization in order to
provide strong forces [5].
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INFORMATION FROM MAGNETISATION CURVES

VIOREL POP’

The observation and the study of magnetic propedfesubstances and materials
have been a subject of interest since the earlys d#fy human civilisation.
Nowadays they aroused a huge interest from bothaimental and application
point of view. The starting point in the study ohgmetic materials can either be
the theoretical speculations or the experimentasuements such as: magnetic
curves, magnetic susceptibility, neutron diffrattielectron microscopy, spectroscopic
studies, magneto-optic measurements, etc. The niagoerves obtained in
different types of magnetic materials, figure Jpresent one of the most used and
convenient methods of characterisation in magrsttidies.

M) \ M M
T
N
, > TI<T,<T<Ts

X T
N N
V.l V.l

H H H

(a (b (c

Figure 1. a) diamagnetic materials, b) paramagnetic materigl magnetically ordered
(ferromagnetic or ferrimagnetic) materials.

We will present some of the scientific informatiwhich can be obtained from the
study of magnetic curves. In the case of diamagreetd paramagnetic materials,
from the relation (1), the magnetic susceptibilitycan be obtained directly from
the magnetisation curves, shown in figure 1.

M

X:F 1)

whereM is the magnetisation arlis the intensity of the magnetic field.
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Figure 2. Magnetisation curve

In the case of paramagnetic materials, the Cumstent,C, can be obtained from
the temperature dependence of the magnetic susitigptirelations(2). By using
(3) it is possible to determine the kinetic momefithe magnetic atoms.

C
== 2
T @)
N N
C=—""g%u3)(d+n)=—""-2 2 3
3kB@JAIB( ) 3kBuef @)

where N is the number of magnetic atoms per volume unitis the vacuum
permeability,g is known as the Lande factq is the Bohr magnetorks is the
Boltzmann constant and by we denote the effective magnetic moment.

For ferromagnetic or ferrimagnetic materials, atgeratures smaller than the Curie
temperature],, the magnetic curves (figure 2) give informatidooat the following:
initial susceptibilityy;, maximum susceptibility.,, field independent susceptibilipy,
spontaneous magnetisatigly saturation fielddy and saturation magnetisatibty,.

As in the paramagnetic case, from the Curie Wdmmsamagnetism) or the Néel
type (ferrimagnetism) behaviours of magnetic susbiipy vs. temperature at

T>Tc, we can obtain the effective magnetic moment @medkinetic moment of

magnetic atoms, [1-8]. The remanence and coercivcdap be studied from

hysteresis curves, figure 3. Notice that the serfa€ the hysteresis loop is a
measure of the magnetic energy stocked in to thé heagnetic materials or a
measure of the hysteresis losses in soft magnetierials.
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In addition toyi, ym, xo, Ms, Hst andMg, the first magnetisation curve, curve OABC
in figure 3, gives information concerning the maggaion processes: pinning or
nucleation. Magnetisation curves measured in singlestals, figure 4, give
information about the anisotropy: easy axis of nedigation, anisotropy field,
magnetic anisotropy, etc. The metamagnetic tramsitcan also be well evidenced
in magnetisation curves [4]. Magnetisation curves avery useful instrument of
research in the domain of spring-type magnetic risse The form of the
magnetisation and demagnetisation curves contaifsrmation about the
efficiency of the interphase exchange interactioR®r this purpose, the
reversibility curves can be used in tandem withhiyxgteresis curves, figure 5.

'Hc _
H
E £ -M,
Figure 3. Hysteresis curve
Tacking into account the demagnetisation fieldy = - NgM (Ng is the

demagnetisation coefficient a the magnetisation), the internal magnetic field
in the measured sample is consequentiiyif# 0, we have a smaller slope if we
represeniM vs. extern fieldHa, figure 6. This slopg/(1+Nyy) is named external
susceptibility [4]. Based on this fact the compatabf the spontaneous magnetisation
and of the anisotropy field in thin magnetic layisrshown in figure 7.
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Figure 4. Magnetisation curves in single crystals
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Figure 5. (a) Major hysteresis loop for non coupled magnetic sesaand(b) major

hysteresis loop with a selection of minor re-magagibn curves (broken lines) and recaoil
loops for well coupled two-phase g ,GaC,/40vol% -Fe [9].

H=H,+H, (4)
and
_ - X
M=yMH=—9H 5
X 1+Ny ° (5)
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X
XI(1+NX) N,
> > > >
H Ha H H,
(@) (b)

Figure 6. Magnetisation curves vs. external figij and internal fieldH for: (a) samples
with a finite susceptibility and(b) samples with an infinite susceptibility (ideal
ferromagnet) [4].
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Figure 7. Typical magnetic curves in thin layerg)y Mg calculation in samples without
magnetocrystalline anisotroply) andc) calculation ofH, and Mg respectively in samples
with perpendicular magnetocrystalline anisotropy.

The paramagnetic or diamagnetic susceptibility amgles, with ferromagnetic
impurities of concentration and spontaneous magnetisatdg can be computed
by the Honda-Oven plot, figure 8. The Arrott plagure 9, allows the evaluation
of the Curie temperature in ferromagnetic or feagmetic samples. The extended
lecture to the school will developélde above examples and will-akso takerinto
account other illustrations.
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Figure 8. Honda Owen plot. Figure 9. Arrott plot.
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SOFT MAGNETIC NANOCRYSTALLINE/NANOSTRUCTURED
MATERIALS PRODUCED BY MECHANICAL
ALLOYING ROUTES

I. CHICINA §

Materials whose crystallites/particle sizes arellnghan 100 nm are commonly
named nanocrystalline/nanostructured/nanosizedrialsteThe unique properties
of nanocrystalline materials are derived from tha&ige number of atoms residing
in defect environments (grain boundaries, intesadeterphases, triple junctions)
compared to coarse-grained polycrystalline couartsg1-3]. The benefits found

in the nanocrystalline alloys stem from their cheahand structural variations on a
nanoscale, which are important for developing ogtimagnetic properties [1,2,4].
It is well known that the microstructure, espegidhe crystallite size, essentially
determines the hysteresis loop of the soft ferraraig materials. The reduction of
crystallite size to the dimensions of the domaitl walth increases the coercivity
towards an extreme value controlled by the anipgti®]. However, the lowest

coercivity is found again for crystallite smalléah the correlation lengths like in
amorphous and nanocrystalline alloys. Such behavias been explained by the
random anisotropy model [6].

Besides the incipient crystallisation of amorphsakds [1-3], mechanical alloying
is nowadays one of the widely used preparation nigcles to obtain

nanocrystalline structures. Mechanical alloyinghtéques involve the synthesis of
materials by high-energy ball milling, in which elental blends (or pre-alloyed
powders, oxides, nitrides, etc) are milled to aehialloys or composite materials
[7-9]. These techniques allow producing non-equuiibh structures/microstructures
including amorphous alloys, extended solid solitjometastable crystalline
phases, nanocrystalline materials and quasi csy$8all5]. The disadvantage of
ball-milling processes for making nanocrystallir@wvglers is the contamination of
products from the milling media (balls and vial)daatmosphere. In last two
decades, a large variety of mechanical routes le@s lhieveloped in order to
produce nanocrystalline/amorphous alloys/interrietabmpounds.

Mechanical alloying (MA) refers especially to the formation of alloggimpounds
from elemental precursors during high-energy balllimg in planetary mills,
vibratory mills, attritors and tumbling ball mill§he repeated collision between
balls and powders with very high impact velocityfot and work-harden the
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powder. In this repetitive cold welding and fraatgr mechanism, cold welding of
overlapping particles occurs between clean surfeoresed by prior fractures. The
competing process of deformation, fracture and inglduring milling produces a
microstructural refinement and finally some compoasi changes. In the case of
the milling in planetary ball mil, depending of atibn speed of the disk on which
the vial holders are fixedQY) and the rotation speed of the viab)( it has
introduced the concept of the shock frequency,kihetic shock energy and the
shock power. According t@/w ratio, it can have the shock mode process (SMP)
whenQ » w, and the friction mode processes (FMP), wieaw [16, 17].

Mechanical milling (MM) refers to the process of milling pure metas
compounds which are in thermodynamically equilibrilbefore milling. This
process can produce disorder, amorphous materidi€@mposition changes. For
MA and MM, the weight rate powder/balls is usudhgm 1/7 to 1/10, but can be
found also rates from 1/5 up to 1/50. The mater@itained by mechanical
alloying or mechanical milling present a high numbkcrystalline defects and it is
possible to obtain amorphous alloys by mechaniltayiag even for a negative
energy for amorphous phase formation, by the wai:+ nB— A.B; (crystalline)
— AnB, (@morphous]9].

Mechanical alloying combined with annealing(MACA) is a new mechanical
alloying technique which consists of mechanicabyaiig/milling and subsequent
annealing. If the milling process is stoppeefore the MA finishing and then the
milled powders mixture is subjected to an annealing possible to improve
(finishing) the solid state reaction of compounidalforming [18, 19]. It is
important to note the double effect of the annegplion the samples: (i)
improvement of the solid-state reaction betweemelgs and (ii) diminution of the
internal stresses.

A new method of mechanical alloying consist¢ACA synthesis with inserting
nanocrystalline germsof the reaction product was proposed in [20]. &alfj, the
idea of the method consists in changing the sotmtesreaction of AB,
intermetallic compound synthesis from the classaah mA + nB = AB, to the form
(1-x)-(mA + nB) + x-AB, = AB.. The effect is the reducing the milling time.

Reactive milling (RM) or mechanochemical synthesis (mechanochemistvolves
mechanical activation of solid state displacemeaictions in a ball mill. Thus,
mechanical energy is used to induce chemical m@ati Mechanochemical
synthesis is generally based on the following dispinent reactioA,C+ yB — XA

+ B,C , where AC and B are precursors, A is the desired new plrasetion
product) and BC is a by-product of the reaction [3, 21].The apgiions of
mechanochemistry include exchange reactions, reshickidation reactions,
decomposition of compounds, and phase transformatidhis process has been
used successfully to prepare nanoparticles of abeurof materials, including
transition metals, alloys, oxide ceramics, ferritds.
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The nanocrystalline/nanosized ferrites were prepaspecially by two basically
mechanical routes: (i) directly, by reactive mifjiof oxides or others precursor’s
mixture and (ii) by dry or wet milling of the polgpstalline ferrites obtained by
classical methods. As type of ferrites, by mechanioutes were obtained the
follows: FegO, NiFeO, CuFeO, ZnFeO,; MnFeQ,; MgFeO,; CoFeO,,
CdFeO,, NiAlFeO, Mnu.ZnFe0,. In the case of the soft magnetic ferrites
produced by mechanical routes, a partial reveisitaliring milling of the reaction
a-Fe0; + MeO «— MeFeO, was evidenced and the particles contain several
related Fe—Me—O phases [22-25]. As a consequentgeqgfartial reversibility of
the reaction, the complete formation of ZgpBespinel phase was attained after
1320 hrs of milling, while the Cuk®, spinel phase cannot be obtained by RM
even for milling times as long as 1600 hrs [23].n&ally, the soft magnetic
ferrites produced by mechanical routes exhibitdaiced particle size under 10 nm.
As a consequence, the soft magnetic nanocrystalinesized ferrites produced by
mechanical routes present also particle size witBuperparamagnetic (SPM)
behaviour [26-28] and a spin canted effect [22,2%,30]. As a consequence of
the spin canted magnetic structures, a nonsatunataphetisation (even at a field
of 9 T) and a\Hc shift to the left, depending on the milling timegre reported [22,
23]. The properties of the nanocrystalline/nanakitexrites prepared by different
mechanical routes were reviewed in ref. [31].

In last decades, many works were dedicated to mbtai different mechanical
routes, the nanocrystalline soft magnetic powdens fsome alloys systems based
on Fe or Ni. The most studied systems are Fe-NiFa@u. The Fe-Cu immiscible
system is a representative system to illustrateotissibility of the MA to form the
metastable phases, mechanically alloyg@Ego solid solutions, which are never
obtained by classical metallurgy or quenching mithammiscible binary systems.

The researches concerning alloys from Fe-Cu syptexdtuced by mechanical routes
cover entire Fe-Cu diagram. The problems involvechechanical alloying in Fe-Cu
system are reviewed in ref. [32]. Generally, thietstity limit can be easily extended
at 20 at% Cu in bcc phase and 60% Fe in fcc pld@$e A milling map of the Fe-Cu
system shows that it is possible to extend to disjulimit both for bcc and fcc phases
by increasing the milling time. The Fe-Cu alloydaified by mechanical alloying
present very interesting magnetic properties. Bedmth Cu and Fe metals with fcc
structures are nonmagnetic, the substitution citGms by Fe in fcc-Cu lattice leads to
the formation of a random solid solution with thgpearance of the ferromagnetic
order. It was shown that the ferromagnetism (Fed3itive exchange interactions) in
the mechanically alloyed Fe—Cu originates whenatbhenic volume is expanded by a
certain value (5.3% af-Fe, regardless of copper content), and when aicerimber
of neighboring iron atoms exist to percolate theof@agnetic interaction and possibly
to induce the magnetic moment on iron [34]. Thetonxof Cu and bcc Fe-fe) is
magnetically soft with low coercivity. In the caskthe fcc FeCus, solid solution an
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improvement of the coercive field, remanence indacand saturation induction,
comparatively with as-milled powders has been fdunothermally annealing at 450
°C. This behaviour was explained in terms of theecipitation of
nanocrystalline/ultrafine Fe in Cu matrix by a splal decomposition [35]. A rich
synthesis on the coercivity in hanocrystallineyafjowder prepared by MA is given in
the reference [36]. Magnetoresistivity measurempetformed at 77 K have shown
giant magnetoresistance (GMR) behaviour in sampits Fe concentration between
10 and 45 at%. The highest values of GMR ratio weaehed at 20 Fe at %p/p =
1% for as-prepared samples milled for 75 hours 2aAl% for as-prepared samples
milled for 20 hours [37]. The Invar effect was atvsel in Fe-Cu solid solutions by
means of lattice thermal expansion and magnetisatEasurements [38].

The most studied alloys by mechanical routes beltmghe Fe-Ni system.
Different mechanical routes and very different imgl conditions have been used
to produce nanocrystalline Fe-Ni powders [15]. Veigh analysis of the phase
transformation in FgNiy (10 £ x = 90 at%) alloys by mechanical alloying and
subsequent annealing was reported [39]. It was shthat single phase solid
solution of MA samples is significantly wider thahat of thermodynamically
stable alloys. A synthesis concerning the phasehwbould be obtained by
mechanical alloying is presented by comparison witie equilibrium phase
diagram in the Fe-Ni alloys, figure 1 [40]. It cha seen a considerable extension
of the solubility limit and also the obtaining atbphase by MA. The
nanocrystalline NFe intermetallic compound was produced by mechhnica
alloying of elemental Ni and Fe powders and anngdll8, 19, 41-44]. The mean
crystallite sizes of about 22 or 12 nm were obuhiatter 12 and respectively 52
hours of milling and 3 hours of annealing at 3302€, 19].

The magnetic properties of the Ni-Fe powders obthiby MA depend on the
milling conditions and of the structure. It was beproved that the milling
performed in the “friction mode processes” leadsthe formation of alloys
exhibiting a soft magnetic behaviour [17, 45]. Aosg decrease of the coercive
field versus crystallite size appears especiallyciystallite size smaller than 20
nm and a limit value of thed 110 A/m was obtained for Fe-Ni 20 at% after 96
hours of milling [46]. An interesting result wastaimed for FgNizs alloys, which
had not Invar anomaly as suggested by the equitibriliagram [47]. A higher
Curie temperature than that for the equilibriunoydl has been observed for Fe-Ni
35 at% and Fe-Ni 50 at% [47]. Many authors repart iacreasing of the
magnetisation with increasing the milling time [18, 41, 45, 47]. In the case of
NisFe, it was found that Mdecreases at milling time longer than 20 hourstdue
presence of anti-site defects in structure, indumednilling [18,19,41]. A fall in
the Mg value was observed for a mean grain size of 8 minitawas explained by
the presence of SPM particles [43].
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Figure 1. A synthesis concerning the phases which could baimdd by mechanical
alloying by comparison with the equilibrium phasagiam in the Fe-Ni alloys. The dotted
lines indicate other phases than usually repodédir Ref. 40].

The progressive synthesis ofsRé phase by MA and subsequent annealing was
checked by XRD and magnetic measurements [18, I19}as found that the
spontaneous magnetisation tend to a saturatioe WglUNsFe compound formation.
Assuming theMs as a control parameter of the alloying processniiing and
subsequent annealing, Milling — Annealing — TransformatiodMAT) diagram
was proposed [19]. In this diagram the liMg = constant corresponds to the
milling time — annealing time pairs for which tha;Re phase is formed in the
whole volume of the sample and divide the diagnaroitwo side.

Because of their attractive soft magnetic propertie Fe-Co powders have been
produced in the nanocrystalline state by MA. It wasnd that in the case of
FeoCao and FgnCo alloys the milling implies diffusion of hcp-Catd o-Fe and
finally a disordered bcc-FeCo solid solution isaibéd [48-50]. A coexistence of
the hcp and fcc phase and an evolution of the becpétio with milling time have
been observed for Co-10 at% Fe [51]. It was shdvat the coercivity is directly
affected by the crystallite size, but not by hepfdhase’s ratio [51].
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Many works on the ternary and policomponents alligsed on Fe and Ni obtained
by mechanical routes have been reported. The nataltine Supermalloy powders
(Ni-Fe-Mo) have been obtained from a mixture of-aileyed NigFe and Mo [52,
53] and from 79Ni-16Fe-5Mo (wt%) elemental powdensxture [54, 55]. A
minimum in the spontaneous magnetisation vs. mgiltime shows the presence of
different processes in the Supermalloy formationnlling [55]. The coercivity
was found to be dependent on the grain size andddmeain wall width was
estimated at 15 nm [52]. New data about obtaining-&NCu-Mo powders by
mechanical alloying and subsequent annealing aently published [56]. Finemet
alloys obtained by mechanical alloying, having soéignetic properties inferior to
those of melt-spun ribbons, have been reported/ao

The coercivity in the nanocrystalline soft magnetiechanically alloyed powders
is explained in the “random anisotropy model”, whiwas modified in order to
take into account the residual stress induced by [BB].

The nanocrystalline soft magnetic powders prodimethechanical routes are used
like powders or like starting materials to desigswrmagnetic materials by powder
consolidation. The powder consolidation with preiser the nanocrystalline structure
can be made by field activated pressure assistadrisig (FAPAS) and spark
plasma sintering (SPS) methods [14] or by produocifigthe soft magnetic
composites. Some applications of these nanocriystatiowders like microwave
absorbing or soft composite magnetic materials eesn reported [59-61].
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SOFT NANOCRYSTALLINE ALLOYS (MELT SPUN)

OLIVIER GEOFFROY *

1. Presentation

Nanocrystalline magnetic soft alloys were patented987 [Yos 88] and can be
seen as an extension of amorphous magnetic softsalintroduced towards 1970.
There intrinsic extremely high magnetic permeapilitoupled with a low
production cost allow to use them for a wide raofyapplications.

RF heating co

rotating coppe
/ wheel

Las quenched ribbo

Cristal

Fig. 2a. melt spinning Process

Yy /O

—
=
—

Fig. 1. Temperature-duration-
Transformation rate diagre

Different families exist with Typical composition
(atomic): Fig. 2b. Planar flow castin
* Fe;sCwuNbsSiis B7 (Finemet by Hitachi

Metals, Vitroperm by Vacuumschmelze

GmbH, tNanophy by Imphy Alloys)
* Fe(CokeZr;BsCu (t Nanoperm by Alps

Electric Co.)
*  (FerxCo)ggHf;B4Cuy: Hitperm
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2. Elaboration and crystallographic structure

The elaboration is made of two stages:
* First stage: Elaboration of an amorphous precursor:
®» glass formers are needed (B, Hf...)
®» |t is necessary to achieve very high cooling tatprevent crystallisation (cf
on fig 1: route AB instead of route AC):
%—I >10K/s
® Different technical processes exist:
* Splat cooling (Not industrial): compression ofiguid drop between two
cooper disks.
* Projection on a rotative cooled cooper wheel (isttial):
- Melt spinning for ribbons of several millimetregdth
- Planar flow casting for ribbons of several ceetires width (until 20 cm)
* Second stageNanocristallisation annealing ©One hour, Tinea~ 500 °C)
D |
Polarisation U, | it

’
lp 4 » ”o " yF —>
Bloch wall !?éo“ “ - . '

v 2 L 28 ™
Fig. 3b. Microstructureof aNanoph!
D sample (mphy Alloy).
Fig. 3a. domain walls in classical Superimposed, extension of a domain
crystalline alloys (g~ 3 L << D) wall (thickness g= 3 L>> D)

» Rapid diffusion of Cu initiates local nucleatiohasystalline FeSi (Finemet) or
Fe (Nanoperm) with random crystallisation direction

®»  Slow diffusion of Nb (Finemet) or Zr (Nanoperm)hibs growth of
crystallites: typical size B 10-20 nm

=» Atypical resulting crystalline structure (cf fig:3

Coexistence of a soft magnetic
nanocristalline phase (Fe or Fe$i)
with a residual amorphous phase.
volumic crystalline fraction £ 70 %
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3. Magnetic Properties FeSi nanograin

*  Amorphous phase ensures continuity 4
of magnetic exchanges interactions
between nanograins:
®» from a magnetic point of view, L

ribbon = continuous medium D
» extension of a Domain-Wall

upon a great number of graing, (e

>> D, cf. Figure 3b) v
®» At the scale of the DW,

anisotropy Kg much smaller

than the crystallographic one, K

amorphous résidual phase

due to averaging. Fig. 4 Magnetic correlated volur L*
In addition: very low magnetostriction comprising n = f (L/DJ nanograins
(cf. fig.7): Arrows feature the distribution ¢
magnetization easy axes due

Adf= 70%)~ 10° random cristallization

» CoercivityNN (H, < 1 A/m)
PermeabilityA? (, > 10)

Quantitative description: RandomAnisotropyM odel

Magnetic independent entity GorrelatedVolume of side L (magnetic correlation
length) (cf. fig. 4).

The effective anisotropy ¢ is driven by the random magnetocristalline
contribution K, Noticing A the exchange stiffness, one obtains:

T

K

eff

DXI_

L/D

— |l
/‘\

\/)3_:K0/\/F1 Kett = Ko AleDe 1)

Hc= Keir = D® (cf. Fig.5)
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H (A/m)
10000 ¢

1000
100

10

D (nm)

T T L
10 100

Fig. 5. Evolution ¢ the coercitivity with the
grain size. The B dependancy corresponds
classical alloys (g << D, see fig.3a). Th
circle denotes the region where magnetoel:
effects have to be considered

10{ B/B,
H,, Long.

054 H,, nul
H_ Transv.
an

0.0

-0.5

-1.01

-1.0 -0.5 0.0 0.5 1.0

Fig. 6. different shapes of the hysteretical poo
(round, flat, rectangular) obtained applyiny
magnetic field during annealing

®» Related property:

Due to vanishing anisotropies, possibility to taillbe shape of the hysteretic loop
by means of induced anisotropy applying stress @gmatic field during
crystallisation annealing (cf fig. 6) [ALV 05]
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4. Magnetostriction and Magnetoelastic effects:

For little grain sizes (D= 10 nm), deviation from the Diaw occurs (cf. fig.5,
circle): in this regionM agnetdlastic effects give a significant contribution, o
Kef, leading instead of (1) to [SUS 98]:

Keff2 - Kme2+ Ka2 - Kme2 + K02 A-3/2f -1 D3 Keﬁ-3/2 (2)
256 Kef13
1284 (J/m”)

64

32

16-

84 Y /

44 K, (Jm?)

o] [-m— 0 —=— 65

20 —m— 40
1 . .
2 4 6

Fig. 7. Modelisationof K¢ a< a function of grair
size for different valeues of A = 10 J/m,
f=1, Ko = 8000 J/riy)

Figure 7 illustrates the competition betweep. lind K, It is so expected that for
little grain sizes His controlled by the magnetostriction coef.

Measurements show that linearly depends on crystalline fraction f (cfg.fi8)
with, as a first approximation, the typical behawio

)\s = f>\c + (1'f) )\a

Ae, A2 = magnetostriction of crystalline and amorphouasgis.

1 An accurate modelisation has to take into accthmt dependance af, due to change in the amorphous
phase composition and the contribution of surfa@gmetostriction to\. in the little grain sizes range
[SLA 98], [NAN 01], [SZU 02]
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20dvve

16110°, -

124 AN
~
Ve,
s Temear (C) AL
® 490 A8 g(

510
47 v 530 h <

550 %3
04 < 570 LN

0.1 0.2 0.3 0.4 05 06 0.7 08

Fig. 8. evolution ofAs (measured by SAMR
method) as a function of cristalline fraction f
(samples Nanophy)

Starting from H, D, f, measurements, K is obtained from (2) and can be
compared to\s measurements. With E = Young Modulus, it is expentally
obtained (cf. fig. 9)

164 3
K, (J/m”)
144

N\

Tanneal (t)

Fig. 9. Evolution of K. obtainedfrom H,
measurementsfollowing (2) on Nanoph
samples Comparison with a fitE A2

Kme = a EASZ a = 0,15

TheAZ dependency indicates that the source of stressdmal. Simple scaling
argument explains that the source of Magnetoel&statration does not lie at the
interface nanograin / amorphous but at the scalth@fCV itself. According to
guantitative modelisation [GEO 06], a reasonablesw is that frustration occurs
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when the magnetization reverses in the CV: its sh@p black on Fig. 9) is
imposed by the magnetization of the surroundingiomed(black arrows), even
when its own magnetization (red arrow) would proaribie red shape (dash line).

=

[ R ———

|

Fig. 1C. Schematic view of ME
frustration occuring in CVat
magnetisation reversal

5. Additional properties
* Ribbon thickness: 20 um }

Nanocristalline alloys
candidates for medium frequenc

goc

* Electrical resistivityp ~ 140 10° Q applications
1000000 3
] FeSiAl
1 Sendus| Nanocristallir
. e FeCuNbSi‘l
100000 FNanocristallin
e FeZrt Nanocristallin
] e
— 4 (FeCo)NbBC(
T Y
L 10000 Amorphot AQOTPHOLS
= ] s Co bas K &E‘e\_b
=< ]
| Nanocristallin
1000 || e FeCuNbsiB
] Nanocristalline flash
] FeCo. thin
J SiFe
] _/
100 4—>~+——F—+———+—F—+—+——+F+—+—+——F++—
0.0 0.5 1.0 1.5 2.0

Jg (T)

2.5

Fig. 11.general view of soft magnetic materials for medftequency applications [WAE 06]
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* Magnetisation Saturation
J~1,25T (Finemet) J= 1.7 T (Nanoperm|SUS 91]
* Qperating Temperature
=~ 150 °Climited by the Curie Temperature of the residualogphous phase
Tcam (cf. Fig.12)
®» Enhancement of &L, by partial substitution of Fe by Co in Finemet or
Nanoperm # Hitperm) [WIL 99], [MIT 04], [GER 06]

»
800 o
| Hc
(mA/cm)
600 - "
o Heating g
+ Cooling
400 ’
200 o
.o T (°C)
& B O
c© 200 400

Fig. 12 Coercivity of Finemet (annealed 1h £°C) as a functiol
of temperature measurement [Her 89]
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NANOSTRUCTURED HARD MAGNETS

JULIA LYUBINA", OLIVER GUTFLEISCH"

Permanent magnets find application in a wide varigftdevices, from everyday
appliances like loudspeakers to motors, data stoeagl medical (e.g. magnetic
resonance imaging) devices. There is a constamttsdar new materials with
superior properties, either in the form of new netgncompounds or in the form
of known materials with improved magnetic propextiklodern high-performance
magnets are based on intermetallic compounds efearths (R = Nd, Pr, Sm) and
3d transition metals (T = Fe, Co) with very high megerystalline anisotropy,
such as NgFe,B and SmCeg [1-3]. FePt magnets with the § Btructure have
recently attracted much attention because of theiential usage in ultra high-
density data storage and permanent magnets forabpgplications. The material
design on a nanoscale is one of the possibilitiesiprove the magnet performance.
In this presentation, the complex relation betwsenstructure, microstructure and
magnetic properties of modern high-performance raegwill be reviewed.

1. Magnetic properties of hard magnetic materials

The interactions on the atomic scale determinerttimsic magnetic properties of
a material, such as the spontaneous magnetiddtjahe Curie temperaturg and
the magnetocrystalline anisotropy constantThe extrinsic magnetic properties of
hard magnetic materials, remanent magnetisatiomanence)M, and coercive
force (coercivity)H., are related to magnetic hysteresis and are ditedrio a
great extent by the microstructure. Another keyrabi@ristic of a permanent
magnet is the energy produ@H)max Which is twice the maximum magnetostatic
energy available from a magnet of optimal shapes &hergy product increases
both with increasing coercivity and remanence. Hamwre for materials with

sufficiently highH,, the energy product can never exceed the VﬂU.MrZ /4.

The remanent magnetisation of real magnets is lysbalow its saturation value
(mostly due to lack of grain alignment). In partan) the remanence-to-saturation
ratio M/Ms is limited to 0.5 for magnets composed of nonfiaténg uniaxial
randomly oriented particles. The processing route dbtaining an anisotropic
magnet (e.g. sintering) is in general more soptatd than that for a non-textured

" IFW Dresden, Institute for Metallic Materials, P.Box 270016, 01171 Dresdeigermany,
Jlyubina@ifw-dresden.de
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magnet, thus justifying the efforts to obtain atéreM,/Ms ratio in the latter. A
possibility to increaséM; in non-textured magnets is remanence enhancement i
the so-calledexchange-spring or exchange-coupled magnets [4-6]. In general,
remanence enhancement in this type of magnetsriisuaied to intergrain coupling
via exchange interaction. This coupling causesnthgnetisation of neighbouring
grains to deviate from their particular easy asufting in a magnetisation
increase parallel to the direction of the appliégeldf The exchange-coupling
concept has its origin in the random-anisotroppiti¢7, 8].

Assemblies of high anisotropy (hard magnetic) graame termed single-phase
exchange-coupled magnets and a combination of la dmisotropy phase with a
less anisotropic (soft magnetic) phase is callatbcamposite exchange-coupled
magnets. Various combinations of hard magnetic gghasth soft magnetic phases
have been synthesised includingFB,B/a-Fe (R = Nd, Pr), Seire;N(C),/a-Fe,
Sm-Cobi-Fe(Co) and FePt/Eet exchange-coupled nanocrystalline bulk magnets
[4, 9-14], as well as thin films and multilayer${17].

2.R-Fe-B (R = Nd, Pr)

An overview of the most relevant manufacturing esutwith special emphasis on
nanostructured magnets, is given in the flow cbéfigure 1, which illustrates the
principal processing routes of rare-earth permansgnets (RPMs) [18]. For the

’7 Magnetically highly anisotropic R-T-phases —‘

Coarse-grained powders Isotropic fine-grained
produced via hydrogen decrepitation + milling powders (J R=JS"2)
[ produced by: rapid quenching
Alignment mechanical alloying
. s intensive/reactive milling
in magnetic field HODR N

Densification
by liguid phase sintering

NdFeB SmCo
highest (BH),... high operat. temp.

Hot compaction
isotropic, fully dense

LAnisotropic* HDDR Remanence enhancement 4|—_
(textured bonded magnets isotropic exchange-coupled Hot deformation
after pre-alignment) one- or multi-phase structures axially/radially textured

Fig. 1. Flow chart illustrating the principal processing rautef high energy densi
RPMs based on coarse- and fine-grained powders.
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production of high performance RPMs with maximunergly densities a careful
control of low level metallic impurities and non-tallic impurities such as oxygen
is pivotal during all processing stages, regardiassvhich processing route is
chosen. Each branch ends by machining and magietise magnet. The left branch
represents classical powder-metallurgical procgssisulting in monocrystalline
particles of typically 10 um in diameter, hencegarcompared to the critical
single-domain particle sizé., which is in the range of 200-300 nm for,Nd ,B
and PsFeB. The right branch of this figure embodies prooegssoutes, which
aim at grain sizes considerably smaller tban

In general, there exist three prototypes of RPMsebtan Re4,B. Type (I) is rare
earth rich and the individual crystallites are safmal by Nd-rich (oxide) intergranular
phase, which basically is a thin paramagnetic lapais structure leads essentially to a
magnetic decoupling and each hard magnetic grdiaves like a small permanent
magnet, which results in high coercivity. Type (d&n be obtained using the
stoichiometric RFe;,B composition and the grains are exchange-couplétbut
an additional phase between them. Provided thengrare small enough, a
remanence enhancement is observed. A further iser@aremanence is found in
the type (Ill) nanocomposite magnet, a two- or iliase exchange coupled
magnet, where a rare-earth deficient compositiomsexd and the coupling occurs
between the fFe 4B grains and soft magnetic crystallitesKe or/and FsB).

In this presentation, concepts of maximising thergy density in nanostructured
magnets by either inducing a texture via anisotrddDDR processing or hot
deformation, or enhancing the remanence via magretthange coupling are
evaluated. A model for the texture memory effecHIDDR processed N&e B
materials is introduced [19]. Highly textured Ndkri(Nd,Pr)FeB obtained by
hot deformation show unique magnetic microstrugtubased on cooperative
phenomena. Magnetic force microscopy (MFM) is usedmage the so-called
“interaction domains” [20]. For nanostructured ispic, multi-phase (Nd,Pr)FeB-
based materials, enhanced remanence is observed.

3. Smy(Co,Cu,Fe Zr),-type magnets

Smy(Co,Cu,Fe,Zr)y~type magnets are typical pinning hardened magriais,

reverse domains are prevented from growing by uarfginning centres. Recently
significant progress has been made in the developroé high temperature
Sm(CaaFe,CuZr,), magnets and operating temperatures of up to 5608Gow

feasible [21, 22]. This extraordinary behaviour ade attributed to the special
composed of a three-phase system: Fe-rich rhombalhizd 7 pyramidal cells, Cu-
rich hexagonal cell walls of 1.5 structure and i¢hrlamellae of 2:17 phase
intersecting the cells perpendicular to thaxis. The evolution of nanostructure,
microchemistry and magnetic properties during aglemheat treatment regime of
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melt-spun and sintered Sm(be,Cu,Zr,), magnets is described. A characteristic
gradient of domain wall energy within the Sm(Cofakll boundary phase
depending on subtle changes in microchemistry, harttee Cu content, is
responsible for a specific domain wall pinning nmeagkm.

4. L 15-type Fe-Pt magnets

Since the mid-1930s Fe-Pt alloys are known to éhigh coersivities due to high
magnetocrystalline anisotropy of the (LEePt phase [23], but the high price
prevented widespread applications of these all®ystinct advantages of Fe-Pt
alloys are, as opposed to the rare-earth-transitietal-based compounds, that
they are very ductile and chemically inert. Thesagnets present interest for
specialised applications such as in magnetic nmeteotromechanical systems
(magnetic MEMS) or in aggressive environments,ifigtance, in dentistry, where
they are used as magnetic attachments to retatalgenstheses in the oral cavity.

Through the use of mechanical alloying and subs#gireat treatment the
formation of chemically highly ordered § FePt and, in the case of the Fe-rich and
Pt-rich compositions, Ll FePt and FeRt phases, respectively, is achieved.
Whereas in Pt-rich alloys the decoupling effecthef FePt phase leads to coercivity
improvement, in Fe-rich nanocomposites a peculemometer scale multilayer
structure gives rise to remanence enhancementalerge effects of exchange
interactions between the crystallites of the ph@bkés24]. The structure, magnetic
properties [25] and magnetisation reversal proceskthese alloys are described.
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GIANT MAGNETO-IMPEDANCE AND APPLICATIONS

MANUEL VAZQUEZ’

The Giant Magnetoimpedance, GMI, effect consistsaadarge variation of the

impedance of a metallic magnetic conductor whemrsuitted to the action of a dc
magnetic field. Typically, impedance is experimdgtaletermined by the four

point technique by which an ac current flows aldhg sample and a voltage is
picked up to determine the impedance. Both compsneeal and imaginary, of
impedance contribute to the GMI.

Its origin is related to the classical electromaignskin effect. When a high-
frequency current flows along the sample, typicallgngated, it is restricted to a
small thickness at its surface. This penetratioptieaccording to the classical
theory, is inversely proportional to the condudtivand to the permeability of the
sample as well as to the frequency of the ac dur@amsequently, large conductivity
and permeability values lead to a reduced skinhdpphetration depth. The skin
effect has been conventionally studied in metalbaductors with high electrical
conductivity so, elements like Cu, Au or Ag exhihitticeable skin effect.

Although previously discovered, it has not beeriluhé decade of the 90's when
GMI has been actually observed and studied in aevadetrum of magnetic
materials with relatively high electrical condudiyv The magnetic permeability of
such materials can be modified by the action of andgnetic field in such a way
that it changes the penetration depth of the dféete Consequently, the impedance of
these materials depends on the applied dc fieldbserve the GMI effect is thus
neccesary to deal with a material of large permigabihich in addition can be
suitably modified by a dc field. In short. GMI ixpected to be observed in
ultrasoft magnetic materials with as large as jbsslectrical conductivity. Also,
their thickness should be comparable to the chaofjekin depth induced by the
applied dc field.

* Institute for Materials Science, CSIC 28049 MadB8gain mvazquez@icmm.csic.es
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Figure 1.- Schematic view of the GMI effect is summarizedhia figure, where a curreht
flows a long a wire submitted to a magnetic fielgd. The definition of GMI as the relative
change of impedancélZ/Z, is given together with a typical result for a matic microwire
as a function of the applied field for a rangerefjiencies of the curreht

GMI is particularly large in materials as soft aploous materials (ribbons and
wires) where besides their soft character, theybitxtelatively high conductivity.
Typical range of frequency at which GMI is obsengmks from 100 kHz to 10
MHz for amorphous wires and ribbons, and typicalgreases with working
frequency. Even though they are not so soft masei@MI has been also observed
in thin films and multilayers, and multilayer migvives (see figure 2).

AZIZ (%)
A
Bl A-wire
o Nanoerystalline alloy
4001 Mumeta 4 Thin Film
s 4_./' . =
200 Microwire
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Figure 2.- Typical values of GMI for several families of safagnetic materials
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As a consequence of the stress dependence of nageeatneability, changes in
impedance can be observed in those materials whemitged to changing
mechanical stress as tensile or torsional strefsesich a case we will be talking
about stress impedance, SlI.

The connection between GMI effect and ferromagnetionance, FMR, has been
discussed in a number of works. In this case, @so® phenomena are typically
observed in the GHz range, and particularly theinahtferromagnetic resonance,
NFMR, is detected between 2 and 12 GHz for exarfgslamorphous microwires
depending on the magnetostriction constant.

Applications of GMI effect have been proposed imuanber of sensor devices
where sensing element exhibits the mentioned ctarstics. A number of sensor
devices make use of GMI effect. The first and nagplication is as magnetic field
sensor, where the GMI element is placed in a regiochanging dc field which
amplitude is to be quantified. A direct consequenfce is for example a dc current
sensor where the magnetic field created by suchrart is measured.

@) . : Magnetostrlc:fe V\:lre s f T T T '(b)
4 s sy N et

Pick-up coil Spring : I L | I

Figure 3.- Schematic view of a magnetoelastic pen (a) baseth® stress dependence of
GMI and a typical magnetoelastic signature (b).

Other family of sensor devices make use of thesstmpedance. In these cases
stress sensors are developed, as tensile, bendingsmn sensors. This family of
sensors include also a magnetoelastic pen for miithéon of signatures (figure
3), or curvature sensor in household electricaliappes.

In the lecture, different aspects about the giaagmetoimpedance effect will be
considered from the definition and origin of GMffexft, the materials that suit
better to design the GMI effect, their charactarsstand phenomenology, and
finally their applications in various sensor faredi
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THE MAGNETIC MICROSTRUCTURE OF
NANOSTRUCTURED MATERIALS

RUDOLF SCHAFER"

A review is given on the magnetic microstructure amagnetization processes of
modern fine- and nanocrystalline magnetic materlzsed on Kerr-microscopical
domain observation. The grain size dependence ertinaty together with typical
domain images is summarized in Fig. 1. In coarséngd material the domain
character is determined by the surface orientatfaihe individual grains [1]. The
rising influence of grain boundary domains with dasing grain size is responsi-
ble for the characteristic 1/D dependence of ceiyci For grain sizes in the
100 nm regime, coercivity shows a maximum thatlmampplied for hard magnets.
Immobile, patchy domains are characteristic fos tieigime. With further decreas-
ing grain size, coercivity drastically falls of witD°, leading to extremely soft
magnetic nanocrystalline and finally amorphous mi@teResidual anisotropies in
competition with controllable, macroscopic anisptes are responsible for the
domain character in such materials [1, 2].

BY FesiBcuNb 7
$ overannealed

—— coercivity ih A/m

1 ym Ir'nm
——= grainsize D
SR T Fes

\ gg; \‘ \‘;; zlecﬂ';c;l—i stc;lJ
43R 52(@’ e

Fig. 1. Coercivity as function of grain size (after [3prfa number of materials, together
with typical domain images

" IFW Dresden, Inst. f. Metallic Materials, Helmtmsitr. 20 , D-01069 Dresden,
r.schaefer@ifw-dresden.de
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1. Domains in nanocrystalline ribbons

Nanocrystalline FeCuNbSiB ribbons, produced bydapienching and annealing,
reveal a homogeneous ultrafine grain structurecoffeSi with grain sizes of typi-
cally 10-15 nm and random orientation, embeddeghimmorphous minority ma-
trix [3]. The microstructure leads to a distributiof magnetic anisotropy axes
randomly varying their orientation over the scdléhe grain sized (Fig. 2). AsD

is smaller than the ferromagnetic correlation larigt, the smoothing action of
exchange energy impedes the magnetization to fat@Wocal anisotropy axes, i.e.
local anisotropies are largely washed out. As therage random anisotropy is
negligibly small, the domains are controlled byaxml anisotropies (like field- or
creep induced anisotropies) that are uniform onaarascopic scale. Apparently
homogenously magnetized domains (see Fig. 1) ameftire observed [4]. The
size of uniaxial anisotropy can be controlled bgidiannealing (also annealing
without magnetic field will cause induced anisoyyadong the direction of local
magnetization of the domains present during anmghgli

FegySisg:
K, = 8 kJ/m3
A=1017/m

= L, =A/K; =35nm
exchange length
= D<L,,

Random Anisotropy Model :
exchange interaction averages
over anisotropy of individual grains

N 6 3 very weak
= (K}~ |Ky| (D/L,,)°=3 T/m = cffective anisotropy

- L_=VA/K) =2 m renormalized exchange length

Fig. 2. Visualization of the random anisotropy model imoerystalline material. The ex-
change length, represents the characteristic minimum scale belbieh the direction of
magnetization cannot vary appreciabl énd K; are exchange and magnetocrystalline
anisotropy constants, respectively)
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correlation volume
with local easiest axis

; for comparison:
" FeSiB amorphous ribbon

(K)< 103 J/m?3

Fig. 3. The interplay of effective randonxl;>) and inducedK,) anisotropy determines
the degree of magnetization modulation on a miapiscscale. Shown are high-resolution
observations on FgCuNdsFe¢B; nanocrystalline ribbons (20 pum thick) with diffate
strengths of induced anisotropy, as well as an phars ribbon for comparison

On a microscopic scale, however, interesting detaie revealed that depend on
the competition of random and uniform (induced)satropy (Fig. 3) [5, 6]. If the
uniform anisotropy is larger than the effectivedam anisotropy, the domains are
homogeneously magnetized also on a microscopie.sEar induced anisotropies
in the order of or lower than the effective randanisotropy, the magnetization is
microscopically modulated in a patch-like way witlotherwise regular domains
that are oriented along the induced anisotropyctitire These patches are fluctuating
on a scale of a few micrometers which is the oafethe renormalized exchange
length (see Fig. 2). They reflect the angular disipa of the easiest magnetic axis
(given by statistical fluctuations) from one coat@én volume to the other.

Domain modulations on the microscopic scale havesemuences for magnetization

processes (Fig. 4). Whereas for weak modulatien gtrong induced anisotropy) the

easy axis process is governed by domain wall matiodeation-dominated processes
are observed for strong modulation (i.e. small @edlianisotropy) due to the strong

microscopic disorder in magnetization. Correspagiginrhomogeneous and inhomo-

geneous rotational processes, respectively, asnabin hard-axis fields. The modu-

lation has also a strong impact on the dynamic etagtion processes at elevated
frequencies. A nucleation-dominated process inrgbddor strongly modulated mate-

rial (Fig. 5), while wall motion is found in highanisotropy material (not shown). In

both cases, the domain refinement with increasegguency is caused be eddy current
effects. Interestingly, the material with the sestllinduced anisotropy (i.e. strongest
modulation) reveals the highest permeability ameekt power loss.
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Fig. 4. Easy-axis (left) and hard-axis (right) magneti@atiprocesses for two different
nanocrystalline FeCuNdFeaihg cores with circumferential and transverse gatlianisot-
ropy axis, respectively, of different strengths.

Fig. 5. Stroboscopic observation of the dynamic easy-gxécess at 1 kHz on a low-
anisotropy nanocrystalline ring core. The regul80°1domains of the ground state are
replaced by patch domains at high frequency (&figr

According to the random anisotropy model [3], tlie@ive anisotropy constant
<Ky> is equal toK; VN, whereK; is the magnetocrystalline anisotropy dwis the
number of exchange-coupled grains within the remtim@d correlation volume.
Consequently, the magnetic microstructure of narsdalline ribbons can be modi-
fied by either changing; (Fig. 6a, b) olN (Fig. 6c). If the random anisotropy is
less effectively averaged out, a patchy and imneathdimain structure is observed.
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Fig. 6. (a) Adding cobalt to the standard FeCuNdFeB aigyificantly increases the mag-
netocrystalline anisotropy, leading to a strong&eotive anisotropy and immobile patch
domains. The CgFexgSii3BsCuNd; ribbon was provided byilar Marin, Madrid.
Patchy domains are also observed in (b), wherg@waeFeCuNdFeB ribbon was “overan-
nealed”. Here 8 precipitates have been formed that have a highnetacrystalline
anisotropy, thus increasing the effective anisatralphough the grain size of the bcc FeSi
grains remains unchanged. Image (c) shows patclaitdsnin an optimized FeCuNdFeB
ribbon that was heated above the Curie point ofatimerphous matrix phase, leading to a
reduction of the number of exchange coupled gr@fier [6]).

2. Domains in nanocrystalline magnetic films

When nanocrystalline ribbons are thinned to theronieter regime and below
(Fig. 7), the patchy modulation of magnetizatiomrfes to a classical ripple pat-
tern with a textured modulation that is well knoWwom thin film magnetism [1].
This indicates that both, ripple and patches aretduhe statistical perturbation by
the crystal anisotropy, caused by the irregularoneystalline microstructure in
each case.

Fig. 7. (&) Patch-like modulated domains in nanocrystllffg,Zrs sNbs sBgCu; ribbon
(thickness 20 um), which transform into ripple ¢pby thinning the ribbon (after [2])
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The preference of a textured modulation in the cdigi#éms and a patchy modula-
tion for bulk nanocrystalline material, respectivetan be explained by stray field
arguments (Fig. 8). Consider two neighborhoodsraing (correlation volumes), in
which by statistical fluctuations two local anisiiy axes dominate that are super-
imposed onto an average (induced) anisotropy #xthe two neighborhoods are
magnetized along different angl@sand,, a “transverse” magnetic chardgns=
sind, — sind, is generated at the supposed boundary. For sbhilis charge is
much larger than the longitudinal chargg, = cos% — cos%, appearing at the
boundary of longitudinally neighbored areas. Thaysfield energy therefore sup-
presses lateral variations of magnetization, thausing ripple texture orthogonal
to the average anisotropy axis. This discussidrased on the fact that in thin films
the magnetization vector is forced parallel to filma plane by the demagnetizing
field. In bulk material, there is the additionaéédom of magnetization modulation
also in the third dimension. If one correlation wok is magnetized to the left,
there can be another one underneath that is magddb the right. This leads to a
cancellation of transverse magnetization componeatshat stray fields, which
would enforce certain wall orientations, are irvelat. Arbitrarily oriented walls,
i.e. patch domains, are the consequence.

(7 —). induced magnetic
=21 2%y I anisotropy

ripple in films l m
\

patches in thick material

: , X'
| HT g X % )
transverse longitudinal % £
b)

modulation modulation
a)

Fig. 8 (a) Stray field argument in favor of longitudinalagnetization ripple in magnetic
films. (b) The cancellation of transverse magnéitiraallows a patchy modulation in case
of bulk nanocrystalline material like ribbons. A cnascopic, induced anisotropy, here
aligned vertically, was assumed.
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a)

Fig. 9. (a) Polycrystalline Co films with strong magnetstalline anisotropy show a
stronger ripple effect than Permalloy. (b) The éamicroscopic dispersion in Co-films
leads to a nucleation dominated magnetization geeshown are two domain states in
decreasing magnetic field, observed on a 6 nm t@ickilm. All films were prepared by
sputtering, thus having a nanocrystalline micragtrce

The same arguments as for the nanocrystalline mbkadso apply to films: A

stronger magnetocrystalline anisotropy leads te-&fective averaging effects, i.e.
a stronger microscopic dispersion of magnetizati@onsequently, Permalloy films
with their very small crystal anisotropy show a mmugeaker ripple effect than
cobalt films (Fig. 9a). In the latter a stronglycleation-dominated magnetization
process is observed (Fig. 9b).

3. Domains in fine- and nanostructured permanent mgnets

The microstructure of common permanent magnets Hikeaferrites, NdFeB or
CoSm type magnets consists of highly anisotropiingrin the size range of 10 um
in a polycrystalline, textured compound that arepared in such a way, that the
switching of one grain has little influence onntsighbors [1]. Regular domains are
observed in such material, the character of whigjedds on the orientation of the
observed surface. But permanent magnets can algmepared fronsingle-domain
particles. Classical examples are #rico alloys, consisting of fine filaments of a
high-saturation FeCo alloy that are embedded imoramagnetic NiAl matrix.

Modern small particle magnets are based on higbstmoipy materials that consist
of single-domaingrains. A number of techniques can be used to prepae fin
crystalline magnets out of precursors such ag-di¢B [8]: rapid quenching and

subsequent crystallization, mechanical alloying] #tre HDDR-process. All these
methods generate a fine powder with a particle@irand 100 pm and a grain size
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between some 10 nm and some 100 nm, which theto lmscompacted into solid
magnets. Oriented magnets can be produced by fwietiing”. Also by the
HDDR process an anisotropic powder can be produdgch can be oriented in a
magnetic field.

previous
field direction

& B coercivity Hc_

= 024 &
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Fig. 10. Mechanism of remanence-enhancement in non-oriem@docrystalline
NdFeB magnets. The rotational zones around the dgraiindaries in the order of
the domain wall width contribute to the remanerideeir relative volume increases
with decreasing grain size [compare (a) and (byhuated coercivity and rema-
nence curves are shown in (c) (taken from [9])

But even non-oriented nano-crystalline materiateai@ interesting as a relatively
weak exchange interaction between very small greamslead to an enhanced re-
manence without a significant loss in coercivitydgange enhanced magnets). The
coupling enhances the remanence above the avitagd.5 M of independently
oriented uniaxial grains (see Fig. 18)further possibility of achieving high rema-
nence in non-oriented nanocrystalline materialsists in adding a high-saturation
soft magnetic phase, which is strongly exchangeleauto the basic hard mag-
netic phase if the extension of the soft phasefficgently small. The coercivity in
these two-phase nano-crystalline magnets is doednay the hard phase, whereas
the high remanence is primarily a consequenceeo$diit phase. A highly irregular
magnetic microstructure that is modulated on ttaesof the grain size (i.e. of the
order of some ten nanometers) is found in suchnmaté somehow resembles the
irregular patch domains of the overannealed FeCiBlbi8bons (see Fig. 1), al-
though on a much finer scale due to the higheoamigy and smaller grain size.
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If the exchange coupling between single-domainngrés interrupted, the dipolar
interaction between the grains caugseagnetostatic interaction domains [1]
(Figs. 12, 13). They are characterized by graightsrhoods, in which all grains
are correlatively saturated along their individeasy axis along a certain net direc-
tion. Interaction domains are the more pronounbedoetter the texture of the ma-
terial [12]. Interestingly, such domains have rdlgealso been found in the classi-
cal SmCoy; pinning magnets, which indicates predominant mixgtatic interac-
tion between the SsfCoFe); cells that are interrupted by precipitation phd%as
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Fig. 11. (a) Finite element simulation of remanance-enhdnie,Fe B/Fe&;B magnet
(taken from [10]). (b) Domain image, obtained bgnsmission electron microscopy in the
Foucault mode, of NgFe ,B/Fe material (taken from [11]).

observation perpendicular observation parallel

Rl ﬁo _ to texture axis to texture axis

Fig. 12. Magnetostatic interaction domains in fine-cryst@llNdFeB material, where the
Nd,Fe sB-grains are exchange-decoupled by a paramagmeaiit lgoundary phase
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Note that the ,softening-effect* due to random atrispy as described in Chap. 1
is irrelevant for nanostructured permanent magrestsn in the case of exchange-
coupled grains. The exchange lengghit 1.3 nm in NdFeB (with, = 4.3+16 kJ/n?
andA = 8+10"? J/m), being far below the typical grain size ofr2f.

domains

grain structure

Fig. 13. The comparison between grain structure and intieradomains (here imaged by
Magnetic Force Microscopy) directly proves, thag tlomains extend over several corre-
lated grains (courtesy O. Gutfleisch, taken frod]1
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1) What are MEM S?

Micro-Electro-Mechanical-Systems (MEMS) are machinghich range in size

from a micrometre to a millimetre (Figure 1). Thagy function as actuators, motors,
generators, switches, sensors.... and have applisaiio fields as diverse as
telecommunications, automotive and aerospace, restrp and ophthalmometry,

biotechnology, logistics...

Figure la: MEMS Post Style Actuator  Figure 1b: Large Force Electrostatic
MEMS Comb Drive (http://www.memx.com/products.htm)

Common examplesinclude:

- inkjet printers

- accelerometers ( airbag deployment...)

- gyroscopes ( trigger dynamic stability control...)

- pressure sensors (car tires, blood...)

- displays (projectors...)

- optical switching technology (telecommunications)
-Bio-MEMS (Lab-On-Chip, MicroTotalAnalysis...)

2) Why are MEM S of interest?
MEMS are of interest for many reasons:

COST: Batch processing of MEMS using techniques dewadopby the
microelectronics industry means that the priceroingividual machine is very low
(some costing no more than a few cents !).
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SIZE: Their small size means that they don't take uphrgpace and weigh little, with
obvious benefits for portable applications (molpl®nes, aerospace devices...) or
applications with space limitations (implantableides, micro-surgery,.....).

ENERGY EFFICIENCY: MEMS hold great potential for the environmenteyth
already increase fuel efficiency in modern carstangses of the future will intelligently
control energy consumption, by exploiting MEMS tegulate temperature and
lighting in accordance with need (ambient tempeeatuhuman presence).

INTELIGENT MACHINES: As MEMS are made using microelectronics technglog
electro-mechanical elements can be integrated elittronics onto one substrate,
the former acting as the arms and legs of the mactie latter as the brain.

REDEFINING WHAT IS POSSIBLE: MEMS challenge traditional engineering
concepts, as gravity and inertia are of reduceditapce and atomic forces and
surface science may dominate. Scaling laws denabadtrat effects not exploitable at
the macro-scale can become of interest at the miscale.

3) How are MEM S made?
There are a number of different categories of MB®ISinologies:

1) Bulk Micromachining:
Bulk micromachining creates devices by wet etclirig a wafer, typically Si.

2) Surface Micromachining:

Surface Micromachining builds devices up from ttedew layer-by-layer.

It requires more fabrication steps than Bulk Micemmining, and thus it is more
expensive. However it enables the creation of rsophisticated devices of higher
functionality.

3) LIGA:
LIGA is a relatively inexpensive fabrication techwgy which uses x-ray
lithography to create small, but relatively higlpest ratio devices.

4) Deep Reactive | on Etching:

Deep Reactive lon Etching micromachining uses amptaetch to create features. It
is more expensive but also more flexible than tradal Bulk Micromachining
based on wet etching.

These different categories use three basic buildiogks:

| — Deposition

Il - Lithography
Il - Etching
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| — Deposition

Deposition technology may be classifiedchemical (Chemical Vapor Deposition,
Electrodeposition, Epitaxy , Thermal oxidation...) ghysical (Physical Vapor
Deposition, Casting...).

Il - Lithography

Lithography concerns the transfer of a pattern tphatosensitive material by
selective exposure to a radiation source, the wagth of which determines the
achievable feature size.

11l - Etching

Etching processes are classified as “wet” wheneamital solution is used to etch
the material or “dry” when material removal is ashed by sputtering or
dissolution using reactive ions or a vapour phacleamt.

4) What materialsareused in MEM S?

MEMS are made using a number of different materidls choice depending on
the functionality required and cost limitations.eTinee main categories are:

- Silicon

Silicon is used in a wide variety of MEMS becaudeite intrinsic physical
properties and the fact that its structuring islwestered, thanks to its use in the
microelectronics industry.

- Polymers

Polymers are used because they are relatively chiedgan show a great variety
of material characteristics.

- Metals

Common metals such as Gold, Nickel, Aluminum, Chrom Titanium, Tungsten,
Platinum and Silver are used in many MEMS. Moretiexmetallic materials are
exploited for very particular functionalities (daelow).

5) What arethe physical principles exploited in MEM S?

Many different physical principles are exploited MEMS. Owing to the fact that
MEMS is an off-shoot of the microelectronics indysthe first MEMS were based on
dectrodatic principles. Following thisdifferential thermal expansion was exploited
in bimorph actuators. Today's MEMS also expfw#zod ectricity, electromagnetism,
ferromagnetism, magnetodtricition, shape memory effects.... MEMS is a fast
evolving domain and it is expected that other ¢ffedll also be exploited.

6) From MEMSto NEMS

Nanotechnology is advancing at such a rate that vghachieved at the micron
scale is or soon will be achievable at the nanaenstale, extending the field to
nano-electro-mechanical systems (NEMS). This eiamiub ever smaller sizes will
reinforce the above mentioned advantages of MENE, should even allow the
exploitation of quantum effects.
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1) Why are magnetic MEMS of interest?

Micro-Electro-Mechanical-Systems (MEMS) are deviedssub-mm dimensions
integrating various components (mechanical elemesgssors, actuators) and
electronics on a common substrate (typically Siheyl are progressively
permeating our everyday lives, mainly in the forfnaicro-sensors (pressure,
temperature, contact, chemical, gyroscopes gtand have applications in many
fields including automotive, air-and-space, indastprocessing and biotechnology.
The potential impact of MEMS actuators has nothetn realised because their
output forces, torques and energy densities arehniimsited by the mainly
electrostatic principles upon which today's systeans based. Micro-actuators
incorporating magnetic materials and based on niagraetuation principles
provide a number of advantages over electrostaticators, namely low voltage
and power consumption combined with large actuakimoes over relatively long
distances. However their emergence has been linbyethe non-availability of
high quality magnets of the appropriate size.

2) Which magnetic materials for MEMS?

A variety of magnetic materials have potential agtions in magnetic MEMS

including familiar hard and soft materials as wadlmore exotic magnetostrictive,
thermo-reversible and shape memory materials. Whi# materials such as
permalloy (FeNi) are relatively easy to prepardilim form by electrodeposition

and sputtering, the processing of the other mdseisamore challenging. The core
of this lecture will deal with the preparation afh performance hard magnetic
materials based on rare-earth transition metal TRE-alloys (NdFeB, SmCo) or

L1, alloys (FePt, CoPt).

3) Preparation of p-magnets

Various routes which have been used to preparegnats are listed in Table 1.
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Table 1.Techniques used to prepare p-magnets.

Top-down Routes Bottom-up (deposition) Routes
Machining of bulk magnets Electro-deposition
Screen printing, tape casting and Plasma spraying
bonding
Mechanical deformation Pulsed Laser Deposition (PLD
Sputtering

All routes have their advantages and disadvantayesimber of factors will
determine the choice of preparation technique oy
- Process-material-compatibility
- integratability into the overall micro-fabrication process
- compatibility of substrates and buffer/capping layers with overall micro-
fabrication process
- thermal compatibility of the material with the substrate

3-i) Top-down preparation technigues

Machining of bulk magnets

This technique is presently used to prepare madoetgpplication in milli-systems
(wrist watches, flip-dot displays, heart cathetersThere is a lower limit to the
magnet thickness achievable by micro-machiningl&@um for RE-TM magnets).
High quality RE-TM magnets may suffer surface-ddgteon during micro-
machining, resulting in the loss of coercivity dietsurface layer, and thus the
overall magnet remanence.

Screen printing, tape casting and bonding

Screen printing and tape casting are well adapiddtricate isotropic films with
thicknesses in the range of 0.1-1 mm. In the csereen printing, the permanent
magnetic thick film can be deposited directly otfite micro-system components.

Mechanical deformation

Cyclic mechanical deformation can be used to peefaits of typical thickness
100 pm. Hot-deformation can be used to die-upsgneta down to thicknesses of
several hundreds of microns.
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3-ii) Bottom-up preparation techniques

Electro-deposition
Electro-deposition can be used to deposit certaterals at rates of up to a few
pm/h over large areas. It is a technique alreadd us MEMS processing.

Plasma spraying

Plasma spraying is a rapid solidification techniqonewhich alloy powder is
injected into a very high temperature plasma flaane then projected onto a
surface. It is suitable for the preparation of kHitms (< 1 mm).

Pulsed Laser Deposition (PLD)
PLD can be used to prepare films. However depaositades tend to be low and
deposited surfaces small.

Sputtering

Sputtering can be used to prepare films. Deposttadas and film surface areas
depend strongly on the type of sputtering tool tardet size. Triode sputtering is
adapted to high deposition rates over large susface

3-iii) A case study: high rate sputtering of thickhard magnetic films

Based on encouraging literature reports, and ttteHat sputtering is one of the most
promising routes for the integration of high quatitagnets into MEMS, a high rate
triode sputtering chamber was developed at Indtiégl. In our case, Si substrates are
used so as to be compatible with local micro-teldgyoplatforms. The deposition of
three high performance hard magnetic materials,eBdiSmCo and FePt has been
studied. Thick films (5-50 um) were deposited gtasition rates of up to 20 um/h.
The influence of deposition temperature on the retigrand structural properties of
films in the as-deposited and post-deposition dadestates will be presented. The
extrinsic magnetic properties (coercivity, remams@rdepend strongly on the substrate
temperature during deposition. NdFeB films can fepared with out-of-plane texture
while the SmCao films can be prepared with in-plan¢ure.

4) Structuring of p-magnets

A number of different routes which have been usegdttern permanent magnet
films are schematized in figure 1. The patternglpced can be categorized as i)
topographic or ii) crystallographic. The topographically patterned films can be
further categorized as patterned eitdaring deposition or post-deposition. The
cross section of a 5 um thick NdFeB film depositada pre-patterned substrate is
shown in figure 2.
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TOPOGRAPHIC CRYSTALLOGRAPHIC
/ ™~
durin_g_ pos_t _ post
deposition deposition deposition
- deposition through mask| - ion etching - crystallization
- deposition onto - wet etching - disordering
pre-patterned substrates|

Figure 1. Overview of different routes used to pattern perem magnet films.

Figure 2. Cross sectional SEM image of {Ta(100 nm) / NdF&Bifn) / Ta (100 nm)}
deposited onto a pre-patterned Si/SiO substrate.

The second, and less conventional type of pat@rimnolves the local modification
of the film’s magnetic properties through a chamgés crystallographic state. In
this case a modulation in the magnetic properieschieved without a modulation
in the film's surface height.

5) Proto-type magnetic MEMS

A number of proto-type magnetic MEMS (p-motors, engrators, bistable -
switches..) will be reviewed. The use of micro-metgarrays for levitation of small
particles, which demonstrates the potential for metig lab-on-chip systems, will
be presented.
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Modern high performance magnets are based on ngtaltine materials. The
excellent magnetic properties of these materiaés determined by a specific
chemical and phase composition and, to a greahiexig a particular nanometer-
scale (crystallite sizes in the range of 100 nm) microstructure. Therefore, one
on the most important stages for the developmend aptimisation of
nanocrystalline magnetic materials is the studythe structure as well as the
understanding of the phase formation mechanismghé&se materials. Here,
preparation and characterisation of magnetic Inginocrystalline materials is
reviewed (for the preparation of film systems sag the presentations by N. M.
Dempsey, J. Bachmann). Principle synthesis metlmadading mechanical ball
milling, melt spinning and hydrogen-assisted pret®s are applied to R-Fe-B
(R =Nd, Pr) and Fe-Pt alloys with the aim to proglypermanent magnets with a
high remanence and high coercivity. The use ofyxdiffraction for the study of
the structure as well as advanced microstructuegiing techniques is discussed.
Differential scanning calorimetry (DSC) is appliddr the study of phase
transformations and for the analysis of the theqpnaperties of the materials.

1. PREPARATION
1.1. Mechanical ball milling

Mechanical alloying, or more generally mechanicall Imilling, is the process
when mixtures of powders (of different metals doyd/compounds) are milled
together. Frequently the termechanical alloying is used to emphasise the fact that
material transfer is involved during processing,evdas milling of (already
alloyed) powders having uniform composition witle thim of e.g. crystallite size
reduction and/or mechanically inducing other tranmsiations is termed
mechanical milling [1]. Mechanical alloying is a complex process analves the
optimisation of a number of variables to achievedesired structure, phase
composition and microstructure. The most imporfzarameters are: type of mill,
milling container, milling time and speed, type aide of the grinding medium,
ball-to-powder weight ratio, milling atmosphere,opess control agents and
temperature of milling.

" IFW Dresden, Institute for Metallic Materials, P.Box 270016, 01171 Dresdeigermany,
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Fig. 1. X-ray diffraction pattern of an alloy with the cposition close to NdrFe B milled in a
planetary ball mill for 60 h (a) and an exampleaoRietveld refinement plot for this alloy after
subsequent heat treatment at 650°C/30 min. Opefesiand the full line represent observed and
calculated x-ray diffraction profiles, respectively

Mechanical alloying of elementald, Fe and B powders leads to the formation
of a layered microstructure of Fe and Nd with Btigles remaining undeformed
and embedded in the interfaces [2]. In contrastchaeical ball milling of the
Nd,Fe 4B compound crushed into coarse powder, sometimés tive additional
elemental Fe or Co powders, leads to the formaifce mixture of an amorphous
phase and nanocrystalline Fe (Fig. 1a). In botthou, heat treatment at relatively
low annealing temperatures of 600-700 °C and sieaxttion times of 5-30 min are
required for the formation of the hard magnetichg,B phase (Fig. 1b), which is
due to the extremely fine distribution of the reats.

A variation of milling iscryomilling in which the milling operation is carried out at
cryogenic temperatures. The method is indispensl@rocessing powders of
ductile components, where the effect of cold wejdietween the powder particles
and the grinding medium should be minimised. Ibwhl to avoid the use of
process control agents often leading to powderagoimation. This method has
been successfully used to prepare nanocrystaléretkx = 40-60) alloys [3].
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Fig. 2. Schematic representation of the melt spinning,compaction and hot deformation
techniques.

1.2. Mdlt spinning

In the melt spinning method, a molten alloy is dtgel through an opening of a
crucible onto a rapidly rotating wheel, as a raiade out of material heaving high heat
conductivity (Fig. 2). During this process solidition rate may reach about®10
10 K/s and, as a result, ribbons or flakes (due g brittleness Nd-Fe-B ribbons are
frequently fragmented) with thickness of about 8Q4Bn are thrown off the wheel
surface. The process is usually carried out irt etenosphere (e.g. Ar or He).

The structure and magnetic properties of rapidignghed Nd-Fe-B alloys depend
on the quenching rate, which is determined by theelrotation speed, injection
conditions (type and pressure of the inert gasciblel opening size, distance
between the crucible and the wheel etc.) and testyper of the melt. The method
mostly used for the production of rapidly quenchbdi-Fe-B alloys is
“overguenching” followed by heat treatment duringieh coercivity is developed.
By overquenching materials with partially amorphaisucture, similar as that
shown in Fig. la, are obtained. Optimally annealsetquenched Nd-Fe-B ribbons
have grain structure with crystallite size in thehge of 20-50 nm, i.e. below
critical single-domain particle size of the Jfé,B compound (200-300 nm [4]).
This method is applied for commercial productiomudgnet powders suitable for
the manufacture of bonded magnets.
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1.3. Hot deformation

Nd-Fe-B materials produced by the melt spinning layanechanical ball milling are
magnetically isotropic. Therefore, in the absen€eexchange coupling between
crystallites, the remanence-to-saturation ritidVi; is limited to 0.5 [5]. One of the
methods for obtaining anisotropic magnets with méseéd energy density from
nanocrystalline Nd-Fe-B alloys is the hot deforomatiFig. 2). Prior to the hot
deformation a highly dense almost isotropic premurs obtained by the hot
compaction (T =675-750 °C). A grain alignment gldhe c-axis of the tetragonal
Nd.Fe,B phase (easy magnetisation direction) perpendidaldahe plastic flow is
achieved after high temperature (700 -800 °C) cesgive deformation (die-upsetting).
The key for the hot workability is the presenceaofare earth rich grain boundary
phase, which is liquid at the deformation tempeeatalternatively, hot extrusion may
be performed, which results in obtaining ring magmeéth a radial texture.

1.4. Sintering

Sintering is a conventional powder metallurgy methor the production of
textured NdFe ,B-type and Sm(Co,Cu,Fe,Zmnagnets. Because the compositions
of recent high energy density Nd-Fe-B magnets dosecto stoichiometry,
conventionally cast materials would contain a higbportion of Fe-dendrites due
to the peritectic nature of the formation of the,’&l,B phase. Fe is detrimental to
the crushability during jet milling and to the matjo properties of the magnet.
The “strip casting” method, in which alloys are tcasto a rotating water-cooled
wheel, suppresses the formation of fraeFe and leads to a fine grained
microstructure with grain sizes ranging from 5-6®. Pulverisation is usually
achieved by jet milling where an ultrasonic flowipnért gas induces mechanical
collisions of the particles. The particles are sgently aligned in large magnetic
fields (~ 1 MA/m), densified and subjected to thyiid-phase sintering (at around
1000 °C). Anisotropic, sintered bk B-type magnets with energy products (BH)max
exceeding 400 kJ/frare now produced routinely in industry using thiesdaniques.

1.5. Hydrogen-assisted processing methods

Hydrogen Decrepitation

Hydrogen decrepitation is usually used in the petdo of fully dense sintered

Nd-Fe-B magnets. Decrepitation means the self-pabt@on of large metal particles
into powder. It relies on the fact that the bulloyalconsists of the matrix phase,
Nd,Fe B, and a Nd-rich, grain boundary eutectic whictdilgaabsorbs hydrogen at

room temperature and at hydrogen pressures < Thigrresults in the formation of

neodymium hydride and the subsequent differentigbamsion results in the

decrepitation of the bulk material. The initiallé@e is predominantly intergranular in
nature and the exothermic nature of the reactirsesathe alloy to heat up and
hydrogen is absorbed subsequently by the matrigeptweform a NgFe ,BH, solution.
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HDDR

The Hydrogenation Disproportionation Desorption @&ebination (HDDR)
process is a strikingly simple method for producinggnetically highly coercive
rare-earth transition metal powders (e.g. of,Fé&B-type) by utilising a fully
reversible hydrogen gas-induced chemical reactidmliike the HD-process, the
HDDR route involves heating the bulk alloy in arduhbar of hydrogen to about
800 °C. The first stage of the HDDR-process isahsorption of hydrogen by the
Nd-rich phase at the grain boundaries essentialfprim NdH ;. The next stage is
the formation of the N#Fe,BH, interstitial solution. This is followed by a
complete hydrogen desorption with further incregstemperature before the
disproportionation reaction is triggered. hmetcase of N&e4B, the HDDR
reaction can be described as:

NdoFeB + (2 £ X) H = 2NdH, .4+ 12Fe + F8B £ AH. As in mechanically alloyed
or melt spun materials, the coercivity in HDDR pssed materials arises from the
fact that final grain sizes are significantly srealthan or comparable to the critical
single-domain grain size. The crucial differencewbver, to the former two
methods is that with the HDDR process it is possiiol produce directly highly
anisotropic magnet powders without the mechaniedbrahation necessary for
example for melt-spun materials. Here "anisotropmwvder' means that the
magnetically easy axes (c-axes) of the,®gB grains are aligned in the
multigrain powder particles. Consequently, comptottured magnets can be
produced by aligning these anisotropic powder gladiin a magnetic field.

2. CHARACTERISATION
2.1. X-ray diffraction

The purpose of this presentation is to illustrdie potential of x-ray powder
diffraction in materials characterisation and gaverief description of the methods for
the determination of the phase composition, micoostire parameters (crystallite
size and lattice strain) and chemical ordering.

Traditionally phase identification is based on anparison of the observed data
with interplanar spacings and relative intensitielsof known phases. Quantitative
phase analysis assumes that the integrated inten§itBragg reflections is
proportional, among all the intensity factors, ie volume fraction of a phase in a
multi-phase mixture. The analysis is, however, exgly complicated or not
possible at all when a severe overlap of diffracpp@aks and/or peaks of different
phases occurs. For instance, in the case of Nd-&éafgs, x-ray structure analysis
is complicated due to several reasons: in the N&FBystem the formation of
several equilibrium and non-equilibrium phases déssible. Due to low crystal
symmetry and large lattice constants, x-ray diffaac patterns contain a large
number of overlapping diffraction lines, often ofd absolute intensity (Fig. 1). In
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L1o,-based alloys, diffraction lines of the phasesesufifom a severe overlap due to
the nanocrystalline nature of the materials andidtver close cell dimensions [7].
Evidently, these reasons complicate an extractibrdatailed crystal structure

information as well. Hence, the determination oflpeosition and intensity

independently of each other is not an approprigpeaach in these cases.

An advanced method for analysing diffraction dates\wroposed by Rietveld [8, 9].
It is based on a whole-pattern fitting with paraengt of a model function
depending on the crystallographic structure, insént features and some numerical
parameters. With such an approach, even the owénigppeaks contribute
information about the structure to the refinemdime aim of the Rietveld analysis
is to find a set of parameters that describe tleenied diffraction pattern as good
as possible. These include lattice constants, pfiasgon, degree of texture, site
occupation parameters (used for the determinafidineodegree of chemical order)
and profile broadening parameters.

The broadening of x-ray diffraction lines ariseedo both physical (specimen-
related) and instrumental (geometrical) factors, [10]. Once the instrumental
broadening is “removed”, the analysis of the phaisjcbroadened line profile can
be made. In general, the physical broadening amnt@dntributions from the small
size of the crystallites (coherently scattering dom) and lattice strain (often
denoted as microstrain or lattice distortion) cdulkg e.g. the presence of lattice
defects. In order to separate the contributionsifooystallite size and lattice strain
to the overall breadth the modified Williamson-Hahalysis [12], the so-called
“average size-strain” method of Langford [13] canapplied.

Neutron diffraction can also be used for the charésation of materials [14]. As

compared to x-rays, neutrons offer the advantagbewrig weakly absorbed by
materials, i.e. their penetration depth is largethe order of centimetres. The
neutron scattering amplitude does not show a std@mendence on the atomic
number, thus providing a possibility to locate lighoms or distinguish neighbouring
atoms in the periodic table. Moreover, the intecacbf the magnetic moment of
neutrons with unpaired electrons enables the iigat&in of magnetic structures.

2.2. Differential scanning calorimetry

A critical step towards understanding the phasmé#dion in various materials is to
characterise their thermal properties [15, 16].fdéntial scanning calorimetry
(DSC) has proven to be a very useful tool in tliisre By determining the rate of
heat flow into a sample, DSC provides quantitativermodynamic and kinetic
information about physical or chemical changes oaoy in the material. The
latter alter the enthalpy and/or heat capacityhefrhaterial, which in turn results in
the release or the absorption of heat. Thus, D@Bles determination of transition
temperatures and transition heats of such processeselting, crystallisation,
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solid-state transitions, chemical ordering, spiorentation transitions, chemical

reactions etc. as well as kinetics of these prese@sg. Kissinger method [17, 18]).
Also second order-type transitions, such as fergoraic Curie transition, can be

detected by abrupt variations in heat capacity.

2.3. Imaging techniques

In electron microscopya focused beam of electrons is used to examinetshja

a very fine scale. This examination can yield infation about topography,
microstructure, chemical composition and crystakpgic information. Whereas
transmission electron microscopy (TEM) is applied the investigation of very
thin samples with resolution down to atomic scakgnning electron microscopy
(SEM) can be used for imaging surface features agsiwe samples. The process
of image formation is fundamentally different betmethe two techniques; for
more details the reader is referred to Ref. [18].cbntrast to TEM, sample
preparation for SEM is less complicated. At the sdaime, high resolution SEM
allows observation of crystallites in the rangebbut 20-30 nm [7, 20]. Secondary
electron mode in SEM provides a three-dimensioesasgective, whereas the use
of backscattered electrons allows detecting thetrash between areas with
different chemical compositions.

Atomic force microscopy (AFM) is another scannirrglge technique. It relies on
attractive forces that are generated between electiouds of atoms of a
specimen and a vibrating cantilever, when thesebawaght in close proximity,

and vyields information about sample topography. A€&h be used for imaging
non-conductive samples at near-atomic resolutioagmétic force microscopy
(MFM) relies on a principle similar to AFM. The MFkéchnique is based on the
detection of the magnetostatic interaction betweersample and a small
ferromagnetic tip and is used for observation ofnaic domains [21].
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CORRELATION EFFECTSAND THE ELECTRONIC STRUCTURE
OF HALF-METALLIC FEROMAGNETS

L. CHIONCEL"

Most theoretical efforts for understanding half-alét ferromagnets (HMF) are
supported by first-principles calculations, based @ensity-functional theory
(DFT). In fact the very discovery of HMF was duestach calculations [1]. DFT
calculations are usually based on the Local Spinside Approximation (LSDA)
or the Generalized Gradient Approximation (GGA).e3$& approximations have
been proved very successful to interpret or evedipt material properties in many
cases, but they fail notably in the case of strpugkrelated electron systems. For
such systems the so-called LSDA+U (or GGA+U) metisagsed to describe static
correlations, whereas dynamical correlations can apgroached within the
LSDA+DMFT (Dynamical Mean-Field Theory). An impontadynamical many-
electron feature of half-metallic ferromagnetshis ippearance of non-quasiparticle
states [2,3] which can contribute essentially t@ ttunneling transport in
heterostructures containing HMF [4,5].The origintleése states is connected with
“spin-polaron” processes: the spin-down low-eneedgrctron excitations, which
are forbidden for HMF in the one-particle pictutarn out to be possible as
superpositions of spin-up electron excitations anial magnons. The density of
these non-quasiparticle states vanishes at thei Fevel but increases drastically
at the energy scale of the order of a charactemstignon frequencyy,, giving an
important contribution in the temperature dependeoicthe conductivity due to
the interference with impurity scattering [3].

Our study focuses on the half-metallic ferromagiretshich the gap is situated in
the spin-down/minority channel. (The results arbdvaqually to the cases when
the half-metallic gap is situated in the spin-upratel). In this extend abstract the
examples of semi-Heuslers NiMnSb [6] and FeMnSbwill] be presented, while
the lecture presents also results for full-Heus€legMnSi and zinc-blende half-
metals like CrAs [8] and VAs [9].

The temperature dependence of the HMF electronictsire and stability of half-
metallicity against different spin-excitations isucial for practical applications in
spintronics. A simple attempt to incorporate firtiéenperature effects [10], leading
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to static non-collinear spin-configurations, shosvsnixture of spin up and spin
down density of states that destroys the half-fietaéhavior. In our work we use
a different more natural approach to investigate pgroper dynamical spin
fluctuations effect on the electronic structuréemperatures T<J within the half-
metallic ferromagnetic state.

Nonquasiparticle states: an illustrative example: Before investigatingab initio,
real materials it is worthwhile to illustrate thercelation effects on the electronic
structures of HMFs using a simple ““toy" modele Bime-band Hubbard model of a
saturated ferromagnet can provide us the simplesteinof a half-metallic state.
Difficulties in solving the Hubbard model are wkitown. Fortunately there is an
exact numerical solution in the limit of infiniténdensionality or large connectivity
called Dynamical Mean Field Theory (DMFT) [11]. Fnling this approach we
will consider the Bethe lattice with coordination—2 « and nearest neighbor
hoping § =t/z*2. In this case a semicircular density of statesbisined as function
of the effective hopping t: Mf=1/(2rt?) (4¢ —€%)"2. In order to stabilize our "toy"
model in the HMF state, we add an external magrsgiic splitting termA=0.5eV,
which mimics the local Hund polarization originatifrom other orbitals in real
materials. This HMF state corresponds to a medd-fielF) solution with an
LSDA-like DOS, denoted in Fig.1 as a dashed line.

Our model allows the study the magnon spectrumutiitothe two-particle
correlation function which is obtained using the QMrocedure. We calculate the
local spin-flip susceptibility[6]:

Xioe (T-T)=<S' (1) S(1)>
Xioe (T-T)=<T ¢ ¢;"(1) ¢,(1) ¢, "(T") Ci(T)>serr

which gives us information about the integrated neegspectrum [3,12]. The
DMFT results are presented in Fig.1. In comparigagh a simple Hartree-Fock
solution one can see an additional well-pronourfeatlire appearing in the spin-
down gap region, just above the Fermi level. Theswnmany-body feature
corresponds to the so-called non-quasiparticlestat HMF's and represents the
spin-polaron process [2,3]
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Fig. 1. Density of states for HMF in the Hartree-Fock (Hipproximation (dashed line)
and in QMC solution of DMFT problem for semi-cirauimodel (solid line) with the band-
width W=2eV,Coulomb interaction U=2 e¥A4=0.5 eV, chemical potentigl=-1.5 eV and
temperature T=0.25 eV. Insets: imaginary part ef tte spin-flip susceptibility (left) and
imaginary part of self energy (right).

The left inset of Fig.1, represents the imaginany pf the local spin-flip susceptibility.
One can see a well pronounced shoulder ~ 0.5e\¢hwkirelated to a characteristic
magnon excitation [3]. In addition there is a broad maxim~1eV corresponding to
the Stoner excitation energy. The right inset of Eirepresents the imaginary part of
self-energy. The spin up channel can be descrilyeal Bermi-liquid type behavior,
with a parabolic energy dependence Inm~ (E-E)°, whereas in the spin down
channel, ok, the non-quasiparticle shoulder at 0.5 eV, islasi

The existence of the non-quasiparticle states Hi model has been proved by
perturbation-theory arguments [2] (i.e. for a brbathd case) and in the opposite,
infinite-U limit [3]. Physically, the appearance thfese states can be considered as
a kind of spin-polaron effect. According to the servation laws, in the many-
body theory the spin-down state with the quasimdomeik can form a superposition
with the spin-up states with the gausimomentkrq plus amagnon with the
guasimomentung running through the whole Brillouin zone. Takingd account
the restrictions from the Pauli principle (an imgbdity to scatter into occupied
states) one can prove that this superposition @an bnly above the Fermi energy
(here we consider the case where the spin-up etectstructure is metallic and the
spin-down is semiconducting; oppositely, the nosiparticle states form only
below the Fermi energy) [2,3]. If we neglect tha&gnon energy in comparison
with the typical electron one, the density of naasjparticle states will vanish
abruptly right at the Fermi energy; more accuredattnent shows that it vanishes
continuously in the interval of the order of timagnon energy according to a law
97
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which is dependent on thmagnon dispersion [2]. As a consequence the non-
quasiparticle states are almost currentless [R8tently, some evidence of the
existence of almost currentless states near theiFamergy in the half-metallic
ferromagnet Cr@have been obtained by X-ray spectroscopy [13].

NiMnSb and FeMnSh: In the previous section we illustrated the effetmany-
body interactions on the Hubbard model for a hatatflic ferromagnet. In this
section we show thahe same many-body effects are captured in the realistic
LDA+DMFT electronic structure calculation for NiMbSand FeMnSb. Fig.2
represents the results for density of states uddyand LDA+DMFT

1.5 : , :
DMFT 1
1.01LsDA i

0.5 | 4

0.0
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-Q5—| 1
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Fig. 2. Density of states for HMF NiMnSb in the LSDA schertblue line) and in
LDA+DMFT scheme (red line) with effective Coulombtéraction U=3eV, exchange
parameter J=0.9eV and temperature T=300 K. The i@t is evidenced just above the
Fermi level.

E(eV)

Fig. 3. The imaginary part of self-energies3nmd~dw for t {2g} (solid line) and e_g (dotted
line), Im>~_d~{\up} for t_{2g} (dashed line) and e_g (dasheattdd line) respectively.
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It is important to mention that the magnetic mompst formula unit is not
sensitive to the U values. For a temperature @quBt300K the calculated magnetic
moment,pu=3.96 g, is close to the integer LDA-valye=4.0Qugz, which suggests
that the half-metallic state is stable with respemtthe introduction of the
correlation effects. In addition, the DMFT gap lie tspin down channel, defined as
the distance between the occupied part and stapoigt of non-quasiparticle
states' “tail”, is also not very sensitive to thevélues. For different U the slope of
the “tail” is slightly changed, but the total DOSweakly U-dependent due to the
T-matrix renormalization effects. Thus differentiues of U, do not effect too
strongly on a general picture of the LDA+DMFT etect energy spectrum (except
the smearing of the density of states featureshwisiclue to different temperatures
in our calculations). In comparison with the LDAsudt, a strong spectral weight
transfer is present for the whole occupied parthef valence band. The most
interesting new effect is the appearance of thequasiparticle states in the energy
gap above the Fermi energy. Their spectral weightréalistic values of the
parameters are not too small which means that sheyld be well-pronounced in
the corresponding experimental data.

In general, one should take into accosgpih-orbit coupling effects connecting the
spin-up and -down channels through the scalar ptothetween the angular
momentum| and the spins operators. The strength of this interaction is
proportional to the spatial derivatives of the taypotential V(): Vso ~ grad Vis
with non zero off-diagonal elements®¥,0=1,|. Our results [7] suggest that
depolarization in this class of Heusler compourglslaminated by NQP states,
while spin-orbit contributions are much smaller. In addition, mawgly effects are
more pronounced in FeMnSb than in NiMnSb. (see5FigThis is tightly
connected to the larger DOS in the majority spianctel in the former material.
Therefore, doping of NiMnSb by Fe could be an ie$ing issue to investigate the
interplay between alloying and many body effeatsthis respect, we have carried
out preliminary LDA+DMFT calculation on NiMnSb suell containing 25% Fe
impurities, i. e. for (N§Fe)Mn,Shy. Our results show a half-metallic character at the
LDA level, with similar strong correlation-inducelgpolarization effects as in pure
FeMnSb. Therefore, for this material, many bodge# are of primary importance
even in the presence of disorder.

The nature of non-quasiparticle states. From the point of view of the many-body
theory, the general approach in DMFT is to negleetmomentum-dependence in
the electron self-energy. In many cases, suchea&dmdo effect, the Mott metal-

insulator transition, etc. the energy dependencéhefself-energy is obviously
much more important than the momentum dependergetzarefore, the DMFT is

adequate to consider these problems [11].
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Fig. 4. Contour plots of polarization as function of eneand temperature for different
values of local Coulomb interaction U. Left U=2aight U=4eV. The LSDA polarization
is plotted as the T=0K temperature result. The asgtry of NQP states is clearly visible

for U=4eV.
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Fig. 5. Left: Density of states of half-metallic FeMnSISRA (black line) and LSDA+DMFT (red
line), for the effective Coulomb interaction U=2e&%change parameter J=0.9eV and temperature
T=300K. Lower right panel: zoom aroung Eor different values of U. Upper right panel: Spat
weight of the NQP states calculated as functiob.cfhe values obtained for NiMnSb are plotted for

comparison.
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As for itinerant electron ferromagnetism, the ditwrais not completely clear. One
can expect that in magnets with well defined lonalgnetic moments such as half-
metallic ferromagnets the local approximation toe telf-energy (i.e., the DMFT)
should be even more accurate. In particular, agdisgissed above, it can be used
for the calculations of spin-polaronic (non-quasdisée) effects in these materials.

Several experiments could be performed in ordefanfy the impact of these non-
quasiparticle states on spintronics. Experimentt & Bremsstrahlung Isohromat
Spectroscopy (BIS) or Spin Polarized Scanning TlimgéMicroscopy (SP-STM),
Andreev reflection spectroscopy using the tunnefimgction superconductor -
HFM will be discussed during the lecture.
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GIANT HALL EFFECTSAND HALL EFFECT
MICHEL VIRET’

TheHall effect refers to the difference in electrical potentialthe opposite sides
of an electrical conductor through which an eleatrrrent is flowing, created by a
magnetic field applied perpendicularly to the cotrdhis potential is also referred
to as the Hall voltage as it was first measureé&dtwin Hall in 1879.

In ferromagnetic materials, it is found that thensverse resistivitf,,) contains a
contribution from the magnetizatigM) in addition to the usual Hall effect. This
contribution is called the Anomalous Hall effectHB) and the conventional
expression for the Hall resistivity is :

ony = RO'Bperp + RS'ILIOM perp

ﬁiﬁ whereB isthe magnetic fieldRy
ey is the usual Hall coefficient, and

R, is the anomalous Hall

L)Fﬁoar O coefficient. The mechanism for
) 4 ) 4 ) 4 the AHE is stillcontroversial as
/ / / theoretically, the key issues are
Va Ve Vb whether the effeds intrinsic or

extrinsic and how to treat the
Figure L. typical measurement setup for longitud| IMPurity andphonon scatterings.
(Vy-Va) and transverse (W) potential drops. However, the basic ingredients
necessary for this physical effect
are somewhat consensual. These are the spin pttarisand spin-orbit coupling
between the magnetic and orbital degrees of freedotypical measurement setup is
shown in the figure where both transverse and fodigial voltages can be measured.

Normal Hall Effect

The Hall effect in non-magnetic materials is duethe effect of the magnetic
induction on the charge carriers. These chargesriexqe a Lorentz force when a
magnetic field is present that is not parallelheit motion. Without the magnetic
field, the charges follow an approximately averagidight path. However, when
a perpendicular magnetic field is applied, theithpes curved so that moving

" CEA Saclay, DSM/DRECAM/SPEC, 91191 Gif sur Yvateslex, France
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charges accumulate on one side of the materiak @stiablishes an electric field
that opposes the migration of further charge, steady electrical potential builds
up for as long as the current is flowing. For aarmetal where there is only one
type of charge carrier (electrons) the Hall voltages given by

VH:—IB/d
ne

wherel is the current across the plate lendilis the magnetic flux densityg,is the
thickness of the plates is the electron charge, amdis the bulk density of the
carrier electrons.

One very important feature of the Hall effect isttht differentiates between
positive charges moving in one direction and negatharges moving in the
opposite. It actually offered the first real prdbat electric currents in metals are
carried by moving electrons and not by protons.

- Hall effect in semiconductors:

The Hall effect also showed that in some substaresgsecially semiconductors, it
is more appropriate to think of the current as fpasiholes moving rather than
negative electrons. Also, because in semicondudtesdensities of states are
much lower than in metals, Hall voltages are muatgdr. This property is

important since it is currently used in field seisso

- Quantum Hall effect:

At high magnetic field, one can envision that el@cttrajectories can be curved in
smaller and smaller radii, eventually leading targe localisation. This can indeed
happen in pure samples and high field. The mostésgive manifestation of this
property is found in two-dimensional electron gasbsre the electronic density of
states becomes a set of discrete Landau leveltodhe confinement produced by
the field. It follows that the Hall conductancegisantised in #h units.

The Anomalous Hall Effect

In 1880 Edwin Hall discovered that a transversdaga is present in saturated
ferromagnets even in the absence of an applied. fighis Hall voltage is called

spontaneous or anomalous (in practice a small Meseto align the magnetic
domains). The origin of the anomalous Hall effésHE) has been vigorously

debated for many decades and it is fair to sayithanderstanding is still a subject
of controversy. However, one can say that the atmmaHall effect occurs in

ferromagnets because broken time reversal invaiamspin-space is transferred
to orbital properties by spin-orbit coupling, arsl related to the small orbital
contribution to the magnetization in ferromagnetietals.
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Several mechanisms have been proposed to explanphiysical phenomenon.
Two theoriesttribute the AHE to the impurity scattering moeifby the spin-orbit
interaction, namely the skew scatteriagd the side-jump mechanism. These
extrinsic effectare rather complicated and depend on the detatlseofmpurities
as well as on the band structure of the materfalghird mechanism has been
recently revisited and seems to be favoured by mecent experimental results.
This is the Karplus and Luttinger theory, whichwees an intrinsic mechanism of
AHE. The model is based on the existence of aradgtm in the group velocity of
electrons called the "Berry curvature”. One mayardgt as an effective magnetic
field that lives in reciprocal space to produceneehtz force, and hence a Hall voltage.
All these theories for the AHE deritlee right equation with a voltage proportional
to M, as they are based on the perturbative exparmsithespin-orbit coupling.

Therefore any material with both spin polarisedriees and spin-orbit coupling
will produce a non-zero transverse voltage propodi to the magnetisation. In
homogeneous magnetic materials and giant magnsistasce composites, this
contribution can be much larger than the normal efééct. Another manifestation
of the phenomenon is to be found in the so caltgih' Hall effect’ where spin-
orbit coupling generates a spin dependent transwsattering but the absence of a
net carriers’ spin polarisation prevents the buiidbf charges. This results in a
pure spin accumulation. These Hall effects willgresented in detail during the
lecture with a particular emphasis for applicationspin electronics.
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“‘BIOMEDICAL APPLICATIONS OF MAGNETIC
NANOPARTICLES |: DRUG DELIVERY”

M.R. IBARRA ** R. FERNANDEZ-PACHECO*!
C. MARQUINA?, J.G VALDIVIA *

The wide interdisciplinary world of Nanoscience hesperienced a strong
development during the last years. One excitingctigp the possibility of using
nanoscale magnetic materials for biomedical apidina. Many interesting
problems regarding magnetic properties exist to ilveestigated from the
fundamental point of view, and expectations arenedefor their application as
magnetic carriers and bioferrofluids.

One of the important points in the use of magnetnoparticles for biomedical
applications is the encapsulation of the magnetitenal, in order to make it
biocompatible, and to have the possibility of pradg a bio-ferrofluid. Coating
the nanoparticles with a suitable material offées possibility of attaching them to
antibodies, proteins, medical drugs etc. Thereftuidies on surface adsorption, the
possibility of functionalising and/or conjugatinget particle coating with bioactive
components are also a crucial isstliee election of the magnetic material as well
as a detailed knowledge of its magnetic propegiag an important role in the use
of the nanoparticles in Biomedicine, as well ashia effectiveness of the desired
application. In order to obtain the biocompatib&aréfluid, we have prepared
carbon coated iron nanoparticles. In the followsegtions the adequacy of both
carbon and iron as staring materials for the syishef biocompatible magnetic
carriers is discussed.

The magnetic nanoparticles offer the possibility lafing directed towards a
specific target in the human body and remainingyeaaly localised, by means of
an applied magnetic field. Obviously, when magnetinoparticles are going to be
used for in vivo applications, very low values gfpied magnetic field are

desirable. Therefore the suitable materials arsetlvaith high magnetisation at the
operation temperature, that is to say, at room ésaipre. As stated at the
beginning of this section, standard starting mateffor the production of magnetic
particles are iron, cobalt and nickel. Nevertheléiss control of the particle size
and shape, and the matrix or medium in which thiégbeis embedded, is also of
crucial importance. In vivo applications (like draglivery, magnetic resonance

! Instituto de Nanociencia de Aragén, Edificio Ifiéeultades Il, Zaragoza (Spain)
2 Instituto de Ciencia de Materiales de Aragén (@St@versidad de Zaragoza), Facultad de Ciencias,
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imaging, hyperthermia, additionally require padglbeing biocompatible, stable
and biodegradable. This is achieved by coating embedding the particles in a
suitable material. Polysaccharides (like dextra),polymers (as for example

polyvinyl alcohol) are used as typical coatingseveas water-based ferrofluids are
the most commonly used injection vehicle. Coating particles allows also the
possibility of modifying the particle surface byaathing bioactive components, as
antibodies, proteins etc, by means of chemical lgndr by means of adsorption,
which broadens their possibilities for applicatio@oncerning the particle size,
and particularly in the case of in vivo applicaspthe magnetic particles should
not retain any remanent magnetisation once the eatisgrg field has been

removed. This would avoid aggregation due to dipoiteractions between their
respective magnetisations, favouring the biologiedisorption and eventual

excretion of the particles by the body.

An optimum magnetic response has been achieved ursin nanoparticles. With

respect to the coating, carbon has been used esnbpatible material. One of the
advantages of using carbon is its high capacityad$orption. Iron coated

nanoparticles are therefore appropriate to be asathagnetic carriers of medical
drugs, magnetic resonance imaging contrasts, bazbtabels etc, adsorbed into
the carbon surface.

The production of carbon coated magnetic nanopestic accomplished by two
methods: by the arc discharge method designed Bysétrmer-Huffman in 1990
which uses a plasma furnace, with two graphiteteldes. One of them is a
stationary anode, which consists of a drilled cartmylinder where, in our
particular case, several micrograms of 10 micron powders are introduced. The
cathode is a moveable graphite electrode. An aordated between the graphite
electrodes in a helium atmosphere. The moveabt#retie is sublimed and builds
up a carbonaceous deposit anllaret around it, at the same time that soot is
deposited on the inner surface of the chamber wdllee morphologic and
structural characterizations have been performed Tibgnsmission Electron
Microscopy (TEM), Dynamic Light Scattering, and aten diffraction. The
magnetic nanoparticles are encapsulated eithearbboo nanotubes (this are mainly
found in the cathode), in concentric graphitic Eh€lonions”) or in amorphous
carbon. In the case of samples obtained by highggmailling TEM shows that the
final powder is composed by a mixture of carbontedananoparticles together
with the free carbon and non encapsulated magmetiallic particles.
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Fe,0,
Maghemite

HRTEM images of carbon coated magnetic nanopastigieduced by arc discharge
As corresponds to a lighter element, C appearsaiiitghter contrast compared to Fe.

Electron Filter (EF)-TEM has been also performeaider to get a better insight
into the chemical nature of the obtained materlBISTEM images have been taken
selecting the Electron Energy Loss Spectroscopy- i peaks separately for iron
and carbon (iron at 708 eV; peak, and carbon at 284, K peak). Once both images
were obtained, an elementary map can be drawn,isgavcoloured distribution
of each of the elements. The EFTEM confirms thesgmee of iron content in the
core of the nanoparticles, which is completely sunded by a carbon coating. The
crystallographic structure of the samples has laeatysed by electron diffraction.
According to the patterns, the core of the magne&noparticles contains iron
oxide, crystallised in the cubic phagd-6,0;, or maghemite (Fernandez-Pacheco
et al., to be published). The morphological anddstrral characterization shows
that the samples prepared by arc discharge asasethe samples prepared by
mechanical milling contain also non-coated or pdiyticoated nanoparticles,
which are not biocompatible and therefore not bilgtao be used as magnetic
carriers. Moreover, all those carbon nanostructiheg not contain magnetic
nanoparticles have to be eliminated, in order tickrthe magnetic concentration
of a future bio-ferrofluid. With this purpose a doimed magnetic and chemical
purification method as been developed. For magneiirification, stable
suspensions of the particles are prepared in acarft solution (2.5 g of SDS in
500 ml of distilled water). Magnetic separation (gans of a 3 KOe permanent
magnet), yields only magnetic nanoparticles. Afemdg the purified magnetic
material is washed with HCI 3M at 80°C. All the raympletely coated magnetic
material is dissolved and the remaining coatindb@arforms carboxylic groups,
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which, due to their hydrophobic nature, contribtbethe stability of a future
ferrofluid suspension. The sample is finally heaae®50°C in order to evaporate
remaining free amorphous carbon structures (FeezaRdcheco et al., to be published).

Magnetisation measurements on purified samples weeeformed in a
Superconducting Quantum Interference Device (SQUIDhe magnetisation
isotherms at room temperature show no coercivityramremanent magnetisation.
This is characteristic of superparamagnetic behayio good agreement with the
nanometric size of the magnetic particles derivechfTEM images. Therefore we
can conclude that the synthesised magnetic nandpartulfil all the requirements
to be used as magnetic carriers for future in \Applications. The experimental
results can be compared to those predicted by hieery of Langevin for
superparamagnetism, in which the magnetisationrafreoparticlem, is a function
of the temperatureT, and of the applied magnetic fielth, and follows the

Langevin’s law
_ HH ) kT
T,H)= th — |- "8
wer. )= con{ #4117 |

weremy is the saturation magnetisation of the partiglis the magnetic moment of
the particle ands is the Boltzman constant. Introducing the valuamgfor iron
(1740 emu/cr), and fitting the experimental data to the Langavlaw the value
of p can be derived. As the magnetic moment is propaatito the particle volume
V (1= myV) the values of the particle diameter can be @ekiassuming spherical
shape for the magnetic nanopatrticles.

The magnetic characterisation has been completetdssbauer spectroscopy.
The Moéssbauer spectra allowed us to identify tlesgmce different iron phases in
the samples, even non-magnetic phases, and alsaldolate the percentages of
each of them. In the case of arc discharge prodsaeyples taken from thoellaret
and the soot the Mossbauer spectra revealed tBemme of non-magnetieFe in
addition toa-Fe and FgC.

Because of its biocompatibility, small size, supegmagnetic behaviour and big
surface area, possible applications of these naticlpa in biomedicine are nearly
unlimited. At present we have focused in two maglds: drug targeting and
conjugation to proteins. In the first case, the n&ig nanoparticles are suspended
in water forming an stable bioferrofluid. Subseqlernhe drug is chemically
bound to the carbon coating. This ferrofluid isedted to the target area in the
human body by means of an applied magnetic fielk Tagnetic carriers are
concentrated there until the drug is released desorption process, at the end of
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which the magnetic field is switched off. This elesba very specific treatment and
eliminates the limitations on the applied dose hseaof possible damage to
healthy tissues. On the other hand, our synthesisaghetic nanoparticles have
been conjugated to a number of antibodies and baem widely used for the
development of lateral flow tests. These testsasadlable for pregnancy, ovulation,
infectious disease, drug monitoring or bacterialtamination. The introduction of
magnetic particles allows the immobilization, colied delivery and release of
molecules adsorbed to the surface of these patigle means of an external
magnetic field, as well as the quantification okdé tests by magnetization
measurements. Carbon coated metal nanoparticlegse an alternative to
polymeric coatings, and the first results obtaihade been really satisfactory.
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“BIOMEDICAL APPLICATIONS OF MAGNETIC
NANOPARTICLES I:ELECTROMAGNETIC RADIATION”

G. F. GOYA', V. GRAZU", M. R. IBARRA"

Magnetic nanoparticles are used in “in-vivo” diagisoand therapy on the bases of
their interaction with electromagnetic radiationerél we will concentrate in the
tomography using magnetic resonance imaging (MRI)this case the magnetic
moments of the magnetic nanopatrticles used asasbrigent, produces a local change
of the proton resonance which enhance the MRI asitOther aspect which we will
cover is the magnetic fluid hyperthermia (MFH), ethuses magnetic nanopatrticles as
heat generators to induce localized cell death. pftysical basis of these techniques

relies on the interaction with external electroneigrfields.

The first therapeutic applications of magnetic desito humans can be chased
back to the 18 century, when Austrian physician Franz Anton Mesifi&34-
1815) developed his theories about magnetic fluitis sustained the influence of
invisible ‘universal fluids’ on the human body @ftthe Newtonian ideas of
‘aether’ associated to gravitational forces andltaycles), and proposed his theory
of ‘animal magnetism’ gaining notoriety across agoSince then Mesmerism (a
therapeutics based mainly on hypnotism) has tregher sustained flood of both

research and ‘supernatural’ quackery.

’ Aragon Institute of Nanoscience (INA), Universiddeé Zaragoza,Pedro Cerbuna 12, 50009

Zaragoza, Spain.
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Pushed by advances in the synthesis of biocompatitlgnetic nanoparticles
(MNPs) in a reproducible way, the concept of targetmagnetic nanospheres
inside microscopic living organisms regained inge@nd finally became a reality.
The size of MNPs is comparable to the DNA or subtal structures, then, they
can be used for cell separation strategies usirgneta as external driving forces.
Similarly, recent advancements on binding chemisifybiological units onto
MNPs surface and the engineering of particle’s angfshape have opened new
exciting possibilities for drug delivery with higielective vectors. Nonetheless,
vivo applications entangle subtle problems related ® rdsponse of a living
organism to alien objects (i.e., NPs-drug assempliEor example, even if a
perfectly selective drug delivery system could lesigned (e.g., by using some
monoclonal antibody-loaded patrticles), any realegixpent has to overcome the
problem of immunological reactions triggered by itmeading NPs within the host,
mainly from the reticuloendothelial system (RES).

At present, most applications of MNPs are baseti@following physical principles:
a) The application of controlled magnetic field gradg (i.e., a magnetic
force) around the desired target location for resyopositioning MNPs in
organs or tissues (targeting, magnetic implantgmatc separation applied to
the sequencing of DNA, etc).

b) The utilization of the magnetic moment of the MNRs a local
perturbation of the proton nuclear resonance (eshtmedia for Magnetic
Resonance Imaging, MRI).

¢) The magnetic losses of nanometric particles inoadl for heating

purposes (magnetic hyperthermia)
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Electromagnetic radiation

Electromagnetic (EM) radiation is a fundamental |too cancer therapy,
extensively used for both diagnostics and ther&hysical interactions between
EM waves and living matter can be very differenpetading on the portion of the
electromagnetic spectrum considered. A variety bfical tools have been
established in physical medicine based on diredssan and detection of EM
waves such as x-ray radiography, computer tomographnning (CT scan) and
gamma-ray radiotherapy from radioactive isotopeanyother techniques rely on
indirect uses of EM radiation such as positron-siais tomography (PET),

magnetic resonance imaging (MRI), and microwaveehyygrmia (MWH).
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Figure 1. A. Frequency ranges for some of the most usedhdstip/therapy equipments
(MFH = Magnetic Fluid Hyperthermia, MRI = MagnetiResonance Imaging). B. The
respective main physical mechanisms at each frequeamge. Also shown in (C) is the
common nomenclature for the electromagnetic waveaeh region: RF = radiofrequency;
MW = microwaves; IR = infrared; Vis = visible; UV gitraviolet and X-Ray.
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Figure 1 schematizes the different ranges of the dpilctrum used by different
technigues, and also puts comparatively some pdlyaind biological phenomena
occurring within each region. The importance ofttiM landscape” is connected
to absorption of energy by biological units, sinbe shorter the wavelength, the
higher the energy content. Organic materials comgas long-chained molecules
with C-C (or C=C) backbones and other carbon bdikdsC-H, C-N, can absorb
EM radiation at some specific frequencies that aamsequently, biologically
dangerous. As an example, covalent bonds can et approximately 1&Hz

(A = 300 nm, in the UV range). Larger units have mooenglex (secondary,
tertiary) structures, and may be bound to othetsuby entanglement alone,
secondary forces or chemical bonds. Due to thigetyaof binding forces, living
matter displays several ‘frequency windows’ wheriiaction with EM radiation
can destroy biological units and/or metabolic fior. The frequency ranges
employed by the techniques of Figure 1 are uswatyiped in two coarse classes:
those based on non-ionizing radiation (basicaltliafiequency and microwaves),
and those using ionizing radiation (high-energya)srand gamma-rays). The limit
between these areas is defined by the energy thideshbreak C-C, C-H and C-N
covalent bonds, which would imply the breaking widamental organic molecules
as DNA, RNA, proteins, etc...

Hyperthermia

For a piece of metal subjected to low- and meditegtiency alternating fields
(> 10 — 1G Hz, for example the case of nuclei of electricaltons) the main

mechanisms of power losses are magnetic hystesiagigarasitic currents (eddy
currents). On the other hand, in ceramic matetiés dissipation of power is

mainly originated in processes of nucleation, glowhd extinction of magnetic
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domains. For single-domain particles in physiolabiconditions the situation
differs radically, because a) the magnetic satomas reached by coherent rotation
of the total magnetic moment of each particle; dhdhe hysteresis cycles are
theoretically reversible and thus they do not émtgnetic losses. In addition to
coherent rotation to be considered for single-domparticles, physiological
conditions allow mechanical rotation of the padschs a response to the external
magnetic field, at least for low frequencies. Hdws that for colloidal dispersions
the analysis of the heat transference processesinulisde the effects of both the
Brownian motion and fluid. For biomedical applicats based on the increase of
temperature as magnetic fluid hyperthermia (MFHrdbpy, it is clear that the
mechanisms of power losses in colloids must betifikeosh before new, more

efficient therapeutic materials can be designadadsimizethe generation of heat.

The heating capacity of a magnetic material ortedetagnetic device is quantified
through the specific absorption power rate (SARfirgtd as the amount of energy
converted into heat per time and mass. In term¢hefusual experiments and
parameters for magnetic colloids, the loss powergpem of FeO, is obtained from

the heating curves within the init&l" temperature rising interval through the defimitio

SAR= CSAA-'I[- - S , 0)
t

whereCs is the sample heat capacity, defined as a magghteei mean value for a

given concentration of magnetic material, calcuas

— rnFeCFe-i_rr! CI
=7 W
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with cge, Mee andg, m being the specific heat capacities and massesaghaetic
material and liquid carrier, respectively. The lastmber shows the relationship
between the functional definition of SAR and eg. I1X

Within oncology therapeutics, hyperthermia is a egah term for the rise of
temperature above the physiologic level (in theG4045°C range) within a
targeted tumor without damaging the surroundindthgaissue. The rationale of
this therapy is based on solid evidence from pmeal data that the antitumor
cytotoxicity of radiation can be enhanced by prasitemperature increase of cells
or tumor tissues. It is accepted that at the aallidvel hyperthermia provokes
morphological and physiological changes, such asldls of integrins from the
cell surface, which is thought to be a perturbirfiigat on metabolic pathways
preceding cell death. The actual mechanisms adtivieg hyperthermia treatments
seem to be similar to those of radiation regardilgcycle sensitivity and hypoxia.
The most extended method for reaching temperatavese the systemic values
(i.e., 37-5°C) is based on the application of miaees, although therapies
involving laser or ionizing radiation have also beiccessfully applied to heat up
malignant tissues. All these strategies are capableasily rise the intracellular
temperature to the degree needed for thermo-ablabat also they all have
undesired collateral effects such as ionizatiogesfetic material (radiation) or lack

of selectiveness (microwaves) that affect the sumding healthy tissues.

Magnetic hyperthermia can be defined as the risdepfperature that can be
accomplished remotely by means of external altearganagnetic field acting on

MNPs at the targeted location.

It is important to note that the EM radiation usgdMFH belongs to a frequency
region where the heating effects on living tisswes negligible. Therefore,
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differently from other hyperthermia methods, MFHeds a heating agent (i.e., the
magnetic nanoparticles) placed at the targeteds dall order to produce the
temperature increase. This difference if the maason of the potential advantages
of MFH over alternative strategies, since MNPs ¢@nin principle attached
exclusively to (or even introduced into) tumoralls¢o heat them with minimum
influence on the surrounding healthy tissues. Tioeeethe success of this approach
depends critically of the ability to attach a givearticle on those cells that are to

be killed (i.e., the ‘targeting problem’).

The underlying physical mechanisms of MFH are eglab the energy dissipation
when a ferromagnetic material is placed on an eatalternating magnetic field.
In physiological conditions there are differenteets to be considered for power
losses: a) magnetic losses through domain walllatisments (in multi-domain
particles), Néel relaxation (in single domain pdes); and b) energy loss from
mechanical rotation of the particles, acting againscous forces of the liquid

medium (Brownian losses).

Magnetic Resonance Imaging (MRI)

Magnetic Resonance Imaging (MRI) is the most sigfaésamong the imaging

techniques currently available. It is a non-invasimon-destructive modality that
can reconstruct both 2D and 3D images of an intdiviag structure, without

limitation in volume or depth of the analyzed targ8ince the 1980s, the
implementation of dedicated hardware for MRI scasrteas reduced the image
acquisition time from the many-hour down to the osekscale, widening the
applications to include fast dynamic processes.itfally, signal processing and
the development of high-sensitivity RF detectorgehshifted the spatial resolution

limit from the cm scale to about 30m, enablingin vivo imaging at microscopic
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resolution. The above advantages have made MRIletorbe a most valuable

technique for cancer diagnosis and therapy.

Any resonant technique is based on the existencehgbical entities (e.qg.,
electrons, nuclei, or molecules) that can be preohfriom their ground state (taken
as the zero-energyBo higher-energy excited states with E,...E,. In the case

of MR, the resonant physical entities are the bgén nuclei (protons) that exist
abundantly in living tissues. Protons placed inoanbgeneous magnetic field, B
can absorb electromagnetic (EM) waves carryinggesrk satisfying E = AE,
whereAE is the energy differenadE = E — E, between two nuclear levels. Note
that MRI involves amagneticcoupling between the magnetic-component of the
EM waves and thenagneticmoment of the resonant hydrogen nucleus (nuclear
spin). Therefore the MRI is auclearresonance technique that gives information
based on (but not restricted to) timagneticproperties of the biological samples.
The signal from relaxation of the excited protoescaptured through currents
induced over a specific arrangement of pick-up sgodnd finally the whole
relaxation process is reconstructed computatiortallpbtain temporal or spatial
(2D and 3D) images of the desired organ/tissues. pibk-up coils are needed to
transmit and/or receive the MR signal, and for mptin signal-to-noise ratio the
coils should cover only the working volume to besetyed. Many types of pick-up
coils have been designed for minimum noise (eaging coils for head and knee

local studies), balancing observation volumes amgisivity.

The energy E=hv (wherev id the frequency anll is the Planck constant) of the
EM waves used for resonant excitation will dependhe applied static field, B

through the relation
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U= 2yn By (i1
where they = 267.66 MHz/Tesla is Larmor frequency of the prot Current
commercial MRI platforms employ dc fields Between 1 and 3 T, so that required
RF frequencies are in the 50-100 MHz range. But pames have started to
develop 7, 8 and 9 Tesla systems that imply theofi§®quencies within the ~ 0.3
GHz range. At these high RF frequencies dieleataapling of the EMF with
biological material cannot be neglected (see Fid)reand indeed heating effects
have been observed in phantoms using 8 Tesla Mfbpins. The strategy used to
visualize and track target cells by MRI is to tdgrh with a contrast agent, a

ferrofluid containing biocompatible MNPs.

SPION-based contrast agents

The purpose of injecting CA's is tthangethe relaxation rates (called T1 and T2) of
the surrounding hydrogen atoms of the tagged delle extent that a measurable
change in signal intensity (contrast) is observetsivben particle-charged and normal
tissues. The resulting differences in signals fr@mous body tissues enable MRI to

differentiate organs and to contrast benign andgmant (particle-loaded) tissues.

Gadolinium(lll) was the first magnetic materialnitially used as a contrast agent
and still remains the foremost material in termgsatél volume employed around
the world. This fact is probably related to thenskand costly process of preclinical
validation of a new material intended for humansusehich delays the marketing
of new products. However, different alternativestaging increasingly reported as good
candidates for CAs, such as additional lantharode and iron oxide nanoparticles.

Commercial contrast agents based on SPIONs areasmdf a iron oxide core of
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5 to 10 nm diameter (usually magnetite@geor maghemitg-Fe0s), coated with

a polysaccharide such as dextran for stabilizaparposes, which results in a
hydrodynamic size dfiL50 nm diameter.

From the physical side, the performance of CAs ndigg how it influences the
relaxation of neighbor protons is proportional t® tsquare of the saturation
magnetic moment (N of the particles, thus the design of new CAs imagu
optimized magnetic materials with larges Malues. All contrast agents based on
MNPs make use of the large magnetic moment of icdde subdomain particles,
which can be 10times larger than a single paramagnetic atom. prbzimity of
the magnetic particles to the desired target tisswadso a crucial parameter, since
the magnitude of the interaction between a magnmditicle and neighboring
protons is proportional to the sixth power of thegirse of the distance raised t&)r

The efficiency of any MRI contrast agents as atyediagnosis tool is intimately
related to its capability of giving the strongeginal capable to be detected with
the smallest amount of magnetic material. Currefss @re composed of passive
MNPs and thus there are far from the above spatific. In general terms, the

ideal efficiency would imply

- Selective binding to target cells to provide ealp specific enhancement;

- Improved relaxational properties to decreaseditection threshold to low than
1mmol Fe/kg.

- Prominent signal-to—noise enhancement to allgl hésolution levels;

- Long circulating half-life (hours) to expand timeaging time window;

- Acceptable toxicity profile to be biologicallyfsa

- Ease of production and clinical use to be ecooaltyy and commercially

sustainable;
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Note of the authors: This lecture is a summaryhef teview paper “Magnetic
Nanoparticles for Cancer Therapy” Current Nanosuie, in press

Corresponding author: goya@unizar.es
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INTRODUCTION TO MAGNETIC RECORDING +
RECORDING MATERIALS

LAURENT RANNO’

| will give two lectures about magnetic recordihgthe first one, | will present the

field of data storage and some of the relevant maters which have to be
discussed when proposing magnetic storage as theant technology. In the

second lecture | will discuss in more detail thegmetic materials which have been
developed (mainly based on transition metals) amdesnew materials which are
being considered for magnetic recording (for exanfgdromagnetic semiconductors).
The physical properties (magnetisation, magneticsoaropy, spin transport

properties ...) or physical effects (magnetisatiomersal mechanism, magnetic
coupling, magnetic biasing, magnetoresistancgsvhich are relevant to magnetic
storage or magnetic sensing will be discussed.

Many families of magnetic materials are relevant@gnetic recording, from hard
magnetic materials for storage to soft materialsémsing. From metallic ferromagnets
to insulating antiferromagnets, the range of usefalerials is quite extended.

Data storage
Information Storage

In our technological age, a huge amount of inforomaneeds to be stored in a
digital manner. The trend is exponential and showsigns of calming down. This
is the driving force in the field of data storagedamakes it a fast evolving
industry. Regarding microelectronics, Moore’s law the well known self-
replicating trend which predicts that the numbetrafsistors per surface area will
double every 18 months. In the last decade thetyrowhard disk drive (HDD) bit
density has been faster than that of microeleatsoand has reached 100% bit
density increase per year. A density of 100 GigBjtoriginally thought to be a
dream value, has been reached in labs in 2002saaldeiady in commercial HDD.
The new target is 1 Terabitfin

Data storage is a large industry and many techmesogpmpete. The life cycle of
technologies is only a few years long and innovaisoconstant. Before discussing
the field of high density magnetic recording, Istdetail some of the criteria that
govern storage technologies.

" Institut Néel, Nanoscience Dept, CNRS-UJF, Gresobtance
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Data

The quantity of bits to store is a first paramefemicroprocessor will deal with 32
or 64 bhits at a time and a few megabits (Mb) wéldiored in cache memory. One
hour of music (i.e a CD-ROM) will be equivalentadew 100 Mbytes (MB) while
one hour of video (i.e. a DVD-ROM) will need a feBbytes of storage. The
typical capacity of a personal computer hard diskedhas now reached 100 GB.
A small archiving system will deal with terabyte$0¢ bytes) and a large
archiving system will store petabytes {1Bytes). The total capacity of hard disk
drives produced per year is already a few exal{{i@$ bytes).

Data access

Data should not only be stored but they must ats@adressed. Sequential access
(e.g. tapes) and random access (e.g. Random Addeswry RAM) are two
possibilities, the choices depending on the usqu&dial access is suitable for
archiving or to watch a video, whereas accessieg @in a hard disk needs random
access, as any bit can be required at any momhbatadcess time and the access
rate also matter. The timescale can span ordempagfhitude from minutes to
access a tape to nanoseconds to read an indiiRAMI cell and the required data
flow can reach Gigabytes per second.

Volatility

Data storage should show a certain lack of vdiatitlowever, non-volatility will be
designed taking into consideration the relevanesicale. This can span orders of
magnitude, from years in the archiving businessrdimamicroseconds in computing.

Competing Physical Effects
Bistable state

A digital memory requires two well defined and $tabtates to store a bit. Many
physical effects offer such configurations. Bits1dze stored using two physical
levels by mechanically engraving the storage medilbommps on a CD-ROM or
DVD-ROM, tracks on old-age LPs (analogue stora@mtical properties of the
media can be modified to create reflecting/nonefhg bits (recordable (CD-R)
and erasable (CD-RW)) or bits with opposite magiugtibical properties (magneto-
optical storage). The data can also be materialigetthe presence or absence of an
electrical charge as in semiconductor memories (8R®RAM, Flash), the
presence or absence of electrical polarisation fikeroelectric RAM (FeERAM),
the crystallized or amorphous nature of an alloyirasphase change media
(PCRAM memory) and of course the direction of a n&ig moment (magnetic
tapes, hard disk media, magnetic RAM).
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Reading technique

Depending on the way data have been stored andatan dénsity (bit size), the
appropriate reading technique is required. Mecharits (LPs) were read using a
mechanical contact, present CD-ROMs are read asiogused infrared laser reflected
from bumps in polycarbonate (bump height is a guadf the wavelength in
polycarbonate) so that the laser beam undergoesudes interference when
reflected from the edge of a bump. Optical bitsadge read measuring a reflected laser
beam. Electrically stored bits can be read becthese control (open or closed) the
channel of a transistor, by monitoring the dischanfa capacitor or by sensing the
electrical resistance of the bit (phase change RAM)gnetic bits are read by sensing
the magnetic stray field above them or more diyeloyl monitoring changes of the
polarization of a laser (magneto-optical effects)by measuring their resistance
(magnetoresistive effect). Unexpected physical ceffecan be used in innovative
systems such as the thermal dissipation changeruighll’'s Millipede program.

Characteristics of Magnetic Recording

A ferromagnetic material can possess a well definésl(the easy-axis) along which its
magnetic moments will preferably align. The two qille directions will define two
stable states. When the easy-axis is well defilaede(remanence of the magnetisation
along the easy-axis in the absence of applied) fagld if the field necessary to reverse
the magnetic moment (the coercive field) is lamgeugh, the material will be called a
permanent magnet and can be used to store informatie minimum size of a stable
magnetic particle is smaller than 10 nm (dependimghe material), which translates
directly into high density storage and the inténgwitching time of a particle
magnetisation is in the nanosecond range, whids lieashort data read and write times.
High density and fast write-time are two of themredlvantages of magnetic recording.

Here are some points which will be discussed ingbtires :

Stable Top of Energy Barrier  Stable
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Stable states of the remanence of a magnetic fgarfibermally induced reversal
of the particle magnetisation is possible whernvikime becomes small enough.
This phenomenon is called superparamagnetism ankisf physical limits that is
being “pushed back” to improve recording densityoufling to artifical
antiferromagnetic layers has recently allowed the of particles smaller than the
superparamagnetic limit!

45 Ghit/irt demo media (Seagate) Nanoparticle arrays
*8.5nm grains

0, 005 0o,. 001

*6 nm FePt particles

To improve recording density, small particles wittry narrow size distribution
have to be synthesised. New materials such as aigéotropy FePt Ll are
candidates. The following aim is to spatially origanthe particle positions
(lithography, self organisation...) and eventually tse only one particle /
magnetic bit. (images from D. Weller (Seagate)Se8un, C. Murray, D. Weller,
L. Folks, A. Moser, Science,287,1989 (2000))
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MFM image of recorded tracks (longitudinal recogjinrOne magnetic bit contains
roughly 100 magnetic grains (cobalt based) sottteinformation is stable against
losing (i.e. reversing) a few magnetic grains. Wag information is coded and
physically written gives also possibilities to irpe density.
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Tapes, floppies and hard disks traditionally usedplane magnetisation
(longitudinal geometry). Since 2006, perpendicufegnetisation is being used in
hard disks as a way to improve density. It is aomtgchnological leap, since new
media with out of plane anisotropy had to be dewetb and must include
magnetically soft underlayers to guide the magndtiex. Write heads and read
heads had also to be redesigned for this new gepmet

Write-line W

Bitine — j

Word-line
MR element

Write-line

Unit cell of a magnetic RAM. First generation useagnetic fields to reverse
magnetisation. Next generations may use currenadgsist reversal either by
decreasing the coercivity by heating the selectethent or even by suppressing
the need for write- lines exploiting the spin taegeffect. Resistance is modified by
the magnetic configuration (this is magnetoresistanSpin torque is the opposite
effect of a spin polarised current on magnetic igumétion (including current-
induced domain wall motion and even magnetisatwensal in small elements).
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LITHOGRAPHY METHODS

JULIEN BACHMANN’

Current magnetic recording platforms (computer luiiebs) consist of ferromagnetic
thin films. Each binary bit of information is stordy an area consisting of large
numbers £20-1000) of magnetic grains. Within this framewosikze reduction
driven by the need to reach ever-increasing dateagt densities will at some
point reach a limit, set by superparamagnetismeédd below a certain size limit
(related to the volume of magnetic domains), thegmetic energy of a single
magnetic particle is too small relative to therreakrgy for magnetic ordering to
occur — the tendency of neighboring spins to aiggavercome thermally, and the
bit of information is lost. The development of future high-density data sterag
platforms thus requires the preparation and sydienvavestigation of magnetic
nanoobjects susceptible to overcome the superpgrestia limit. The requirements
on the nanoobjects are stringent:

a. Small lateral size

b. Ferromagnetismalong a preferred axis

C. Two-dimensional organization

d. Homogeneous, tunable geometry and magnetic parameters

Most current research towards the synthesis ofctbjmeeting these goadsd is
based on a combination of some or all of the follmmapproaches.

A. Pseudo-1D magnetic objects. A 1D geometry allows the lateral size of the
object to be reduced almost arbitraridy, (while the large shape anisotropy
can overcome superparamagnetism and orient thenfagnetic response
along a single axigy.

B. Lithography. Various lithographic methods are available to ereaperfect
pattern of micrometer period or below on large areh substrate, and
subsequently transfer the pattern to a magnetienna(c).

C. Ordered poroustemplates. Several materials can be prepared with a self-
ordered or lithographically ordered porous strugtatch that the geometry of
the pores is determined by the experimental prépargparameters —

" Max Planck Institute of Microstructure Physics, Halle, Germany
European School on Magnetism 2007, Cluj-Napoca
1. C. A. RossAnnu. Rev. Mater. Res. 2001, 31, 203-235.
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deposition of magnetic material into the poresdsebrganized arrays of
magnetic 1D nanostructures of tunable geometrgh)(

D. Electrodepostion. When an electrode defined at the bottom of theptata
pores supplies electrons to an solution contaimetal cations, precipitation
of the (“reduced”) solid metal occurs at the eledé and then progresses
upwards into the pores, thus forming nanowifdsriside the template matrix.

E. Atomic layer deposition. The pore walls of the template are covered
conformally with solid material deposited layer layer by a self-limiting
chemical reaction occurring at the surface betwegngaseous, thermally
stable, precursors. ALD thus yields nanotub&} ¢f accurately tunable
thickness d).

A. Pseudo-1D magnetic objects

In a ferromagnetic object of elongated, cylindilicalymmetric (oblate) geometry,
the z axis is the “easy” axis for magnetization. In #iesence of an external field,
the magnetic moment of the magnetized oblate wéll dlong € or -z and
magnetizing the object in another direction costadditional energy terf? The
energy difference between states magnetized iz tired in thex (or y) direction
furnishes a quantification of the shape anisotropythe system. If the shape
anisotropy is much larger than thermal energyfehe@magnetic state is stable and
superparamagnetism is overcome. In the case @ &Bect ratios (wires), however,
reversing the magnetization fronz to -z by application of an external magnetic
field requires less energy than rotation of theralenagnetic moment into tHg, y)
plane, because magnetization reversal is not honeoges: instead, it occurs via an
intermediary “curling” state which has n, y) component of the magnetic
moment Magnetization reversal in nanowires of very snuiéimeter may occur
only via formation of a domain boundary at one extity and its propagation
along the wiré, a mechanism that usually results in larger coerfialds.

B. Lithography

Lithography is based on thin films of organic matsrcalled “resists”, the chemical
identity of which changes upon exposure to lightaorelectron beam. A pattern is
“written” in the resist using a shadow mask, arerfietence figure, or the focused
electron beam of an electron microscope, and teeslaped by chemical etching.

2 K. Nielsch and B. J. H. Stadler, tandbook of Magnetism and Advanced Magnetic Materials, Vol.
4; H. Kronmuller and S. Parkin, eds.: John Wileg &ons, Ltd., Chicheste2007.

3.E. H. Frei, S. Shtrikman and D. TrevB$ys. Rev. 1957, 106, 446-454.

4. R. Hertel and J. KirschnePhysica B 2004, 343, 206-210.
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The pattern in the resist can subsequently beféraed to the underlying substrate by
further etching steps (dry or wet chemical), aariother substrate by physical contaé.

¥

Lithographic methods thus provide the ability
to organize nanoobjects in perfect periodic
(one- or two-dimensional) arrangements over
macroscopic areas. Hexagonal and square
arrays of quantum dots, disks, and pillars are
achievable (Figure 1), as well as parallel
alignments of wires lying “horizontally” on the
substrate. However, to date lithographic
techniques have not yielded arrays of wires or
tubes of high aspect ratio standing “vertically”
Figure 1. Array of Ni pillars obtained (i. e with their long axis perpendicular to the
lithographically (scale bar: 100 nm;  sybstrate plane).

from Ross

C. Ordered poroustemplates

Some materials can be obtained as micrometer-tiieknbranes traversed with
pores, the axis of which is perpendicular to trenplof the membrane. Even if the
preparation technigue is particular to a specifatarial system (such as 8; or
TiO,), deposition into the pores may be general. 1§ thilows one to obtain wires
or tubes of a desired material by using the poroesbrane as a template. The
ordering of the nanoobjects is determined by thathe template. Chemical
dissolution of the template yields isolated naneots.

lon-track-etch polycarbonate membranes, availablergercially as filters for use
in chemistry and biology, have been used as teewlabut their pores are
randomly distributed and are not aligned paraltelone anothef.In another
approach, phase separation phenomena can be useparticular in block
copolymeric systems: selective etching of a colunptaase-separated structure
yields vertical hollow cylinder$.So-called “macroporous silicon” is obtained by
electrochemical oxidation of a doped and lithogreglty pre-patterned Si wafer
under irradiation in solutions of hydrofluoric acidhe pores are nearly perfect
structurally and their geometry can be adjustedesmpentally, however the

5.Y. N. Xia, J. A. Rogers, K. E. Paul and G. M. Vsides Chem. Rev. 1999, 99, 1823-1848.
6.Y. N. Xia and G. M. Whitesideg\nnu. Rev. Mat. Sci. 1998, 28, 153-184.

M. Wirtz and C. R. MartinAdv. Mat. 2003, 15, 455-458.

8B. Smarsly and M. AntoniettEur. J. Inorg. Chem. 2006, 6, 1111-1119.

%S, Ottow, V. Lehmann and H. Foll, Electrochem. Soc. 1996, 143, 385-390.
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diameters are rather large 200 nm).

Finally, porous anodic alumina (Figure
2) results from the electrochemica
oxidation of aluminum in aqueous
acidic solutions. Processes have bet
reported with and without lithographic
pre-patterning that allow experimenta
access to pores of 20 to 400nr
diameter:®*2

D.  Electrodeposition

A thick layer of conducting material

deposited onto one side of a porouFigure 2. Top view of a sample of porous
membrane serves as an array (anodicalumina (scale bar: 200 nm).
nanoelectrodes placed at the bottom vl

each pore. Application of a suitable potential e telectrodes in a solution
containing redox-active species (molecules or mrseptible of being oxidized or
reduced) can result in the precipitation of theumsdl or oxidized species at the
bottom of the pores. If the solid thus obtainea isufficient electrical conductor,
electrodeposition is not limited by the thicknespakited and it results in the
growth of nanowires in the pores, of diameter sethe geometry of the template
and of length determined by the total amount ofenirpassed.

Ordered arrays of Ni nanowires obtained in this mearyield a very anisotropic
magnetic response, and the quality of the hyst®rmsive (remanence) strongly
depends upon the wire diameter (Figuré®3f.

Electrochemical techniques can be generalized ttisegmented wires, and such
systems may give rise to interesting GMR effétts.

10 H. Masuda, F. Hasegwa and S. Ohdlectrochem. Soc. 1997, 144, L127-L130.

A, P. Li, F. Miiller, A. Birner, K. Nielsch, U. Gokee Adv. Mat. 1999, 11, 483-487.

12K Nielsch, J. Choi, K. Schwirn, R. B. Wehrspohml&h GéseleNano Lett. 2002, 2, 677-680.
13-K. Nielsch, F. Miiller, A.-P. Li and U. Gosellglv. Mater. 2000, 12, 582-586.

1 K. Nielsch, R. B. Wehrspohn, J. Barthel, J. Kirseh U. Gésele U, S. F. Fischer and H.
Kronmiller, Appl. Phys. Lett. 2001, 79, 1360-1362.

15K, Nielsch, R. B. Wehrspohn, J. Barthel, J. KirsehnS. F. Fischer, H. Kronmiiller, T.
Schweinbock, D. Weiss and U. GoseleMagn. Magn. Mat. 2002, 249, 234-240.

181 . Piraux, J. M. George, J. F. Despres, C. LerayFé&ain, R. Legras, K. Ounadjela and A. Fert,
Appl. Phys. Lett. 1994, 65, 2484-2486.
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Figure 3. Magnetic characteristics
electraleposited Ni nanowire arra
of three different outer diametef;,
(from Nielschet al.).**

nm; from Bachmanst al.).

E. Atomiclayer deposition

Alternated exposure of a surface to -
gaseous reactants that are thermally stat
the reaction temperature but very reac
towards each other results in
chemisorption of successive monolayers
each reactant (independently thfe exces
amount of reactants in the gas phase), in a self-
limited growth mode called atomic Ilay
deposition (ALD). The thickness of a sc
film deposited by ALD onlydepends on tr
number of reaction cycles performed, not
other experimental parameters such as
vapor pressure of precursors. Therel
employing excess amounts of precur
allows one to coat substrates of arbitre
complex geometry, in particularery porous
ones. These characteristics make ALD
only gassolid deposition technique r
limited to a flat substrate geometry, i
thereby able to grow nanotubes in por
templates (as opposed to CVD for example).
ALD combined with porous anod
alumina templates has allowed magn
nanotubes of Co, Ni and & to be
obtained in ordered arrays and with well-
controlled geometry  (Figure &)
Systematic tuning of their geomet
parameters reveals different matin&tion
reversal modes depending on geometry.
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EXCHANGE BIAS, GIANT MAGNETORESISTANCE, TUNNEL
MAGNETORESISTANCE AND MAGNETIC
RANDOM ACCESSMEMORIES

J.M.DE TERESA®

The study of electrical transport in magnetic matethas a long history. However,
since the discovery in 1988 of the so-called giematgnetoresistance (GMR) in
metallic multilayers [1], the subject has generatagteat deal of interest. This was
important not only from the basic research pointiefv but also from the applied
research point of view. In 1997 IBM introduced imethard-disk technology
magnetoresistive read heads based on the GMR effdith has allowed the
increase in the density of the stored informationhard disks at a rate much
beyond previous technologies [2]. GMR can be carsid to be the first paradigm
of the so-calledSpin Electronics, where, in sharp contrast with semiconductor
technology, the spin as well as the charge transptaiken into account. This field
could be developed thanks to the fine nanometriatrob of thin films in the
growth direction .

RIR{H=0I

[Fe 30A/Cr 1840,

[Fe 30 A7 Cr 12 Ay

IFe 30 ArCrghlg,

0 30 L
Magnetic field |kG)

Figure 1. Original figure included in reference [1], whéine GMR effect was first reported
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In my talk | will start by introducing the basicrezepts to understand the transport
properties in magnetic solids. From the form ofrsstivity tensor that relates the
electric field and the current in a solid [3], |Iwintroduce the concepts of
anisotropic magnetoresistance, the ordinary anchexdinary Hall effect and the
planar Hall effect. | will show some experimentabmples of these phenomena
and discuss the microscopic origin where basiceidignts are the Lorentz force
acting upon the carriers and the spin-orbit intéoac

A new perspective for new magnetoresistive phenaniremagnetic heterostructures
was open after the discovery of GMR in the latbtig [1] as explained before. GMR
was observed in multilayers composed of alternatimggnetic and non-magnetic
layers. Basic ingredients to understand this effieetthe different bulk and interface
scattering probability of spin-up and spin-down dwction electrons, the spin-
diffusion length compared to the layers thicknelss, magnetic exchange coupling
between the magnetic layers, the spin-accumulafiects, etc [2, 4]. In my talk | will
first discuss the basic experiments that allowuhéerstanding of this effect such as
the magnetoresistance as a function of the non-etiagmd magnetic layers thickness,
the influence of interface doping, etc. | will aldiscuss the difference between the
current-in-plane (CIP) and current-perpendiculgpttme (CPP) GMR geometries.
The GMR effect can be also observed in granulaeriadd containing magnetic and
non-magnetic materials [5] and | will also show sae®ample in this kind of system.

In order for the GMR to be of practical use, soraehhological improvements
have been required. In that sense, | will dischesspin-valve concept, which was
developed in the early nineties at IBM [6] and afoone to obtain the full GMR
effect at low magnetic field. This technology regsi only two ferromagnetic
layers separated by one non-magnetic layer andxtieange-biasing of one of the
ferromagnetic layers with an antiferromagnetic tayAs the spin-dependent
process only takes place along a few layers in dhm-valve device, the
magnetoresistance ratio at room temperature idilpi below 20%. In some
applications a linear response of the GMR effea asction of the magnetic field
is desired. Some strategies have been envisagdutdim such a response but one
of the most used technologies is the crossed gegproétthe easy axes of the
ferromagnetic layers in a spin-valve configuratiéh

Another important phenomenon leading to very larggnetoresistance ratios has
attracted much interest in recent years: the tumagnetoresistance effect (TMR).
The TMR effect was proposed by Julliere in 1975 B8} it was not actually
developed until the late nineties [9]. Basicallyctnsists of two ferromagnetic
layers (electrodes) separated by a thin nanomigtsidiating layer (barrier). The
conduction proceeds via electron tunnelling andetleetrical resistance of such a
device is different if the ferromagnetic layerséngarallel or antiparallel magnetizations.
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The origin of this effect lies at the different twlling probability of spin-up and
spin-down electrons.
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Figure 2. Original figure included in reference [9], whemproducible and large TMR
values were first reported.

Julliere proposed that the TMR ratio only dependgh® spin polarization at the
Fermi level of the ferromagnetic materials 1,(PP.): TMR=100x(Ry-Rp)
IR-=100xRP,/(1-P,P,). The spin polarization at the Fermi level cannbeasured
for example with the technique developed by Tedao Meservey [10]. By using
CoFe ferromagnetic materials and,®@d barriers, high TMR ratios at room
temperature (50%) have been achieved [11]. Motain&ady announced in 2003 a
4-Mbit magnetic random access memory (MRAM) basedhis kind of tunnel
junctions implemented on the 180 nm CMOS technolagg several companies
are striving to place MRAM on the market [12]. Thse of half-metallic
ferromagnetic electrodes (%) is very promising for getting the maximum TMR
response. In fact, TMR ratios greater than 1000%ewdemonstrated at low
temperature by using manganite electrodes butdsettmanganite-based junctions
the response vanishes at room temperature [13]imortant step towards the
understanding of the TMR came from experimentsiiitiions with one half-metal
electrode (L&-SrhsMnOs), different barriers (AlOs, SrTiO;, Cg0y) and interfaces,
and a Co counter-electrode which showed that theR Tddpends on bonding
effects at the interface and can even give risaverse TMR (lower resistance in
the antiparallel magnetic configuration of the &ledes) [14]. Definitely, this
discovery fostered the use of new barriers andaeipit junctions, where the
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response can be enhanced with respect to traditdp@;—based junctions. One of
the most promising systems is Fe/MgO/Fe, where lamye TMR ratios were
found at room temperature [15]. This finding hasdsmagO barriers the most
promising ones for applications at room temperafMB>350%) and is nowadays
the leading technology in devices making use ofmatig tunnel effects [16].

=

12.
13.
14.

15.

16.

REFERENCES

M. Baibich et al., Phys. Rev. Lett. 61, 2472 (1988)

“Spin dependent transport in magnetic nanostrustuedited by S. Maekawa and T.
Shinjo. Advances in condensed matter science, wl8nTaylor and Francis 2002.

I.A. Campbell and A. Fert, “Transport propertied@fromagnets”, Magnetic
Materials, Vol. 3, Holland Publishing Company, 1982

A. Barthélémy et al., “Giant magnetoresistance agnetic multilayers”, Handbook of
magnetic materials, vol. 12, edited by K.H.J. BusehElsevier Science 1999.

A.E. Berkowitz et al., Phys. Rev. Lett. 68, 374892); J.Q. Xiao et al., Phys. Rev.
Lett. 68, 3749 (1992); X. Batlle and A. Labart&hlys. D: Appl. Phys. 35, R15 (2002)

B. Dieny et al., Phys. Rev. B 43, 1297 (1991)

T. Rijks et al., Appl. Phys. Lett. 65, 916 (1994)

M. Julliere, Phys. Lett. A 54, 225 (1975)

J. Moodera et al., Phys. Rev. Lett. 74, 3273 (1995)

. R. Meservey and P.M. Tedrow, Phys. Rep. 238, 19941
. M. Tsunoda et al., Appl. Phys. Lett. 80, 3135 (20@& Colis et al., Appl. Phys. Lett.

83, 948 (2003)
http://www.mram-info.com/
M. Bowen et al., Appl. Phys. Lett. 82, 233 (2003)

J. M. De Teresa et al., Phys. Rev. Lett. 82 (198988 and J. M. De Teresa et al.,
Science 286 (1999) 509

M. Bowen et al., Appl. Phys. Lett. 79, 1655 (20QL)Faure-Vincent et al., Appl. Phys.
Lett. 82, 4207 (2002); S.S.P. Parkin, Nature MaterB, 862 (2004); S. Yuasa et al.,
Nature Materials 3, 868 (2004); D.D. Djayaprawitale, Appl. Phys. Lett. 86, 092502
(2005)

S.S.P. Parking, MRS Bulletin 31, 389 (2006)

136



STUDIA UNIVERSITATIS BABES-BOLYAI, PHYSICA, LII, 1, 2007

SENSORSAND ACTUATORS
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Sensors have been used as detection elements for pastieiec@ne simple and
common example is the mercury thermometer used tasore the body
temperature that relies on the Physical propertfedahermal expansion. In
general, a sensor needsransducer that transforms the measured magnitude in
another one that is easier to interpret or visealNowadays, most sensors require
combination with electronic devices. The use ofsses has considerably increased
in the last years due to the developmentdettronic signal processing. The
domains of application of sensors cover fields sashmedical instrumentation,
automotive industry, industrial measurements, enwitent control, energy sources,
safety, electrical appliances, chemical industty, e

“To sense” implies to detect properties such astehgperature, humidity, pressure,
magnetic field, displacement, speed, chemical caitipo, light colour and intensity,
etc. In order to accomplish its function, a semsties on aChemical or Physical
effect. Thus, a temperature sensor like a thermocoupkesnase of the Seebeck effect
that gives rise to a voltage difference betweeamitals at different temperature and a
magnetic sensor such as a Hall sensor makes tise bifall effect due to the Lorentz
force acting on electrical carriers. The matetialed to create sensors can be ceramic,
organic, metallic, composite, etc. and can bezedlin bulk form or in thin-film form.

In the latter case, it is especially interestirgititiegration of the thin-film sensor with
the electronics in a semiconductor-based integi@tedit, which brings about smaller
and generally more efficient sensors. If the sensakes place via the use of a
biological recognition event, we talk abduibsensors. Biosensors is a fast growing
field because it can allow precise sensing of nubdsc and biomolecules. In
combination with Nanotechnology, we would enter tkalm of Nanobiosensors,
which is presently a fancy topic.

In my talk | will start by giving general notions gensors such as those described
in the previous paragraphs and | will describea é&xamples [1]. Afterwards, |
will focus onmagnetic sensors, which is the topic of interest in the Schoolttis
context, | will describénductive sensors, Hall sensors, magnetoresistive sensors
(AMR. GMR, TMR), SQUID sensors, etc. These sensors have a wide range of
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applications in fields such as automotive indusimagnetic storage industry,
aeronautic industry, industrial applications, madgnefield sensing, safety,
magnetoencephalography, DNA biochips, etc [2-11].

Afterwards, | will focus onmagnetic biosensors, which is a relatively new and
very promising field. Two approaches can be redlidepending if the biological
recognition and the detection take place on theesatatform (lab-on-a-chip
technology) or on separate platformab-on-a-chip technology is generally preferred
as allows integration with the electronics busisomewhat complex to build when
dealing with liquid samples. In such casessrofluidic devices are normally realized.
In many cases, magnetic biosensors require tadgilgfiological recognition event
via magnetic nanoparticles and their functionalization. | will describe onmd of
magnetic biosensor that we are developing in owu@rin order to measure
concentrations of a targeted analyte present olugian via immunochromatographic
(lateral-flow) tests. These kinds of biosensor ammally applied for clinical
diagnosis. In our case, the detection of the fonetised magnetic nanoparticles
has been carried out with inductive sensors anld magnetoresistive sensors [12].

In the last part of my talk, | will introduce themcept of “actuation”Actuators
are devices that transform an input signal (maatéctrical) into motion. Typical
examples are electrical motors, relays, piezoeteeirtuators, etc. To meet the
audience’s interests, | will put emphasis on thecdption ofmagnetic actuators.

In such systems, magnetic materials are used @upeoa mechanical device that
generates and controls motion. Input electricakgnén the form of voltage and
current is converted to magnetic energy, which pced a magnetic force able to
generate motion. Applications of magnetic actuatans be found in valves and
fuel injectors in automotive and aeronautic appidces, biomedical prosthesis (in
hearts, limbs, ears), head positioners for compligdrdrives, loudspeakers, relays,
switchgears, sonars, etc.

Since computers have input and outputs that aretrigi@ signals, magnetic
actuators are ideal for computer control of motillotion control that was in the
past accomplished by manual command is now inarghsicarried out by
computers with magnetic sensors as their inputfaxte and magnetic actuators as
their output interface. An area of increasing depsient is that of magnetic
actuation at the micro- and nano-scales. In thisesethe maximum integration of
the actuator with the electronics is desired ineor reach miniaturization and
efficiency. The recent advancements in micro- aadorfabrication techniques
habilitate the progress in this field.
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Figure 1. Disk drive picture. Amagnetic actuator allows the positioning of the
writing/reading head at the desired postion. Tredireg process takes place through the
change in resistance produced by the stray magingltls arising from the magnetic bits on
a magnetoresistive sensor located at the head tip. This is just one exangflehow
magnetic sensors and actuators are integratediay'stechnology.

REFERENCES

1. N.Ichinose and T. Kobayashi, “Guide Pratique dapt€urs”, Masson, Paris 1990
2. F. Montaigne et al., Sensors and Actuators 81,(3280)

3. H.A Ferreiraetal., J. Appl. Phys. 99, 08P1090&)0

4. Lietal, J. Appl. Phys. 99, 08P107 (2006)

5. D.R. Baselt et al., Biosensors and Bioelectron®$1D98) 731

6. M.M. Miller et al., J. Magn. Magn. Mater. 225 (2001138

7

W. Shen et al., Appl. Phys. Lett. 86 (2005) 2539@1Freitas et al., Europhysics News
34 (2003) 224

9. R. Ferreira et al., J. Appl. Phys. 99, 08K706 (9006

10. M. Pannetier et al., Science 304, 1648 (2004)

11. A.H. Peruski et al., Clinical and Diagnostic Lakiorg Immunology 10, 503 (2006)

139



J. M. DE TERESA

12.J. M. De Teresa et al., manuscript in preparatiatents: P200603259 and
P200603262

140



STUDIA UNIVERSITATIS BABES-BOLYAI, PHYSICA, LII, 1, 2007

INTRODUCTION TO MAGNETIC REFRIGERATION

E. BRUCK"

Magnetic refrigeration, based on the magnetocaleffect (MCE), has recently
received increased attention as an alternativehéowtell-established compression-
evaporation cycle for room-temperature applicatidfiagnetic materials contain two
energy reservoirs; the usual phonon excitationaected to lattice degrees of freedom
and magnetic excitations connected to spin degrefsedom. These two reservoirs
are generally well coupled by the spin lattice diogpthat ensures loss-free energy
transfer within millisecond time scales. An extélsnapplied magnetic field can
strongly affect the spin degree of freedom thatiltesn the MCE. In the magnetic
refrigeration cycle, depicted in fig. 1, initiallandomly oriented magnetic moments
are aligned by a magnetic field, resulting in hreatif the magnetic material. This heat
is removed from the material to the ambient by lresisfer. On removing the field,
the magnetic moments randomise, which leads toingpalf the material below
ambient temperature. Heat from the system to bledaan then be extracted using a
heat-transfer medium. Depending on the operatimgpéeature, the heat-transfer
medium may be water (with antifreeze) or air, amrdviery low temperatures helium.
The cycle described here is very similar to theouagompression refrigeration cycle:
on compression the temperature of a gas increasdbhge condenser this heat is
expelled to the environment and on expansion the g@ols below ambient
temperature and can take up heat from the envinohrmecontrast to a compression
cycle the magnetic refrigeration cycle can be peréal quasi static which results in
the possibility to operate close to Carnot efficien

Therefore, magnetic refrigeration is an environmgnfriendly cooling technology. It
does not use ozone depleting chemicals (CFCs) rd@azs chemicals (N§), or
greenhouse gases (HCFCs and HFCs). The differeeb@ebn vapour-cycle
refrigerators and magnetic refrigerators manifesgslf also is the amount of
energy loss incurred during the refrigeration cydlom thermodynamics it
appears feasible to construct magnetic refrigesatbat have very high Carnot
efficiency compared to conventional vapour presswfeigerators [1, 2]. This
higher energy efficiency will also result in a redd CQ release. Current research
aims at new magnetic materials displaying largegme#ocaloric effects, which
then can be operated in fields of about 2 T or, |&fsat can be generated by
permanent magnets.

" Van der Waals—Zeeman Instituut, Universiteit vansterdam, Valckenierstr. 65, 1018 XE Amsterdam,
The Netherlands



E. BRUCK

Figure 1. Schematic representation of a magnetic-refrigmmatycle, which transports heat
from the heat load to the ambient. Left and rigipidt material in low and high magnetic
field, respectively.

The heating and cooling described above is pramumati to the change of
magnetization and the applied magnetic field. Thike reason that, until recently,
research in magnetic refrigeration was almost eskellly conducted on super-
paramagnetic materials and on rare-earth compo[8jd$-or room-temperature
applications like refrigerators and air-conditiagiercompounds containing
manganese or iron should be a good alternative giffagse and iron are transition
metals with high abundance. Also, there exist intrest to rare-earth compounds, an
almost unlimited number of manganese and iron comggwith critical temperatures
near room temperature. However, the magnetic moofemanganese generally is
only about half the size of heavy rare-earth eldmand the magnetic moment of
iron is even less. Enhancement of the caloric &ffessociated with magnetic
moment alignment may be achieved through the ingluaif a first order phase-
transition or better a very rapid change of magatitn at the critical temperature,
which will bring along a much higher efficiency tfe magnetic refrigerator. In
combination with currently available permanent nmetgn[4], based on modern
Rare-Earth Transition-metal compounds [5], thisngle path to the development
of small-scale magnetic refrigerators, which no encely on rather costly and
service-intensive superconducting magnets. Anotpminent advantage of
magnetocaloric refrigerators is that the coolingveo can be varied by scaling
from milliwatt to a few hundred watts or even Kkilaits. To increases the
temperature span of the refrigerator, in comparisith the temperature change in
a single cycle, all demonstrators or prototypes auays are based on the active
magnetic regenerator design [6].
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GdsGe;Si, type compounds

Following the discovery of a sub-room temperaturgngMCE in the ternary
compound Gd (Ge,Siy)s (0.3x<0.5)[7], there is a strongly increased interest
from both fundamental and practical points of viewstudy the MCE in these
materials [8, 9]. The most prominent feature ofsth&ompounds is that they
undergo a first-order structural and magnetic phaaesition, which leads to a
giant magnetic field-induced entropy change, actbewr ordering temperature.
We here therefore will discuss to some extend thectural properties of these
compounds. At low temperatures for all x:G&e,Si), adopts an orthorhombic
GdsSis-type structure (Pnma) and the ground state i®fiemgnetic[10]. However,
at room temperature depending on x three diffecepstallographic phases are
observed. For x > 0.55 the aforementionedSbdstructure is stable, for x < 0.3 the
materials adopt the Sf@e,-type structure with the same space group (Pnmiaa bu
different atomic arrangement and a somewhat lavgkrme, finally in between
these two structure types the monoclinic ;856 type with space group
(P112/a) is formed, which has an intermediate volumee Hiter structure type is
stable only below about 570K where again the ohbiobic GdSi;-type structure

is formed in a first-order phase transition[11]. Ase may guess, the three
structure types are closely related; the unit cetlstain four formula units and
essentially only differ in the mutual arrangemehidentical building blocks which
are either connected by two, one or no covalemt-B-Ge bonds, resulting in
successively increasing unit-cell volumes. Thetgiaagnetocaloric effect is observed
for the compounds that exhibit a simultaneous pagaratic to ferromagnetic and
structural phase-transition that can be either éaduby a change in temperature,
applied magnetic field or applied pressure[12, 18]contrast to most magnetic
systems the ferromagnetic phase has a 0.4% smallene than the paramagnetic
phase which results in an increase of Tc on apgmitaof pressure with about
3K/kbar. The structural change at the phase tianditrings along also a very large
magneto-elastic effect and the electrical resistibehaves anomalous. The strong
coupling between lattice degrees of freedom andnetaggand electronic properties
is rather unexpected, because the magnetic mom&d ioriginates from spherical
symmetric s-states that in contrast to other rartéheclements hardly couple with
the lattice. First principle electronic structuraloulations in atomic sphere and
local-density approximation with spin-orbit coumgliradded variationally, could
reproduce some distinct features of the phase iti@ms[14]. Total energy
calculations for the two phases show different terafure dependences and the
structural change occurs at the temperature whereshergies are equal. There
appears a distinct difference in effective excharmépling parameter for the
monoclinic and orthorhombic phase, respectivelyis Hifference could directly be
related to the change of the Fermi-level in thedtral transition. Thus the fact
that the structural and magnetic transitions aneilshneous is somewhat accidental as
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the exchange energy is of the same order of matgmis the thermal energy at the
structural phase-transition. The electrical resgitstiand magneto resistance of
GdsGeSi, also shows unusual behaviour, indicating a stroogpling between
electronic structure and lattice. For several conmgis of the series, next to a cusp
like anomaly in the temperature dependence of #wistivity, a very large
magnetoresistance effect is reported[15-18].

In view of building a refrigerator based onZ&e ,Si)., there are a few points to
consider. The largest magnetocaloric effect is ek considerably below room
temperature, while a real refrigerator should exXpeht at least at about 320K.
Because the structural transition is connected wiiting of building blocks,
impurities especially at the sliding interface cplay an important role. The
thermal hysteresis and the size of the magnetacaddfect connected with the
first-order phase transition strongly depend ondhelity of the starting materials
and the sample preparation[19]. For the compourdis(Ge, ,Siy), with x around
0.5 small amounts of impurities may suppress thhendion of the monoclinic
structure near room temperature. These alloys shew only a phase transition of
second order at somewhat higher temperature bit avitower magnetocaloric
effect[11, 20, 21]. This sensitivity to impuritidke carbon, oxygen and iron
strongly influences the production costs of thearials which may hamper broad-
scale application. Next to the thermal and fielgthyesis the magneto-structural
transition in Gd (GeSiy)4 appears to be rather sluggish[22, 23]. This w#ba
influence the optimal operation-frequency of a negigmefrigerator and the efficiency.

La (Fe,Si}s and related compounds

Another interesting type of materials are rarekearttransition-metal compounds
crystallizing in the cubic NaZp type of structure. LaGe is the only binary
compound, from the 45 possible combinations of ame-earth and iron, cobalt or
nickel, that exists in this structure. It has bebawn that with an addition of at least
10% Si or Al this structure can also be stabiligth iron and nickel[24]. The Nazs
structure contains two different Zn sites. The Mers at 8a and Zatoms at 8b form
a simple CsCl type of structure. EacH @tom is surrounded by an icosahedron of 12
Zn" atoms at the 96i site. In La (Fe,Si)13 La goeshen8 a site, the 8b site is fully
occupied by Fe and the 96i site is shared by FeSantihe iron rich compounds La
(Fe,Si)s show typical invar behavior, with magnetic ordgri@mperatures around
200K that increase to 262K with lower iron cont2Bj[ Thus, though the magnetic
moment is diluted and also decreases per Fe denmagnetic ordering temperature
increases. Around 200K the magnetic-ordering ttiansis found to be also distinctly
visible in the electrical resistivity, where a amiam-like cusp in the temperature
dependence is observed. In contrast to;G8¢Bi, this phasetransition is not
accompanied by a structural change, thus abovébelosv T. the material is cubic.
Recently, because of the extremely sharp magnekiring transition, the (La,Fe,Si,Al)
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system was reinvestigated by several research genga large magnetocaloric effect
was reported[26-28]. The largest effects are obsefor the compounds that show a
field- or temperature-induced phase-transitionirst brder. Unfortunately, these large
effects only occur up to about 210 K as the magrmiblattice becomes more and
more diluted. When using standard melting techrigpesparation of homogeneous
single-phase samples appears to be rather diffeggecially for alloys with high
transition metal content. Almost single phase sampre reported when, instead of
normal arc melting, rapid quenching by melt spignand subsequent annealing is
employed[29-31]. Samples prepared in this way sthemv a very large magnetocaloric
effect. To increase the magnetic ordering temperatuithout loosing too much
magnetic moment, one may replace some Fe by othgnetic transition-metals.
Because the isostructural compound LaCQuas a very high critical temperature
substitution of Co for Fe is widely studied. Thenmounds La (Fe,Cg),Al, and La
(Fe,Co)s,Sik with x = 1.1 and thus a very high transition-metal contshgw a
considerable magnetocaloric effect near room teatyp&{32-35]. This is achieved
with only a few percent of Co and the Co contemt easily be varied to tune the
critical temperature to the desired value. It stidudé mentioned however that near
room temperature the values for the entropy chategply drop.

Hydrogen is the most promising interstitial eleméntcontrast to other interstitial
atoms, interstitial hydrogen not only increases thidcal temperature but also
leads to an increase in magnetic moment[27, 36-AW. lattice expansion due to
the addition of three hydrogen atoms per formulé isnabout 4.5%. The critical
temperature can be increased to up to 450K, theageanagnetic moment per Fe
increases from 2.0z to up to 2.2ug and the field- or temperature-induced phase-
transition is found to be of first-order for all dnpgen concentrations. This all
results for a certain Si percentage in an almosstamt value of the magnetic
entropy change per mass unit over a broad temperspan.

From the materials cost point of view the La (Frs3ype of alloys appear to be
very attractive. La is the cheapest from the ramtheseries and both Fe and Si are
available in large amounts. The processing wilabigtle more elaborate than for a
simple metal alloy but this can be optimized. Far tise in a magnetic refrigerator
next to the magnetocaloric properties also mecharpcoperties and chemical
stability may be of importance. The hydrogenatioocpss of rare-earth transition-
metal compounds produces always granular materal @ the strong lattice
expansion. In the case of the cubic Nadgpe of structure this does not seem to
be the case. At the phase transition in La (Fg,8ipe of alloys also a volume
change of 1.5% is observed[4l]. If this volume dwns performed very
frequently the material will definitely become vebyittle and probably break in
even smaller grains. This can have distinct infagean the corrosion resistance of
the material and thus on the lifetime of a refriger. The suitability of this
material definitely needs to be tested.
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MnAs based compounds

MnAs exist similar to GgseSi, in two distinct crystallographic structures[42t A
low and high temperature the hexagonal NiAs stmectsi found and for a narrow
temperature range 307 K to 393 K the orthorhombiné®Mtructure exists. The high
temperature transition in the paramagnetic reg®rofi second order. The low
temperature transition is a combined structuralfanw-paramagnetic transition of
first order with large thermal hysteresis. The @®mm volume at this transition
amounts to 2.2%][43]. The transition from paramaigrtet ferromagnetic occurs at
307K, the reverse transition from ferromagnetigpémamagnetic occurs at 317K.
Very large magnetic entropy changes are observethig transition[44, 45].
Similar to the application of pressure[46, 47] ditbson of Sb for As leads to
lowering of T[48, 49], 25% of Sb gives an transition temperatafe225 K.
However, the thermal hysteresis is affected quitiéeréntly by hydrostatic
pressure or Sb substitution. In Mn (As,Sb) the dngstis is strongly reduced and at
5% Sb it is reduced to about 1 K. In the conceiutnatange 5 to 40% of Sh-Tcan
be tuned between 220 and 320 K without loosing nofcthe magnetic entropy
change[50, 51]. Direct measurements of the temperathange confirm AT of
2K/T[52]. On the other hand MnAs under pressurewshan extremely large
magnetic entropy change[53] in conjunction witlglahysteresis.

The materials costs of MnAs are quite low, progessif As containing alloys is
however complicated due to the biological actiafyAs. In the MnAs alloy the As
is covalently bound to the Mn and would not be lgaseleased into the
environment. However, this should be experimentedsified, especially because
in an alloy frequently second phases form that imayess stable. The change in
volume in Mn (As,Sb) is still 0.7% which may resultaging after frequent cycling
of the material.

Heusler Alloys

Heusler Alloys frequently undergo a martensitimgiion between the martensitic
and the austenitic phase which is generally tentperanduced and of first order.
Ni,MnGa orders ferromagnetic with a Curie temperatirg76 K, and a magnetic
moment of 4.174g, which is largely confined to the Mn atoms andhwdt small
moment of about 0.piz associated with the Ni atoms[54]. As may be exgzbct
from its cubic structure, the parent phase hasvani@agneto-crystalline anisotropy
energy (H=0.15T). However, in its martensitic phase thmpound is exhibiting
a much larger anisotropy {H 0.8 T). The martensitic-transformation tempeamtu
is near 220 K. This martensitic transformation temagure can be easily varied to
around room temperature by modifying the compasitid the alloy from the
stoichiometric one. The low-temperature phase @sfirom the parent phase by a
diffusionless, displacive transformation leadingatdetragonal structure, a = b =
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590 A, c=5.44 A. A martensitic phase generally oaomodates the strain
associated with the transformation (this is 6.58%n@c for Ni,MnGa) by the
formation of twin variants. This means that a cubigstallite splits up in two
tetragonal crystallites sharing one contact plafteese twins pack together in
compatible orientations to minimize the strain gye(much the same as the
magnetization of a ferromagnet may take on diffemrentations by breaking up
into domains to minimize the magneto-static enerdylignment of these twin
variants by the motion of twin boundaries can resularge macroscopic strains.
In the tetragonal phase with its much higher mdgnatisotropy, an applied
magnetic field can induce a change in strain whgs¢hmaterials may be used as
actuators. Next to this ferromagnetic shape menwifgct, very close to the
martensitic transition temperature, one observége change in magnetization
for low applied magnetic fields. This change in metigation is also related to the
magnetocrystalline anisotropy. This change in magaon is resulting in a
moderate magnetic entropy change of a few J/molKichvis enhanced when
measured on a single crystal[55, 56]. When the amitipn in this material is
tuned in a way that the magnetic and structuralsfamation occurs at the same
temperature, the largest magnetic entropy changestserved[57-59].

For magnetocaloric applications the extremely latgagth changes in the
martensitic transition will definitely result in g effects. It is well known for the
magnetic shape-memory alloys that only single atgstan be frequently cycled
while polycrystalline materials spontaneously poraieafter several cycles.

Fe,P based compounds

The binary intermetallic compound JRfecan be considered as the parent alloy for
an interesting type of materials. This compoundstatjizes in the hexagonal non

centre-symmetric BB type structure with space group Pm. In this structure Fe
and P occupy four different crystallographic siteés,occupies the 3g and 3f sites
and P the 1b and 2c sites. Thus one has a staokalternating P-rich and P-poor
layers. Neutron diffraction revealed that the maigmaoment of Fe on the 3g sites
is about 2uz whereas the moment on the 3f sites is aboug[60]. The Curie
temperature of this compound is 216 K and the miggtransition is of first order
[61]. The magnetic-ordering transition from the gamgnetic state to the
ferromagnetic state is accompanied by a discontiswhange of the volume of
0.05%. Thus, the ferromagnetic state has a highme than the paramagnetic
one. This phase transition is found to be extreraehsitive to changes in pressure
or magnetic field. Application of pressure firstloees the Curie temperature and
at pressures exceeding 5 kbar antiferromagneticerioigl preceding the
ferromagnetic ordering is observed [62]. Substitutdbf As, B or Si into the P
sublattice results in an increase of the Curie tnatpire [63], which can easily be
lifted to above room temperature for As or Si coritions of 10% or by 4% of
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B. Substitution of Mn for Fe on the 3g sites furtiereases the magnetic moment
to about 4ug. To stabilize the R®-type of structure, simultaneously to the Mn
substitution also part of the P should be replaced.

The most extensively studied series of alloys ighaf type MnFe (P,As). The
magnetic phase diagram for the system MnFeP-Mnifé&4jsshows a rich variety
of crystallographic and magnetic phases. The nto&irgy feature is the fact that
for As concentrations between 30 and 65% the hexadegP type of structure is
stable and the ferromagnetic order is accompanjed Hiscontinuous change of
volume. While the total magnetic moment is not effd by changes of the
composition, the Curie temperature increases frooual50 K to well above room
temperature. We reinvestigated this part of thesphdiagram [65, 66] and
investigated possibilities to partially replace &e[67-69].

The large MCE observed in JRbased compounds originates from a field-induced
first-order magnetic phase transition. The magaiis is reversible in temperature
and in alternating magnetic field. The magneticeordy temperature of these
compounds is tuneable over a wide temperaturevait§d00 K to 450K). The
excellent magnetocaloric features of the compowohdse type MnFe (P,Si,Ge,As)
addition to the very low material costs, make itatinactive candidate material for a
commercial magnetic refrigerator. However sameoasMnAs alloys it should be
verified that materials containing As do not redettsis to the environment. The fact
that the magneto-elastic phase-transition is raghehange of c/a than a change of
volume, makes it feasible that this alloy even wmlygrystalline form will not
experience severe aging effects after frequent atiagrycling.
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ABSTRACT. Primary ferroic properties found in solids incluiggromagnetism,
ferroelectricity, ferroelasticity and ferrotoroidiz Apart from the last, these
properties are extremely important for our dailfe:lithey are exploited in
transformers, magnetic data storage, in positios®s, actuators, micromechanical
applications and so on. In the sixties of the ¢asttury, research started to explore
the requirements for a joined appearance of maa tine ferroic property [1, 2
and reviews 3-7] and termed such materials ,mutigie".

e

A
»
L
;

Fig. 1. Coupled switching of antiferromagnetic (upper pprand ferroelectric (lower
panel) domains in BiFe{at ambient temperature. (T. Zhao et al., Nat. kiade2006)
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Multiferroics with coupled ferroic properties, suoféntly large polarization and
appropriate working temperatures would widely ewkathe choices to sense and
control. One example is the manipulation of the metigation by an electric field
utilizing the magnetoelectric effect. In this legtuthe focus is on magnetic and
ferroelectric multiferroics. Early investigated mrddls like Cr203 showed an
extremely small effect. Modern methods of prepanafthin film and nanostructuring
techniqgues), investigation (scattering techniquresy-linear optics and further) and
theoretical modelling have opened ways toward #mgoand design of strongly
magnetoelectric materials. This has triggered aakwf research activities [3-7].
Current efforts are devoted to areas includingftflewing: (i) discovery of new
single-phase compounds (spin spirals and chargerilogdas source of electric
polarization), (ii) experimental detection of theupling phenomena (e. g., of the
different ferroic domains) and (iii) design of naonmposites of magnetic and
ferroelectric components (mostly in thin film stwes [4 6, 8-10]). Whereas room-
temperature single-phase multiferroics are very @ikeO3), composites promise a
potential for application and substantial magneizigt responses have been reported
[5,6,8]. However, there is a way to go, since fthin fabriaction has started few years
ago and very little is known about dynamic progsrtif multiferroics.

Fig. 2. Self-organized growth of epitaxial BaT§OCoFeO, nanocolumnar structures in
films grown by pulsed laser deposition (H. ZhenglgtScience 303, 661 (2004))

154



MULTIFERROIC MATERIALS

a (10%s/m)

-5

R

-10 -5 0 5 10
electric field (kV/cm)

Fig. 3. Magnetoelectric coupling coefficient a = m0 dM/@E300 K with the magnetization
M controlled by applied electric field E in an epiially grown La;StyaMnOs film on
PMN-PT(001) (Ref.8)
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FERROFLUIDS
SYNTHESIS, PROPERTIES AND APPLICATIONS

LADISLAU VEKAS *

ABSTRACT. Ferrofluids (also called magnetic fluids or magnet@nofluids) are

a special category of nanomaterials which exhilbutaneously liquid and
superparamagnetic properties. The possibility ofgmetic control over their
properties and flow triggered both basic and apfilim orientated researches. The
talk will summarize results on ferrofluid synthesisproperties and
ferrohydrodynamics, as well as on engineering aachedical applications.

1. INTRODUCTION

Ferrofluids (known also as magnetic fluids) are pectal category of smart
nanomaterials, in particular magnetically contfodananofluids [1]. These types
of nanofluids are colloids of magnetic nanoparclsuch as k6, y-FeO;,

CoFeQ,, Co, Fe or Fe-C, stably dispersed in a carriaridiq2]. Consequently,
these nanomaterials manifest simultaneouilyd and magnetic properties.

Macroscopically, the introduction of magnetic fascénto the fundamental
hydrodynamic equations for the quasihomogeneousetagble liquid medium

" Laboratory of Magnetic Fluids, Center for Fundataérand Advanced Technical Research,
Romanian Academy-Timisoara Division, Timisoara, Rom; National Center for Engineering of
Systems with Complex Fluids, University Politehnidenisoara, Timisoara, Romania
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gives rise to the magnetohydrodynamics of magnetinofluids (ferrofluids),
known also agerrohydrodynamic&nd opens up an entire field of new phenomena
[3] and promising applications [4]. From a microsimopoint of view, long-range,
attractive van der Waals and magnetic forces aiguitbus and therefore must be
balanced by Coulombic, steric or other interactimneontrol the colloidal stability

of dispersed nanoparticle system, even in interrs@ strongly non-uniform
magnetic field, specific to most of the applicatdh, 6].

Many of the envisaged applications, e.g., rotatsghls or bearings, require
magnetic fluids with high magnetization and at #ane time, with long-term
colloidal stability. These requirements are difficto fulfill simultaneously and

implies severe conditions on the stabilization pchges applied during the
synthesis of magnetic nanofluids.

The composition, structure and properties of varibgpes of ferrofluids will be
presented, refering also to technological and biboat applications envisaged for
these nanofluids [2, 5].

2. SYNTHESIS OF FERROFLUIDS

The synthesis of ferrofluids has two main stepyilia preparation of nano-sized
magnetic particles (2-15 nm) and (b) the subseqdispersion/stabilization of the
nanoparticles in various non-polar and polar cafrggids. In what concerns the
ferrite nanopatrticles, the most efficient routeti® chemical co-precipitation
process [2]. Depending on the carrier propertied applications envisaged,
different procedures of ferrofluid synthesis wemeloped, which will be shortly
reviewed [5]. The stabilization mechanisms of maigneanoparticles in various
kind of carrier liquids, which should prevent ireggible particle agglomerate
formation even in intense and strongly non-unifonagnetic field, will be discussed.

3. CHARACTERIZATION

3.1. Structural investigations and colloidal statyil In the case of sterically

stabilized nanoparticles in various carrier liquidke type and quality of

surfactants used, as well as the temperature ofmtbdium will determine the

efficiency of particle surface covering and, consagly, the balance between
attractive and repulsive interactions between glagi The attractive interactions,
when preponderant, may lead to various types dbaggrates, usually in the shape
of linear chains quasi-parallel to the applied nedigrfield or drop-like aggregates
[7]. The agglomeration processes are not desiretthencase of magnetic fluids
used in most of the applications; therefore theadtarization methods are mainly
focused on these processes and on their conseguéncéhe macroscopic

behaviour of the fluids.
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One of the most efficient methods of nanostructumadstigation is based on small
angle neutron scattering (SANS) [8]. This metho&pplied to reveal structural
features at the scale of 1-100 nm and it will bespnted in detail, beside results of
TEM, DLS and magnetogranulometric analyses.

3.2. Magnetic propertiellagnetization curves can be extensively used fosthdy of
both particle interactions and agglomerate formatiprocesses which strongly
influence the rheological and magnetoheological abielur of magnetic fluids.
Saturation magnetizatiofiMy), initial susceptivity (), full magnetization curves
(M=M(H) or M/M{H), (H-intensity of applied magnetic field) and magneto-
granulometric analysis (mean magnetic diamei2r> and standard deviatios), at
various values of the volumic concentration of nadignnanoparticles, give an insight
on microstructural characteristics of various sasgio be compared [9,10]. The
dimension of the clusters can give a first hint uabboth the degree of particle
dispersion and the strength of the interpartidieractions. Usually, it can be analyzed
via optical methods (e.g. DLS). In spite of thestdwing process, the net attractive
inter-particle interactions (considered as dipajmig type) should be quite weak, due
to the steric repulsion induced by the double ogdtyers. The attractive interactions
are considered to induce only perturbations of rtf@n anisotropy energy of the
particles. Temperature dependent Mdéssbauer spectroscfidj is providing
information on particle phase composition, localucttire and symmetry, local
magnetic interactions inside the particle and Niga-relaxation phenomena.

3.3 Rheological and magnetorheological propert[@2] depend especially on
composition, particle volume fraction and degree aflloidal stability of
ferrofluids, as well as on the intensity of appliagnetic field. Methodology of
investigations on flow properties and main resulis be reviewed, with strong
emphasis on specially tailored ferrofluids for apgtions.

4. FERROHYDRODYNAMICS

Equations of ferrohydrodynamicdeveloped initially by Neuringer and Rosensweig
[3], will be synthesized. First, the equations Hesg for a quasihomogeneous
ferrofluid in the quasistatic approximation will peesented, which correspond to a
diluted ferrofluid, with pointlike magnetic dipolesd ideal Langevin behavior of
magnetization in a slowly varying field. Next, throdel of ferrofluids with internal
rotations (Shliomis [13], Rosensweig [14]) takingo account the relaxation of
magnetization by Néel or Brown type mechanism, lglishortly outlined.

5. TECHNOLOGICAL and BIOMEDICAL APPLICATIONS [1-6, 15-17]

Synthesis of new type of hybrid nanostructured rizs$e polymeric nanocomposites,
magnetically controlled gels and emulsions; Dynaseialing with magnetic fluids;
Magnetic fluid bearings; Moving coil speakers wittagnetic fluid damping and
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cooling; Inertia dampers with magnetic fluids; Smss and actuators;
Magnetohydrostatic separation; Surface finshinghnepes; Non-destructive
testing; Domain pattern investigations; Multifumetal magnetic particles,
magnetic nanobeads; Magnetic cell separation; Magmentrast agents, MRI;
Hyperthermia of tumors; Magnetic drug delivery.
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Magnetostriction is a property of magnetic materithlat causes them to change
their shape when subjected to a magnetic fieldialt first observed in 1842 by J.
Joule in a Ni sample. It is a manifestation of gp&-orbit coupling.
Magnetostrictive materials are used to convert ratgrinto kinetic energy and
vice versa, i. e. they are utilized in actuatorsl @ensors. Key parameters for
application are the achievable strain and stressking field and temperature.
Maximum ordinary magnetostriction reaches value®.8f% in a field of H = 2
kOe for Terfenol-D (TbxDyl-xFe2). However, strainan be in the range of
several percent if the magnetic field drives aiemruation of the crystal structure
(by moving twin boundaries like in a martensite)esen induces a different phase.
Both mechanisms are found in magnetic shape meaitys which show record
strains up to 10 %.

This lecture introduces the fundamental mechanisfrmagnetostriction and the
resulting requirements for materials. Some of timgently studied magnetic shape
memory alloys are discussed.
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Fig. 1. a) to d) Magnetically induced structure reorigntain a magnetic shape memory alloy.
Field-induced movement of a twin boundary causesrst up to 10 %. e) The field reversal
is strain-free. f) Recovery of initial state by qomssive stress.
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Fig. 2. Field-induced transition between a ferromagnetartemsitic and a paramagnetic
austenitic phase during an actuation cycle of Mtvagnetically induced martensite) type.
MF and AF mark the martensitic and austenitic fitismperature, respectively.
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MAGNETO-OPTICAL MICROSCOPY AND ITS APPLICATION

RUDOLF SCHAFER"

The magnetic microstucture, i.e. the arrangemerdoofains and domain walls,
forms the mesoscopic link between basic physiagbgnties of a magnetic material
and its macroscopic properties. Hysteresis phenamemnergy loss in inductive
devises, noise in sensors, or the magnetoresigtiygerties of modern spintronic
devices are decisively determined by the pecukariof the underlying magnetic
microstructure, especially by irreversibilities ihe magnetization process. The
development and optimization of magnetic materthlsrefore requires a solid
knowledge of the underlying domains and their rieadto magnetic fields. In most
cases, such knowledge can only be gleaned by dinegfing.

Although there has been considerable progress gnet& imaging in recent years,
culminating in the development of a variety of negale imaging techniques, sev-
eral technical assets inherent to the classicat t&@hnique make it arguably the
most versatile and flexible imaging technique. Kmicroscopy exploits the mag-
neto-optical Kerr effect, i.e. the magnetizatiopeledent rotation of plane-polarized
light upon reflection from a non-transparent maigretmple (Fig. 1). By means of an
analyser in an optical reflection polarization rosrope this rotation is converted
into a (in general weak) domain contrast that carebhanced by digital image
processing. When used in conjunction with an imaigeessor, Kerr microscopy
can extract domain contrast from the surface a@ially any ferro- or ferrimagnetic

sample. Often no specific surface treatment isiredquand even some coatings
may be allowed. The basic components of a Kerrpsata shown in Fig. 2.

Magnetic fields of arbitrary strength and directican be applied to the sample,
making it possible to observe magnetization praesand to simultaneously
measure the localized magnetization loops, govgriiose processes (Fig. 3).
Magnetization dynamics can be studied at arbitii@yuencies, spanning the entire
range between slow processes (as fast as the eyellcav), to excitations beyond

the Giga-Hertz regime by employing time-resolveéthlsoscopic imaging methods
—see Figs. 4 and 5. An example of such a highdspeseriment is presented in Fig. 6.

Samples may be heated and cooled in optical hesitiggs and cryostats, respectively,
so that magnetic phase transitions or other theeffedts on the magnetic microstruc-
ture can be investigated.

" IFW Dresden, Inst. f. Metallic Materials, Helmtmsitr. 20 , D-01069 Dresden,
r.schaefer@ifw-dresden.de
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Fig. 1 (a) lllustration of the elementary magneto-opticekraction for the longitudinal Kerr

effect. The sample with in-plane magnetizationlisrinated using light that is polarized paral-
lel to the plane of incidence. The electric fiekttor E of the incident light, together with the
magnetization vectan, generates a Lorentz movement of the electroigh{“hand rule”).

If the resulting Lorentz speeg,, is then projected onto the plane perpendiculéingadirection

of propagation of the reflected light, the magneptical amplitudeK is obtained (a similaiK-
component would also be generated if the light didsel polarized perpendicular to the plane of
incidence). The interference of the normally reéfldccomponenl and the Kerr componeht
results in magnetization-dependent light rotatigratsmall angle®, which, by using an ana-
lyser, leads to the domain contrast (b). The aralisould actually be set at the angke @ to
optimize the domain visibility. A compensator (oneerts elliptical light into a linear wave by
shifting the two constituent, orthogonal wave comgras. The symmetry of the transverse Kerr
effect is explained in (d). Only light of paraljgblarization yields an effect, so that a Kerr rota-
tion is only possible at 45° polarization
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Mechanic sample deformation during domain obs@was easily possible in a Kerr
microscope, which makes the study of stress effactsdomains possible. For low-
anisotropy materials, the magnetization vectod figi the sample surface can be guan-
titatively evaluated (Fig. 7). The information degmtf Kerr microscopy is in the ten-
nanometer regime for metallic materials, allowihg tlepth selective observation of
magnetization distributions in layered sample syst€Fig. 8) as they are currently
developed and investigated for spintronic applicesti Such multilayer structures can
also very favorably be investigated by applying diepth sensitivity of the magneto-
optical Voigt- and Gradient effect two other effethat become visible in an optical
polarization microscope. The difference betweeneffiects in comparison with the
(most commonly used) Kerr effect is demonstratdedn9.

Since the magnification is so easily varied by iere changing of a microscope
objective, the user can quickly go from overviews@tyations in the centimeter
regime, to detailed studies of samples with micri@msize. The lateral resolution
of optical microscopy with visible light is limitetb about 300 nm by the Raleigh
criterion. This can be a drawback for the studgudf-micrometer patterned struc-
tures or for certain micromagnetic objects liketio®s or stripe domains in very
thin films. But for the imaging of most features mignetic microstructure the
resolution is sufficient (Fig. 10). In bulk samplesly the magnetization of the
surface region can be seen, but this limitationiepgo most other imaging tech-
niques as well. Nevertheless, in many cases themmldomains can indirectly be
seen or at least guest by surface observatiorgpired magnetic fields.

There are rare cases of samples that do not preuitfieient Kerr contrast. An

example is the NiMnGa magnetic shape memory altgre polarization optics

just reveals the crystalline microstructure. Dorsaiian indirectly be imaged by
applying indicator films on top of the surface (Fld). Stray fields, emerging from
the domains at the sample surface, induce a pagnatization component in the
active layer of the detector which is recordedh®ypolar Faraday effect.

Since the earliest applications of Kerr microscapit951, continuous methodical
developments have greatly enhanced the capabitifieke traditional Kerr tech-
nique. In this presentation we shall review theasgjutead capabilities of contem-
porary magneto-optical microscopy, as well as timgsjzal and technological fun-
damentals that underlie the method. Numerous images great variety of novel
magnetic materials will be shown to demonstrateatieantages and special fea-
tures of the technique. Comprehensive reviews anailo imaging with emphasis
on magneto-optical microscopy are given in [1, Beve also an extended bibliog-
raphy can be found.
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Fig. 2. Experimental setup for wide-field Kerr microsco@ptions are shown for illumina-
tion, video processing and magnetizing stages. ltsawn is the presence and suppression
of interference patterns by laser illumination wéthd without rotating glass disk, respec-
tively, on a 28 by 28 pfrPermalloy thin film element
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Fig. 3. Magneto-optical hysteresis curve, directly meagurea wide-field Kerr micro-
scope, together with domain images on a CoFe (20imdm (10 nm) bilayer film. Shown
are the domains in the ferromagnetic CoFe film,clhis exchange coupled to the anti-
ferromagnetic IrMn film that is responsible for tleop shift (exchange bias effect). The
steep forward branch of the magnetization curveaissed by domain wall motion (a — c),
while inhomogeneous rotational processes (d — &)responsible for the rounded part of
the recoil branch. The wall motion along the foravdranch is so fast that it cannot be
recorded by static images. The magnetizakibis normalized to the saturation magnetiza-
tion Mg in the plot [courtesy. McCord]
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Fig. 4. Principle of time resolved imaging, (a) for anatisingle-shot experiment, and (b)
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Fig. 5. Block diagram for light-based stroboscopic widgdi microscopy. A
pulsed light source is employed for time-resolution
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Fig. 6. Excitation of a Landau ground state in a permatloy film element (edge length 40
pm, thickness 50 nm) in magnetic fields parallethte edge. (a) Quasistatic process. The
dynamic process (c), excited by a sharp field p(feis completely different. Shown are
difference images: In the upper row of (c) an imaf¢he saturated state was subtracted,
while images of the Landau ground state were scietdain the middle and lower row at
different Kerr sensitivity directions as indicatéuighlighting changes of the magnetization.
Indicated are the time delays where the images haea captured in a stroboscopic way.
The accumulation of some ‘6ingle pictures, each of them obtained with arlpseése of
about 20 ps length, was necessary to obtain androfgufficient contrast. [Together with
A. Neudert andJ. McCord)]
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Fig. 7. Principle and application of quantitative Kerr-nuscopy. (a) Calibration functions
of the Kerr intensity at longitudinal and transwesensitivity as a function of magnetiza-
tion direction (schematically). The intensitiesasf unknown domain, measured under the
same conditions, are compared with the calibratiorctions as indicated by arrows. (b)
Domain pattern on iron-silicon [100] sheet, imagedder two complementary Kerr-
sensitivities. (c) Quantitative images on a Co-rahorphous ribbon. The domain wall
width of the as-quenched state (left) is stronglaeged (right) if residual anisotropies are

reduced by annealing in a rotating magnetic fiéldiector plot and color code can be used
for presentation
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Fig. 8. (a) Depth-sensitivity of the normalized Kerr arydie « in iron. The relative phase
of K andN was selected so thht is allowed to interfere with thi€ generated right at the
surface. Proper phase selection (b — schematicallyyvs layer-selective Kerr imaging on
thin-film sandwiches as demonstrated in (c) fopattered Co/Cu/NiFe;q(5 nm/ 5 nm/ 50
nm) trilayer. [imaging courtesy McCord, IFW Dresden]
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Fig. 9. Domains on a (100) surface of silicon-iron (Fe t38i, sheet thickness 0.3 mm),
imaged in the magneto-optical Kerr-(a), Voigt-(ImdaGradient-effect (c). The Kerr effect
is linear in the magnetization vector, so the fdamain phases in (a) show up in different
colors. The same pattern imaged in the Voigt eftigplays only two colors, one for each
magnetization axis. This contrast is independenthef magnetizatiomlirection since the
Voigt effect depends quadratically on the magn&tmavector. The Gradient effect is sen-
sitive to changes in magnetization. Therefore darbaundaries show up in this effect with
a contrast depending on the relative magnetizaticections of the neighboring domains.
Both, Voigt and Gradient effect are strongest apgedicular incidence of light and require
a compensator for contrast adjustment.
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EeSi sheet

Fig. 10.High-resolution Kerr observations. (a) Domain viahging on different bulk samples.
The surface wall width for the FeSi Goss sheet (8@hick) with (110) surface orientation is
150 nm, for the metallic glass (25 pm thick) i0i8 um, and for the nanocrystalline ribbon (20
pm thick) a surface wall width of 1.6 um is meaduses expected due to the decreasing anisot-
ropy in the order of materials. The black-white tcast of the wall segments is caused by the
rotation sense of magnetization (see also Figure(dpCross-tie wall in a 40 nm thick Per-
malloy film, and (c) coexisting asymmetric BlocmdaNéelwalls in a 460 nm thick Permalloy
film, the latter being characterized by a doublet@st. See ref. [1] for details. (Begular
image (left) and difference images between the nemisstates after positive and negative satu-
ration (middle) and vice versa (right) on quadrabbalt elements of various sizes. The satura-
tion field was aligned vertically, indicated is tedge length of the elements in nanometer. (e)
Domain patterns in an array of 2 um wide Co elemaftér ac-demagnetization. In (f) the head-
on domain walls in 500 nm wide NiFe stripes wernétesh by current pulse injection. [(f) to-
gether with]. McCord and M. Klaui]
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Fig. 11.(a) Schematics of the magneto-optical indicaton fechnique and application to a
NiMnGa magnetic shape memory alloy: (b) structaeitrast, showing two twin variants,
(c) domain contrast, obtained by an indicator fimtop of the surface [courte¥yLai and

J. McCord]
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COUPLING BETWEEN MICROMAGNETISM
AND SPIN TRANSPORT

L.D. BUDA-PREJBEANU?, D. GUSAKOVA?'? U. EBELS',
A.VEYDYAV?*? J.-CH. TOUSSAINT?

The interaction between spin polarized current arajnetization is extensively
studied by means of experimental and theoretiqalagehes. Up today the models
used to describe the magnetization dynamic aredbasethe Landau-Lifshitz-
Gilbert equation with an additional spin torquarigsroposed by Slonczewski [1].
Recently a macrospin approach was suggested [#hich the spin-torque term is
extract from transport diffusion equation. By thiay structures with two or more
magnetic coupled layers may be studied. Here waogmto generalize this approach
by coupling full 3D micromagnetic computation amdnsdiffusion equation.

The possibility to induce, via spin momentum trensé steady state magnetization
precession in the free layer of a spin valve stmg;tmay serve to design RF
oscillators [ ]. In this work we focus on spin cemt induced excitations for the
perpendicular polarizer (POL)-planar free layer BEig. 1). The detection of the
magnetoresistive signal imposes the integratioa tifird magnetic layer with in-
plane magnetization (AN). The sample POL-FL-AN iiecular cross-section
nanopillar of 60nm of diameter. The presence of Al layer can change the
current polarization condition with respect to dase of bilayers POL-FL. In order to
analyze the effect of this third magnetic layerriaified LLG equation is integrated:

oM oM oM
— ==y, MxH_ Jta]| M x— |+| — 1
ot (M) [ atj [at L W

where different to [1] the spin torque term congaiimplicitly the cross product of
magnetization M and spin-accumulation m vectors:
[an =¢(mxM) @)
ot o
The prefactor is proportional to the injected eatrdensity and depends on the
sample geometry and materials. From diffusion eqoathe spin-accumulation
distribution is evaluated everywhere in the frgeeta
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Fig. 1. Frequency versus injected current by macrospinraimlomagnetic computation.
The structure of the oscillator is presented initiset.

In zero applied field when the injected currentasge enough an out-of-plane
precession is stabilized. The simulations reveat i this case, the oscillation is
controlled by the perpendicular polarizer POL ahd tole of the AN as planar
polarizer is minor. Thus passing from a structu@_HL to one POL-FL-AN,
only smalls differences are noticed for the freqyedependence on the injected
current (Figl). Furthermore, experimentally, undemplane externally applied
field, an in-plane precession had been observedhwiti any case can not be
explained only by the perpendicular polarizer POLaBlding the spin torque term
computed from transport equation this in-plane dytestate is obtained also by
modeling confirming qualitatively the experimentdiservations.
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NEW 3-D BULK SHAPED AND NANOCOMPOSITE
MAGNETOSTRICTIVE MATERIALS

N. LUPUY, H. CHIRIACY M. VALEANU? T. BURUIANAZ,
V. HARABAGIU® AND |I. MIHAL CA°

The fabrication of highly efficient integrated magostrictive sensors, actuators
and transducers requires the availability of 3Dpglthmagnetoelastic materials
with high magnetostriction in low saturating fielddp to now, Terfenol-D is the
most used magnetostrictive material for magnetista actuators and transducers,
whereas magnetostrictive metallic glasses are pesfdor sensors applications.
Very recently, 2 new alternatives appeared: FeAalloys, as single crystals or
melt-spun ribbons, and Ni-Mn-Al and Co-based magnsthape memory alloys
(MSMs).

This work focuses on design, preparation and cheniaation of novel 3-D shaped
magnetostrictive materials either having new coritjpos or being for the first
time prepared by conventional methods:

(i) 3-D shaped Rg{Ga,Aly (x = 13 + 30), (Co,NpMn(Ga,Al),
FeoxCaSmBy (x = 10; 20 and y< 2.5), and ThedersBo.02
polycrystalline magnetostrictive alloys preparednbglt-spinning and
mould casting techniques;

(i) composite materials, consisting of nano- and miowajers of
Fe(Ga,Al) (Co,NiMn(Ga,Al), (Fe,Co)-Sm-B and (Th,Dy)-Fe-B)
active magnetostrictive materials embedded intfediht resins and
polymer matrices.

The main aim of these investigations was to undacsthe intrinsic mechanisms
governing the magnetoelastic and magnetostrictiopguties of these polycrystalline
or composite materials without any distinct struatpreferential direction.

The XRD patterns of Fe-(Ga,Al) as-quenched melaspbbons and bulk shaped
samples indicate the absence of any texture. litiaddo the primary reflections
at ~ 44 (110) and ~ 64(200), none reflections corresponding to the;[PpBase
are observed. The thermomagnetic measurementgroottfe existence of bcc Fe
(A2 phase), with an additional magnetic transit@mund 508C for Fe.Ga;
melt-spun ribbons.
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The saturation magnetization decreases from 180@getod 00 emu/g, when the Al

content increases from 17 to 30 at. %, respectivEhe same behavior was
observed for Fe-Ga samples, when the Ga contergases. The “hybrid” samples
(containing both Ga and Al) exhibit average valtmsthe magnetization of 150

emu/g. The magnetic permeability is following tlzane descendent trend with the
increase of the non-ferromagnetic elements conteathing a maximum of 1400

at 80 Hz, for 8 at. % Ga or Al.

The magnetostriction of Fe-(Ga,Al) magnetostrictimaterials ranges between 30
and 100 ppm (Fig. 1), depending on samples conipos{ts higher for Fe-Al
binary alloys) and the as-cast or annealed (8008°C)Ostate of the measured
sample (the magnetostriction increases slightlgradnnealing). Additionally, the
magnetostriction measured for a single plate is\gimy the sign from positive to
negative when the Al content increases from 0 t@t3®o, passing through 0 for
10 at. % Al. The variation with the external fietdof 10-20 % when the applied
field increases from 0.15t0 0.8 T.

But the most spectacular variation appears to nvghto 5 thin plates are stacked
together, i.e. an increase of 1.5+2 times compavigid the magnetostriction of a

thin plate, as shown in Fig. 2. The saturation atidun of the samples varies

between 0.9 and 1.7 T depending on the Al and @Gteab
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Fig. 1. Magnetostriction versus applied magnetic field Fg-Ga and Fe-Al thin plates
(12*6*0.5 mn?) and cast bars (10*3*3 niin
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Fig. 2. Magnetostriction as a function of the number @f filates measured at once.

Thus, the most of the Fe-(Ga,Al) samples are magallst very soft, which is also
confirmed by the\-H measurements which indicated values of 60 aspestively
75 ppm for saturation magnetostriction constarfes Ga;;s and Fgy Gag s cast
bars of 3 x 3 x 10 mi in the as-cast state. The magnetostriction cohsta
increases up to 100 ppm after annealing the sarapl@808C for 72 h, followed
by slow cooling to room temperature. No differerioethe As constant was
observed after the annealing at 10or 72 h, slow cooling up to 86D,
followed by rapid quenching to RT. Additionally, ethvalue of As increases
gradually to 160+180 ppm, depending on composifiitle maximum value is
smaller for higher contents of Ga), when applyingeaternal compressive stress
of 3+5 MPa. Over this compressive stress valuestian remains constant.

The magnetostriction of RE-based 3-D shaped buthpsss is larger compared

with Fe-(Ga,Al) magnetostrictive polycrystalline t@dals, ranging between 50
and 350 ppm, depending on samples compositiontzaqokysee Fig. 3).
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Magnetostriction vs. applied field for the TbhFemntplate.

FeoxGa (x = 17+20) and Rgo,Alx (x = 20+24) nanopowders (between 200 and
500 nm in diameter) have been prepared by arc-digehmethod, then embedded
in Poxipol® commercial resin (resistant to wateutdwor conditions and many
corrosive agents), CTM polymer, electrostrictivelypters and polyurethane.
Different concentrations (10 + 30 wt. %) of metallhanopowders have been
embedded into the resin layer (t = 3 + 5 mm). Thagnetostriction of the
composite layers with Poxigbdtesin was found to vary between -20 ppm and +40
ppm, depending on Al and Ga content. When using @d0OWmers as matrix the
magnetostriction reaches -50 ppm, whilst for padylnane in increases to -80 ppm
for a composite with 20 wt. % Bl .. All these aspects are still in progress now
and will be reported lately.

Ni,MnGa, CgNiGa and CeNizsAl 9 melt-spun ribbons of 2Gm thickness and 3
to 5 mm width, and cast thin plates of 12*6*0.5 fhave been prepared. The
magnetic behavior of all cast thin plates is nats#éve to the direction of the
applied field, whereas the magnetostriction, whiahies between +15 ppm and 50
ppm, strongly depends on the direction of the @pbfield, despite the fact that
SEM images do not show any preferential direction tlke grains. The
magnetostrictive response is different for ribbeospared with the bulk plates.
This might be the result of the different microstire existent in melt-spun
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ribbons (the grains are oriented perpendicularhenribbons long axis) compared
with the bulk shaped samples. For example, whes plarallel with the ribbons
long axisAs 0 +50 ppm, decreases to +25 ppm when H is perpeladion the
ribbons long axis, and reaches a maximum of + 208 when H is perpendicular
on the ribbons plane, i.e. parallel with the di@tf the grains. If one compares a
thin plate of 0.5 mm thickness with 20 ribbons k&akttogether and having more
or less the same total thickneassincreases from +18ppm for the thin plate to +30
ppm for ribbons “package” having the nominal conifpms CozgNizzAl .

Thus, to conclude, one can say that despite theeratelvalue of thas constant,
the magnetic softness of the studied materials theét mechanical hardness
compared with Terfenol-D materials indicate thenr fhifferent engineering
applications. There are also other important fadteeh have to be considered for
applications: the samples are not single crysthéy; are prepared by conventional
continuous casting methods (efficient and low ¢dbBy are not fragile and brittle,
and the magnetoelastic properties could still bgrawed by choosing the optimum
composition and treatments. All these aspects bélldiscussed in detail with
respect to the materials microstructure and maopscmagnetic behavior, but
considering also the advantages of using such rmakgtein integrated hybrid
sensors and actuators.

N. Lupu and H. Chiriac wish to acknowledge the ficial support from the
MESEMA project, funded under the 6th Framework Paogne of the European
Community (Contract N° AST3-CT-2003-502915). Thiskwwas partly done
within the MAGSAT Project, funded under CEEX Progmee of the Romanian
Ministry of Education and Research — National Auitlyofor Scientific Research
(Contract N° 34/2005).
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STM AND SPECTROSCOPY OF NANOSIZED
FERROMAGNETIC STRUCTURES

GUILLEMIN RODARY’

After an introduction to the scanning tunneling nmscopy (STM) and spectroscopy
(STS) technigues, we will explain their applicattormagnetic nanostructures. The
constant current mode allows a complete charaet@iz of nanostructures up to
atomic resolution. The growth mode of nanostructueeg. by self-organization
can be studied with atomic resolution. Simultangou® this topography
acquisition, the spectroscopic mode draws a mapeo€lectronic local density of
states of the sample surface. We are thus sentiblecalized or delocalized
surface states that also give rise to electromndihg waves, as imaged by STS.
Point mode spectroscopy is also sensitive to stracproperties like the stacking
sequence of atomic layers within a nanostructure.

To obtain local magnetic information of nanostruesy one powerful technique is
nowadays the spin-polarized STM (SP-STM). By usingagnetic tip the STM is

sensitive to the relative orientation between sangpld tip magnetization, which
leads to magnetic contrast. It is possible to imageoscale magnetic domain wall
with atomic resolution, spin structures at surfatan atomic level or to study the
magnetic properties of a single atom. As an exam@ehoose the system of Co
nanoislands deposited on a Cu(111) surface. Weshiw that the SP-STM in

magnetic field allows to measure an hysteresis lwfop single nanostructure. We
determine the switching field and magnetic anigotrof a well defined, single

nanostructure. We also show that spin electroniudies, such as the tunnel
magnetoresistance, can be investigated on singlastractures.

" Matériaux et Phénoménes Quantiques,Unité AssatiéeNRS et Universités Paris VI et Paris VII
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