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Introduction

In recent decades, the transport properties (Hftteand Magnetoresistance) of thin
films which contain layers of magnetic materialsvyédoeen studied a lot. The Extraordinary
Hall Effect (EHE) in magnetic thin films and theaBt MagnetoResistance (GMR) in magnetic
multilayers reveal the asymmetries of densitiestafe, scattering probabilities, mean-free paths
between spint and spint channels of conduction electrons in magnetic maserUsing the
electron spin as an extra designing degree of dreeldid the foundation of a new field which
has rapidly lead to application : spinelectroniecsspintronics. Although the application of
spintronics has been developing very fast, someéharesms related to the spin of electrons are
still not fully understood. The aim of this thesdo study the magnetic and transport properties
of GdCo thin films, GdCo-based multilayers, and@ehultilayers.

The Gd..Co, alloys have been chosen as the main object fosttidy for the following
reasons:

(). GdCo, alloy is a metallic ferrimagnetic material with axpected high spin
polarisation in the conduction band. The differemhperature dependences of the Gd and Co
sublattice magnetisations can induce a compensat@nperature (&m). Close to
compensation, the magnetisation of, (o, alloy varies linearly with temperature and cancels
out at Tomp Thus, it is possible to cancel demagnetisingl§ieind Zeeman energy. Because the
magnetisation is changed from Gd-dominant (Tcs,J to Co-dominant (T > &y at Teomp the
spin polarisation of conduction electrons (P) igersed at I,m, too. In the cases of sputtered
Gd...Co, thin films, a uniaxial anisotropy can be induced-of-plane, leading to a spontaneous
perpendicular magnetisation in a large temperaiamge around bm, A special surface with
zero spontaneous magnetisation, called the compemssaurface, can be created in;Gdo,
thin films with an in-plane composition gradienti3 compensation surface divides the film
into two zones: Co-dominant zone with positive [ &d-dominant zone with negative P. An
ideal 180 domain wall called the compensation domain wali ba created parallel to the
compensation surface when a magnetic field is agpn this film. The compensation domain
wall with no magnetisation, i.e. no demagnetisingrgy, may become very useful for studying
the role of magnetisation in the effects relatedpim transport through domain walls (including
spin injection and spin torque effects).

(ii). The spin-flop phenomenon of GgCo, alloys can give important information about
the exchange interaction between the Gd and Co etiaggublattices. However, since the spin-
flop field (Bs) is usually very large, this phenomenon has n@&nbexperimentally studied

except a unique study on a G@®&ingle crystal with B =46 T at 5 K. Using GdCo, alloy



near its Tomp , ONE can reducesfo a few Tesla, this let us experimentally consitie spin-
flop phenomenon in the vicinity of.Jm, with the applied fields up to 6 T available attitug
Néel.

(iii). Different from the EHE of ferromagnetic mais where the Hall voltage is
proportional to the sample magnetisation, in theeaaf ferrimagnetic materials, e.g. G@o,,
the contributions of the sublattice magnetisatim&HE are different. Although the EHE of
Gd..«Co, alloys has been studied a lot in the 1970s, théribaitions of Gd and Co sublattices to
the EHE is still discussed. In our study, the maéigagon of Gd.,Co, can be experimentally
measured by SQUID magnetometer at temperaturesSrinto 300 K, and then the results are
used to improve a mean-field calculation for the, @i, alloys. When comparing the
temperature dependences of the Gd and Co sublatAgmetisations calculated by the mean-
field theory to the experimental temperature depand of the Hall resistivity, the Hall
coefficients of the Gd and Co sublattices can bantjtatively estimated. Moreover, when the
spin-flop phenomenon occurs, the ferrimagnetic igoination is broken, so the Hall behaviour
of ferrimagnetic materials is more complicated andeed of new studies.

The mechanism of giant magnetoresistance (GMRYéstd spin dependent scatterings
in magnetic layers. However, in nano scale systamh as GMR multilayers, the scatterings in
bulk layers and at interfaces can be differensdme case, the interface scattering is dominant
and plays a very important role in the spin depahdfects (EHE, GMR). In this thesis, GMR
of Fe/Cr multilayer will be revisited with the chge of Fe layer thickness to figure out the
contribution of interface scattering to GMR.

In the traditional GMR junctions, the spontaneowsgnetisation of magnetic layers is
correctly assumed to be a constant (i.e. Fe, CoNNfie) since experimental and application
temperatures are far below the Curie temperatitlese we use also G@Co, close to its
compensation temperature,qd, to allow magnetisation to be an extra degree eédom
keeping perpendicular anisotropy and long rangenmidg order constant. Consequently, a new
type of GMR junction with perpendicular anisotropfythe magnetic layer (i.e. GdCo)) is
created. By changing the temperature acress, the GMR can be studied with the variations
of the film magnetisation and the spin polarisatidrconduction electrons. Since the EHE of
Gd.Co, layer is quite large and very sensitive to theppadicular part of its magnetisation,
EHE can be used as an advanced method to investiyatrotation of GdCo, magnetisation
during the magnetisation process of the GMR jumctio

This thesis includes seven chapters organisedtimboparts: The first part includes
chapters 1, 2, 3, and 4 and is about the extraangidall effect and magnetic properties of,Gd
«Coy thin films. The second part involving chapter§5and 7 is about giant magnetoresistance

of Fe/Cr and FgNig/Cu/Gd_Co, multilayers. The specific contents of the chaptees



» Chapter 1 is written as a short literature reviéwwd the magnetic properties and the
extraordinary Hall effect of GdCo, alloys. The mean-field theory will be introduced
and some mean-field calculated results will be gmted to evaluate the influence of the
perpendicular anisotropy of Gg o, thin film on the spin-flop phenomenon of Gd
«Co, alloys.

» Chapter 2 concerns the experimental techniquestadetiricate and characterise the
samples. Among them, the transport measurementitpeq will be presented in more
detail. The data processing technique for sepagrafiR signal and Hall signal from
each other will be clearly described.

» Chapter 3: All the results and discussions abattmpensation domain wall in the
Gd.,Ca, thin film with an in-plane gradient of compositiame shown in detail. The
movement of the compensation domain wall followihg variation of temperature is
observed by means of the polar Kerr microscopy. ilfane composition gradient of
Gd.,Ca, thin film is finally calculated by comparing theean-field results with the
experimental results of the compensation domaih mvavement.

» Chapter 4: The extraordinary Hall effect and thgmnedic properties of GdCo, thin
film are studied at temperatures between 5 K adk3(rhe quantitative contributions
of the Gd and Co sublattice magnetisations to thiE B©f Gd Co, thin film are
estimated. The composition of G&o, alloys is chosen to have a compensation
temperature below 300 K. NeakJ, the spin-flop phenomenon is observed by means
of the extraordinary Hall effect in an applied dielp to 6 Tesla. The experimental spin-
flop fields are compared to the spin-flop fieldfcaated by mean-field theory.

» Chapter 5: This chapter is a short summary of thgmatoresistive effects, among
them the giant magnetoresistance (GMR) will beoihticed in detail. The spin
dependent scattering mechanism of GMR will be eérpth The important role of the
spin dependent scattering asymmetric coefficieht:agnetic layer in GMR junction
will be interpreted.

» Chapter 6: GMR of Fe/Cr multilayers is studied dsrection of temperature between
77 K and 300 K. The variation of the Fe layer thiegs while the thickness of Cr layer
is fixed and the influence of thermal anneals allswto evaluate the contribution of
scatterings in the Fe/Cr interfaces to GMR.

» Chapter 7: Gd,Cao, alloy is applied to make a new type of GMR junsti@®ne
magnetic layer (GdCao,) has perpendicular anisotropy and the other magtester
(NigiFeg) has in-plane anisotropy. The transport and maghbetaviours of the sample
will be considered as a function of temperaturen(r5 K to 300 K) and applied field
(fromO0Tto6T).



* Finally, in the main conclusion, the results andufe work suggestions are

summarised.

All studies in this thesis have been carried outh@ framework of the cooperation
program between Vietnam National University in Harf®NUH) and Joseph Fourier
University (UJF). The PhD scholarship was partiadisanted by Project 322 of Vietnam
Government and partially funded from the Nanomaigmegroup of Institut Néel (CNRS-UJF,

Grenoble, France).



Chapter. 1. Magnetic and transport properties of Gd_,Coy

ferrimagnetic alloys

1.1. Ferrimagnetism

Ferromagnetism is the magnetic state where a langer parallel alignment of all the
magnetic moments of the material exists in the rdEs®f an applied magnetic field. This long
range order disappears above a critical temperatlied the Curie temperaturejTBelow T,
a spontaneous magnetisation existg.(1.1.92. For example, Fe is a ferromagnetic material
with Tc = 1043 K. Below 1043 K, the magnetic moments o&feens are parallel to each other.

A -0 -0 -0
B «©6— «O— <+«O—
- - -

(@) (b)

teee
teee
teee

Fig. 1.1. Magnetic configurations of ferromagnetisma) and ferrimagnetism (b).

Ferrimagnetism is a collinear magnetic phase witweoemagnetic sublattices (A and B
in Fig. 1.1.H can be defined. The term "sublattice" has notatiggyraphic meaning but refers
only to the magnetic structure. In each sublattitee magnetic moments are coupled
ferromagnetically. Both sublattice magnetisatioresa@upled antiferromagneticallizi¢y. 1.1..

For example, GdGacrystal is a ferrimagnetic material, where the neig moments of Co (or
A) atoms are parallel to each other and they atipamallel to the magnetic moments of Gd (or
B) atoms.

Since the temperature dependences of both sublathagnetisations are usually
different, the temperature dependence of the totgnetisation of ferrimagnetic materials is
quite complicated, and sometimes a compensatiopesature (I,m) can be produced. At
Teomp the sublattice magnetisations are compensatetgftive, the total magnetisation is zero.
Fig. 1.2shows three typical temperature dependences abthlemagnetisation of ferrimagnetic
materials. Basically, antiferromagnetism can besiered as a specific case of ferrimagnetism
where the two sublattices have the same naturestmtal magnetisation is compensated at all

temperatures.
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> > >

Te T Te T Tcomp T T
Fig. 1.2. Three typical temperature dependences tfie spontaneous magnetisation of a

ferrimagnetic material where Tc and Teomp are the Curie temperature and the compensation

temperature, respectively.

1.2. Magnetic properties of Gd,.Co alloys

In the case of GdCo, alloys, their magnetic properties strongly depeoi
composition. When the Co content is high (x > Otbg Co-Co exchange interaction is very
strong, therefore the magnetic moments of Co at@magarallel even in the amorphous state.
The Gd-Co negative exchange interaction is stromgugh to keep Co and Gd moments
antiparallel. Therefore, GgCo, alloy with two magnetic sublattices of Gd and Goa
ferrimagnetic material in both crystalline and aptwus states (refgl]-[4]).

Because the Gd and Co sublattice magnetisatiorendegn the temperature in different
manner, a compensation temperaturg,{J can be obtained in a certain range of conceatrati
When a compensation temperature exists, the sigblattagnetisations are compensated at

Teompand the spontaneous magnetisation is zero (df$5], and[6]).
1.2.1. Mean-field calculation for Gd.xCo, as a ferrimagnetic material

It is difficult to measure directly the sublattinegnetisations. A mean-field calculation
[4] will be used to calculate the sublattice magngtiea of a ferrimagnetic material at any
temperature. This method is explained hereaftdrarcase of GdCo, ferrimagnetic alloys.

In zero external magnetic field, the magnetisatioisCo and Gd sublattices are

antiparallel. When an external magnetic it is applied, the magnetic configuration of the

Gd,.Co, alloy depends on the field strength. The mearrnatemagnetic field (also called the

—_— _—

molecular field) of the alloy varies from Co atomsfion (H.,) to Gd atom positionK 5, )

and can be written as:

Hco =H +AcocoM co ~AcocdM cd (1.1.a)
Hed =H -AgdcoM co +AcdadM ad (1.1.b)

Where H s the applied fieldM c, and Mgy are respectively the magnetisations of

Co and Gd sublatticeacocqd= Acocd = A IS the Co-Gd intersublattice molecular field cozént,

10



Acoco a@nd Aggsqe are respectively the Co-Co and Gd-Gd intrasubkattmolecular field
coefficients. These molecular field coefficientg amitless and of the order 8&.,co ~ 1000,
Acocd ~ 100, and\ggsq ~ 10. Since the Gd-Gd exchange interactiafdy is the weakest of the

three, it is usually neglected. So equatifing) can then be written as:

Hco =H+AcocoMco ~AMgq (1.2.a)
Hog =H-AMcg (1.2.b)

Assuming that the magnetic moments are mainly ised) according to Brillouin

theory, the Gd and Co sublattice magnetisations lmrobtained by solving the following

equations:
3 Mol .(ﬁ +A Mco—AMgq)
MCo—XNU—CoBJCO{ oHCo C;(oc_lc_) Co Gd (1.3.3)
B
HoMea-(H =AM o)
MGdz(l_X)NHGdBJGd[ ° Gdk T co (1.3.b)
B

where N is the number of atoms per volume up#, = GcodecoMe aNd Ped = Gealedds are
respectively the magnetic moments of Co and Gd sitamd Bis the Brillouin function.

In order to apply the mean-field theory to calceldhe magnetisation of GgCo,
ferrimagnetic alloys, many input parameters must Knewn, among them the Co-Co
intrasublattice molecular field coefficiefit,c, and the Gd-Co intersublattice molecular field
coefficient A play very important roles in the magnetic progertdf the alloysicoco has a
strong effect on d and a slight effect on.Jy,, while A has a very important influence o,
and a very weak influence on..TBoth Acoco andX depend not only on the composition but also
on the structure (crystalline or amorphous) of ¢halfoys[7].

The shape anisotropy (films) and the magnetic amipy can be included in the
molecular fields. In this work, the anisotropy wileé taken into account when calculating the
magnetisation processes under field, not the meggtieins of both sublattices.

Since the mean-field theory does not account fdn-s@ve excitations at low
temperatures and does not account for the exchugaation near the Curie temperature, the
calculated temperature dependence of the magnetisatless temperature-dependent at low
temperature compared to the experimental one (ddfand[8]). However, the input parameters
of the mean-field calculation can be determinedanfexperiments (see sectidrb.l), and the
model gives M(T) from 0 K to temperatures largarthl,, that is why we chose a mean-field

theory for this thesis.
1.2.2. Magnetic properties of Gd,Coy alloys

In 1989, Hansen et &] performed a lot of mean-field calculations for,do, alloys.
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Their calculation results have been compared tetiperimental magnetisations of amorphous
G0,..Co, alloys. The comparison presented Fig. 1.3 shows a good agreement between

calculations and experiments in the range of teatpezs below 500 K.

150(

....... Calculated

100¢

Ms (10° A/m)

50(

0 100 200 300 400 500

Temperature (K)

Fig. 1.3. Temperature dependence of the saturatiomagnetisation of amorphous Gd,Co, alloys.

The solid lines and dash line are results of the rae-field calculation of Hansen et af4].

Around x = 0.80, 1% change of the Co compositiorkesal45 K change of the
compensation temperature.{f, increases from 4.2 K with x = 0.81 to 295 K wit¥.79). A
collection of Tompis summarised ifrig. 1.4(refs.[3]-[5]). It turns out from this figure that the
mean slope of &, (about 70 K/at.%) is nearly twice smaller thanttbhtained from the
calculations of Hansen et al (about 145 K/at.%)s Targe difference and the wide distribution
of Teomp Near x = 0.8 make question about how Hansen ethake the value for the
intersublattice molecular field coefficietin their mean-field calculations, and point at the

difficulty to compare models and experiments inghélished literature.
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Fig. 1.4. The composition dependence of the compatisn temperature (Teomp) Of several
amorphous and crystalline Gd.,Coy alloys (refs.[3]-[5]). The mean slope of Jm, is found to be
about 70 K/at. % (solid line). The calculations of Hansen et al aralso plotted as the dash line with
a slope of 145 K/at.%

Furthermore, the calculations of Hansen et al lmeen compared to experimental data
in the range of temperatures below 500 K while @hweie temperature ¢ of Gd,«Coy alloys
with x = 0.8 is at least above 600 K (sem. 1.5) So it is difficult to know the agreement
between calculation and experiment neagy ile. the appropriateness bfqc, used in their
calculations.

The Curie temperature Y of Gd,«Co, alloys imported from referen¢é] are shown in
Fig. 1.5 Because the amorphous Gdo, alloys crystallise at high temperature (The
crystallisation temperature depends on the compasiThe higher the Co composition, the
lower the crystallisation temperature), it is imgibte to measureclfof an amorphous GgCo,
alloy if it is above the crystallisation temperaufhat is why there are no experimental values
of Tcfor the amorphous GgCo, alloys above 620 K (x > 0.70). Therefore, df an amorphous
Gd;.«Co, alloy when x > 0.70 must be extrapolated.
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Fig. 1.5. The composition dependence of-Tof several amorphous and crystalline Gd,Co, alloys,

all these data are published in ref[4]. The solid line serves as a guide for eyes.

In short, although there are many studies on thgnetic properties of GgCo, alloys,
the disagreement between studies is still largpe@ally in the compositional variation of
Teomp The dispersive distribution of.d,, versus composition ifig. 1.4is supposedly due to
the two following reasons:

» The precision of composition measurements can ffereit between different

studies depending on the composition measuremelmbitpies. For example, the error

of EDX technigue used for composition measurementhis thesis is about 1%.

Moreover, in case of a quite large sample with adgmt of composition, the mean

value of composition is difficult to calculate senthe EDX technique is sensitive to a

very small area on the sample.

» Because of preferential Gd oxidation, the Gd contiposin mean-field calculation

can be smaller than the measured Gd compositio@.okidation would decrease the

Gd contribution to magnetisation (Gdi® most likely antiferromagnetic).
1.2.3. Magnetic coupling in the Gd,Coy intermetallic alloys

The magnetic properties of the rare earth (R)-ttiams metal (T) compounds are
determined by the large R-T exchange interactibhese interactions are thought to be caused
by a combination of the intra-atomic 4f-5d and iirgeomic 5d-3d interactions. It is usual to

express them as an effective exchange Hamiltoniéimel form:

Hexch = 2ARTSRST (1.4)
where Ay is the R-T exchange coupling parameteyjsSthe spin of the rare earth ion and S
the quasi-spin of the transition metal atf®h

By using high-field (up to 35 T) magnetisation m@&asnents, F. R. de Boer et al have
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specified the Gd-Co intersublattice molecular fieddefficients in several ferrimagnetic
materials, e.g. CaGiype rare-earth cobalt compound®], Gd.Co,,B compound11],... The
composition dependences of the exchange couplingmer (Asqcy for both crystal and
amorphous GdCo alloys have been calculated by N.H. Duc et al 6)9@ a series of
publications [12]-[14]) using earlier literature data. The results areeesl orfig. 1.6

20 <
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\\
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= 15 S
g, Amorphous Q\
= . \~.
% 10 N
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O] S
< S
5 o fromT_ N
m fromT omp
@ fromT c

0 . . . . .
0.4 0.5 0.6 0.7 0.8 0.9 1
Co concentratior

Fig. 1.6. The composition dependence of the exchangoupling parameter (Asqco) in the
amorphous and crystalline Gd_,Co, alloys calculated by N. H. Duc et al (ref412]-[14]).
The value of the Gd-Co intersublattice moleculetdficoefficients Xggco in GdCoy

can be derived from &, using the following relations:

A :ZGch(ch_l)A — - Zeoss(@ca — D)
S MGeaXN S TS g - N

where Zqcois the number of Co-nearest neighbours of onetGu and Z,cqis the number of

A CoGd (1-5)

Gd-nearest neighbours of one Co atom. They caretiecgd from formulas: gdco,= (12+6X)X
and XZoca= (1-X)Zsqco(see ref.[12]-[14]). Eventually, one finds:
12+ 6x)(gco ~ 1)
HoOCoMEN
The atomic densities N for crystalline and amorgh@d ,Co, alloys depend on the
composition and have been taken from rgfs.and[15]. By using g4 = 2 (L = 0 for Gd) and

Oco = 2 (neglecting a small orbital contribution tognatic moment), the values b4, can be

A =AGdco =AcoGd = AGdco (1.6)

calculated and presentedrig. 1.7
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Fig. 1.7. The composition dependence of the Gd-Catérsublattic molecular field coefficient (. =

Acdco) in the amorphous (open and solid squares) and cstalline (solid circles) Gd_,Co, alloys.

It is difficult to specify the real value a&f especially near x = 0.8. The causes may be
that the accuracies of composition measuremenitemture are different, therefore there is a
distribution of the published for the same composition and same (amorphousystatiine)
structure. The rather large differenceirdbetween crystalline and amorphous alldysy (1.7
proves the important role of local geometrical clmee with respect to the antiparallel
interaction between the Gd and Co magnetic sutdgttiFor instance, it can be inferred from
Fig. 1.7that, when x = 0.8} is about 80 for an amorphous structure and 20@ fonystalline

structure. If the sample is not completely amorghbean be somewhere between 80 and 200.
1.3.  Numerical simulation of magnetic behaviour of Gd.«Co alloys
1.3.1. Theoretical magnetisation process of GgCo, ferrimagnetic alloys

The general magnetisation process of @&, ferrimagnetic alloys is sketched &iyg.
1.8 The ferrimagnetic saturation state can be acHieasily with an external magnetic field
Hs; called the ferrimagnetic saturation field. In ardie break the antiparallel configuration of
the Gd and Co magnetic moments, the external magredtt must overcome the spin-flop field
Hs. The amplitude of spin-flop field Jidepends on (net) magnetisation and anisotropy of
alloys. After spin-flop (H > k), the magnetic configuration has to pass througmiermediate
state when the Gd and Co sublattice magnetisatemes not collinear to achieve the
ferromagnetic saturation state where the two stikdatnagnetisations are parallel to the applied
field. The ferromagnetic saturation state of the @, alloys is reached when the applied field

exceeds K} called the ferromagnetic saturation field.
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Fig. 1.8. General magnetisation process of GgCo, ferrimagnetic material, where Hs;, Hg;, and Hs,
are the ferrimagnetic saturation field, the spin-fbp field, and the ferromagnetic saturation field,

respectively.

The magnetisation process of G@o, alloys has been theoretically investigated by
Radwansky et al in 198a.6]. A mean-field calculation has been performed wita input
parameters taken from literature. Theoretical valofethe spin-flop field K (= A|Mco - Mgdl)
and the ferromagnetic saturation field.= A|Mc, + Mgd) have been estimated neglecting the
anisotropy and the demagnetising energy.

In our opinion, anisotropy plays an important rolethe magnetic behaviour of Gd
«Co, alloys, especially in the vicinity of compensatitemperature (&) Where the total
magnetisation is very small and Zeeman energy besauomparable with anisotropy. On the
other hand, when temperature is far frop,J the magnetisation becomes large, therefore the
influence of demagnetising energy can not be négecin order to describe well the
magnetisation process of Gf€o, alloys, these two factors (i.e. the anisotropyofsublattice
and the demagnetising energy) will be taken int@woant in our mean-field theory

developments.
1.3.2. The calculation model for magnetisation process@é .Coy alloys

Fig. 1.9 shows three typical magnetic configurations of, @b, alloys in the whole
magnetisation procesk low applied fields, the magnetic configuratioh®d, ,Co, alloys is
ferrimagnetic, and the total magnetic moment of @anis parallel to the dominant sublattice
moment and antiparallel to the oth&ig. 1.9.3. In the intermediate stat€if. 1.9.5, because
of the dominance of Co sublattice anisotropy, tialtmagnetic moment is not anymore parallel
to the applied field. Finally, when the appliedidieexceeds kb, both sublattice magnetic
moments are parallel to the applied field, and tmagnetic configuration becomes

ferromagnetic as describedhig. 1.9.c

17



sf Hy<H<Hg He<H

=
| =

Sl

0

!

(@) Mea¥ (b) (©

Fig. 1.9. The magnetic configuration of Gg,Co, changes from ferrimagnetic configuration (a) to

ferromagnetic configuration (c) via an intermediateconfiguration (b) under an applied magnetic
field ﬁ parallel to the easy axis of Co sublattice. The afes6 and ¢ (0, ¢ O [0, 1) respectively
describe the directions of Gd and Co sublattice mamgptisations with respect toﬁ .

The free energy can be written as:

E= -p,HM_,cosp—p HM,cos0+pu AM - M, cosf +6) (1.7)
+Kosin ¢ + 311, (M, CoSp + M gy cOSB)’
where6 ande are respectively the angles of Gd and Co subtattiagnetisations with respect
to the applied field (sekig. 1.9. Kc, is the first order anisotropy constant of Co stitgie. In
the equatior(1.7), the first and the second terms represent Zeemangy the third term is the
intersublattice exchange energy, the fourth isG@besublattice anisotropy energy, and the last
term is the demagnetising energy. The anisotadp®d (L = 0 ion) sublattice is zero and not

present in the equation. In order to calculatectiitecal fields of Gd..Co, alloy, the problem is
divided into two cases: & = 0 and Kk, > 0.

a.When K¢, = 0 and the demagnetising energy is neglected (thealculation of
Radwansky et al[16])

Because there is no anisotropy, the total magmireﬂisa? is parallel to the applied field
H , and the free energy is:

E = —poHM + U AM oM g4 COST (1.8)

= —uOH\/M%O + M2 +2M oM g €OSa + HoAM oM gg COST

The equilibrium state is found by minimising thedrenergy with respect to= (¢ + 6).

18



1.3.3.

dE H .
— =0 |—-=A|sina=0
& (M j 0.9

When H < H¢ a = 0° sina =0 and M = [M, - Mgg| # 0.
When H¢i< H< Hy 0 <a < 180° sina> 0= H/M =A
When H > H, o =180°, sina =0and M = M, + Mgg# 0.

At critical points H = H;and H = H,, one can find:
Hst = A|Mco - M| (1.10.a)

Hs2=A|Mco + Mcd| (1.10.b)
At Teomp the sublattice magnetisations compensate, thveredoconclusion can be
inferred from equatiofl.10.a)that:In case of no anisotropy, the spin-flop field of,Gd

«Coy alloys will be zero at the compensation tempegatur

. When K¢, # 0 and the demagnetising energy is taken into accou

The equilibrium state can be found by minimisingiaipn (1.7) with respect t® and
¢, we find:
oE : : .
% =y ,HM singp —p AM M Sin@ +0) —p M- M Sinpcosd  (1.11.a)
+ (2K g, ~H,MZ,)sing cosp =0

‘3_'; =y HM,SiNB —p AM . M, Sin@ +6) —p M. M, cospsin® (1.11.b)

- (U MZ,)sinBcosB =0
The equationg1.11) have no analytical solution and must be solvednbynerical
methods. The Matlab computing program is usednd the two angles and6 as
functions of the applied field and anisotropyc(K Hs; and H, can be found by
investigating the sum = ¢ + 6. Hy is the applied field where start decreasing from

18C, and H;, is the applied field where start increasing from zero.

The specimen for simulation: GgCp o alloy

The G@ Lo g alloy is chosen as a model material in our sinmuator the following

reasons: The composition of this alloy (x = 0.8klzse to the composition of GgCo, alloys

experimentally studied in this thesis. The avadabtperimental parameters (Ns, Tcomp Acdco

of Gd,.«Co, crystalline compounds can be used to calculaténihe parameters.(Acoco in the

mean-field calculation for Gd4Coy g alloy:

Jeo=0.84, @0 = 2= pico = 1.6815 = 1.5580x1G° Anv’.
Joa = 3.5, @g= 2 = Heg = Tus = 6.4890x1G° Am?.
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The atom density of GddCayg0 can be deduced from its mass density D(GYGo

8.50x10 g/nT [15], we find: N(G@ 20C0ns0 = 6.51x16° at/nT.

Mco = 4Nuc/5 = 8.12x10 A/m and My = Nucd/5 = 8.46x10 A/m.

The intersublattice molecular field coefficient 8 »fCy go Can be taken frorhig. 1.7

for crystallised alloys (x = 0.8): = 190.

The Curie temperature of @gCag from Fig. 1.5is about T = 900 K, this E

corresponds to the Co-Co intrasublattice moledig#d coefficient:Acoco = 900.

Neglecting the Gd-Gd interaction, the mean-fieldaity has been applied using the
parameters listed above to calculate the temperdpendence of the sublattice magnetisations
and the total magnetisation of the G&aqy 59 alloy. The calculated results are presentegign
1.10
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Fig. 1.10. Temperature dependence of the spontanenmagnetisation of Gg,(Cog goalloy (solid

curve) calculated by the mean-field theory when th&d-Gd interaction is neglected.

A compensation temperature.f, = 128 K is obtained. ThisJm, quite agrees with
literature data for GCoy go alloy inFig. 1.4 These results will be used to calculate thecziiti
fields (Hy and H;,) for both cases with and without anisotropy.

1.3.4. The critical fields (Hy, Hs)

a. The critical fields (Hg, Hsy) of Gdy2dC0g.g0in case of no anisotropy

The calculated critical fields @gdand H) of the Gd./Co g alloy in the case of no
anisotropy are shown dfig. 1.11 Below room temperature, the ferromagnetic satndteld
Bs: is several hundred Tesla, therefore, the ferromtigsaturation state of GgCa g0 cannot

be experimentally reached.
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Fig. 1.11. Temperature dependences of the spin-fldigld (Bs= pHsp) and the ferromagnetic
saturation field (Bs, = poHsy) of Gdy 2dC0p g alloy calculated using formula(1.10)taking the
demagnetising energy into account. The anisotropy ineglected (k, = 0). The insert is B; zoomed
close to Tomp = 128 K.

However, the spin-flop field decreases significamar T,m, and gets to zero ath,
This characteristic (with K = 0) enables us to obsdhe spin-flop of GgbdCap g0 in vicinity of
Teomp UsiNg the fields available in the laboratory. Amperatures far from Jn, the By
increases very quickly to several tens Tesla,ithaty there has been no study which observed
the spin-flop field in GgyCoy alloys except a very recent study of Kuz'min e{24l06) on a
GdCag; single crystal.

3L GdCos unclamped single crystal

Magnetisation (ug/f.u)

0 1 1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60
B (Tesla)

Fig. 1.12. The magnetisation curve at 5 K of an wtamped single crystal of a GdCg
in a pulsed magnetic field published in ref[17], Bss= 46 + 1 Tesla.

In their work, Kuz'min et aJ17] undertook a high-field magnetisation study ofragke

crystal of GdCe (x = 0.83, its magnetisation is Co-dominant atedhperatures, i.e..d,, does
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not exist) in magnetic fields up to 60 Tesla. Thesatropy of the Gd sublattice is negligible. In
order to eliminate the influence of the strong neggnanisotropy of Co, the sample was shaped
as a sphere and could freely orientate itself acsplin this way it was achieved that, during the
magnetising process, while the total magnetic mames directed along the applied field, the
moment of the Co sublattice remained parallel soedsy-axis [001] even after spin-flop. The
system is equivalent to an isotropic ferrimagned #re magnetising process is similar to the
case of zero anisotropy. The result presentdegnl.12lets one know that the spin-flop field
of GdCq crystal is B; = 46 + 1 Tesla. So far, this is the unique meabwedue of B; in Gd..
xCo, alloys and compounds.

The intersublattice molecular field coefficienbf Gd,,Co, alloys can be calculated if
the spin-flop field is known. For instance, the nsfbop field of GdCaq crystal is B =
46 + 1 Tesla. The measured spontaneous moment 66:Ad ref. [17] is p = (1.72 + 0.05)
ug/f.u. The mass density of Gd€erystal is D = 8.80x10g/nT [15], we find the corresponding
atom density of GdGacrystal N = 6ND/451.92 = 7.04x18 at/nt. Finally, by using equation
(1.10.a) we find the intersublattic molecular field coeféint of GdCeg crystal: A(GdCag) =
6B/ (uouN) = 195 + 10.

b. The influence of anisotropy on the spin-flop fieldHs)

—_— _ 3
Gdy 2:C% g0 Keo = 0 kam.
—o— K¢, =5 kd/m
- K, =10 k/m?
_. 10 & K, =20kt
1]
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%
m
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Temperature (K)

Fig. 1.13. The K, dependence of the spin-flop field (B calculated for Gd, ,dC0g go alloy. The

applied field is parallel to the easy axis of theasnple.

In order to evaluate the role of anisotropy in tmagnetisation process, in our
simulation the anisotropy d§ is varied from 0 kJ/fto 20 kJ/m, This range of K, agrees well
with the perpendicular anisotropy of sputtered ghous Ge,Co, thin films published in refs.
[5] and[18]. The calculated K, dependence of Bis shown inFig. 1.13 The applied field is
still parallel to the easy axis of sample (it ikelvise the easy axis of Co sublattice). The

obtained results prove that the anisotropy, Ktrongly influences the spin-flop of o,
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especially in the vicinity of &mp At Teomp the spin-flop field is not zero anymore if the

anisotropy is taken into calculation.

4

0 5 1.0 1.5 2.0 2.5 30
3
K o (kI/m®)

Fig. 1.14. The K, dependence of the spin-flop field (§ of Gdy 2dC0g go alloy at Teomp = 128 K.
The applied field is parallel to the easy axis dhe sample.

The value of B at Teomp @s a function of K, is presented ifrig. 1.14 We can see that

the larger the anisotropy is, the larger the sjap-field at TeompiS.

1.3.5. Rotations of the Gd and Co sublattice magnetisaBan magnetisation
process of GdCoy alloys

a. In the case of no anisotropy (I, = 0)

In the case of no anisotropy, whatever the direciid applied field is, the total
magnetisation is always parallel to the applieddfidfter spin-flop, the antiferromagnetic
configuration is broken, so the anglédbetween Gd and Co moments is not°1&@ymore, i.e.
the Gd and Co sublattice magnetisations are neeloogllinear.

The rotation of the Gd and Co magnetisations of #&ty g alloy at 5 K under an
applied field is shown iifrig. 1.15 Although the slopes af(B) and6(B) curves are very large
right after spin-flop, the slope afB) curve is small. The change of the total angle ¢ + 0)
when the applied field varies from 0 T to 30 T madler than 18 It means that the net
magnetisation of Gg{ay g alloy changes very little below 30 T even when #pin-flop
occurs, therefore the spin-flop phenomenon is qdiféicult to observe with conventional
magnetometers (VSM, SQUID).
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Fig. 1.15. (a) The rotations of the Gd and Co magtisations from the applied field direction, and

(b) the field dependences of the projection of subiitice magnetisations on the applied field

direction (z-components) during the magnetisation cess at 5 K. Because of zero anisotropy, the

total magnetisation is parallel to the applied fiedl (M, = M).

On the opposite, since the anglgsand 6 vary rapidly right after spin-flop, i.e. the

directions of Gd and Co magnetisations rotate tapid is easy to observe the magnetic

structure and the spin-flop phenomenon with thepkierr imaging and the extraordinary Hall

effect, which are very sensitive to the directidnnagnetisation of the Co sublattice. These

observation techniques will be explained lateretad.

b. The influence of anisotropy on the rotation of suldttice magnetisations

Assuming that the external magnetic field is applparallel to the easy axis of the

sample, in the intermediate state (whep<BB < Bs,) the sublattice magnetisations are not

parallel to the applied field. The anglesaand6 depend not only on the amplitude of the applied

field but also the anisotropy. Nevertheless, thenrdidference compared to the case gfk 0

happens in low fields near the spin-flop field. B-or example, below 20 T, the moment
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rotations in two casesd§ = 0 and k, = 20 kJ/m quite deviate from each other, but they
coincide above 20 T (see the solid and dash cunveig. 1.16.
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Fig. 1.16. The rotations of Gd and Co magnetisatianfrom the direction of applied field, and (b) the
field dependence ofx (= 0 + ¢) calculated at 5 K for two cases: I, = 0 (dash lines) and k, = 2
kJ/m? (solid lines). The applied field is parallel to tle easy axis of sample. Above 20 T, both
rotations coincide.

Additionally, during rotation, because of the Cawdoant anisotropy, the Co
magnetisation is more difficult to rotate from sy axis than the Gd onedf& 0), therefore,
the total magnetisation is not parallel to the #uplfield. The deviation of the total
magnetisation from the direction of applied fieldakas a difference between total
magnetisation M and its projection,Mn the direction of applied field as shownFig. 1.17
We can see that the larger-Kis, the more tilted from the applied field's difen the
magnetisation is. Whends§ = 20 kJ/m, M and M, curves almost coincide. The deviation just
happens in the range of applied field near spip-field. For example, when K = 500 kJ/m
above 30 T, the curves of M and, Bte superimposed.
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Fig. 1.17. The total magnetisation M (three solidmes) and its projection M, on the direction of

applied field (three dash lines) calculated at 5 Kor three cases: k, = 20 kJ/nT, K¢, = 200 kJ/n?,

and K, = 500 kJ/nt. The applied field is parallel to the easy axis cfample.

Because, the anisotropies of amorphous,Gd; alloys are below 100 kJ/gsee refs.
[17] and [19), the directional deviation between magnetisatiod applied field is very small
and can be neglected. That is why, in calculation &morphous GdCo, alloys, the total

magnetisation can be considered parallel to théeapfeld (M = M,).
1.4. The extraordinary Hall effect (EHE) in amorphous Gd;Coy alloys
1.4.1. Introduction of Hall effects
a. The ordinary Hall effect (OHE)
Consider a rectangular plate with a thickness trytey a currentc (i.e. a current
densityi ) along the length of the plate, with a fiethd perpendicular to the plat&ig. 1.18.

A carrier (electron or hole) moves with averageouiy vj{ , and is subject to the Lorentz force.
This force deviates the carriers in the y directi@sulting in an accumulation of charge on the
lateral faces. A Hall voltage Vappears between the faces such that the reseliotyic field
ET.{ compensates the Lorentz force. If n is the volwmecentration of carriers, the transverse

electric field at the equilibrium state is calceldtto be | = B,J/nq. So the Hall effect is
sensitive to the component of magnetic field pedimrar to the plane containing the Hall
contacts and the current. It is an odd functiothefapplied field, with hysteresis in a magnetic
material. The ordinary Hall resistivitpy = E/J, = R4B,, is proportional to the field, with the

slope defining the Hall coefficient:
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Fig. 1.18. Geometry of the Hall voltage measurememthere |, is the applied current, Ey is the Hall

electric field, and B, is the external magnetic field.

Ey _ Vut _ 1

Ry = - - =
: IxB; ng

= 1.12
3B, (1.12)

This coefficient is negative for electrons (q ==-e1.6x10"° C), and positive for holes
(q = +e), and is expressed /T or equivalently in MiC. If B is known, OHE is used to
characterise carriers (sign and density). If migvin, it is used as a field sensor.
b. The planar Hall effect (PHE) in magnetic materials

In case of a magnetic conductor when the magnetid fs parallel to the contacts-
current plane (i.e. the plate), a component of tetedield can exist within the plate,
perpendicular to the current. This is called thanpt Hall effect and it is related to the
anisotropy of the magnetoresistance, i.e. the &pisic magnetoresistance (sgection 5.3.%,
in a magnetic conductor (ref@0] and[21]). In applications, the planar Hall effect can lsedi

to make magnetic field sensors (refgd2] and[23]). The origin of the planar Hall effect is
interpreted irFig. 1.19 In the saturation state of a magnetic condumermagnetisatiorﬁ is
parallel to the applied fiel® and makes an anglewith the applied current dens@ . The

applied current density can be representea -as]T, +E whereﬂ andE are respectively

the current densities in two in-plane directionspeedicular and parallel to the direction of

magnetisatiom?. The corresponding electric fields ar‘E_,[ = p,,J_,; and Eﬁ = pDE where

p, andpg are the resistivities along both directions.

Because of the anisotropic magnetoresistance, thsistivities parallel and

perpendicular to magnetisation are dif‘fereﬁfi—:gg—D ~ +1%), therefore, the total electric field
/PO

E:E+Eis not parallel to the applied current den&y. The Planar Hall voltage is
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measured in the direction perpendicular to theiagmurrent. The amplitude of the planar Hall

electric field Epy can be calculated as:

Po —Py

, Jy . J .
Epy =Ej sing — Ej coso :ismq) ——Dcos¢ =Jcospsing (1.13)
P PO PiPO
and the planar Hall resistivity can be found as:
E - .
pppy =—PH = PO TPI g0y (1.14)

J 204pp
In case of no anisotropic magnetoresistarge= pg) or when the magnetisation is
perpendicular to the plate, the planar Hall effisckero. The maximum planar Hall effect is
obtained when the angle between magnetisation amckrd) is 45°. It is zero when the

magnetisation is parallel or perpendicular to theent.

Fig. 1.19. The origin of the planar Hall effect ine magnetic material.

Notice that the planar Hall effect is an even tiorc of the applied field. When the
direction of the applied field is reversed, thenglaHall voltage is not changed. Even if it is

called Hall, it is a magnetoresistance effect.

c. The extraordinary Hall effect (EHE) in magnetic matrials

Let us now come back to the measurement configurgiresented ifrig. 1.18where
the applied field is perpendicular to the plateaahagnetic conductor. In this case, because of
the influence of a very strong internal magnetadfiand the magnetic scattering centers inside
the magnetic material, a new Hall effect appealleadtthe extraordinary Hall effect (EHE), it is
very different from OHE in magnitude as well asnrechanism. Since most ferromagnetic
materials are metals, OHE is still present butg bsually a smaller amplitude than EHE.

Hall is the first person who studied the Hall effat a magnetic material (Fe foil) in
1880[24]. His name was later used to name the effect. Had'dhat the Hall coefficient of Fe

is about ten times larger than that of Au or Ag ahadpposite sign. In 1881, he proceeded to
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research on Ni and Co and then stated an impdieatire of the Hall effect of ferromagnets
[25]: the Hall voltage is not proportional to the exterrdield B. Instead, it tends to become
constant at field values comparable to those wimeagnetisation itself saturate¥he similar
measurements made by A. W. Smith and R. W. J82isfor Ni are reproduced ifig. 1.20
Before saturation, the Hall voltage depends onmiagnetisation rather than on the applied
field. When the magnetic saturation state is addew all the domains have been aligned with
the direction of the applied field, the magnetsatis almost constant. The Hall voltage
continues to increase following the increase ofapplied field, but more slowly than its low

field variation.
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Fig. 1.20. The Hall effect in Ni published by A. WSmith and R. W. Sears in ref[32].

In every case of ferromagnetic metallic alloys &ddafter that time, the Hall effect
consists of a sum of two ternf83]. The first term is proportional to the magnetisfredd and
has been called the ordinary Hall effect (OHE)oltder of magnitude and sensitivity variations
in temperature and in composition are comparabta thie Hall effect in non-ferromagnetic
metals. The second term is proportional to magaiis and has been called the extraordinary

Hall effect (EHE). The Hall resistivity of magnettements and alloys can be represented as:

PH =RoMoH + RgHoM (1.15)
Where H, M, B and R are the applied field, the magnetisation of thea, the ordinary Hall
coefficient, and the extraordinary Hall coefficientespectively30]. In terms of magnitude, the
extraordinary coefficient Rs usually at least one order larger than thenamgi coefficient R
(1/ng). In case of metallic magnetic compound,edéht from the case of semiconductor, the
density of conduction electrons n is very large,bBcomes very small and can be neglected,
that is why in the rest of this thesis, we somesiteave aside the ordinary Hall effect, in order

to concentrate on the truly magnetic part of tHeotf
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1.4.2. The mechanism of extraordinary Hall effect

Two different types of scattering events have bpmposed to be the microscopic
origins of EHE[30]. One is referred to as "skew scattering" and &ratterised by a constant

spontaneous angbg at which the scattered carriers are deflected o original trajectories.

The predicted correlation between the skew scagetall resistivity pﬂ‘e"") and the
longitudinal resistivity ) is: pSerW =Ap+ sz wherep is measured in zero applied field. The

second term is frequently neglected and a linetay tmatweenpﬂ‘e"" andp is mentioned (refs.

[28], [30], and [45]). The other scattering mechanism, so-called "gidg", is quantum

mechanical in nature and results in a constantaatisplacemendy of the charge’s trajectory

at the point of scattering. For the side-jump mecma: pﬂde'jump =Cp? [29].

(@) (b)

Fig. 1.21. Comparison of skew scattering (a) chargerised by Hall angle@s and side-jump

characterised by a constant lateral displacemerty of carrier trajectory.

Because the-dependences of both mechanisms are differentimanetry to separate
them. The EHE is usually attributed to the skewttsciag whenp is small (low temperatures
and/or pure metals) and to the side-jump whperis large (high temperatures, concentrated

alloys, and disordered materials). Superpositiotheftwo mechanisms is represented as:

_ 2
P =ap+bp (1.16)
where a and b are constants. The first term isbedi to relate to the skew scattering and the
second term relates to the side-jump mechanism withossible contribution of the skew

scattering as well. A simplified alternative forihpresentation is:

py =ap” (1.17)
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with n = 1 corresponding to skew scattering, nte the side-jump, and intermediate values 1 <
n < 2 accepted as a superposition of both mechanisar example, in case of Ni (n = 1.5) both
skew scattering and side-jump are present, whileetks only side-jump (n = 2) present in cases
of Fe and Gd30].

1.4.3. The extraordinary Hall effect in GgxCo, ferrimagnetic materials

Different from a ferromagnet, in a ferrimagnet thare two magnetic sublattices with
different contributions to the extraordinary Halffeet. Gd.,Co, is the first rare-earth
amorphous alloy in which the extraordinary Halleetfwas studied. Experiments on (o,
were stimulated by the proposed use of this matfiabubble domain devicggl2]. In Gd.
«Co,, the complexity caused by two interacting magnatits gave rise to several models to
explain the Hall behaviour.

The first papers on the Hall effect in 80, alloys were those of Ogawa et al (1974),
and Okamoto et al (1974), which assign a dominaletto only one sublattice in describing the

temperature dependence of the Hall effect.
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Fig. 1.22. The Hall resistivity of sputtered Gg,Co, films and the magnetisation of a Gg1dC0g g1

film as a function of temperature (Ogawa et al 19789)).

Ogawa et al (see ref34] and[39]) assigned the sign of Hall resistivitp,j to Gd
moment alone. They supposed that Gd contributicthécHall effect is negative. Belowk,
the Gd moments are parallel to the applied fietdtrey make a negative Hall effect. On the
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contrary, above J&m, the Gd moments are antiparallel to the applield fitherefore the signe of
the Hall effect is positive. This model was basedttte observation that the magnitudepgf
does not depend on the magnetisation of the sabytlgaries in proportion to the amount of
Gd present in the GgCo, alloys. When x decreases, the absolute valup;ahcreases as
illustrated for three compositions fing. 1.22
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Fig. 1.23. Temperature dependence of magnetisati@md Hall resistivity of a sputtered Gd ;Cogs

film (Shirakawa et al 1976[36]).

In contrary, Okamoto et &5], and later Shirakawa et al (1978%] assign a dominant
role to the Co moment. The parallel-to-field Co nemtn(above I,y makes a positive Hall
effect, and the antiparallel-to-field Co momentl@we T..my gives a negative Hall effect. This
interpretation came about because the temperagpendence ofy and the Kerr magneto-
optic rotation are similar. It was known from prews work that the main contribution to the
Kerr effect is Co and not Gd. The typical resutinfr Shirakawa for GgCog3 is shown inFig.
1.23with Teomp = 100 K illustrating the sharp change in signtfee Hall voltage at &fmp [36].
This reversal of Hall effect is attributed to tlewversal of Co moment from antiparallel-to-field
to parallel-to-field at I,mp In this case, however, the saturation value df tdaistivity is quite
small,py = 2uQ.cm in comparison with previous datad. 1.23.

In 1976, Asomoza et §B7] carried out a research on the extraordinary Hégdice of
RCo; thin films, where R is rare-earth element. Tho#leya include GdCe¢ with Tcomp
somewhere between 173 K and 263 K. Thig,Jis different from the data of Hansen (rief],
page 368: Imp = 400K for amorphous GdGalloy, and the GdGocrystal is Gd-dominant at

all temperatures). This difference may be attributethe error of composition determination.
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Fig. 1.24. Hall resistivity of GdCq from Asomoza et al[37].

The Hall resistivity here ipy = 5 uQ.cm for amorphous GdGalloys. The research
confirmed the sign reversal of Hall effect at.k (seeFig. 1.24 and contributed a conclusion
that it is only the Co which contributes pg in GdCq and other RCgpalloys. These results
showed that the Hall resistivity is practically tt@me whether the R is magnetic (Gd, Er, Ho)

or nonmagnetic (Y). Moreover, the replacement ob@dNi makes the Hall resistivity decrease
(seeFig. 1.25.
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Fig. 1.25. The saturation Hall resistivity as a funtion of temperature for various RCg and

Gd(Cog o Nig 753 sample imported from Asomoza et aj37].

In 1977, McGuire et a[40] reported that the Hall effect in amorphous, (&b,
ferrimagnetic thin films is associated with botle t8d sublattice and the Co sublattice. They
studied the Hall effect in the amorphous ternanyirfeagnets GdCoMo and GdCoAu, which

exhibit compensation temperatures.f). Similar to publications earlier, above,d, the Hall
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coefficient R (see formula(1.15) is positive, and reverses below,], The sign of R was
attributed to the combined effect of a negative K&dl coefficient and a positive Co one as
presented ifFig. 1.26 At temperatures below.d,, the parallel-to-field Gd magnetic moments
are associated with a negative Hall scattering. él@r, above &, the Gd moments are now
antiparallel-to-field and their Hall voltage revess The same analysis can be made for the Co
moments except the parallel-to-field Co momentsehawositive Hall coefficient to the Gd

coefficient. Their Hall effects should add togethreboth T ranges as illustratedkig. 1.26
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Fig. 1.26. Schematic diagrams of magnetisation (apd Hall voltage (b) versus temperature for a

two-sublattices system (imported from McGuire et a[40]).

So far, most publications on the extraordinary taéfct of RT systems (R = rare earth
elements as Th, Gd,... and T = transition metals @sFe, Ni) prove the dominant role of
transition metal on the extraordinary Hall effedimura et al (1976) investigated the strong
effect of Ni in Gd-Ni alloys and suggested the siaon metal plays the more important role
[38]. In 1983, R. Malmhall carried out a study on tlgaordinary Hall effect of several TbhFe
alloys and attributed the dominant role to Fe dtib&[43].

In short, the Hall resistivity for GdCao, can be written as:

34



PH =HoRoH +*HoRGdM g4 + HoRcoM co (1.18)
where My and M, are respectively the Gd and Co sublattice magutaiiss. The

corresponding extraordinary Hall coefficients argy BRnd R,. Because B; < 0 and R, > 0O,

and M g4 and M, are antiparallel, the contributions of Gd andr@oments to EHE have the

same sign but their amplitudes are still open soutsion.
1.5. Conclusion

1.5.1. About magnetic behaviour of G4dCo

Although there were many studies about magnetipegites of Gd,Co, alloys, they
have always been performed in low fields. Thawiyy no one has done any research on the
spin-flop and the spin reorientation process of Gd, magnetisation except for the unique
research of Kuz'min et 4l7] on the spin-flop of GdGocrystal (just a magnetic study, no
transport, and not a film) performed with pulsedynetic fields.

Our mean-field calculations show that the anisotriops a strong influence on the spin-
flop field and the magnetisation process of,. (&b, alloys in vicinity of T.ome Moreover, near
Teomp the spin-flop field decreases significantly aredsga minimum value at.d,, Using high
fields above the spin-flop field, we can obtain manformation about anisotropy and the

exchange interaction between Gd and Co momentsri®gd . .Co films.
1.5.2. About the extraordinary Hall effect of Gd,Coy

Although there have been many studies on the exiirsary Hall effect of Gd,Co,
alloys, the relative orders of magnitudes of bogh dhd R are still open questions.

Mean-field calculation shows that, after spin-fliyg sublattice magnetisations are not
collinear any more and rotate from the directiomjoplied field in different manners. Therefore,
the behaviour of extraordinary Hall effect can mryvinteresting after spin-flop. Since all
studies about the extraordinary Hall effect of, (&b, alloys have been performed in low
magnetic fields smaller than the spin-flop fieltidaall theoretical studies which mention the
spin-flop phenomenon just concentrate on the magmeoperties of alloys, we can use the

spin-flop to get new information about the EHE beébar of Gd_,Co, alloys.
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Chapter. 2. Experimental Procedures

2.1. Introduction

In this chapter, the techniques for fabricatingpgaissing, and characterising the
samples are introduced. They include:

» Sputtering technique for depositing thin films.

» Dektak profilometer for thickness measurements.

» The vacuum furnace for annealing samples at higipeeature.

» X-ray diffractometer for structure analysis.

* Energy Dispersive X-ray Analysis (EDX) for measgrthe composition.

» Polar Kerr Microscope (PKM) for imaging the domastiucture.

* Vibrating Sample Magnetometer (VSM) and Supercot@uQuantum Interference

Device Magnetometer (SQUID) for measuring magnaienents.

* UV Lithography and lon Beam Etching for patternsaamples.

» Transport measuring system for investigating th@dport properties of fiims and

structures including magnetoresistance and extirzgamgHall effect.

In the case of GdCo, ferrimagnetic alloys, the vanishing of magnetmatat Tomp
usually causes a problem for magnetometry measutsmeHowever, transport (the
extraordinary Hall effect - EHE) measurements araymeto-optical (the polar Kerr effect -
PKE) measurements are not sensitive to the totghetec moment. Because EHE depends on
the conduction band polarisation and PKE dependb®mpolarisation of sub-bands involved in
the optical transitions, both effects (EHE and PKfgintain large contrasts ateh, In this
chapter, the PKE microscope and transport measayistgm will be presented in greater details

because they are the main techniques used irmtssst

2.2. Sample fabrication: DC - magnetron sputtering
The samples in our studies have been fabricateu ukie facing-target magnetron
sputtering technique at Institut Néel (all (G@o, based samples) and the magnetron sputtering

technique at Vietnam National University in Harlee(Cr multilayers).
2.2.1. At Institut Néel (IN)

There are four DC sputtering sources in the fatanget sputtering system at Institut
Néel (IN). Each source uses two targets of the ssinee 30 mm in diameter and around 4 mm

in thickness. Substrates are mechanically heldgukapton on the substrate holder during
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deposition. There are four couples of Sm@ermanent magnets arranged on the substrate
holder confronting the four sputtering sourcesreate an applied magnetic field parallel to the
substrates during deposition. Before depositiorctiember is pumped down to 1%4tbar as

a base pressure, and then Ar gas is introducedfietehamber and pressure is kept at 3x10
mbar during deposition. The power supplies are tiened on to ignite the Ar plasma. The
sputtering current was set at 35 mA for all sampled all the substrate holders are grounded.
All substrates for the films based on Gdo, layers are 300 pm-thick Si wafer. During

deposition, the substrate temperature is room teatyre.

Fig. 2.1. The distribution of four sputtering soures (a) and four substrate positions (b) on the

substrate holder in the facing target sputtering sgtem at IN.

Actually the substrates are kept hidden from theaes during the first 5 - 10 minutes
after the ignition of the plasma, so that the teeg@an be cleaned and get rid of any oxide layer
that may form when the targets are exposed toraiobused for a few hours. The substrate
holder is rotated automatically to expose the satet to the sources and a shutter allows
deposition for a chosen duration depending on fhetering rate and the required thickness.
From initial pumping and gas control to depositithe process is controlled by a computer

program (shutter on/off). It allows automatic mialyier deposition.
2.2.2. At Vietnam National University in Hanoi (VNUH)

The sputtering system at Vietham National UnivgrsitHanoi (VNUH) is magnetron
type and has three sputtering sources, one DCesaumd two RF sources. Each source uses one
target. The two RF plasmas are created using adrexy of 13.56 MHz. The targets are disks
of 75 mm in diameter and around 1 mm thick. TheCFefultilayers were deposited using two
RF sources with two targets of Fe and Cr. Duringpacal sputtering process, substrates are
mounted on the top plate by kapton. All targets antdstrates are water-cooled at room

temperature. The base pressure i$ tbar. Ar gas pressure is 3%1Mbar during deposition.
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The power supply is set at 200 W to ignite the argtasma. The targets are always cleaned
with 5 mn of presputtering to get rid of any oxldger. The substrate holder is rotated manually
to expose the substrates to the sources for arcarteount of time calculated depending on the
required thickness of the film and the depositiate r

(b)

Fig. 2.2. One of three sputtering sources (a) antitee targets distribution (b) in the magnetron

sputtering system at VNUH.
2.3. Thickness measurement
2.3.1. At Institut Néel (IN)

Before depositing the GgCao, based samples, several thickness calibrations hese
carried out to get the deposition rates for alfjéss in the same sputtering conditions (3%10
mbar of Ar, 35 mA). Some standard samples were gitgubwith different sputtering times.
Several narrow kapton bands were pasted on thacsuidf substrates before deposition to
create steps between the film and the substratemgduleposition. The kapton stripes are
removed after deposition and the samples are deavith acetone before measuring the

thickness.

Metal probe

Scanning direction

Thin film — Measured thickness

[ ——

Si substrate —» Kapton gap

Fig. 2.3: The principle of thickness measurement.

The thickness of thin films were measured by usir@ektak profilometer at IN. The
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principle of measurement is shownHig. 2.3 A metal tip (thickness detector) is scanned over
the surface of the film in the direction across khpton gap. At the edge of the gap, the probe
will climb from the surface of film down to the dace of substrate. The movement of metal
probe is turned into an electric signal and prae@dsy computer. The real position of the probe
on the sample is monitored by a video camera imelud the machine. The vertical offset of the

probe when it scans across the edge of kaptonsghap thickness of the thin film.
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Fig. 2.4. Scanning results of a Si\Ta thin film mesured by Dektak profilometer

An example of thickness measurement is presentEgyir2.4for a Si\Ta thin film. The
noise of measurement is about 40 A. The measuiiekinéss is about 480 A. The relative
accuracy is 40/480 = 8.3%. In order to get the nibmkness of the film, several measurements
have to be carried out at different areas on time. fAll the measured thicknesses are then

averaged to get the mean thickness of thin film.

Table. 2-1: The deposition rates of different targes in the sputtering condition of 35 mA and 3x18
mbar Ar measured for facing targets sputtering systm at IN.

Target Deposition rate (A/s Target Deposition (@)
Ta 0.92 GeiCogs 1.20
FegNig: (Py) 1.23 GehCogg 0.95
Cu 2.29 GehCogo+ Gdi4Cogs 1.20

Because the error in measurement (40 A) is the damall measured samples, the
relative accuracy of thickness measurement dependbe thickness of the film. The thicker

the film is, the more accurate the measuremerfkhat is why all standard samples are quite
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thick (above 200 nm) in comparison with the sampteslied in this thesis (below 120 nm). The
deposition rates of several materials for the spuiy system at IN are presentedT@ble. 2-1
All Gd;..Co, based layer samples in this thesis were fabridatéite same sputtering condition

with a current of 35 mA and an Ar pressure of 3%fbar.
2.3.2. At Vietnam National University in Hanoi (VNUH)

The magnetron sputtering system in VNUH automdytigag¢rforms the thickness of the
film during deposition by using a quartz oscillatdhe frequency of the oscillator changes
depending on the thickness of the material laygodited on it. The thickness of the film is

automatically calculated from the change of freqyen

2.4. Heat treatment

After deposition, the Fe/Cr samples have been deamdar a duration of 1 hour at
different temperatures ranging between=1200 °C and 500 °C in a high vacuum chamber with
a base pressure of 5%1fbar. The samples have been inserted into thedmat of the furnace
equilibrated at the annealing temperature, helthduhe chosen time, and then cooled down to

room temperature in the furnace for a few hourgsehexperiments were performed in VNUH.

2.5. Composition measurement: Energy Dispersive X-ray Aalysis (EDX)

EDX Analysis is a technique used for identifyinge telemental composition of a
specimen. The EDX analysis system works as an riaied) feature of a scanning electron
microscope (SEM). During EDX Analysis, the sammebbmbarded with an electron beam
inside the scanning electron microscope. The bodibgrelectrons collide with the sample
atoms' own electrons, ejecting some of them ofh@process. A position vacated by an ejected
inner shell electron is eventually occupied by ghkr-energy electron from an outer shell. To
be able to do so, however, the transferring ouest®n must give up some of its energy by
emitting an X-ray.

The amount of energy released by the transferieciren depends on which shell it is
transferring from, as well as which shell it isnséerring to (this is an intra atomic transition).
Furthermore, the atom of every element releasesyX-with unique amounts of energy during
the transferring process. Thus, by measuring teeggrof the emitted X-rays, the identity of the
emitting atom can be established.

The output of an EDX analysis is an EDX spectruee 8g. 2.5. The EDX spectrum
is just a plot of count rates as a function of X-emergy. An EDX spectrum normally displays
peaks corresponding to the energy levels for wthelmost X-rays have been received. Each of
these peaks is unique to an atom, and thereforespmnds to a single element. The higher a
peak in a spectrum is, the more concentrated #maegit in the specimen is. An EDX spectrum

plot not only identifies the element correspondiogeach of its peaks, but the type of X-ray to
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which it corresponds as well. For example, a peatkesponding to the amount of energy
possessed by X-rays emitted by an electron in thledll going down to the K-shell is identified
as a K-Alpha peak. The peak corresponding to X-eagted by M-shell electrons going to the
K-shell is identified as a K-Beta peak (see ingdfig. 2.5.

1400 Co La
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§ CoKa
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Co B
20C
l | SiKB ArKB
0 r 1 1 r
0.100 8.871
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Fig. 2.5: An EDX spectrum of a Si\Gd.,Coy thin film sputtered in Ar “ ion gas. The insert is the

diagram of the intra atomic transition inside electon shell of an atom.

The quantitative element composition of ;(3do, alloys has been analysed by using

EDX technique in IN with an accuracy of 1%.

2.6. Structure characterisation: X-ray Diffractometer

The phase composition and phase transformatiorefErFmultilayers were examined
by means of X-ray diffraction (XRD). The X-ray difiction patterns were taken using a
Siemens D5000 with a CogKradiation Ac, = 1.78897 A)at VNUH. This diffractometer is
equipped with diffracted-beam Soller slits. A difftion range @ between 20° and 110° was
chosen using a 0.01°/3 s continuous scanning spEee.computer program was used to
subtract the background and remove the data of Goddiation. The reflections were indexed
and the phases were determined by comparing theriengntal positions and intensities of the
reflections with the corresponding standard pasteiifhe average crystalline size <d> in the
samples can be evaluated from the XRD line broadeby using the Scherrer's formula

through the full width at half maximum of a difftéan peak :

<d>= (2.1)
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wherel is the X-ray wavelengtty, is the peak position, w is the peak width in uoitsadians
and k is a geometry factor (k = 0.9).

The microstructure of the samples based on,Gak layer has been measured by X-ray
diffractometer at Institute Néel. The measurememtimeters are the same as the ones used at
VNUH.

2.7. Magnetometry
The macroscopic magnetic properties of samples baea investigated by using the
Vibrating Sample Magnetometer technique (at VNUId &x) and a Superconductor Quantum

Interference Device Magnetometer (at IN).
2.7.1. Vibrating sample magnetometer (VSM)

The magnetometry data of Fe/Cr multilayers wer@nded at room temperature by a
DSM Model 880 VSM with resolution of 910" emu and a magnetic field range between —1.4
Tand 1.4 T at VNUH.

The magnetic properties of GMR samples using.,Gd, layers were measured by a
VSM Oxford instrument at IN. The measurements veamrgied out with resolution of T0emu
in the range of temperature from 10 K to room terapge. An external magnetic field between

-8 T and 8 T is created with a superconductingiosile a cryostat of liquid helium.

Angle control &
"~

unit
4
Power (.a udio) < Sinus generator ﬂ,
amplifier
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L ]
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v \l,
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pre-amplifier > amplifier
Power supply | Angle control

unit

Fig. 2.6: Schematic of vibrating sample magnetomet€VSM) with electromagnet.

The schematic presentation of a vibrating samplgna@meter (VSM) using an
electromagnet is shown kig. 2.6 In the VSM system at IN, the applied field is gkl to the

vibration axis.
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2.7.2. Superconducting quantum interference device magmatder (SQUID)

The magnetisation of the Ggo films (in case of small samples or/and near
compensation temperature) have been measured oargupn Design Properties Measurement
Systems (MPMS) XL SQUID magnetometer at IN. The dhagnetic field is as high as 6 T
with an accuracy of I0T thanks to the use of superconducting coils. Teperature of
sample can be varied from 1.9 K to 400 K with sohatson of 0.01 K. The SQUID uses an
extremely sensitive detection method that is ableneasure the magnetisation values in the

range of 1§ emu to 16 emu.
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Fig. 2.7: Schematic of a SQUID magnetometer.

2.7.3. The problem of substrates and sample holder

The total magnetic moment () measured on magnetometers (VSM and SQUID) can
be written as gy = m + my, + My g Where m is the magnetic moment of the thin filng,,ns
the magnetic moment of the Si substrate, anglyns the magnetic moment of the sample
holder. In order to get the magnetic moment of fiim, the contributions from sample holder

and Si substrate must be subtracted.
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Fig. 2.8. The applied field dependence of the magimemoment of a Si\ Gd.,Co, sample measured
at 250 K by the SQUID magnetometer: (a) the total mgnetic moment and (b) the magnetic

moment of thin film after correction.

Firstly, the total magnetic moment, ) is measured by VSM or SQUID. Then the
sample is taken off and the sample holder is ilestadgain into the magnetometer to measure
its magnetic moment gxq in the same condition. Secondly, the sample ighed to find the
mass D of substrate (the mass of film is very sinadbmparison with the mass of substrate and
can be neglected, so the mass of sample can belemt as the mass of substrate). In case of
Si substrate, the density at room temperature ,iss[2.336 g/ci The induced magnetic
moment of Si substratesgpcan be calculated by using formula,n¥ ysiuoH.D/D, where H is
the applied field,u, is the permeability of vacuum, ang; = -1.4x10 is the diamagnetic
susceptibility of Si[41]. Finally, the magnetic moment of the thin filmdalculated using the
formula m = My - My, - Mugig. AN example for a SNGdCo, thin film is displayed irFig. 2.8
showing the total magnetic moment as measuredhenchagnetic moment of thin film obtained

after correction.
2.8. Polar Kerr Microscope
2.8.1. The magneto-optical Kerr effect

The magneto-optical effect in reflection geomesycalled the magneto-optical Kerr
effect. Its description involves three basic gecsiest polar Kerr effect, longitudinal Kerr
effect, and transverse Kerr eff¢é4].

Polar Kerr effect: A beam of light with rectilineguolarisation falls under normal
incidence on a surface which is magnetised inection perpendicular to the surfaéég; 2.9-

a). After reflection, the polarisation has turned doy angle typically less than a degree, and
some ellipticity has appeared. Reversing the méatain leads to the opposite rotation. This
case corresponds, in magnetostatic terms, to aavowgd situation. It occurs only if the

magnetisation is forced to be perpendicular tostiméace, under the effect either of a sufficient
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strong field, or of a perpendicular anisotropy. Bymmetry reason, the rotation does not
depend on the in-plane component of magnetisalibns polar Kerr effect is suitable for the

present Gd,Co, samples with perpendicular anisotropy.

(@) (b) (c)

Fig. 2.9: The three basic configurations for the mgneto-optical Kerr effect (a) polar - (b)

longitudinal - (c) transverse[44].

The longitudinal Kerr effect: A beam strikes a sed which is magnetised in its plane

under oblique incidencé{g. 2.9-h, the magnetisation being in the plane of incigertthe

polarisation (the electric field vect(fr) of the incident beam is perpendicular or pardabteihe
plane of incidence of the light, then the polaiwatof the reflected beam is slightly elliptical,
with a major axis rotated with respect to the imaidpolarisation by an angle of generally less
than a degree. If the incident polarisation is hregitparallel nor perpendicular to the plane of
incident, then the phase shift due to ordinaryexfbn will make the magneto-optical effect
much less noticeable. Here again, the rotationrsegawvhen the magnetisation is reversed.

The transverse Kerr effect: The geometry is theesasin the longitudinal case, except
that the magnetisation, although it is still in flane of the specimen surface, is perpendicular
to the plane of incidence (Fig. 2.9-c). Now theseno rotation for perpendicular or parallel
incident polarisation, and in fact there is no efi@ all for perpendicular polarisation. However,
reversing the magnetisation leads, if the incigarisation is perpendicular, to a change in the
intensity of reflected light. So the measurementaixhange of reflectivity and not the

appearance of a rotated polarisation.
2.8.2. Polar Kerr microscope (PKM)

Since the polar Kerr effect reveals the magnetioaias when the magnetisation has an
appreciable component in the direction normal ® ituminated surface of the sample, it is
very suitable for imaging domain structure of magnehin films with perpendicular
anisotropy. Polar Kerr effect has been appliednfiaking polar Kerr microscope (PKM). The
most common PKM is sketchedhig. 2.10
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Fig. 2.10: Scheme for a common Kerr effect microspe (see ref[80] p. 39

The magnetic domain structure of the samples ®ih,Co, layers in this thesis has
been observed by using PKM (Hg lamp) at IN witlesotution of 2um. The sample holder can
be heated from room temperature to 200and a magnetic field can be applied by using a Cu
coil for ac field or a SmGopermanent magnets for dc field (deig. 2.1). Images recorded
with opposite contrasts by tilting the analysersubtracted to reduce the non-magnetic contrast

in the images.

Fig. 2.11. The setup for measuring the perpendicutalomain structure by the polar Kerr

microscope at IN with the variation of temperatureand applied field.

In the case of thin films with Ta capping layere 8d.,Co, layer is always deposited
on the top, right under the Ta capping layer. Tlegpendicular domain structure can be
observed through Ta capping layers thinner thanm5The thinner the Ta capping layer is, the
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easier the observation of the domain structuredf,Go, thin film is. The Ta capping layers in

this thesis are 8 nm thick.

2.9. Patterning the sample

T 5
@ z‘ (b)

Fig. 2.12. (a) A lithography mask and (b) a pictureof a patterned area on a sample.

In order to pattern the sample at the micron skaléhis thesis, UV optical lithography

and Ar ion beam etching have been used.
2.9.1. UV Lithography

Firstly, the sample is spin-coated by a photordaigtr namely S1818 (it is a positive
resist) 2 um thick. Then a corresponding maskasqa in close contadfig. 2.12.3. The shape
of protected area on the sample is defined byhhges of the lithography mask. Continuously, a
UV beam illuminates the sample for an appropriateation (45 seconds). The area of
photoresist obstructed by the mask is not modibigdthe UV beam. Finally the sample is
immersed into a specific solution (this is a spec#olution for the positive resist of S1818
including 50% volume of Microposit Developper Contate) for a specific duration (50
seconds). Because the exposed area of S1818 pist@rehich was not protected by the mask)
on the sample, under the effect of the UV bearohenically changed, it is easily cleared off in
the solution after a specific duration (50 secondsi)e the protected area of photoresist is still
stable. After lithography, the sample with a phesist area reproducing the shape of the mask

is obtained (positive photoresist).
2.9.2. lon beam etching (Ar)

In this stage of etching, the sample with patterpbdtoresist area on top will be
bombarded by a high energy ‘Aion beam. The material in the exposed area orsanaple
which is not protected by photoresist will be remd\from the sample after a specific time of

exposure to the Ar beam. After this etching stagthin film of the same shape as the mask is
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created. The final step is to remove the pattepteatoresist area from the sample by using

acetone, i.e. lift-off step, so the patterned afdain film is revealed (seig. 2.12.1).

2.10. Magnetoresistance and Hall effect measurements

Transport properties of samples have been inveéstigay means of magnetoresistance
and Hall effect. The magnetoresistance measurerfanie/Cr multilayers were all carried out
at VNUH. The Hall effect and magnetoresistance mnegsents for the GgCo, based layer
samples were all made at IN. The overview of meamant techniques will be described

hereafter.
2.10.1.Temperature control and the external magnetic fiagleigulation

The sketch of giant magnetoresistance measurergstens at VNUH is presented in
Fig. 2.13 The lowest temperature, 77 K, can be reachedsimguiquid nitrogen. He gas is used
to allow a good thermal conduction between ligutdogen and sample holder. The temperature
is controlled from 77 K to 300 K with a heatingIcdihe external magnetic field can be varied
from -0.8 T to +0.8 T with a resolution of 0.2 my bsing an electromagnet with a Cu coil at

room temperature.

Applied current Output voltage
He gas Valve 1 Valve 2@
- | -

| — — |

1
] !

Temperature | 1 1 ! Heating

measuremen current

) =
N S
.
— High vacuum —
Liquid nitrogen Sample holder Hegas  Heating coil

Fig. 2.13: Measurement configuration of magnetorestance in the range 77-300 K at VNUH.

All the magnetoresistance and Hall effect measun¢snef the samples based on;Gd

«C0 layer have been carried out in a transport meaglgystem at Institut Néel. The system
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consists of a pumped helium cooled cryostat in twhite sample can be placed and the
temperature can be varied between 1.5 K and 300THé cryostat is equipped with a
superconducting magnet which can reach a maximugnete field of 6 Tesla. The orientation
of the sample with respect to the magnetic fielch dze varied manually before the
measurement, such that the applied field can hawwiantation parallel or perpendicular to the

sample surface.

2.10.2.Contact distribution on the sample for measuring greetoresistance (MR)
and Hall effect (HE)

The contact distribution for measuring magnetotasiee and Hall effect of thin film is
sketched irFig. 2.14 The external magnetic field can be applied indinections of Ox, Oy, or
Oz depending on measurement. A dc voltage is apfdié\ and B to make a dc current | in Ox
direction.

Magnetoresistance must be measured in the direpticallel to the current, so the MR
output voltage ¥, is measured between C and Dn(R Rcp, Vir = Vcp). The resistance

between C and D can be derived fromgp R Vep/lag = R = Vind 1.

Fig. 2.14: The contact distribution for measuring nagnetoresistance and Hall effect of thin film.

The Hall effect is measured in the direction pedpemar to the current, so the output

Hall voltage will be taken from M and N (MN // OyJhe Hall resistance can be derived from:
Rean = Run = Vun/lag = Reai = Viaill.

49



Fig. 2.15: Aluminium wire contacts on a patternedhin film of Gd ;.,Co.

In the case of large-enough samples, the contaotbe made by spring-loaded metallic
probes contacting directly the surface of thin fiWhen samples are small or patterned, the
metal probes are substituted by aluminium wireshwitameter of 5Qum (Fig. 2.15. The

contacts between aluminium wires and films are nigdesing a microbonding machine at IN.
2.10.3.Data processing

a. Zero field offset in the transport measurement sysgm at IN

In the transport measurement system using a supsctng coil at IN, the computer
regulates the applied field by setting a correspandoltage on the input of superconducting
coil. In order to make a zero applied field, thpuihvoltage is set to zero. However, there is an
offset during the variation of the field. The casiseay be the remanence of the superconducting
coil (vortices in the coil) and/or the offset iretelectronic system. This offset makes shift of the
applied field in the output data (saved data) imparison with the real applied field in the
cryostat. Experiments show that the magnitude ef shift (AB) depends on the earlier
maximum applied field (B.). The larger the B.is, the larger the amplitude AB is.

In our measurements using cryostat with the supeiacting coil, only two measuring
regimes (low-field and high-field regimes) of thgastat have been used. The low-field regime
has a maximum applied field of 0.6 T with a finst&p of 1 mT, and the high-field regime has a
maximum applied field of 6 T with a finest step ¥ mT. In order to correct the zero field
problem of cryostat, a GMR sample based on.,Gd, layer has been chosen as a standard
sample to measure the magnetoresistance at roopetatare using the cryostat first. Then the
standard sample is measured again (with the sagutrielcontacts) by using a Cu solenoid coll
at room temperature. There is no offset of appfieltl (other than the Earth field) in the

measurement using the Cu solenoid coil because ribi superconductor and the current is
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measured directly. By comparing the two magnetstasce curves, the shift of applied field

AB can be found.
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Fig. 2.16. The GMR curves at 300 K of the standardample measured using cryostat in the low-

field regime (Bnax = 0.6 T) (&) and using the Cu solenoid coil (b).he shift of applied field is£3 mT.

The magnetoresistance curve of the standard sameésured using the cryostat in
low-field regime (B.ax = 0.6 T) is presented iRig. 2.16.a Comparing to the curve measured
with Cu solenoid coils at room temperatuirég( 2.16.a), we found the shift of applied fielsB
for the low-field regime of cryostat as presented able. 3-1 In order to get the real applied
field B in the cryostat, the field in the outputaéiles By, must be corrected using formula B =

Bdata+ AB.

Table. 2-2: The shift of the applied field in the dw-field regime (B.,x = 0.6 T) of the transport

measurement system using superconducting coil at IN

The applied field range The shift of applied field\B (Tesla)

from +0.6to -0.6 -0.003

from -0.6to +0.6 0.003

In the high-field regime of cryostat, because thiét $&s smaller than the finest step (10
mT) of the regime, it is impossible to find the Ir&8 in this case. However, since the aim of
the high-field measurement is to investigate thgh Hield behaviours of sample, the small shift

of the field is not important and can be neglected.

b. Separating the magnetoresistance signal and the Halignal from each other

In transport measurements, it is impossible toalhshe two contacts for measuring
magnetoresistance in the direction exactly parédiehe current. Similarly, we are not able to

lay the two contacts for measuring Hall effect lne tdirection exactly perpendicular to the
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current. So the MR signal and HE signal are alwapsed in experiment, even with patterned
samples, therefore, they always need to be sepdrat® each other. Taking advantage of the
fact that MR effects (OMR, AMR, GMR, and PHE) anese functions of the applied field

while the Hall effects (OHE and EHE) are odd fuo$i, we can separate MR signal and HE

signal from each other by using the following teghe.
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Fig. 2.17: The MR and HE superposed data (a) befongrocessing. The MR data (b) and HE data (c)

become obvious after being separated by using forrtau(2.2).

During measurement, the applied current is kepsteon and the voltage between G
and N Fig. 2.19 is measured as a function of applied field. Beea@N is neither parallel nor
perpendicular to the applied current (in AB diren), the measured signal £y is a
superposition of MR signal () and HE signal (Mai): Ven = Vem + Vun = Vir + Var. For

separating MR signal and HE signal from each ottiex, measurement must be carried out
twice in two opposite applied fieldsﬁk and H ), we find:

Von(+H) = Vou(+H) + Vim(+H) = Vin(+ H) + Vigaa(+ H).

Von(-H) = Veu(-H) + Vun(-H) = Vin(-H) + Viai(-H).
where \4m(+ﬁ) = er(—ﬁ) = V, and VHau(+ﬁ) = —VHa”(—ﬁ) = -Vpai. Eventually the

calculation formulas for MR and HE signal are foasd
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Vo = Ven (+H) + Ve (-H) _Ven(+H) =Vgen(-H)
mr — -
2 2

An example of MR and HE superposition is shownFa;n 2.17 The data processing
above is used to separate the MR and HE signal &&ach other. The MR datg&ig. 2.17.) and
HE data Fig. 2.17.¢ become obvious after being separated by usinguiar(2.2).

and Vg

(2.2)

This data processing is used for all magnetoresistand Hall effect measurements of
all samples studied in this thesis. Such a proegssainnot be applied to minor loops, where the

symmetry hypothesis is not valid.
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Chapter. 3. Composition-controlled compensation domain

wall in Gd;_,Co, thin films

3.1. Introduction

In micromagnetism, magnetisation is usually considdo have a constant amplitude,
which is a correct assumption since the temperatuneaterials studied or used is usually much
lower than their Curie temperature. In order taumdthe demagnetising energy, a multidomain
structure can exist, and domain walls are creagdgden neighbouring magnetic domains. So
the creations of domain walls relate to and alwayse with the demagnetising energy, i.e. the
magnetisation of the samples.

Domain nucleation, domain wall, and magnetisati@versal by domain wall
propagation have recently become the focus ofdstdnecause the detailed access to a single
wall has become experimentally feasible. This atlows to address fundamental physical
questions, such as the geometry-dependent spitseU59]-[60]), pinning of domain walls at
constrictions [61]-[64]) and the details of the domain wall propagationcpsses[§5]-[66]).
These fundamental questions have become relevgmresent recording industry because the
individual magnetic bit has shrunk to such a scatiitionally, devices based on manipulating
a single domain wall have been suggested for stamad logid67].

In this chapter, special 18@omain walls will be created without the existerafe
demagnetising field by using @gCo, ferrimagnetic alloys in vicinity of their compertisen
temperatures (fny. The domain walls with no magnetisation, i.e.demagnetising energy,
could be very useful for studying the role of maggaion in magnetic effects including the
spin torque, which goes beyond the aim of thisishddoreover, rather than using conventional
magnetic fields (to reverse magnetisation) or gmiarised currents (in the current-induced
domain wall motion [68]-[69]) to move domain walls, in this chapter, compesatiomain

wall will be moved by changing the temperature uradfixed applied field.

3.2. Experimental details for making and characterisingGd;.xCox thin films

There are four GdCo, targets in the same size (30 mm in diameter andnar4 mm
in thickness), two of them are @Co 90 and the other two are gdCoygs Since each facing-
target sputtering source requires two targets Bge3.1.3, we can organise three different

sources from the four targets: GECOyostGh 1 on Gh1dCh.ogtGh 1L gs and
Gth1£L0 gt Gh 1L 56 The film compositions are measured using the Eefoanalysis.
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Actually, the composition of films is always diféert from the composition of targets.
The films are always Gd-rich compared to the target presented ifiable. 3-1 It proves that
there is a difference between the ratio of Gd aadi€position rates and the ratio of Gd and Co
percentages in the targets. The origin may be tfierehces in the atom masses, different
sputtering solid angles, resputtering yields osslikely, in the magnetic moments of Gd and
Co elements.

Table. 3-1. The composition of Gd,Coy thin films sputtered at 3x10° mbar of Ar gas and 35 mA of
current depends on the composition of targets. Theomposition of thin film is measured by EDX

technique with an accuracy ofAx = 1%.

Target couple Co fraction (x)
Gh.1dC 0 .95+ Gh.1dC .90 0.78+0.81
Gth 14000 86+ Gh 14C 00 86 0.72+0.75
Gth1dC00.95+Gh 1400 86 0.76+0.79

Moreover, the in-plane compositional homogeneitafCo thin film strongly depends
on the position of substrates on the substrateenolfhe most homogeneous samples are
obtained when the substrates are installed at eéhéec of substrate holder (position | Fing.
3.1.0. When the substrates are installed away froncémer of substrate holder (position Il in
Fig. 3.1.h, an in-plane composition gradient is induced. Tamposition measurement shows

that the further from the center the substratthishigher the Co fraction is.

sputtering
source

Fig. 3.1. Pictures of a sputtering source with twéacing targets (a) and a substrate holder (b).
Positions | (center) and Il (left) on the substratenolder correspond to the most homogeneous and

inhomogeneous thin films, respectively.

GdiCo films (5 to 200 nm thick) were deposited onto 8i( substrates using the
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facing-target sputtering technique at Institute INéethe same deposition conditions: Base
pressure 1-2x1dmbar; Ar pressureP= 3x10° mbar; Sputtering current | = 35 mA. From 8 to
14 nm thick tantalum layers were deposited as bu#figer and capping layer to protect the
films. In order to make GdCo, thin films with a large in-plane gradient of corsfimn, the
substrates are installed about 1 cm away from #rgec of the substrate holder. The target
couple G 1L getGh 1400 85 WaS Used to get an average compensation tempeiciage to
room temperature. The experimental results foNBaSj14 nm)\GdCo (100 nm)\Ta (8 nm) thin
film with a gradient of composition will be repodtén this chapter.

The perpendicular domain structure and the domalhmovement under the variations
of temperature and applied field have been invasti)by the polar Kerr microscope at IN (see
section 2.8.2 Transport measurements of the samples with -mhaime gradient of composition

have been carried out at room temperature in apfitéds up to 0.1 Tesla.

3.3.  The composition dependence of domain size

The deposition at room temperature of; b, films induces a uniaxial perpendicular
anisotropy K. The origin of this anisotropy is Istinclear, anisotropic microstructuf{&o],
dipolar interaction[71], stress-induced anisotropie§/4]-[73]), pair ordering [6], [74]),
anisotropic exchangg’5], bond-orientational anisotropi¢g6], or local inelastic deformation
[77] being some possible origins.

A

y

v

Fig. 3.2. Polar Kerr image at 300 K of a multidoman structure shows the perpendicular anisotropy

and the existence of an in-plane gradient of domaisize.

The polar Kerr image at room temperature of anegmgited sample with an in-plane
composition gradient in zero applied field showirig. 3.2proves the perpendicular anisotropy
of Gd,Co, layer. Because PKE with visible light is sensitieethe Co moments, black and
white zones in the image display the two oppositections of Co moments. The contrast here
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is good enough to see clearly the perpendiculaticdamhain structure of the film.

For a thin film, magnetised out of plane, the domaize is determined by the
demagnetising energy, the domain wall energy, haditm thickness. It was confirmed that, in
1 cnf area of sample, the thickness homogeneity is igtée 5%. It means that in the area of
this picture (about 1 mf) the impact of thickness variation on the donsine is negligible. So
the in-plane variation of domain size showing=ig. 3.2confirms the existence of an in-plane
composition gradient. The in-plane composition gratl makes an in-plane gradient of
magnetisation. This magnetisation gradient makesration of demagnetising energy, and
thereby, makes the gradient of domain size. Intanidiin Fig. 3.2the domain size does not
change in the Oy direction, this suggests a uridariplane gradient of composition in Ox

direction.

3.4. The compensation surface, compensation domain waiind compensation

zone in the Gd.xCo thin film with an in-plane gradient of composition

In order to interpret experimental results, a miéeld-model has been used to calculate
the temperature dependence and the compositiomdepee of Ggd,Co, magnetisation. The
Co-Co intrasublattice and the Gd-Co intersublattic#ecular field coefficients were chosen as
those used in the calculation for G#C 0y 75 thin film in section 4.5.1i.€.Acoco = 850 andiggco
= 118. All other required parameters are the sasnal@ady presented in the calculation for
Gdy 2y 50N section 1.3.3

3.4.1. Compensation surface

Let us consider the composition dependence of ghataneous magnetisation of Gd
«Coy alloys at a fixed temperature T. There is a Cotioa X.omp Which corresponds to the alloy
with zero spontaneous magnetisation, i.e. the Gd @o sublattice magnetisations are
compensated, thereforg.x, is called the Co compensation fraction at tempeeal. Near
Xcomp the spontaneous magnetisation of,. @&, is small and varies linearly with x. When
X < Xcomp the spontaneous magnetisation of alloy is Gd-dantimnd it turns into Co-dominant
when X > x.mp This is due to the larger temperature dependehGel magnetisation compared
to the Co one. For illustration, the compositiorpeledences of the Gd and Co sublattice
magnetisations calculated at 300 K are presente@)ir8.3 It turns out from this figure that the
compensation fraction at 300 K iga,= 0.765.

When an in-plane composition gradient exists, @perature T, a compensation surface
can exist on the film. It is the 2D surface perpeuldr to the film where the net magnetisation
of alloy is zero, i.e. the Co fraction on the suo€fas the compensation fraction (X m»g). For
example, on the compensation surface of a,Gd, thin film at 300 K, the composition of alloy
is Gah236C00 765
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Fig. 3.3. Composition dependence of the Gd and Calsattice magnetisations of Gd.,Coy alloys at

300 K calculated by the mean-field model. The compeation fraction is X;omp = 0.765.

Because %mp is a function of temperature, one can expect that, Gd..Co, thin film
with in-plane gradient of composition, the compdiosa surface will move when the
temperature changes. Wheg is out of the composition range of the samplerethis no

compensation surface on the sample.
3.4.2. Compensation domain wall and compensation zone

We now consider a GgCo;, thin film having an in-plane gradient of compasitiand a
compensation surface at a specific temperaturentietdan applied field perpendicular to the
film (Hmay, the Gd-rich part will align Gd moments with tfield, and Co-rich part will align
Gd moments antiparallel to the field, so a %&®main wall is created parallel to the
compensation surface. It is called a compensatiomaih wall (sed-ig. 3.9.

As will be shown irsection 4.7.4or Gd,..Co, thin films, the coercive field is a function
of magnetisation, the smaller the magnetisatiothis Jarger the coercive field is. It is also well
known for ferrimagnetic compounds that there is aximum of the coercivity in the
neighbourhood of compensation points. Because ¢imgpensation domain walls are taking
place where the coercive field is equal to the iapgdield, the position of compensation domain
wall depends on the applied field. Close to the pamsation surface, the coercive field may be
large enough that the magnetic configuration da¢<hange with field but depends on the film
history. Due to the fact of no (net) magnetisatitwe, coercive field of the compensation surface
is very large as long as the spin-flop does nophapso that the compensation domain wall
usually does not coincide with the compensatioriaser The larger the applied field is, the
closer to the compensation surface the compensdtaorain wall is. When the applied field is
reversed into the opposite direction (z§, another compensation domain wall is createdbhut

the other side with respect to the compensatiofaser Thank to the perpendicular anisotropy
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of Gdi.Co thin film, the compensation domain wall can beestsed by using polar Kerr

imaging as it is sensitive to Co.

Compensation zone

As-deposited : Gd —

A o T % 508 8 &8 8

ww E‘AAA

,,,.,,,.11111

H = Huax

H = 'Hmax

l l lluuuuw

Compensation surface Compensation domain wall

Fig. 3.4. The creations of compensation domain walland compensation zone in the GgCo, thin
film. Gd and Co sublattice magnetisations are resppively described as the dash and solid arrows.

The applied field H is perpendicular to the film.

Although there are two compensation domain wallsaah temperature, they cannot be
seen at the same time. Since the walls only exist twe applied field, which only creates one
type of wall, if the first compensation domain wedlobserved with a perpendicular applied
field of Hyax the other can be seen with the opposite appied fH.. The zone of thin film
surrounded by the two compensation domain wallsaled compensation zone. Because the
width of compensation zone is the distance betwibentwo compensation domain walls, it
depends on the applied field. The larger the aggiedd is, the narrower the compensation zone
is. The creations of compensation walls and congt@rs zone are illustrated iig. 3.4 The

compensation surface is always located in the midtithe compensation zone.

3.4.3. Experimental results of GdiCoy thin films with compensation surface,

compensation domain wall, and compensation zone

In order to locate the position of the compensatiomain walls on the sample, a dc
field (0.1 Tesla) was applied perpendicular to filra plane. The polar Kerr image at room
temperature of compensation zone is showRig 3.5.The two compensation domain walls
(dash lines) are observed very clearly when théeppeld is reversed from ki,to - Hyaw The
compensation surface cannot be directly imageditbalways locates in the middle of the

compensation zone and between the two compensadtiorain walls. The existence of two
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compensation domain walls proves the existence obrapensation surface on our sample.
When looking in detail atFig. 3.5 the compensation zone embedded between both
compensation domain walls keeps a constant contrdstn applying the field. The
compensation zone is unaffected by the applied fielcause of its larger-thansf coercive
field. However, the width of the compensation zdepends on the maximum value of applied
field. The increasing of i makes the width of compensation zone decrease.

Compensation
~ domainwall 1.

Compensation zone

_ Compensation -
- domain wall 2

0 < H'S Hax

Fig. 3.5. Polar Kerr images at room temperature ofhe compensation zone under an applied field
perpendicular to the film. (a), (b) and (c) denote¢hree locations for the extraordinary Hall effect

measurements.

During the reversal of applied field, the domaiogagation always starts from the edge
of sample toward the compensation zone (see mpidtare inFig. 3.9, because away from
the compensation surface the id lower. So the compensation domain walls arelstae. that
created wall is still present when setting thedfigd zero and when the temperature is kept

constant.
3.4.4. Study the compensation surface by means of EHE

In magnetisation, the Gd-dominant and Co-dominamtieg are separated by the
compensation surface. They produce opposite céstrag only in PKE but also in EHE. At
room temperature, three EHE measurements have daggad out at three specific locations
(a), (b), and (c) on the sample. Two locationsafa) (c) are chosen at two different sides with
respect to the compensation surface while theitotdb) lies across itHig. 3.9. As expected
the EHE has opposite sign in (a) and (c) locatiortse complicated shape of EHE loop
measured at location (b) relates to the domainggagpon around the compensation zoFfig.(
3.6). The detail study of EHE of the ggCo, thin film will be presented ishapter 4
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Fig. 3.6. The extraordinary Hall effect loops at rom temperature measured at three different
locations (a), (b), and (c) presented iRig. 3.5.

3.5. The displacement of the compensation domain wall$d the determination

of the in-plane composition gradient

Using mean-field calculation to evaluate the spap-fregime, a consequence of the
uniaxial anisotropy (with K~ 1500 J/r) is that the spin-flop transition is not evidendedow

0.8 Tesla (se€ig. 4.19. It means that Gd and Co sublattices always ataiparallel (the spin-
flop does not happen) in applied fields below Oekla (PKM field).
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Fig. 3.7. Composition dependence of the compensatitemperature (Tcomp) Calculated by mean-

field model for Gd;..Co, alloys.

The composition dependence af.}, calculated by mean-field model is presented in
Fig. 3.7 A 1% change of composition is equivalent to a 4Gsidft of the compensation
temperature. The displacement of the compensatidace when the temperature is changed

can be clearly evidenced by studying it at a fixegplied field. Because the compensation
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domain walls always appear near the compensatidacg, instead of seeing the movement of
the compensation surface, we image the movemettieofompensation domain wall when the
temperature is changed.

In order to get precise determination of the gratlithe compensation surface is
displaced by heating the film under a constantiaggdield 0.1 Tesla. We measured the in-plane
displacement of the compensation domain wall t@®em/K (Fig. 3.8) Comparing with the

estimated 40 K/% shift of JJ,, with composition, we find a 0.9 %/mm compositioagjent.

Fig. 3.8. Kerr images of the movement of the compseation domain wall when the temperature is
changed under a fixed applied field of 0.1 Tesla.

Since the preferred composition is close to the pmreation composition (absence of
demagnetising fields) and because of the uniakialacter of anisotropy, compensation walls
should be close to ideal 18Bloch wall, whatever the film thickness. No trditsi to Néel wall

is expected reducing the thickness of in-planeatiipy GdCo films.

3.6. Conclusion

We have succeeded in designing, in a reproducikdg, véamples with in-plane
composition gradient. It allows to introduce a cemgation surface and to manipulate it. So a
new micromagnetic object has been introduced fadyshg the role of magnetisation in
magnetic effects relevant to spintronics especidlhe in-plane composition gradient associated
to a compensation surface allows the tuning gfelther by heating up or by scanning the
sample at constant temperature. Additionally, tbmgensation domain walls are ideal 180
domain walls because they are very stable and eandved easily under control by changing
the temperature in a constant applied field. Thélhe useful for studying and controlling a
single domain wall as current-induced switchjdg] and current-induced RF oscillatiof3].
Manipulating a single domain wall has also openad perspectives in magnetic logit9] and

recording[50].
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Chapter. 4. Magnetic properties and the extraordinary Hall

effect of amorphous Gd.,Co, thin films

4.1. Introduction

The extraordinary Hall effect (EHE) of GgCo, alloys has been studied in the 1970s.
All of those studies have been carried out in Igplied fields where the magnetic sublattices
are collinear and the spin-flop phenomenon cannotio As regards the relative contributions
of the R (Gd) and T (Co) atoms to EHE, no diregvezinent has been performed and the
literature results are based on the analysis oEmadtseries to get the order of magnitude of
both contributions.

This chapter describes the study of the EHE of ,Gd, thin films in applied fields up
to 6 Tesla. The magnetic characterisation of sasnpll be shown and combined with the
magnetisation mean-field calculation for interprgtthe results of the extraordinary Hall effect.
The contributions of Co and Gd sublattice magntitisa to EHE will be quantitatively
estimated. Since the spin-flop field decreasesifgigntly in the vicinity of the compensation
temperature (&mp, the spin-flop phenomenon can be observed welnbgans of EHE in our

available applied field.

4.2. The amorphous Gd.4Cox thin film fabrication and characterisation
The films studied in this chapter were sputteremhgu® combination of two target
compositions G@Coet+Gd4Cogs t0 get a compensation temperature near 200 Ksphtering
conditions are exactly the same as the conditisesl un chapter 3. During deposition, the Si
substrates were installed at the center of substnaiders to get the film with highest
composition homogeneity. Two different thin filmave been used for this work:
» The first thin film, S\NGdCo (100 nm), is named $1order to measure the magnetic
moment easily by SQUID magnetometer especially eaf, the film must be large
enough, that is why we have not done lithography etthing on sample S1. It has
been cut in a square shape of 2x2“mand then be used for all measurements
including SQUID magnetometry and transport propsrtneasurements.
» The second film, Si\Ta (14 nm)\GdCo (100 nm)\Ta®), has been deposited in the
same sputtering condition as S1. By using Ta capaird buffer layer, the film can be
protected from oxidation. The sample was then patkby the UV lithography and the

Ar ion beam etching to reduce the effective areanefisurement (the width of the
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patterned line is 5@m). The patterned sample is S2 and includes twesz&®?a and

S2b for measuring Hall effect. The distance betw®&2a and S2b is about 2 mm (see

Fig. 4.0).

The patterned sample S2 is used only for the tahgpoperties measurement, since it
is not large enough to be measured by common mamestrs VSM or SQUID. The
experimental results of patterned sample S2 willcbenpared to the results measured on
unpatterned sample S1 for evaluating the influesiceompositional inhomogeneity on the
transport properties of GgCao, thin films.

B e
Sample S1  Sample S2

Fig. 4.1. The electric contacts on the samples SAdaS2 (including two zones S2a and S2b with the
same measurement area of 50x50 |finA dc current is applied to A and B. Hall voltageis

measured from contacts C and D. The resistance cdne measured also from contacts C and E.

All the Hall effect measurements have been caroedin two directions of applied
field, perpendicular and parallel to the film plaide applied field can be adjusted from -6 T to
6 T with a minimum step of 0.001 T by using a sepaducting coil. The temperature
dependence of EHE has been measured from 5 K 8pad. In order to separate MR signal
and EHE signal from each other, the data processeiiiod described in secti@n10.3.ahas
been applied for all experimental data of both dar§ji and S2 (Hall signal is odd, MR signal

is even).

4.3. Microstructure of sputtered Gd;.xCoy thin films

The X-ray diffraction patterns at room temperatare shown irFig. 4.2 There is no
fundamental difference between the film spectrumh e one of a bare substrate. The largest
peak near 82is Si(004). All the narrow peaks are due to otiavelengths (e.g. 74s Co K;)
because the X-ray beam is filtered, not monochrechdtio Bragg peak potentially arising from
a crystalline Gd,Co, alloy is identified. This confirms the amorphotiusture of the sputtered
Gd.Co thin films. Finer measurements using a monochrechékeam and better signal/noise
ratio or EXAFS could be performed to get informati@bout the short range order and local

atomic order.
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Fig. 4.2. The X-ray diffraction spectra (using a Canode diffractometer) at 300 K of an as-

deposited SI\Gd_Co, thin film and a bare Si substrate.

The perpendicular magnetic anisotropy of thimélis investigated by means of Polar
Kerr microscopy (PKE) at room temperaturgy. 4.3shows the remanent state of the film in
PKE microscopy. The contrast shows two directiars dnd down) of domain magnetisations.
It is a direct proof of spontaneous perpendiculagnetisation at room temperature, so the

perpendicular anisotropy here is larger than demtigjng effect.

Fig. 4.3. Polar Kerr image of perpendicular domairstructure of a patterned Gd,_,Co, thin film at

room temperature.

4.4. The sign reversal of the extraordinary Hall effectat Tcomp

The EHE measurements have been carried out onnibettarned sample S1 between
10 K and 300 K. The Hall resistivity was determinegsing p, = Vut/l where t is the film
thickness, | is the applied current, and i¥ the Hall voltage. The field dependence of ttadl H
resistivity (py) at 10 K and 300 K is sketched fiig. 4.4.We can see the sign reversal of Hall
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effect from negative at 10 K to positive at 3004 the field of 0.6 Tesla, the amplitudesppf
at 10 K py = 3.4 ©2.cm) and 300 K¢y = 3.3 £2.cm) are nearly the same. Howevgy,is

nearly fully remanent at 300 K while it is zero-rement at 10 K.

310K \

Py (nQ.cm)
o

2 \
-3}-300 K

4 i
06 -04 02 0 0.2 0.4 0.6
B (Tesla

Fig. 4.4. Hall resistivity loops at 10 K and 300 Kor S1 sample.

The temperature dependence of the normalised saturaagnetisation of sample S1
under an applied field of 0.1 Tesla measured by BQtagnetometer is presentedHiy. 4.5
Since there is a significant reduction of magnébsain vicinity of Teomp the signal becomes
noisy in the range of temperature from 200 K to R4MHowever, Tom, Can be approximately
interpolated from both sides to zero and was foamd,m, = 225 K for the sample S1. Below

225 K, the magnetisation is Gd-dominant and it¢unto Co-dominant above 225K.
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Fig. 4.5. The temperature dependences of the maximuHall resistivity and the normalised
magnetisation of sample S1. A 0.01 Tesla field ipglied perpendicular to the film during SQUID

measurements.

The temperature dependence of the saturatidibefore spin-flop) imported from EHE
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loops is also presented Hig. 4.5to compare with the magnetisation curve. Aboyg,J the
sample magnetisation is Co-dominant and the EHposstive. EHE is negative belowk,
when the magnetisation is Gd-dominant. The sigrersal of EHE at &, says that the
contributions of Co and Gd moments to EHE musilfatie of the three following hypotheses:
+ Co moments contribute a positive EHE relative teirthmagnetisation while Gd
moments contribute a negative EHE. In the saturasiate above ., because of
antiparallel orientation of Gd and Co moments, bath them have positive
contributions to the film EHE, so the film EHE iegitive above Tomp
 Both Co moments and Gd moments contribute posiieeses to EHE. In the
saturation state abovek, when Gd and Co moments are antiparallel, Co mtsnen
have a positive contribution while Gd moments haveegative contribution to the film
EHE. Therefore, the amplitude of contribution fr&d moments must be smaller than
the contribution from Co moments for keeping tt@ fEHE positive above iy
» Both Co moments and Gd moments contribute nega@mwses to EHE. In saturation
state above Jn, Co moments have a negative contribution whilen@einents have a
positive contribution to EHE. Therefore, the ammi# of contribution from Gd
moments must be larger than the contribution fromm f@oments for keeping EHE
positive above &mp
The most likely scenario will be discussed in thextnsection 4.5.3) where the
temperature dependences of the Gd and Co sublattagmnetisations are compared to the

temperature dependence of Hall resistivity.

4.5. The contributions of Gd and Co moments to the extrardinary Hall effect

In this section, to evaluate the contributions af &d Co sublattice magnetisations
(Mgq and M) to the extraordinary Hall effect (EHE), a meagldi simulation is applied to
calculate the temperature dependences @f &hd My in both samples S1 and S2a at
temperatures from 0 K to 300 K. The temperatureeddpnce of the magnetisation of sample
S1 measured by SQUID magnetometer is used to agljasimeters in the mean-field
calculation. The experimental temperature deperelehthe Hall resistivitydy) is compared to
the mean-field calculated dand M, to figure out the contributions of Gd and Co motadn
EHE.

4.5.1. The temperature dependence of magnetisations

In this section, the mean-field equatio(.3.a) are used again to calculate the
temperature dependences of the spontaneous magioessof samples S1 and S2a. All the
required parameters are exactly the same as thempsers used in the simulation for

Gdy Lo g0 alloys in sectiorl.3.3 except the Gd-Co intersublattice molecular fiebeéfticient
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(), the Co-Co intrasublattice molecular field coa#int .cocg, and of course the composition
(x). Since the samples S1 and S2 are amorphouthamccompositions are also different from
the sample GgbCmg, the amplitude ofh and Acoco can be quite different and must be
determined again. The temperature dependence ohdlgeetisation of sample S1 measured by
SQUID will be used as a reference for specifyingsthparameterd.doco A, X) in order to get
the best agreement between data and the mearsieldation. The obtained results ogiand
M, of the sample S2a will be used later to evaluagecbntributions of Gd and Co sublatices to
the EHE of Gd,Co, alloys.

In the case of unpatterned sample S1, althougkuhstrate was installed at the center
of substrate holder during deposition to get thestrhomogeneous composition, there is still an
in-plane composition gradient. According to EDX qmsition measurement, the Co
composition (x) varies from 0.76 to 0.79 (Sexble. 3-). In our calculation, we use x = 0.79 as
an initial value, so the initial composition is &0y 76 The Curie temperature of the
amorphous GgbiCoy 79 alloy extrapolated from literature data kig. 1.4is Tc = 800 K. An
initial value ofA = 125 is interpolated froraig. 1.7 Since & of Gd.,Co, depends strongly on x
andlcoco but very slightly or, in order to find the consequent valuelgfc, for amorphous
Gh21Cxy 79 alloy, the mean-field simulation with= 125 and x = 0.79 is used ajustitgc, to
fit Tc= 800 K. At last a 850 value fagyc, is determined.

DN

0.0 \©
(e}
< @
206 o
: %@% ﬁf
-
\E" 0.4 2\

o
0.2 f

: N/

0 50 100 150 200 250 300 350
Temperature (K)

Fig. 4.6. The normalised spontaneous magnetisatiaf Gdy »JC0q 75 (Acoco = 850,A = 118) calculated
by the mean-field theory (solid line) and the normbsed saturation magnetisation of the sample S1

measured by SQUID (open circles) under an applieddid of 0.1 T perpendicular to the film.

Different from the Co-Co intrasublattice molecuféld coefficient Acoco (having a
strong effect on d and a slight influence oncd,), the Gd-Co intersublattice molecular field
coefficientd has a more significant influence og,f, According to the SQUID measurement,

the compensation temperature of sample Slkds, F 225 K. For getting the most consequent
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value ofA, all available parameters (x = 0.7Q,c, = 850) are inserted again in the mean-field
calculation and. is adjusted to get:dm, = 225 K. Finally we find. = 120.

In the case of sample S1, for getting the bestemgeat between the mean-field
calculation and experimental results, x andontinue to be adjusted slowly and precisely.
Eventually we obtain x = 0.78 arid= 118 for the sample S1. The calculated spontaneou
magnetisationicoco = 850,A = 118, x = 0.78) and the experimental saturatiagmetisation are
both normalised by the values at 0 K and presantédj. 4.6.There is some deviation between
calculation and experiment. The maximum deviat®about 8% at temperatures from 50 K to
100 K where the calculated values is larger thandkperimental values. The disagreement
between mean-field calculation and experiment mightdue to the following reasons (see
pages 346-352 in r¢d]):

» The structural disorder in amorphous alloys induadhictuation of the exchange

coefficients that causes a pronounced flatteningvigf(T) and MT) curves and

makes them lies substantially below the curvesutated by mean-field theory where
the fluctuations are not taken into account.

* At low temperature, the impact of spin-wave exmiatis very important. So the

experimental M(T) curve has a stronger T-dependecmaparing to the curve

calculated by the mean-field model which does notoant for the spin-wave
excitation, i.e. the experimental M(T) curve liasbstantially below the mean-field
calculated M(T) curve (sd€ig. 1.3and refs[3]-[4] for further evidences).

Both reasons above make the experimental magretislt(T) curve more flat and
lying below the curve calculated by mean-field tiyeoTherefore, in our calculation, the
calculated values of normalised magnetisation Bvays larger than the experimental values.

The deviation is smaller than 10%.
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Fig. 4.7. The temperature dependence of the magimtions Mgq, M¢,, and M of the sample S2a
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(Gdp 21C0y 79 calculated by the mean-field model with.coco, = 850,A = 118.

In the case of patterned sample S2, because @kifssmall area, its magnetisation
cannot be measured by SQUID magnetometry. Howé&emause the samples S1 and S2 were
deposited in the same sputtering condition, thiei@ihce between S1 and S2 should be small. It
means that all parametefg{c, = 850,A = 118, ...) except x of sample S1 can be used in the
calculation for sample S2a. According to the EHEasumement of sample S2a, a compensation
temperature &np = 193 K has been found. By adjusting the compmsik in the mean-field
calculation, we find Tomp = 193 K with x = 0.79, it is corresponding to @iy composition of
Gdh1Cy 70 The mean-field calculation result of sample S23c,= 850,A = 118, x = 0.79) is
presented iffrig. 4.7. So a difference of 1% in composition between &1 32 is expected.

Noticing that the compensation temperaturg.(J) imported from magnetisation curves
is sometimes different from theck, imported from EHE curves. The reason is that the
magnetisation measurement is macroscopic (averayed the film) whereas the EHE
measurements is localised (the EHE measurementisugpgite small in comparison with the
whole sample). The ., taken from EHE curves and magnetisation curve rooisicide if the
composition gradient is zero. That is why, in tlse of sample S1, the magnetisation curve
gives Teomp = 225 K Fig. 4.9 while the EHE curve gives.dn, = 235 K Fig. 4.2Q. In order to
get a compensation temperatuggnf = 235 K, i.e. to achieve a good agreement with FtHE

composition of sample S1 must be adjusted to X¥Z0(instead of 0.78).
4.5.2. Temperature dependences of the Hall resistivjayXand the longitudinal
resistivity p) of Gd,«Co thin films
The ordinary part of Hall effect in metallic allogsich as Gd.Co, can be neglected
because the conduction carrier density is veryelggssuming that there is one conduction
electron per atom, the conduction electron dersitsdCa crystal will be n= 6.5128x16
e/nt. The ordinary Hall coefficient, in this case, wik R = 1/(ne) = 1/(6.5128xF81.6022 x
10%%) = 0.9583x13° Om/T = 0.9583x18 pQ.cm/T. Under an applied field of 1 Tesla, the
ordinary part of Hall resistivity is about 0.QiQ.cm, this is very small and negligible in

comparison with the EHE part of g&o, thin film with about 3uQ.cm in magnitude). So the

formula(1.18)can be written again for GgCo, alloys as:
PH :UORGdMéd +KoRcoM &g (4.1)

Where Méd and Mg, are the z-components of Gd and Co sublattice wtiggations,
respectively. The Hall resistivityp) is also governed by the longitudinal resistivify as

described in formuldl1.17) During the variation of temperatur®) éd, M&,, andp change
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and lead to the T-dependence of EHE amplitude.
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Fig. 4.8. The temperature dependences of the ratipgp(0 K) (solid circles) andpn/px(0 K) (solid

squares) of the patterned sample S2a. The solishdéis present the linear approximations.

In our transport measurement system, the lowegbeemture is about 2 K. The results
at 0 K ofp andpy extrapolated from the experimental results of damf1 and S2 agg0 K) =
200 pacm andpy(0 K) = 3.2 2cm. The temperature dependence of two ragfigs(0 K) and
p/p(0 K) of the patterned sample S2a are presentégind.8 In the linear approximatior,
andpy can be fitted as (solid lines kig. 4.9:

plp(0 K) = (1 - 0.383%x10xT) andpy/pu(0 K) = (1 - 2.417x10xT) (4.2)

When the temperature increases from 0 K to 300& variation op is about -1.5%, it
is much smaller than that pf; (-7.5%). In an effort to estimate the quantitatbemtributions of
Gd and Co to EHE, in our calculatiop,will be considered as a constant in this range of
temperature, i.e. the impact of the T-dependence ofh the T-dependence ¢f; will be
neglected. So the T-dependence paf is mainly subject to the T-dependences of the z-

components of Gd and Co sublattice magnetisations.
4.5.3. The contribution of Gd and Co moments to EHE

In order to estimate the contributions of Gd andn@ments to EHE, & and R, are
assumed constants below 300 K. This assumptioreasonable because the longitudinal
resistivity p is nearly constant below 300 K.

Fortunately, below 300 K the temperature dependemdeMgq and M, are very
different. (The T-dependence of M is stronger than the T-dependence M so the
contributions of Gd and Co to EHE can be estimdigadomparing the My(T) and M(T)

curves to they(T) curve in the range of temperature from 0 KGO & as presented hereafter.
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Fig. 4.9. The temperature dependences of the terpy/pH(0 K) (solid line) calculated by using

formula (4.2) and the normalised Gd (dashed lineand Co (dash-dot line) sublattice magnetisations

calculated by mean-field theory for the patterned ample S2a (Gd:C0p 79)-

Although the Hall resistivitiesp(;) of both samples S1 and S2 (S2a and S2b) have been
investigated as a function of temperature, in g@stion, only thepy(T) curve of patterned
sample S2a is used to compared to thg M) and M(T) curves calculated by mean-field
model (sed-ig. 4.7). In order to compare easilydy Mc, andpy, they are normalised by their
values at OK and then presentedrig. 4.9 At low temperature (below 50 K) the mean-field
calculation is not very correct because the magreetcitation such as spin waves is not taken
into calculation, it looks "too flat" while the noalisedpy keeps decreasing. In the range of
temperature from 50 K to 300 K, we fingpddT = -2.4%/100K, dM/dT = -0.7%/100K,
dMgd/dT = -13.0%/100K.

As a new expression, the formula (4.1) can be evrittgain as:

PH /P OK)=aMZ, /MZ,(0K) +bME,/ME,(OK) (4.3)

V4 V4
where a=HM&dOKIReq 54 p = HMcoO@KIReo  plaase notice that in the cases of our thin
pn (OK) pn (OK)

films with perpendicular anisotropy, when an exééifield (ﬁ) smaller than the spin-flop field

is applied perpendicular to the film, the vectdg;y, Mo, and H are collinear. It means that

‘Méd‘:‘MGd‘:MGd and‘Méo‘:‘MCO‘:MCO(e.g. when T > Tmp M2, =-Mgg < Oand

Mé&,=-Mc, >0), i.e. we can investigate the T-dependences gf Minstead of their z-

componentavi (Zad,cObUt taking into account the sign reversalmédpoat Teomp
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Because the signs of;, Méd, and M&, all reversed at &, the equation (4.3) is

equivalent to

o /P1 OK) =M &, ME, OK) +BME,/MEo (OK) (4.4)
=aMgg/Mgq(OK)|+bMco/Mco (OK)|
Using formula (4.4) and the values gf T, dMc/dT, and dM/dT at temperatures
from 50 K to 300 K, the constants a and b can badas: a = 0.14 and b = 0.86.

According to the experiment, the Hall resistivitiy sample S2a at 0 K is4(0 K) =

-3.2x10% Om. Using mean-field calculation and taking into @t the antiparallel alignment

betweenM g4 and M, for the sample S2a (Gd-dominant) we fitd:&, (0K = Mco0 K) =

~7.8456x10 A/m andM g, (0K = Mgy0 K) = +10.126x10 A/m. So the sublattice Hall

coefficients can be found as:

= 0K __35410° (@m¥A).
ME,0 K) ( ) (4.5.2)
__bpy(OK) _ 2
Rco MO 27.9x10 (Qm/A). (4.5.b)

In summary, we can conclude for G0, alloys that, Co moments make positive sense
(Rco > 0) while Gd moments make negative sensg (R0O) to the extraordinary Hall effect.
Above T,mp because the magnetisation is Co dominant, botBomfind Gd moments have
positive contributions to EHE, so EHE is positilrethe contrary, EHE is negative below,
In magnitude of EHE, the contribution from Gd monsers quite small comparing to the

contribution from Co moment$§IRsd/Rco[F 12%).

4.6. The extraordinary Hall effect at low temperatures
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4.6.1. The EHE of the unpatterned sample S1 at low temparas
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Fig. 4.10. The low field EHE hysteresis curves ahe unpatterned sample S1 (Jomp = 235 K) at 10
K and 150 K. B is perpendicular to the film.

The EHE loops of the unpatterned sample S1 at A0d&K150 K(Fig. 4.4)are zoomed
in vicinity of zero applied field and presentedhiy. 4.10 The remanenpy at 10 K is zero
whereaspy is fully remanent at 150 K. Two possibilities cha thought of to explain the
decrease of the remaneptat low temperature:

» The first: At low temperatures, the increase of Sppntaneous magnetisation
increases the demagnetising energy. When the detisigg field is strong enough to
overcome the anisotropy, the spontaneous magretisalts in-plane. Because the
perpendicular component of remanent magnetisatorrero, the remanent EHE
becomes zero as a consequence.
» The second: The film still has still perpendicufaagnetisation at 10 K. However,
with the increase of spontaneous magnetisatiorzest field the sample becomes
multidomain to decrease the total demagnetisinggsnd he magnetic structure in this
case is similar to the case of magnetic bubbletipesfiims. On account of this
magnetic structure (50% domains up and 50% domaiown), the remanent
magnetisation and the remanent EHE become zero.

The real magnetic structure of sample S1 at lowptature will be discussed in the
next sections where the in-plane EHE curves ofslimple S1 at low temperature and the

specific magnetisation curve of bubble thin filne @hown and compared.
4.6.2. The low-temperature EHE of the sample S1 underiarplane applied field

In order to determine the magnetism of sample Slbvattemperature, the EHE has

been measured with an in-plane applied field. Tipy@ied magnetic field is parallel to the film
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and varies from -6 T to 6 T in the temperature ffoi to 300 K. The EHE loops at 10 K, 100
K, 150 K, and 230 K are shown fig. 4.11

At 150 K and aboveHig. 4.11.H, the remanengy is equal to the saturatign, in the
cases of perpendicular applied field measurements: (3.2 uQ.cm) presented ifrig. 4.4 It
proves that, without applied field, the magnetmatf sample S1 is fully perpendicular to the
film, i.e. the sample has perpendicular anisotréghien the in-plane applied field increases and
overcomes the anisotropy field, the total magnetisas turned in to in-plane. Therefore, the
perpendicular component of magnetisation is deertasnd EHE is consequently decreased.
Recently, similar phenomenon was reported by NDut et al for the amorphous ThFeCo thin
films [51].

Noticing that, experimentally it is impossible tppdy the external field exactly parallel
to the film plane (the applied field is tilted ewf degrees from the film plane), so the out-of-
plane symmetry of magnetisation is broken. The sigpy therefore depends on the deviation
between the applied field and the film plane. Tisatvhy the remaneniy can be positive or
negative, not depending on the temperature abobelow T.om, (Fig. 4.11shows a positivey
at 150 K and 230 K even though these temperatueesedow Tomp = 235 K), nevertheless, the
sign of py always reverse at.J,, Since only the out-of-plane components of Gd &ud
magnetisations contribute to EHpy is expected to be zero when the film is reallyplane
saturated. However, because of the slight misalemmapplied field in the in-plane

magnetisation process, the EHE is not zero eveaturation state.
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Fig. 4.11. The in-plane applied field EHE loops at0 K, 100 K, 150 K, and 230 K of the unpatterned
sample S1 (Tomp = 235 K).

At 100 K and belowKig. 4.11.3, the remanenty is zero. However, when an in-plane
external field is applied, the EHE is not zero anye The EHE reaches its maximum at about
0.3 Tesla, and decreases after. The maximyat 100 K is equivalent to 85% of the maximum

pn in the out-of-plane measurement. This phenomernibtavinterpreted in the next section.
4.6.3. The perpendicular multidomain structure of sampld &t low temperatures

Let's assume that the sample has in-plane anigo&top00 K and below. In the case of
zero applied field, since there is no perpendicatanponent of magnetisation, the EHE must
be zero. When an in-plane external field is appliedorder to reach EHE values at 0.3 Tesla
close to the maximumy (85% at 100 K and 50% at 10 K), the sublattice matigations of Gd
and Co must be out-of-plane oriented. There isameonly possibility: The spin-flop occurs at
0.3 Tesla, and after spin-flop, the total magn&tisais still in-plane but the Gd and Co
sublattice magnetisations must be out-of-plane. elibeless, the spin-flop phenomenon is
unlikely to happen at 0.3 T for the following reaso

« A minimum spin-flop field B as large as 0.8 Tesla (calculated with K = 1568)J/
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is obtained at &m,= 225 K. Therefore, Bwould be several tens of Tesla at 100 k; (B

= 35T calculated at 100 K). A spin-flop field@f T at 100 K is impossible.

» Because the total magnetisation of the sample aK 18 much larger than the

magnetisation at 100 K,;Bat 10 K must be very much larger than & 100 K (B=

48 T calculated at 10 K). This is completely difiet from the experimental results

where the Bis equal to 0.3 Tesla for both temperatures 10K E00 K.

So that the sample S1 cannot have in-plane anmot@b 100 K and below. On the
contrary it must have perpendicular anisotropy.ohder to have zero remanepf, the
magnetism of sample S1 at low temperature must leukidomain structure with zero-
remanence and 50% of domains are up and 50 % ofidenare down. Furthermore, the
domain size must be much smaller than the EHE meamunt area to have an out-of-plane
symmetry of multidomain structure in the EHE measent area (about 2x2 riim the case

of sample S1 and 50x50 fiin the case of patterned sample S2).
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Fig. 4.12. The characteristic out-of-plane appliefield hysteresis loop of a bubble thin film where

Bnue @and Beg are the nucleation field and the collapse field,aspectively (see ref80] p. 309.

The magnetic structure of sample S1 at low tempegais similar to the magnetic
structure of a bubble or stripe thin film. It isvidus if we compare the perpendicular-applied-
field EHE loop at low temperatures of the sample (6. 4.9 with the characteristic
perpendicular-applied-field hysteresis loop of &Mda thin film ig. 4.19, the same shape of
two loops can be seen clearly wherg.Band B, are the nucleation field and the collapse field,
respectively (ref[80] p. 306) This similarity and the previous EHE discussiamfarm the
existence of a perpendicular multidomain structfré¢he sample S1 at low temperatures and

zero-field.
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4.6.4. Temperature dependences of the remanent magnetsasind the remanent
Hall resistivity of the unpatterned sample S1

The temperature dependence of the remapeiig presented ifrig. 4.13 The results
show thatpy is fully remanent above 140 K and its sign revesel,m,= 235 K. Significantly,
the remanenpy starts decreasing from 140 K and nearly disappaad0 K. It means that
below 100 K, there is an out-of-plane symmetry efgendicular multidomain structure in the
EHE measurement area of sample S1, i.e. the dogi@énin the EHE measurement area is
small enough to have 50% domains up and 50% doduaim.
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Fig. 4.13. The perpendicular remanent magnetisatioM(T, H = 0) (open circles) and the remanent
Hall resistivity py(T, H = 0) (solid triangles) of the sample S1 versuemperature. The insert

pictures illustrate the domain structure in the area of EHE measurement.

In order to understand better the domain strucwfisample S1 at low temperatures, its
out-of-plane remanent magnetisation has been medhéyr SQUID in the range of temperature
from 5 K to 300 K. This measurement has been ddvito two stages of temperature: The
temperature decreases from 150 K down to 5 K infitlse stage, and in the second stage the
temperature increases from 150 K up to 300 K. Refmwsth measurements, the sample was
saturated in a perpendicular applied field of Ge$l& at 150 K. The applied field was brought to
zero before the beginning of both measurements.stdnting temperature of 150 K has been
chosen since the sample has a 100% perpendicutaanence at 150 K according to the
remanent EHE curve. The perpendicular remanent etigition is likewise presented ig.
4.13to compare with the temperature dependence afetimanenpy. The results confirms the
disappearance of perpendicular remanent magrietisat low temperatures. Nevertheless,
there is a difference between both curves, itas the remanent magnetisation start decreasing

from 100 K, about 40 K later than the remangntoes. The cause may be the compositional
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inhomogeneity of the sample S1. Actually, the reemirmagnetisation is measured on the
whole sample while the EHE measurement is justiethrout on a small EHE measurement
area. When a composition gradient exists on thepkgrthe measured results of magnetisation
overall sample may be different from the result@sueed on a small area. In summary, if both
measurements are carried out on the same areangfiesaor if the sample is completely
homogeneous in compaosition, the temperatures wihereaemanenpy and the perpendicular

remanent magnetisation should start decreasinthargame.

4.7. The spin-flop phenomenon and EHE of GdxCoy alloys in the vicinity of the

compensation temperature

A very interesting characteristic of the 380, thin films in the vicinity of Tomis that
the spin-flop field is significantly decreased, réffere it is possible to observe the spin-flop
phenomenon with our available applied field. Nelveless, the closer to.k, the temperature
is, the smaller the total magnetisation is, it nsake difficult to investigate the spin-flop
phenomenon using magnetometers such as VSM or SQ@3[i&cially in the case of thin films.
Fortunately, the extraordinary Hall effect is vesgnsitive to the perpendicular component of
the Co sublattice magnetisation. Once the spin-fopurs, the Co sublattice magnetisation
turns from its direction before spin-flop, pa is changed as a consequence. That is why the
extraordinary Hall effect is very useful for studgi phenomena related to rotations of the
sublattice magnetisations of G&€o, alloys. In this section, EHE will be firstly used a tool
for investigating the spin-flop phenomenon of@do, thin film. By the way, EHE can be

better understood in the non collinear regime afpém-flop.
4.7.1. Critical phenomenon of the extraordinary Hall efféen GdyxCo thin films

The EHE loops at temperatures below (a) and abyg, ) for the sample S1 are
presented ifrig. 4.14 We can see obviously the jumpspafat a certain applied field. There is
some critical phenomenon occurring inside the samphe applied fields where tlpg jumps
occur are called "the critical fields" and abbrésthto B, The first question is to know if B

is the spin-flop field.
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Fig. 4.14. The EHE loops at temperatures below (@nd above T,om, (b) for the unpatterned sample

S1 with Teomp = 235 K. The applied field is perpendicular to thdilm plane.

We can see that the closer tg,, the temperature is, the smaller the critical fiesld
this behaviour of the critical field (B) is quite similar to the behaviour of the spingflfield
(Bsp). In order to check if B, is By, the magnetisation of the sample S1 was measwed b
SQUID in perpendicular applied fields from O T td &t three different temperatures of 270 K,
250 K, and 230 K (close to.dn, = 235 K). The dimensions of the unpatterned sarBjleare
large enough to have enough signal for the SQUIRsmement. The magnetisation curves
presented inFig. 4.15 evidence the spin-flop phenomenon at the threepeemtures. This
conclusion is based on three sudden increases giigtiaation on three magnetisation curves.
The spin-flop fields of sample S1 at 230 K, 250aikd 270 K are B B,, and B, respectively.
The applied field dependencesppfat 230 K, 250 K, and 270 K are also presentdeign4.15
to compare to three magnetisation curves. It casela clearly that three jumpsp{B) curves
occur at the three applied fields, B,, and B where the spin-flop phenomenon happens. This
evidence proves that the critical fieldBobserved irpy curve is the spin-flop field B(If Bt

were the anisotropy field then it would scale aikhd becomes large close t@]).
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Fig. 4.15. The magnetisation curvesw, m, and ®) compared to the EHE curves @, O, and O) of

sample S1 at temperatures 230 K, 250 K, and 270 KB is perpendicular to film plane. Tom(EHE)
= 235 K while Teomp(M) = 225 K. The critical fields are labelled as B B,, and Bs.

In the cases of small patterned samples as S2usethe EHE measurement area is
very small, the magnetisation neag.f, cannot be measured by SQUID, so the spin-flog fiel
cannot be specified by means of magnetometry. ktraardinary Hall effect becomes a very
effective means to measure the spin-flop field df_ Goy thin film in the vicinity of Teomp In

all the next sections of thesis,;Bwill be abbreviated as the experimental value f B
4.7.2. The magnetisation process of @@Co, in calculation

In order to investigate better the spin-flop pheeoon of Gd,Co, alloys, in this
section, the magnetisation process of, @&, thin films will be simulated with a Matlab
computing program using a numerical method.

In fact, the applied field can be rotated from g&gticular to parallel to the film plane.
Furthermore, the easy axis of thin film is not aemy perpendicular to the film plane, it can be
tilted from the normal direction of the film. Inder to investigate such magnetic configurations

in applied field in our simulation, we have to ckea general magnetic configuration of,Gd
xCo, alloy in applied field as described Hig. 4.16,Where2 is normal to the film. The easy-

axis n of Gd.Co, layer is not always parallel to the normal direstz but makes an angke

(8 = @ for perpendicular easy-axis add= 9C for in-plane easy-axis). The external magnetic

field H is not always perpendicular to the film but makegley with the easy—axisﬁ. By

changingy and 6, we can consider many magnetic configurations emynmagnetisation

processes_ri, E andH are kept in the same plane). Notice thgtd O [0°, 180], & O [0°,

9(°], andy O [0°, 9C° + §] wherey and$ are experimental constants.
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film plane I

Fig. 4.16. The magnetic configuration of Gd,Co, under an applied field ﬁ . The angled, ¢, andy

describe the directions of Gd and Co sublattice maggtisations, and the applied fieldﬁ with
respect to the easy-axisﬁ of the thin film. E is the normal direction of the film making an angé é
with the easy-axisﬁ .
The free energy of G4Co, in formula (1.7) can be written again as{iKeglected):
E=-HUoHM o Ccos@ +Y) —HoHM g €OSO —Y) + LoAM coM g COs@ +6)  (4.6)
+KcoSin® ¢ + 1415 (M o cosg +8) + Mg cos - 8))?

The sublattice magnetisationscMand My will be calculated using our mean-field
model. When an external magnetic field is applibé, equilibrium state of magnetism can be

found by solving the following equations :

OE

g =HoHM coSING +) ~HoAM coM g Sin(p +6) + K o sin2 (4.7.3)
~HoM &, Sin(® +8) cos +8) ~ oM coM g Sin(® +3) cos@ - 8) = 0

oE . .

30 MoHMey sSin@ - y) ~HoAM oM g sin@ + 6) (4.7.b)

- UM éd sin® — 8) cosP — ) — UM coM gq Costh +0)sin® —d) =0

Firstly, the spin-flop field can be found by coresithg the applied field dependence of

the angle ¢ + 6) betweenM , and Mgqy. So the spin-flop field B is the field where the

angle ¢ + 0) starts decreasing from 18®econdly, & can be specified by investigating the
total magnetisation M, M increases significantlyembspin-flop occurs (sd€g. 4.15. Thirdly,
Bst can be specified by investigating the applieddfidéependence of the z-components of Gd

and Co sublattice magnetisatiohsédand M&, (their projections oz direction), similar to
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Fig. 4.17. The z-component of Co sublattice magnstétion calculated for sample S1 (fmp = 235 K)
with parameters: Acoco = 850,A = 118, x = 0.78, and K, = 0. The field is perpendicular to the film.

The spin-flop field Bg; can be evidenced.

In this simulation for sample S1, the sublatticegnetisations M, and M., are
calculated by the mean-field model using parameétgys = 850,A = 118, and x = 0.78. The
easy axis of sample is assumed exactly perpenditulthe film ¢ = 0). The applied field is
perpendicular to filmy = 0) and varied from 6 T down to O T. The angleand®6, i.e. the

directions of M ¢, and M gq, are calculated by solving the equatidds’). The z-component
of Co sublattice magnetisation will be calculatedvi,cosp and presented iRig. 4.17for the
case of no anisotropy @gs= 0).

The simulation results show that the z-componer@@magnetisation reverses at.h,
(235 K). Furthermore, the spin-flop field where t@r&iparallel configuration between Gd and
Co sublattice magnetisations is broken can be ebeiously as the sudden decrease of the z-
component of M.. By this way, B; can be calculated in all cases with or withou, iKas

mentioned insection 1.3.2in simple case whendsis neglected (K, = 0), the spin-flop field

can also be calculated by using formidg = uo}\|M co—M Gd| )- The calculated values ofB

are exposed iftig. 4.18for both cases & = 0 (solid curve) and & # 0 (dash curve). For& =

0, the calculated spin-flop field is zero at;F; whereas the experimental value of spin-flop field
(Berit) is 0.7 Tesla at chmp
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Fig. 4.18. The experimental critical field (B,;) for the unpatterned sample S1 (solid circles) anthe
spin-flop fields (By) calculated for two cases: I, = 0 (solid curve) and k, = 1500 J/ni (dash
curve). The applied field B is perpendicular to thefilm.

When K, # 0 is taken into calculation,sBstill gets minimum at &m, but it is not zero
anymore. By turning K, in the spin-flop simulation, the anisotropy depamze of B can be
theoretically investigated. WhenclK= 1500 J/my the minimum B is 0.7 Tesla calculated at
Teomp (dash curve irfrig. 4.19, right equal to Bi. However, far from I, the calculated spin-
flop fields B are much larger than the experimenta};.. BNoticing that, as mentioned $ection
4.5.], the mean-field calculated magnetisation is latgan the real one, so the calculated spin-
flop field (Bg) is expected larger than the real ongjBUnfotunately, the deviation is too
large, e.g. it is about 600% at 200 Kid. 4.19, and must originate from other causes such as
the composition inhomogeneity.

Since the EHE measurement area of unpatterned sa®ipis about 2x2 nfinthere
must be some compositional variation in this af@aes the large deviation between; B
(calculation) and By (experiment) originate from the inhomogeneity ofmposition? In order
to find the answer, the same comparison betweeauleséd B and experimental & will be
carried out for the patterned sample SRad, = 850,1 = 118, and x = 0.79). Because the
measurement area of sample S2 is just 50x5%) poorch smaller than that of the sample S1, the
influence of composition variation must be reduced.

The temperature dependence of the calculatedr8l the experimental B of sample
S2a are presented fig. 4.19 At Teomp it is clear that By gets a minimum value of 1.8 Tesla at
Teomp = 193 K, this value is much larger than 0.7 Teslthe case of sample S1. By choosing
Keo = 9000 J/my we find B = 1.8 Tesla at &mp Away from Tomp the difference between
experiment and calculation of#s still large but decreased significantly in caripon with the

case of unpatterned sample S1. Specifically, ie chsample S1 (I, = 235 K), at 275 K (40
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K away from Tomy), the calculation B(= 9.5 T) is about 5 times larger than experimeBtal

(= 2.5T). However, in case of patterned sample($a, = 193 K), at 233 K (40 K away from
Teomp, the calculation B(= 9.5 T) is just about 1.6 times larger than thpegimental B (=

6.0 T). It is clear that the difference betweeneipent and calculation decreases a lot in case
of patterned sample, i.e. this difference may aagg from the compositional inhomogeneity of
the film. In the patterned sample, because of thallsr measurement area, the compositional

variation decreases, so the agreement betweeratadouand experiment is improved.

Patterned sample S2a
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Fig. 4.19. The experimental critical field (By;) of the patterned sample S2a with Jomp = 193 K
(solid circles) and the spin-flop fields (B) calculated for two cases: I§, = 0 (solid curve) and kg, =
9 kJ/m®(dash curve). B is perpendicular to film plane.

According to the previous calculations and expenit®®n both samples S1 and S2, we
can summarise about the spin-flop phenomenon ef@Ga thin film that:
* In vicinity of Tcomp The spin-flop field B is minimum at Tomp Bstis zero at Tompin
the case of no anisotropy = 0). When k, is taken in to account,sBs not zero any
more. The higher the anisotropy is, the larger shan-flop field at Tomp is. The
difference between experimental and calculatied-8pp fields at T,mp can be reduced
by choosing a corresponding anisotrope.K
« Away from T.omp The addition of I§, to calculation does not make any notable
change of B. The difference between experiment and calculatioreases rapidly at
temperatures away fromgl, The comparison between the patterned sample &2 an
the unpatterned sample S1 shows the importanbfaempositional inhomogeneity in
the deviation between calculation and experimenthef spin-flop field (the sample

could be patterned in smaller dimension to chet¢kdfagreement between calculation

and experiment is better).
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4.7.3. The anomalous temperature range of EHHAe\)

At temperatures abovek, since Co sublattice magnetisation is larger ti&mh
sublattice magnetisation, the total magnetisat®mexpected Co-dominant under any applied
fields, even if the spin-flop occurs, so EHE is exfed positive as a consequence. Nevertheless,
as shown irFig. 4.14.h at high fields the EHE can stay negative aboyg,F 235 K at several
temperatures 238 K, 245 K, 270 K, and 280 K. Thmperature dependence of the Hall
resistivity under an applied field of 6 Tesla hasem measured. The results are presented
combined with the saturatign, (before spin-flop) irFig. 4.20 At 6 Tesla, the EHE is negative
at temperatures from 235 K £k, to 282 K (47 K above Jny. The width of the anomalous
temperature range where the EHE is reversadis = 282 - 235 = 47 K.

In an effort to find the origin of the negative EHibove T,n, many mean-field
simulations (x = 0.72 + 0.80, = 100 + 2008 = @ + 9C°, K¢, = 0 + 100 kJ/rf) have been
carried out for Gd,Co, thin films without composition gradient. The fighds been applied in
many different directionsy(= O + 9C°) to consider the spin-flop. However, we can not
reproduce this behaviour in the homogeneous samfleis makes us suspect that the
anomalous behaviour of EHE abovg}, originates from the compositional inhomogeneity of
Gd..,.Co, thin films.
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Fig. 4.20. The saturationpy (before spin-flop) and thepy at 6 Tesla for the unpatterned sample S1
(Tcomp = 235 K). The applied field is perpendicular to tle film.

As we saw inFig. 4.1, there are two EHE measurement locations on thierpad
sample S2, namely S2a and S2b with a Hall crossafr80x50 prh The maximunpy and the
py at 6 Tesla have been measured on both locatioasaB@ S2b with the applied field
perpendicular to film. The experimental results aresented irrig. 4.21where the solid and
open symbols (triangles are saturatpgnand circles arey at 6 Tesla) are for the sample S2a
(Teomp= 164 K) and S2b (Imp= 193 K), respectively.
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Fig. 4.21. The saturationpy and py at 6 Tesla of the patterned samples S2a 4, = 193 K) and S2b

(Tcomp = 164 K). B is perpendicular to film. The measuremnt area is 50x50 prh

Contrary to the sample S1 where the anomalous texype range is abovegk, in
case of patterned samples S2a and S2lpla¢ 6 Tesla becomes positive at temperature right
below T,mp Where it is expected negative because of a Gdwmhimagnetisation, i.e. the
anomalous temperature range is belaw,J Moreover, the widti\T,., decreases significantly
to 5 K, therefore, affirms the influence of compiosi gradient on the appearance of the
anomalous temperature range of EHE.

The composition gradient of sample S2 can be etgnaccording to the Jmp
differences of the two EHE measurement areas S2&2b. According té-ig. 4.1 the distance
between S2a and S2b is about 2mm. The differendg,@fis ATcomp = 193 K - 164 K = 29 K.
Comparing to the composition dependence @fnJ 40 K/% (seeFig. 3.7, we find a
composition gradient of 0.38 %/mm in the directidnS2a-S2b on sample S2.

4.7.4. The coercive field

The coercive fields of patterned sample S2a.4= 193 K) and S2b (fn, = 164 K)
taken from EHE loops are shown kig. 4.22 Before spin-flop, magnetisation reversal is
mainly controlled by domain wall propagation. Sugipg one single type of pinning center, a
crude model can be proposed where the Zeeman erseeagual to the pinning energy at the
coercive field (Eeem= E, at H = H). We findp,MH¢ = E> where B is the pinning energy. The
pinning energy has been fitted to get a good ageeeretween experiment and calculation.
The coercive fields are calculated by usinlc = E/M with Er = 1500 J/im and the total
magnetisation M is calculated by mean-field modeldoth samples S2&\.c,= 850,,L = 118,
and x = 0.79) and S2hd,c,= 850,A = 118, and x = 0.80). The calculated results aesemted

in Fig. 4.22combined with the experimental results.
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Fig. 4.22. The coercive field of sample S2a {J,, = 193 K) and S2b (Tomp = 193 K) measured using
EHE loops (open triangles and open circles) and aallated using formulap,Hc = Ep/M with Ep =
1500 J/n? (solid curves).

We can see that the calculated coercive fieldalavays symmetric though the line T =
Teomp While the experimental values ottre not symmetric for both samples. However, @& th
case of S2a the low-temperature part (T.s,J of experimental gHc is higher than the high-
temperature part (T >cJmy, in contrary to the case of S2b where the lowpgerature part is
lower. This difference implies that the asymmetaesund T = T, Of the coercive field in the
cases of samples S2a and S2b are not systematain,Athey may originate from the

compositional inhomogeneity of sample.

4.8. Conclusion about EHE and magnetic properties of GgCoy thin films

The EHE of amorphous GgCo, thin films has been studied theoretically and
experimentally in detail following the variation tdmperature as well as magnetic field. The
mean-field theory has been applied to calculatadhmperature dependences of the Gd and Co
sublattice magnetisations. By comparing the tempezadependences of the calculated values
of Mgq and M, to the temperature dependence of the experimeaka¢s ofpy, the study has
estimated the contributions of Co and Gd momentsed=HE. The Co moments give a positive
contribution (R, > 0) while the Gd moments give a negative ongg®0) to EHE. In the
amplitude ofpy, a dominant role of Co moments has been determthedcontribution of Co
moments (near 90%) is much larger than the cortabwf Gd moments (about 10%) to Hall
resistivity.

The magnetic properties of amorphous (&b, alloys have been investigated by means
of the extraordinary Hall effect under a high apglfield up to 6 Tesla. The in-plane-applied-
field EHE results have revealed the perpendiculaitidomain structure of G4Co, thim films
at low temperatures. Near the compensation temperathe spin-flop phenomenon has been
clearly observed. The experimental results prohatithe spin-flop field Bis not zero at &y

A mean-field simulation has been applied to ingzd8 the impact of anisotropy ¢ on By,
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the calculated results prove that wheg, K taken into calculation, although;sRlways get
minimum at Tomp this minimum B strongly depends ondg The larger the anisotropycKis,
the larger the minimumdgis.

In spite of the deviation between the calculatesiiite and the experimental results of
Bsr , Which is still large, the comparison between un@atterned sample S1 and the patterned
sample S2 reveals an important impact of the coitippal inhomogeneity on the deviation
between calculation and experiment. However, tlsoe of this deviation is still unclear and
open for future studies. If it is possible in th&ufe to get a more quantitative agreement
between EHE above spin-flop measurement and célmola more precise determination of Gd

and Co roles is possible.
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Chapter. 5. Magnetoresistance in magnetic multilayers

5.1. Introduction

For quite a long time the spin of electrons was cmtsidered when designing an
electrical transport device. This can be understsimde in non-magnetic conductors, the
properties of electrons do not depend on spin. ,Thvever, is no longer valid when
considering ferromagnetic conducting mater{@8]. Using the spin as an extra parameter or
degree of freedom widens the field of electronicd & called spin electronics or spintronics.
This is a fast developing field, which was creastdthe end of the 1980's when Giant
Magnetoresistance was discovered and has already diuitful applications in the field of
sensing. Magnetoresistive sensors have rapidlycowsz inductive sensors in the field of high-
density recording (hard disk heads), and prototymeg& appeared in the field of data storage:
magnetic-RAM (MRAM)[96].

In this chapter, firstly some general electricahngport properties of magnetic
conductors related to the spin of electrons will ibfoduced. The mechanism of giant
magnetoresistance (GMR) will be described in détaiuding the sign (positive or negative) of
the MR ratio.

5.2. The theoretical concepts of electrical transport irmagnetic conductors
5.2.1. Spin polarisation

In a magnetic conductor, the electrons, whichigipete to the conduction of the
electrical current, are most often s, d and hybedi sd electrons. Two families of these
electrons can be distinguished according to thgeption of their spin along the local
magnetisation axis: the spinelectrons (respectively the spjrelectrons) conventionally have
the z-component of their spin parallel (respectivahtiparallel) to the local magnetisation. In
this description, the z-axis is chosen as the dgatiin axis and is parallel to the local
magnetisation. Different from the case of normaldigctors where the densities of spirmand
spin | conduction electrons are the sark&y(5.1.3, in magnetic metallic conductors, because
of the interaction between free conduction elecrand the localised magnetic electrons (3d,
4f), there is an asymmetry between spimnd spinl electrons in the conduction banéd.
5.1.H. Because the densities of state of spiand spin. electrons at Fermi level are different,

it allows for a new parameter called spin polarisat
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Fig. 5.1. Band structure of a normal metal (a) ané strong ferromagnetic metal (b).
The spin polarisation of electronic stat@siusually defined as

Pu=(N; = N)/(N; + N)) (5.1)
Where N and N are the total density of electronic states (D@®)Juding s and d electrons, at
Fermi level for spint and spin|, respectivelyln experiments, P(DOS spin polarisation) can
be determined using spin-polarised photoemisiog].

Noticing that while R is only defined by the density of electronic s$aieOS) at Fermi
level, the transport phenomena are not definechbylxOS alone. This is particularly true for
materials which have both heavy d-electrons (maealised) and light s-electrons (more
delocalised) at the Fermi level (e.g., transitiogtais). While the DOS is mostly defined by the
former, the electric transport is primarily duethe more mobile s electrofis03].

In experiments, there are several techniques tosumeathe spin polarisation of
conduction electrons P (transport spin polaris3tioa. the spin-polarised tunneling in various
forms [104] including Andreev reflection[105]. However, because the transport spin
polarisation P measured in those experiments ialyneontributed by the conduction electrons,
P and R are different and possibly have opposite signgeErments show that traditional
transition metals and alloys have positive spinapsétions P of the order of 20% to 50%
(Table. 5-).

Table. 5-1: Typical spin polarisations of ferromagetic metals (ref.[89]).

Metallic materials Ni Co Fe NFeo CoFey

P (%) 20+ 30 35+45 40 + 44 32 +48 50

91



Since magnetoresistive effects are directly rel&etie spin polarisation (PyJR search
for higher polarisation is a long-term trend. Expemntally, spin polarisations in excess of 80%
have been measured at low temperatures but 3dsvagtdlalloys (shuch as CoFe) are still the

best spin-polarised materials at room temperature.
5.2.2. Spin-flip

Spin-flip scattering allows both carrier populasaigpint and spini) to interact. It is a
rare event compared to non spin-flip scatteringsath populations are well defined and a two-
fluid picture is quite commonly used especially latv temperature. Non-balanced spin
populations can be induced by polarised light ghtsmm or when an electrical current passes
through an interface between two materials withiedifnt spin polarisations. Equilibrium of

both populations is restored by the relevant slgnstattering mechanisms.

Table. 5-2: Characteristic spin diffusion lengths ief. [89]).

Metallic materials Cu NbFes Co

Spin diffusion length| 140 nm (300 K) 4nm (4K B9 (77 K) and 38 nm (300K]

The spin-flip characteristic time 1g. The length scale to restore spin equilibriunhis t
spin diffusion lengthlgs =,/VETgA /3 where v is the Fermi velocity andl is the mean free

path. In cases of ferromagnetic conductors, the diffusion length is significantly decreased
(seeTable. 5-2.

5.2.3. Spin dependent scattering asymmetric coefficieB (

In ferromagnetic transition metals and R-T intemliet compounds (e.g. GdCo), the
spin 1 and spin| electrons have different scattering rates (€84-[101]) depending on the
nature of the scattering centers (for example mié&gmepurities; structural defects such as
dislocations, stacking faults or grain boundar@seven phonons). The spin-dependence of the
scattering rates results from the difference ofd@esity of available states at the Fermi energy
into which the electrons can be scattered. Theemiffce in the spin and spin]| density of
states is itself a consequence of the d-band egehgplitting, characteristic of the magnetism
of transition metals, as described by the well-kno8toner mode[102]. For example, in
Permalloy (Ni;Feg), the mean-free path of spinelectrons has been estimated to be at least 5
times longer than that of spjnelectrong98].

When the spin-orbit coupling and the magnon sdatjeare negligible (as in transition
metal and R-T intermetallic compounds at low terapges), the spin-flip does not happen,

these two species (spin and spinl) of electrons can be considered as carrying étattr
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current in parallel, all other scattering events amable to perturb the spin state of the electrons
[97]. Since a two fluid picture is relevant, one intiods the spin dependent scattering

asymmetric coefficient (it is also called the asyetme coefficient) as:

B=(:-p)(pr+p) (5.2)
where the resistivities of the spinand spini channels arg; andp,, respectively.

The asymmetric coefficielft directly relates to both spin polarisations(POS) and P
(transport) and depends on materials. For exarfipte) for most transition metals because s
d! scattering is stronger. For Co, the fractjofp, is 2 to 3 B is from -0.3 to -0.5), for FeNi
this ratio increases up to B is about -0.8)89].

-1

N e Error bar for multilayer
values or dispersion of
results in bulk materials

Bulk Multilayers
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alloys
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pP: t P,

+1

Fig. 5.2. The spin dependent scattering asymmetraoefficients §) for several dilute alloys

imported from ref. [106].

Fig. 5.2 shows the experimental values of spin dependeattesimg asymmetric
coefficients p) for several alloys derived from the analysis &i&in multilayers (measured in
current-perpendicular-to-plane configuration) andrfd in bulk[106]. In the alloys of CoCr,
CoMn, FeCr, FeV, and NIiCR is positive while it is negative in the alloys ¥iCu, NiFe, and
CoFe.

5.2.4. Interface spin dependent scattering in nanostrucas

In nanostructures, e.g. in multilayers, interfabesveen materials with different spin
polarisations, i.e. differenB, can be treated as spin dependent interfaciasteegies. This
interfacial resistivity is of the order of 0Q.n?. Its value changes by a factor 5 depending on
spint or spin! in the case of FeNi/Cu interface for examj@@]. The asymmetric coefficiefit
in the interface (the definition of the interfaciials the same as the formuf2) butp; andp,

are the interfacial resistivities) and in the boln be different in amplitude and sometimes in
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sign. For instance, in the case of {30 (t Nnm)/Cu (2.3 nm)/Co (0.4 nm)/ Cu (2.3 nm)}
multilayer,3 > 0 in the bulk of a FeCr layer afd= 0 in Cu layers, howeve, is negative at
FeCr/Cu interfacd109]. For the whole FeCr layer, there is a competitietween the FeCr
layer core (bulk) scatterings and the FeCr/Cu fater scatterings, so the global asymmetric
coefficient3 of the FeCr layer (including interface and corepehds on the thickness t of FeCr
layer. There is a compensation thicknéss 2 nm of FeCr layer where the interface scatterin
is compensated by the core (bulk) one. When t thé globaP of FeCr layer is positive, and it
is negative if t <'t(seeFig. 2in ref.[109]).

According to literature, for the interfaces of femagnetic (Fe, Co, and Ni)/noble
metals (Au, Ag, and Cu), the asymmetric coefficipris negative [§ < 0) [106], which might
relate to the modification of the DOS of the feremnetic surface atomic layer by the noble
spaceff117].

5.3. Magnetoresistance
Magnetoresistive (MR) effect is the phenomenon Iicky the resistivity of a conductor
changes under the effect of external magnetic .fi€ltle magnetoresistance ratio is usually

defined as (RRy)/Ry where B and Ry are the resistances in zero field and in an agfiedd

MoH, respectively. Some MR effects are volume effecyclptron and anisotropic

magnetoresistances) and have been known for a tong. Since the fabrication of
nanostructured materials is technically controllegpecially in multilayer form, new effects
related to spin transport through interfaces has@nlkdiscovered (giant magnetoresistance and

tunnel magnetoresistance, spin injection and spijue effects).
5.3.1. Cyclotron magnetoresistance or Ordinary magnetostance (OMR)

In any conductor, an applied magnetic field wilstdrb the electron trajectories, and
longitudinal and transverse cyclotron magnetorasis#s can be defined. The effect is small and
it corresponds to the increase of resistance utidefield. It is generally proportional to the
square of the field. Most metals follow Kohler'sMae. Ap/p = f(B/p), with f being a material-
dependent function which is close to a quadratic [Bhe lower the temperature is (smaligr
and the higher the field is, the higher is the oydn MR is. The order of magnitude of the
effect is about 0.1% in a 1 Tesla field. The cywnt magnetoresistance is also called the

ordinary magnetoresistance and abbreviated to OMR.
5.3.2. Anisotropic magnetoresistance (AMR)

AMR is also a volume effect. In ferromagnetic mgta and d electrons are present in

the conduction band. If the asymmetry of the d banthrge, s-d scattering depends on the
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configuration between the magnetisatiﬁﬁ (in saturation state, it is parallel to the apgliield
MoH) and the carrier wave-vectdr (it is parallel to the applied curreﬁt). Two resistivities

can be definedy, where the currend and the applied fielé are parallel, angdg whereJ and

B are perpendiculaiF(g. 5.3.
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Fig. 5.3. The characteristic resistivity curves oé ferromagnetic conductor measured in the in-plane

applied fields § parallel (a) and perpendicular (b) to the appliedcurrent j [95].
The angular dependence of AMR can be written as:

p=po +(py ~Pn)cos’ QM) (5.3)

AMR can reach a few percents in Ni and its allaygsNigsFeo, AMR is 2% at room
temperature, and 20% at low temperaturg).-( pg) is positive for transition metal systems.
This kind of MR has been the first one to be useskinsor$o6].

5.3.3. Giant magnetoresistance (GMR): The invention of GMR

GMR effect was discovered in 1988 by Baibich €08l in a series of (001)Fe/(001)Cr
magnetic superlattices prepared by molecular baaitaxy (Fig. 5.49. The Fe layer thickness
was fixed at 30 A. The thickness of Cr layer wasréased from 9 A to 30 A. A huge
magnetoresistance was found in the superlatticélayars with Cr thickness of 9 A, 12 A, and
18 A. A maximum MR ratio as high as 45% (at 4.2W&s obtained with a Cr thickness of 9 A.
The magnetism studies showed that there is anaaatipl coupling of the neighbouring Fe
layers at zero field when the resistance of myiita is maximum. Above saturation field (H >
Hs), all Fe layers are parallel and the resistanegimmum. The MR here strongly depends on
the angle between the magnetisations of two Feesgo® layers and has been named giant
magnetoresistance (GMR). The GMR is different frtra OMR and the AMR not only in
amplitude but also in mechanism.
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Fig. 5.4. Magnetoresistance of three Fe/Cr superkites at 4.5 K. The current and the applied field

are along the same [110] axis in the plane of thaylers (Baibich et al in ref.[90]).

The basic requirements of a GMR junction are twwoofeagnetic layers which are
magnetically decoupled in order to be able to obtzarallel and antiparallel magnetisation
configurations. The MR effect will be observed wheamparing the resistance of both
configurations. In order to decouple both ferronegnelectrodes (Mand M), one needs a

non-magnetic metal spacer (NM) (d$€g. 5.5 then the GMR effect may be observed.

My — —_—

NM

My e —
(@.H=0 (b). H = Hs

Fig. 5.5. The configuration of a basic GMR junctionwith two magnetic layers (M, and M,)
decoupled by a non-magnetic layer (NM). The magneticonfiguration can be parallel (a) or

antiparallel (b) depending on the applied field ¥H.

Two electrical configurations exist. If the currénin the plane of the trilayer, we have
the CIP (current-in-plane) GMR. If the current pesperpendicular to the interfaces it is the
CPP-GMR (current-perpendicular-to-plane). In CIR tkelevant lengthscale for the spacer
thickness is the electron mean free path. Electstyasild visit both ferromagnetic electrodes.
The typical thickness of the spacer is a few nmCRP geometry, the spacer thickness can be
larger (but small compared to the spin diffusiongld in the spacer which can be as large as

100 nm). All the measurements performed in thisithare CIP measurements .
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5.4. The spacer-layer thickness dependence of GMR ratio

Different from AMR, GMR does not depend on the angttween the applied field and
the applied current, but depends on the angle legiweeighbouring magnetic layer
magnetisations. As one knows, a basic requireme@MR junction is the rotation from the
antiparallel configuration to the parallel configtion of both magnetic Iayerew—(l and W).

During the rotation, the dependence of the resistam the angle between both magnetic

moments can be written f5]:
RzRTT +ARm (5.4)
2

WhereAR = R, - Ry;, and R, and R; are the resistances for antiparalter) and parallel ¢

= 0) configurations of both magnetic layers.

30

25 E

MR ratio (%)

0 1 2 3 4 5 6
Cu layer thickness (nm)

Fig. 5.6. The dependence of MR ratios on the Cu laythickness in the NiFeCo/Cu/Co/Cu
multilayers [94].

Not long after the invention of GMR effed®0]-[91]), Parkin et al (1990) have studied
the dependence of GMR ratio defined as, (RR;;)/R;; on the thickness of the nonmagnetic
layer (spacer-layer) in series of multilayers: {Ro},, {Co/Cr},, and {Fe/Cr}, multilayers in
ref. [92], and {Co/Cu}, multilayer in ref.[93]. The GMR ratio is found to oscillate with the
thickness of nonmagnetic spacer layer (Ru and &nj, a much larger MR ratio (115%) was
obtained in Co/Cu multilayer at 4.2 K with applicat of 1.5 Tesla.Fig. 5.6 shows the
dependence of MR ratios on the Cu layer thickne¢bliggFesCos (3 nm)/Cu (t)/Co (3 nm)/Cu
()} multilayers prepared by sputterifgd]. The MR ratio is maximum at around t = 0.9 nm, 2.0
nm, and 4.2 nm with a period of 1.1 nm.

Furthermore, the antiferromagnetic interlayer exgjgacoupling was also studied for

such the series of multilayers and has been fooims¢illate with the thickness of spacer-layer.
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The oscillatory dependence of magnetoresistanceeanddange coupling on the spacer-layer
thickness in many different metallic multilayerssbabeen related to RKKY coupling, which is
an indirect coupling using the spacer-layer conduoctlectrons. The MR ratios usually get
maximum when the antiferromagnetic coupling becodmrinant96]. When RKKY is absent
(thicker spacer), a way to stabilise the antifelmgmetic configuration has to be implemented

(different coercive fields or pinning of the hardzyer).
5.5. Mechanism of giant magnetoresistance
5.5.1. The spin-dependent scattering mechanism

The GMR effect is attributed to a competition oferfacial and bulk spin-dependent
scatterings, both of which are accumulated in tlobaj spin dependent scattering asymmetric
coefficientf3, i.e. the global coefficierft is due not only to the magnetic layer cores (bbiki)
also to the interfaces between magnetic and nonetizgayers.

In a basic GMR junction including two magnetic lesy¢M; and M) decoupled by a
non magnetic metallic layer (NM), GMR is positiveé negative depending on the global
asymmetric coefficien; andf3, of both magnetic layers (see rgf06] and[109]). A positive
GMR will be induced 3,3, > 0. In opposite, a negative GMR can be induc@d3s < 0.

In the next discussions, the two kinds (positivd aagative) of GMR junctions will be
described in more detail with an assumption thaspia-flip occurs in the sample, i.e. the spin
of conduction electrons are conservated. Becawsspgimt or spin! electrons are defined by
the relative orientation of the z-component of &l&t spin with respect to the magnetisation
(see sectiod.2.1), the spin { or | ) of a spin-conservated electron can be revetsaaks to

the reversal of magnetisation axis.

a. The positive GMR (normal GMR)
Let's start interpreting the mechanism of GMR dffec¢he case that the spin dependent
scattering asymmetric coefficients of both magnktyer are negative3(, < 0). It means that,
in both magnetic layers, the spinelectrons are more scattered than spilectrons, i.e. the
resistivity of spint channel is smaller than that of spirchannel §, > p;). The two magnetic
layers are decoupled by a non-magnetic layer withickness smaller than the mean-free path

of conduction electrons to get a good GMR ratioe Télative orientation of magnetisations in

both magnetic layers can somehow be changed fraipaaallel to parallel.
The spin-dependent scattering mechanism, in ttée @, < 0), is described irFig.

5.7. When the magnetic configuration of GMR junctigrparallel (P configuration), the spin

electrons in magnetic layer;Mre still spint electrons in layer M(becauseM, and M, are
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parallel). It is clear that the spin electrons are less scattered while the spelectrons are
strongly scattered in both magnetic layers. Thetstgpof the spini channel current by the
channel makes the resistance low in parallel candigon Eig. 5.7a). Neglecting the resistance
of the non-magnetic layer, the resistance of theRglhction in configuration parallel (P) can
be found as: R= (. + r))( Ry + R)/(ri+ R, + r, + R)) where 1, and R, are the resistances of

two spin channels in the two magnetic layers.

AL

AN S
@ channel

(a). Configuration Parallel (b). Configuration Antiparallel

Fig. 5.7. Schematic picture of the GMR mechanism fahe casef; , < 0 in both magnetic layers. 1,

and R; , denote the resistances of two spin chanels in theo magnetic layers (R >ry, R,>r,). The

electron trajectories between two scatterings areepresented by straight lines and the scattering by
an abrupt changes in the direction. The arrows repesent the magnetisation direction of each

magnetic layer.

When the magnetisations of both magnetic layersuatiparallel, the spin in layer M,
will be spin! in layer M,, and the spin in layer M, will be spint in layer M. The resistance
is averaged in each channgld. 5.7b). The resistance in configuration antiparalfP) is: R
=N+ R)(Ri+n)/(n+R+n+R.

By using R > r, and R > r,, it can be shown thatsR Ryp. So the GMR ratio (R-
Rp)/Rap In this case is positive, it is normal GMR. Thedcteristic applied field dependence
of a positive GMR is presented iig. 5.8 The same explanation can be applied for the case
when the spin polarisations of both magnetic lapeespositive §,, > 0). We just need to swap
the positions of spim and spinl electrons irFig. 5.7 and then we find again a positive GMR.

In summary, whef,3, > 0, the GMR ratio is positive, so it is the nohGMR.

99



RAP ........
>
Q Rap - Rp
2 GMR= ——
8 AP
2
0
[}
nd
R
P
1 1 1 1 1
0 Bs
B (Tesla)

Fig. 5.8. Characteristic curve of a positive GMR whre the resistance in antiparallel configuration

is larger than that in parallel configuration (Rp < Rpp).

b. The negative GMR (inverse GMR)

Let us consider the cases of GMR junctions wheeeattymmetric coefficients of the
two magnetic electrodes are opposite in signthe termp,f3, is negative. The mechanism of
spin dependent scattering in the cBs& 0 and3, > 0 is sketched ifig. 5.9 Please notice that,
in this case, the spin electrons are less scattered in layaravid more scattered in layernM

and the spin electrons are more scattered in layaravid less scattered in layep.M

Ml NM M2 Ml NM M2

4 '[ 3 4

B1<0 B.>0 B:<0 B.>0
® channel
/ AN
R,
R r R R
1 \ / 1 2

@ channel

(a). Configuration Parallel (b). Configuration Antiparallel

Fig. 5.9. Schematic picture of the GMR mechanism fdhe casef3; <0 andf,>0. r,and Ry,
denote the resistances of two spin chanels in thed magnetic layers (R >ry, R, >, ). The electron
trajectories between two scatterings are representieby straight lines and the scatterings by abrupt

change in the direction. The arrows represent the agnetisation direction of each magnetic layer.
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In configuration parallelKig. 5.9.3, the spint (and spinl) electrons in one magnetic
electrode are still spin (and spinl) electrons in the other electrode. By using thmesa
calculation as before, we can find in configuratiamallel, the resistance of junction is R(r;

+ R)(r+ R)(ri+ R + 1+ R). The shorting of one spin channel current justueg in
configuration antiparallel, because the spielectrons in layer M(low resistance;J becomes
spin! electrons (low resistancg in layer M, so the resistance of the junction in configuratio
antiparallel is low Fig. 5.9.1) and can be calculated agpR= (n+ rR)( Ro + R)/(ri+ Ry + 1, +
R;). Because (R-r;) > 0 and (R- ) > 0, it can be inferred thatoR Rap. SO the GMR ratio
(Rap-Rp)/Rpp in this case of GMR junctiorB( < 0 andB, > 0) is negative, opposite to the case
of normal GMR, therefore it is called inverse GMR.

In the last case whdh > 0 and3, < 0, using the same discussion, we just need &p sw
the positions of spin and spini channels irFig. 5.9 an inverse GMR will be found again. In
summary, when two magnetic electrodes in GMR jamcthave opposite spin asymmetric

coefficients, i.ef1f3> < 0, a negative GMR can be induced.

=
Rp —
o
()
e
% Rap - Rp
v GMR= ——
)]
h AP
RappZ]
1 1 1 1 1

0 Bs
B (Tesla)

Fig. 5.10. Characteristic curve of a negative GMR here the resistance in antiparallel configuration

is smaller than that in parallel configuration (Rp > Rap).

The characteristic applied field dependence of gatiee GMR (inverse GMR) is
presented irFig. 5.10where the resistance in configuration antiparaiebmaller than the

resistance in configuration parallel.
5.6. GMR junctions based on Gd.xCox ferrimagnet: State of the art
5.6.1. The sign of GMR and the spin asymmetric coefficiaftGd, «Coy alloys

Although almost all GMR effects in the literaturee gpositive GMR (nhormal GMR)
including the original papdP0], the negative GMR (inverse GMR) has been observetany
multilayers (see ref$106]-[115]).
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Fig. 5.11. GMR curves at room temperature of two gp-valves: (a) {Fe (2nmf < 0)/Cu (3

NM)/Gdp 3¢C0062 (4.2 NM,B > 0)} and (b) {Fe (2nm < 0)/Cu (3 Nm)/Gd L0077 (4.2 nm,3 < 0)}
(see ref[116)).

Very recently, Yang et al (2006)16] have studied GMR of {Fe (2nm)/Cu (3 nm)/Gd
xC0O (tcaco NM)} spin valves (This study was being carried authe same time as our study on
GMR of NiFe\Cu\GdCo multilayers, the results of @tudy will be presented in chapter 7).
These GMR junctions are interesting because theaglasymmetric coefficien of the Fe
layer is negativg109], and the globgs of Gd,,Co, layer can be changed in amplitude and sign
by changing the composition of o, alloys (seeFig. 5.1) and/or the Gd,Co, layer
thickness (se€ig. 5.13. GMR of these spin valves can be positive or tregalepending on
the the globap of Gd,.,Cao, layer, i.e. the inverse GMR junctions can be irglic

The published results of Yang etpmbve that, in bulk of Gd.Co, alloys (i.e. in the core
of Gd,.«Co, layers), is negative when the magnetisation of, (&b, alloys is Co-dominant (T

> Teomp), @nd it is positive in the case of Gd-dominangnetisation (T < Tomp)-

5.6.2. The spin asymmetric coefficient of GgCo/Cu interfaces and the

compensation thichness of GgCo, layers

According to the study in ref. [116], whatever ttmmposition of the GdCo, layer is,
the spin asymmetric coefficiefit of Cu/Gd..Co, interface is negative. Wheh of Gd, Co,
layer core is positive, i.e. the magnetisation tsdeminant, there is a competition between the
spin dependent scatterings in the Cu/@, interface fcucdco< 0) and in the GdCo, layer
core Bedco> 0). In this case, the amplitude and sign ofglodal B of Gd,.«Co, layer depend on
not only the composition but also the thicknesgs.tof Gd..Co, layer. Consequently, a

compensation thicknests"é,dcO of Gd.«Co, layer, where the scatterings in the interface taed

layer core (bulk) compensates and the glgbal Gd,..Co, layer is zero, can be induced. When
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tedco < tgdCO, the globalp of Gd,,Co, layer is negative (interface-dominant) and it beee

positive (bulk-dominant) wherdco> tggco-

0.6
@ Gdo3¢Cop62
04T B Gdo.4C0o0

0.2

GMR (%)
o

0.2k

04}

_06 1 ; 1 1
tcdco (NM)
Fig. 5.12. Dependences of GMR ratio of {Fe (2nm)/C{8 nm)/Gd, ,Coy (tcocy)} thin films (x = 0.6
and 0.62) at room temperature ond.cq. The solid curves serve as guides to the eye (fdf16]).

The tqcsdependences of GMR at room temperature of two kmjre (2nm,3 <
0)/Cu (3 nm)/Gel3dC 0062 (toaco NM, B > 0)} and {Fe (2nmf < 0)/Cu (3 NM)/GelalC0% 77 (teaco
nm, 3 > 0)} imported from ref[116] are presented iRig. 5.12 Because the magnetisations of
both G@.4dC0ys0 and G380y s2alloys are Gd-dominant at all temperatures Xloé these layer
cores is positive, i.e. opposite to the negativeof Cu/GdCo interfaces. Because of the

competion between the Cu\GdCo interfacial scatsri@ < 0) and the GdCo layer core

scatteringsff > 0), the compensation thicknesses of GdCo Ia@ﬁég@CO) exist in both samples.

Since GMR of sample is zero at the compensatiaknigiss, it can be inferred froRig. 5.12

that: tt;dCO: 2.8 nm for Gd4C0p 77 andtgdc()z 3.6 nm for Gd3dC 0y 62

5.7.  Conclusion

In this chapter, we have presented a short inttimluof the magnetoresistive effects
(OMR, AMR, GMR). The spin dependent scattering naaiém has been presented and
discussed. The typical behaviours of GMR have lEstribed including the sign reversal of
the GMR ratio following the variation of the spiegkendent scattering asymmetric coefficient

of magnetic layers.
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Chapter. 6. Giant magnetoresistance of Fe/Cr multilayers

6.1. Introduction
According to literature, the spin asymmetric caaéfintsp (=(p.—p.)/(p: +p.)) of Fe, Co,
Ni are negative, i.e. the spinelectrons are more scattered than gpelectrons ; <p,). In
the opposite, in cases of FeCr and NiCr alloys [sge5.9, they are positive, i.@, >p, [109].
In Fe/Cr multilayers, the FeCr alloy can be produeé the Fe/Cr interfaces. Because of the
opposite sign of th@ factors of Fe metal and FeCr alloys, the globaldiap of Fe layer
depends on the thickness of Fe layers, and a caapen thickness is expected to be induced.
The giant magnetoresistance (GMR) of Fe/Cr magreetperlattices has been studied
and published in the original paper about GMB]. Because the thicknesses of all Fe layers are
the same, the global factgi®of Fe layers are the same, and a normal GMR ¥R?-) whatever
thickness of Cr spacer layers is evidenced. Howeéwerause the thickness of Fe layers were
fixed at 3 nm, i.e. the global factfrof Fe layers is fixed, the question about thectféd  on
GMR of Fe/Cr multilayers is still open. In additioim the context of applications comes the
question of the high temperature behaviour of GMRorder to tackle these points, in this
chapter, we consider the GMR effect of sputterefCFenultilayers with a fixed Cr-individual
layer thickness and variable Fe-individual layee.ofhis study was carried out in the years of

2002-2005 at Vietnam National University in Hanoi.

6.2. Experimental details

The {Fe/Cr}, mutilayers with a number of periods n = 60 andhwitfixed Cr-individual
layer thickness,ct = 2 nm and a variable Fe-individual layer thicls)gs = 1, 2, 3 and 6 nm
were prepared by rf-magnetron sputtering. The stgower during sputtering was 100 W and
the Ar pressure was fanbar. The substrates were glass with a nominekrtieiss of 0.5 mm.
Both target and sample holder were water-cooled.

Samples were annealed at temperatures fran¥ 200 °C to 500°C for 1 hour in
vacuum of %10° mbar. The crystalline structure of films was irigated by X-ray diffraction
using Cu K radiation (Siemens D5000 diffractometer). The nedigation was measured at
room temperature in applied fields up to 1.3 T gshe VSM technique.

The magnetoresistance was measured by the four-maihnique in current-in-plane
configuration and longitudinal geometry. The apmpblfeeld could be increased up to 0.8 T by

using a Cu coil electromagnet at room temperatfline. low temperature measurements could
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be carried out from the nitrogen liquid temperat(#é K) to room temperature by using the

technique described in secti@ri0.1
6.3. Magnetic properties and GMR of Fe/Cr multilayers at300 K
6.3.1. GMR of as-deposited Fe/Cr multilayers at 300 K

The room temperature GMR rattR/R (= (Ry — R))/Ro, where R and R, are the
resistances in zero field and in applied figlgH, respectively) of the as-deposited Fe/Cr
multilayers is presented iig. 6.1 The results show a normal GMR as expected anahitine
magnetoresistive susceptibility of the as-depositedmples is almost constangg
(=(AR/R)fuoH) = 13% T". The saturation field, however, increases withrelesing Fe-layer
thickness. So that, a maximal magnetoresistance A&/R of 0.7 % is reached in the sample
with t.= = 1 nm. This finding shows that the volume Fe{iat increases, i.e. the
volume/interface fraction ratio increases, while tBMR effect decreases. The result seems to

support the dominant contribution of Fe/Cr inteesto the GMR ratio.

(R, - R)R, (%)
o
™~

_O.f‘
-0.7
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02 -01 0 0.1 0.2 0.3
B (Tesla

Fig. 6.1. GMR data for (Fe £J/Cr 2 nm)g, multilayers at 300 K. The Fe layer thicknessg is

respectively varied 1 nm, 2 nm, 3 nm, and 6nm.

Although the GMR ratio is not governed by the asyatrin factorp of magnetic layers
alone, the GMR ratio always increases with theaase of amplitude ¥ (refs.[106], [109],
and [116). In the cases of Fe/Cr multilayer, becafisis negative in the Fe layer cores and
positive at the Fe/Cr interfaces where the FeQ@uyalis created (semection 5.2.3 the global
spin asymmetric coefficierft of the Fe layers depends on the Fe layer thick(ie$sand the
compensation thickness of Fe Iayet*s,ie() may be produced. Whep t t’;:e, the globalp is

zero and the GMR ratio is zero as a consequenaa. the compensation thickness, GMR will

increase following the increase of the differetige ﬁ:e|.
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According to experimental resultsing. 6.1 when g, increases from 1 nm to 6 nm, the

amplitude of GMR ratio decreases monotonouslyydves thatt}eof the Fe layers is not in
this range of &, i.e. the globalp does not change in sign. Therefore, there are twty

possibilities fort’;:e corresponding to two possibilities [oxf

. tT:e< 1 nm: Whend > 1 nm, of Fe layer cores overcomes the one of Fe/Cr

interfaces, so the global factpof Fe layers is negative. In this case, whemtreases
from 1 nm to 6 nm, the amplitude of glofalncreases too, and the GMR is expected

to increase. However, the experimental resultsgotesl inFig. 6.1 proves that the

GMR ratio decreases with the increase-9f30 tT:e< 1 nm is not reasonable.

. tT:e> 6 nm:p of Fe/Cr interfaces overcomes the one of Fe lagegs, so the global
factorf is positive for all cases with.t< 6 nm. Whengd, decreases from 6 nm to 1 nm,
the fraction of Fe layer cores decreases, so th@itaiche of globalp is increased, and
the GMR ratio is expected to increase. The assmnnptt}e> 6 nm agrees well with

experiment, so it should be right.
The global factop of Fe layers will be discussed more in the negtise where the

Fe/Cr interfaces are widened using heat treatments.

Table. 6-1: Dependence of the saturation field ofFe t-/Cr 2 nm)g; multilayers on the Fe layers

thickness.
Fe layers thicknesggt(nm) 1 2 3 6
Saturation fieldi,Hs (Tesla) 0.075 0.035 0.024 0.022

Concerning the saturation fie|lg)Hs of GMR curves Table. 6-), it is clear that the
thicker the Fe layer is, the smaller the saturafietd is. According to literature, there is a
positive agreement between the antiparallel cogptitensity of magnetic successive layers and
the GMR ratig92]. The stronger the antiparallel coupling is, thgéa the GMR ratio is. In the
case of Fe/Cr multilayers, the antiparallel couplbetween successive Fe layers is strongest,
corresponding to a maximum saturation field of 8.0esla, when the thickness of Fe layers is
1 nm. This antiparallel coupling is confirmedRig. 6.4with a zero remanent magnetisation of

the as-deposited Fe (1 nm)/Cr sample measure@at temperature.
6.3.2. The effect of heat treatments

Annealing effects on the GMR are presente&im 6.2for the Fe/Cr multilayers with

tre = 1 Nnm. The GMR ratio initially increases with irasing the annealing temperature and
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reaches a maximum value of 2.3 % at=T350°C. With further increasing Al the GMR ratio
decreases, e.g. after annealing at ®0he GMR ratio equals 0.3 % only. A similar résuhs

observed for samples with.t= 2 nm. Such a tendency of GMR has been recesplgrted for
Cu/Co by Hecker et §123].

(R, - R)R, (%)

(Fel nm/Cr 2 nm),, T,=350°C

02 -01 0 0.1 0.2 0.3
B (Tesla

Fig. 6.2. GMR data at 300K for annealed (Fe 1 nm/C2 nm)g films.

These results can be explained as follows. Theaimgeat T, < 350 °C is usually
thought to make a break-up of the layers due tointexdiffusion and to the broadening of
interfaces. This leads to an increasing interfaadafe fraction, i.e. the amplitude of global
factor p of Fe layers is increased, and then to the enhaseof the GMR. The effect of
annealing at 500C, however, is attributed to a further break-upttaf layers, leading to the

formation of heterogeneous structures of smalligjest This argument has been proposed
earlier by Flores et §124].

bcc-Fei bee-Cr

As-deposited

Ta =350°C

Intensity (arb. unit)

Ta =500°C

40 45 50
20 (degree)

Fig. 6.3. XRD patterns of Fe(1 nm)/Cr multilayers.

XRD results of the Fe(1 nm)/Cr(2 nm) multilayeFsgy; 6.3 strongly support the above
argument. At § < 350°C, the stability of individual Fe- and Cr-layerswigll evidenced by the
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(110) bce-Fe and (110) bee-Cr reflections. At=T500°C, however, a broadened Bragg peak is
observed indicating the formation of bcc-CrFe pbase

The magnetisation curves of Fe(1 nm)/Cr(2 nm) raylirs annealed at 3T (as-
deposited sample), 35C and 500C are presented ifig. 6.4 The magnetisation curve of as-
deposited sample has a usual behaviour of antipbcalupled multilayer (zero remanent
magnetisation) with a saturation field of 40 mT eTdaturation field is largest when ¥ 350
°C, this suggests an increase of the antiparalleblony intensity of Fe successive layers, and
explains why the GMR ratio reaches a maximum valben T, = 350°C. In the case of J=
500 °C, the saturation field is smallest and the maga#tin curve becomes quite square like
the curve of a ferromagnetic material. This behawijoroves again that the antiferromagnetic
coupling breaks down and a ferromagnetic one mbéished. The system, thus, can no longer

switch between an antiparallel (ground state) ardlfel aligned state (applied field), and GMR

ratio decreases consequently.
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Fig. 6.4. Hysteresis loops at room temperature ofe(1 nm)/Cr samples annealed at 35, 500°C,
and as-deposited sample (= 30°C).
The increase of GMR ratio can also be understooteiims of the spin asymmetric

coefficientp of Fe layers. As mentioned in previous sectitﬁﬂe(> 6 nm), wheng <6 nm, the
spin dependent scattering in Fe/Cr interfages Q) is dominant and the global spin asymmetric
factor B of Fe layers is positive. Under the effect of aathéreatment, which induces
interdiffusion and interface alloying, the Fe/Cterfaces are widened while the Fe layer cores
are narrowed. The increase of interface/volumetifsa makes an increase of the amplitude of
global factorp of Fe layers, therefore the GMR ratio is increas®¥tien samples are annealed

above 350 K, the collapse of the multilayer streetmakes GMR decrease.

6.4. Magnetic property and GMR of Fe/Cr multilayer at low temperature
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The GMR curves measured at different temperaturespeesented irFig. 6.5 for

sample withg. = 1 nm annealed at, = 350°C. Note that the GMR ratio measuredij = 0.3

T increases linearly with decreasing temperatuceraaches a value as large as 7.7 % at 77 K.
This GMR ratio is about four times larger than thatoom temperature.

(Fe 1 nm/Cr 2 nm),,
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Fig. 6.5. Low-temperature GMR data of Fe(1 nm)/Cr amples annealed at 356C.

The increase of GMR at low temperature may retatbe following causes:

» The enhancement of the antiferromagnetic coupliiigs enhancement can be seen

in Fig. 6.5showing an increases of the saturation field asg¢mperature decreases

* The decrease of longitudinal resistivity of thimfi Because the contribution from

phonons to resistivity is reduced at low tempemrtihe resistivity of thin films is

reduced.

6.5. Conclusion

Our investigations suggest the important role & Htattering at the interfaces. It

reveals also that the layer structure of sputtdfedCr multilayers remains stable during

annealing up to 356C. For heat treatments at higher temperaturesmtiigilayer structure is

modified and the onset of a ferromagnetic couplgdound, leading to the reduction of the
GMR signal. [These results have been publishedysia B in 2003.]
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Chapter. 7. Giant magnetoresistance junction based on

GdCo compensated ferrimagnet

7.1. Introduction

Up to now, most GMR junctions are made out of mégriayers based on transition
metal alloys. Since the temperature experimentageais much lower than their Curie
temperature, such layers can be considered to bamstant magnetisation. Moreover, the
common GMR elements usually use magnetic layets iwiplane anisotropy.

In this chapter, GdCo, alloy is going to be applied to make a new typeGHiR
junction with a perpendicular anisotropy of the Qo layer. With a compensation
temperature of about 200 K, the magnetisation of ,Gd, layer is tuneable by adjusting the
temperature from 5 K up to 300 K. Additionally, thgin polarisation can be changed in sign
from negative (below bmy to positive (above fmy [54]. In this chapter, the extraordinary
Hall effect measured in the in-plane or perpendicabpplied field will be used as an advanced

method to investigate the rotation of (G@o, magnetisation.
7.2.  GMR junction using Gd;.Cox

7.2.1. Deposition, organisation, and characterisation dfih films

Ta (8 nm)

Gd;<Coy (15 nm)

Cu (2 nm)

NiFe (10 nm)

Ta (14 nm)

Fig. 7.1. The configuration of GMR junction using Gl;..Co layer (a) and the position of substrate
during deposition with an in-plane bias magnetic #ld (b) to make an in-plane easy axis of
Permalloy (EAP).

The structure of GMR junctions used in this chageshown inFig. 7.1.a The junction

is deposited on Si substrate.gffieo is used as a soft ferromagnetic layer (10 nm), its
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anisotropy is in-plane and magnetisation can betedteasily by a small in-plane applied field.
The Cu layer plays the role of non-magnetic metapacer in GMR junction. The Ggo,
layer (15 nm) is sputtered by using the target mupf Gd Coss-GdiCoy to get the
compensation temperature near 200 K. The GMR jonds protected from oxidation by two
Ta capping and buffer layers. Because of an ineplaias magnetic field generated by two
SmCg permanent magnets during deposition, an in-plasg axis of Ni;Fe;s (EAP) is created
in the same direction as the bias field. The magsesistance (MR) and the Hall effect
measurements will be measured in three directibragpplied field (B): in-plane and parallel to
easy axis of NiFey(B // EAP), in-plane and perpendicular to easy axiblig;Feq (B // film, B

O EAP), and perpendicular to the film (BEAP). The magnetisation of GMR junction will be
investigated using VSM measurement at room temperdB00 K). The measured data is a
mixture of MR signal and Hall effect signal. In erdto separate MR signal and EHE signal
from each other, the mathematical method (odd/@aet) described in sectich10.3has been

applied for all experimental data of GMR junctions.
7.2.2. Perpendicular anisotropy of as-deposited GMR juracti

The Gd..Co layer is deposited on top of the junction. Then8 fia capping layer is
thin enough to enable the domain structure of Gd layer to be observed by PKE imaging.
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-0.0]]

Hall Resistance (Ohm
O

0.02
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0.1 0.2

-0.2 -0.1 0
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Fig. 7.2. The polar Kerr image without applied fietl (a) and the EHE loop measured with in-plane
applied field (b) of the as-deposited sample.

The polar Kerr image at 300 K of the as-depositeah@e is shown irFig. 7.2.a
Although the contrast of image is decreased becatui3@a capping layer, the contrast is still
enough to see the multidomain structure and togtbat Gel.Co, layer has a perpendicular
anisotropy at room temperature, i.e. the spontamenagnetisation of GQCo, has a large

perpendicular component.
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The perpendicular anisotropy of G&o, layer can be also detected by using the
extraordinary Hall effect (EHE), i.e. the reman&ME, in either perpendicular or in-plane
applied field. The in-plane applied field EHE loop sample is presented iig. 7.2.h the
remanent Hall resistance is about 0.@26it is equivalent to a Hall resistivity of about52
uQ.cm. The existences of Ta, Cu, and NiFe layers mdkelE decrease significantly,
nevertheless, the remanent Hall resistivity is daegmiough (comparing to maximugy = 3.2
pnQ.cm of Gd.«Co layer) to affirms the existence of perpendiculaisatropy, i.e. perpendicular

spontaneous magnetisation, in;Gdo, layer.
7.3. AMR and GMR of the sample

7.3.1. Anisotropic magnetoresistance (AMR) of je;g layer

The in-plane magnetisation hysteresis loops medsuaréwo directions perpendicular
and parallel to the easy axis of permalloy;N& 4 (EAP) are presented Fig. 7.3 In the case of
B /I EAP, the magnetisation is fully remanent, tlee spontaneous magnetisation of;RNg o
layer is 100% aligned in the EAP direction. Thercoe field of NiFeq layer is aboupi,He =
0.5 mT and the hysteresis loop is quite squareeMBILl EAP, the remanent magnetisation is
zero, and the saturation field is abayHs = 1.0 mT. The results confirm that there is an in-

plane easy axis of BFey layer created during deposition.

15 '

B OEAP, B//film \L !E ;
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Fig. 7.3. The in-plane magnetisation loops of GMRIfm at 300 K for both cases when the applied

field is perpendicular and parallel to the easy ad of Permalloy Ng;Fe;q layer.

Because VSM measurement is not sensitive enougtetsure the magnetic moments
of the thin Gd..Co, layer (15 nm) near its compensation temperatur 5 going to be used

as an advanced method for investigating the otientaf Gd .Co, magnetisation.
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Fig. 7.4. The low field resistance curves of GMRIfn measured for two cases with an in-plane
applied field: B // EAP (open circles) and BJ EAP (solid circles). The applied current is parakl to

EAP with the same contacts for both measurements.

In order to measure AMR of the NiFe layer of GMRnii a dc current was applied
parallel to the easy axis of j\ffeg (EAP) and an in-plane external magnetic field wpplied
either perpendicular (3 B) or parallel (J // B) to EAP. The experimentalifield resistances
of the GMR film are presented Kig. 7.4for both measurements (J // B and B). When the
applied field increase from 0 to 1 mT, in the cak@d // B the resistance increases up to 10.235
Q, whereas the resistance decreases down to 1Q@1d5he case of 0 B. Comparing this
low-field behaviour of the GMR film resistance teettypical behaviour of AMR presented in
Fig. 5.3 we can conclude that the AMR of gifieig layer exists in the GMR film. The AMR
ratio can be calculated &.3) AMR = (10.235-10.145)/10.145 = 0.9%, it is equerd to half
the AMR of Ni;Feyo single layer at room temperature (2%). The deerea®\MR here may be

due to the existence of Ta, GdCo, and Cu laye@MiR junction, which act as short circuits.
7.3.2. Giant magnetoresistance (GMR) of the sample

Theoretically, in the case of GMR the resistanc¢éhefsample does not depend on the
angle between applied field and applied current bepends on the angle between
magnetisations of two magnetic layers in GMR junttiThe resistance at 300 K of the sample
measured in two cases B // EAP andJEEAP are represented Fig. 7.5in higher applied
fields. Because MR ratios (={R Ry)/Ro) are positive (MR eap = 0.90%, MRgeap = 0.64%)
for both measurements, the magnetoresistance lsem@bviously giant magnetoresistance
(GMR). However, the amplitude of GMR ratio in theese of B // EAP is larger than that in the
case of B EAP.
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Fig. 7.5. The giant magnetoresistance (GMR) of theample at 300 K. The applied current is

parallel to the EAP. The sign of GMR does not depe&hon the angle between the applied field and

the applied current.

According to VSM measurementBig. 7.3, the in-plane saturation field of Hej

layer is smaller than 0.001 T. Above 0.001 T, thegnetisation of NiFey, layer is parallel to

the applied field, therefore, the variation of s¢émnce in applied field above 0.001 T can be

attributed to the rotation of G¢gCo, magnetisation from the perpendicular directiothef film.

7.4. GMR at room temperature

7.4.1. In-plane applied field GMR
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Fig. 7.6. GMR loop (a) and EHE loop (b) of the sanip at 300K for the case of B // EAP. Ris the

resistance of GMR sample at 0.4 Tesla.

At 300 K and in the case B // EAP, a GMR of 1%li$ained in the applied field of 0.4
Tesla (sed-ig. 7.6.9. Because the hiFey magnetisation will be in-plane saturated with an
applied field of 0.001 T, the further increase btk tapplied field makes the G&o,

magnetisation turn from perpendicular directioimtglane direction.
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The rotation of Gd,Co, magnetisation can be detected by means of EHE.H&le
resistance loops at 300 K in the case of B // E®\Bhiown inFig. 7.6.b We can see that EHE
has perpendicular remanence at 300 K because gbahmendicular anisotropy of GgCo,
layer. In zero applied field, the magnetic confagion of sample is perpendicular as illustrated
in Fig. 7.7.a and the resistance of sample is maximum{R Ry). When the in-plane applied
field increases, the GgCo, magnetisation rotates from the perpendicular tdoec and the
perpendicular component (z-component) of; &b, magnetisation decreases, therefore the
Hall resistance decreases consequehily. (7.6.5). When the in-plane applied field exceeds the
in-plane saturation field @ of Gd,,Co, layer, the Gd,Co, magnetisation is in-plane saturated
and the magnetic configuration becomes paralldll@strated inFig. 7.7.b The resistance is

minimum in this saturation state {fR= Rg).

B
MCo — —_
| Mgy @==m=> M,
. —_—
v Mg
Cu E— Cu
—_—
P B e
> M ke m— Mire
(a.B=0 (b). B2 Bsg

Fig. 7.7. The schematic magnetic configurations afample in zero applied field (a) and in the in-

plane saturation field (b) for the case that the G¢d,Co, magnetisation is Co-dominant.

The saturation field extrapolated from EHE loopBis= 0.1 T fig. 7.6.1, it quite
agrees with the saturation field extrapolated fGMR loop Fig. 7.6.3. It means that the GMR
of the sample saturates when the magnetisatiohsggfe s and GdCo, layers get parallel to
each other. Furthermore, at 300 K, the GMR of sangphormal GMR (R > Ry=ps), it means
that the spin dependent scattering asymmetric icaamits @) of the Gd.,Co, and N Feq

layers have the same sign.
7.4.2. Perpendicular applied field

Fig. 7.8 presents GMR loop (a) and EHE loop (b) of the damp 300 K measured in
perpendicular applied field (B film). Because the compensation temperature gf,Go, layer
is near 200 K, EHE of GdCo, at 300 K is positive in the perpendicular appliged
measurement. The perpendicular anisotropy af,Gd, layer at 300 K makes its magnetisation
easy to get the perpendicular saturation statetlmmdEHE of the GdCo, layer is expected

100% remanent. In addition, the Hall effect o§Rey, is also positive, therefore the rotation of
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Nig;Fe 9 magnetisation to the perpendicular direction mal@stive contribution to EHE. That
is why the Hall resistance ([Rincreases over the remanent iR higher perpendicular applied
fields (Fig. 7.8.D.
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Fig. 7.8. GMR loop (a) and EHE loop (b) of the sanip at 300K for the case of Bl film. Rgis the

resistance of sample at 0.4 Tesla. Thejfhas a perpendicular remanence.

If the applied field exceeds the perpendicular rediten field Bs of Nig;Feyo layer, the
magnetisation of NiFey is fully perpendicular saturated and the magnetisfiguration of

sample becomes parallel in the normal directiotheffilm as illustrated iffrig. 7.9.b

» —
v Mag Meq
Cu Cu
— —
m— Mire M Nire
—_—
B
(@).B=0 (b). B> Bs

Fig. 7.9. The schematic magnetic configurations d¢fie sample in zero applied field (a) and in the

perpendicular saturation field (b) when the Gd_,Co, magnetisation is Co-dominant.

According to the high-field (6 T) magnetoresistaeel Hall resistance loops of the
sample sketched iRig. 7.1Q the perpendicular saturation field of;¥ieo layer is about 1 T (B
=1 T). The further increase of the applied fieldkes both R and,Rdecrease. The causes are
still unclear and may be due to the (negative)nangi Hall effects of the layers Ta, Jteyq,
Gd.«Co,, and Cu. The further studies on GMR of the sarigpsill going on, hopefully the real
causes will be figured out soon in the future.
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applied field increases up to 6 T. Bis the perpendicular saturation field of Nj;Fe;q layer.

7.5. Magnetoresistance at low temperatures and the sigeversal of GMR

GMR loops at low temperature measured in case/6EHBP are presented Fig. 7.11
It is clear that the saturation field of GMR becenarger at temperature near 200 K. When
temperature is varied, the GMR ratio changes nigtioramplitude but also in sign.

1
300K,
Sel-Ran230 K
0 ——— == "‘7-'?%______‘
2 R
e S| 190 K
o -1 ¥
o
I
&
-2
25 K RS: R(0.4T)
-3
-0.4 -0.2 0 0.2 0.4
B (Tesla)

Fig. 7.11. GMR loops of sample at low temperature§.he field B is applied parallel to the easy axis

of Nig;Fejq (EAP). Rs is the resistance of sample at 0.4 Tesla.

The temperature dependence of GMR presentdedgin7.12shows a sign reversal at
210 K. GMR seems constant at temperatures beloW §8MR = -3.2% at T< 50 K) or at
temperatures from 250 K to 300 K (GMR = +1.0% dfl T250 K, 300 K]). The amplitude of
GMR changes regularly following the variation afj@erature from 50 K up to 250 K.

As described irsection 5.5the sign of GMR of the film NiFe/Cu/Gd «Co, depends
on the termpBirePcaico GMR is positive (respectively negative) WhBfireBcaco IS positive

(respectively negative). BecausegiNig is a strong ferromagnetic material with a Curie
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temperature of 869 K, below 300 K, the magnetisatmd spin polarisation of NFey is
nearly constant. Furthermore, the thickness giFgi, layer is fixed at 10 nm, so the spin
asymmetric coefficient of NiFe layer Bnire) IS quite stable in amplitude and not changed in
sign below 300 K. The sign reversal of GMR aiJ of Gd,.Co, must be attributed to the ¢&d

«Coy layer.

1
g
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x
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o
=~ Teomp = 210K
x .
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O
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: 3
0 50 100 150 200 250 300

Temperature (K)

Fig. 7.12. The temperature dependence of GMR measd in the case of B // EAP. Ris the

resistance of sample at 0.4 Tesla.

According to the EHE curves measured in configaratf BU film, the EHE at 200 K
and 220 K have opposite sigrisad. 7.13, it means that the compensation temperature of Gd
«Coy layer (Teomp is between 200 K and 220 K, i.e,fp~ 210 K. We can conclude that the
GMR of sample reverses at.f, Closer to To,m, the Gd..Co, magnetisation decreases while
the perpendicular anisotropy is still stable, thanesthe Gd,Co, layer is more difficult to get
the in-plane saturation state. The closer tgnlthe temperature is, the larger the in-plane
saturation field of GMR is. The increase of theplane saturation field of GMR neat.k, is
attributed to the increase of the in-plane satondfield of Gd..Co, magnetisation around.gh
In addition, when the GdCo, magnetisation reverses from Gd-dominant (T ¢5,J to Co-
dominant (T > Tomp at Teomp the spin asymmetric coefficient of G€o, layer Bsacd changes
from positive to negative (sexection 5.6.%, therefore the GMR ratio consequently reverses it
sign at Tomp The decrease of the amplitude ffyc, may lead to the reduction of GMR in
vicinity of Teomp

The obtained results prove that the resistance hef $ample depends on the

configuration of the NiFegy layer magnetisation M \jre) and the Gd,Co, layer
magnetisation M gqyco). Above Tome the Gd..Co, magnetisation is Co-dominant, and the

resistance of sample is minimum whbhgyco and M \iee are parallel, i.e. the magnetisation
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of NigiFee layer and the Co sublattice magnetisatidhd,) are parallel. Oppositely, below

Teomp the Gd..Co, magnetisation is Gd-dominant, and the resistaricample is maximum

when M \ige @and M gqco are antiparallel, i.eM pjge and M, are antiparallel.

0.04

/

220K

C)
I
o
/\ J\\ 200K
-0.02 %r/
-0.04
-04 -0.2 0 0.2 0.4
B (Tesla)

Fig. 7.13. The Hall loops at 200 K and 220 K meased with applied fields perpendicular to film.
The Hall loops reveal a Tomp = 210 K of Gd.,Co, layer.

So far, since the Co and Gd sublattice magnetisaitiM gq and M) keep
antiparallel, the specific contributions M 54 and M, to GMR are still an open question,

but it could be interpreted asM ¢, only.

7.6. GMR in high in-plane applied field (up to 6 Tesla)

All previous measurements have been done in lovieapfields (below 0.6 T) where
the spin-flop phenomenon of Ggo, does not happen. In this section, an external etagn
field up to 6 T will be applied, and temperaturdl Wwé changed from 5 K to 300 K. Because the
spin-flop field of Gd.Co, alloys significantly decreases in vicinity of.h, the spin-flop
phenomenon of G4dCo, layer can occur in applied fields smaller thane®la around & =
210 K. So the effect of spin-flop phenomenon of, &b, layer on GMR of the sample can be
experimentally investigated.

GMR loops of the sample at low temperatures arsgmted inFig. 7.14 Except for the
reversal of low field GMR at Jnp (210 K), a significant decrease of GMR at highdfiean be
observed clearly. BelowJm, (210 K) where the low-field GMR is negative, theccease of
resistance at high field looks more obvious, arel dpplied field where the decrease starts
happening (so-called critical field) becomes smatiear Tomp, This behaviour of the critical

field is similar to the behaviour of the spin-fléeld in Gd,,Co, alloys (Chapter 4).
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Fig. 7.14. The temperature dependences of GMR wheR; is the resistance of sample at 0.4 Tesla.

The applied field is parallel to the film.

In order to check if the decrease of GMR at higbldfiis due to the spin-flop
phenomenon of GdCo, layer, the sample has been investigated by melaBsiB. The EHE

loops of the sample at low temperatures are predenfig. 7.15
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Fig. 7.15. The Hall loops at 150 K, 190 K, 230 Kna 280 K measured with in-plane applied fields.
The spin-flop fields (By) can be seen clearly at 150 K (8= 2.6 T) and 280 K (B;=3.8T)

The increase of the Hall resistance;Rt high fields can be seen clearly. Because the

applied field is in-plane, the increases of Bt high fields show the increases of the z-
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component of the Co sublattice magnetisation atloeespin-flop field. Therefore, the decrease

of GMR at high fields is due to the spin-flop of 8o, layer.

_
MCo
—_— e —
MGd ‘lllﬁ MCO £ M
— “
Mca ¥
Cu _— Cu
[——
—_— B R
—l MNiFe —p MNiFe
(b). Bs < B < By (b). B2 By

Fig. 7.16. The schematic magnetic configuration ¢fhe sample before and after spin-flop in the in-

plane applied field. Bs is the in-plane saturation field of Gd_,Co, layer, and Byis the spin-flop field.

Since the total magnetisation of G@o, is still parallel to the in-plane applied field
after spin-flop, i.e. only the Gd and Co sublatticegnetisations rotate from the film plarég(
7.16), the decrease of Rafter spin-flop confirms that the GMR does not elgh on the angle
between the magnetisation ofglfie;g and the total magnetisation of G&o,, but depends on
the angles between the magnetisation giRdi, layer and the magnetisations of Gd and Co

sublattices of the GdCo, layer.

7.7. Conclusion

In this chapter, we have fabricated and charae@m@snew type of GMR junction with
a Gd.Co, layer having perpendicular anisotropy and &Py layer having in-plane
anisotropy. The in-plane applied field measureméantsvo configurations B // EAP and B
EAP prove that there is GMR in the sample.

The extraordinary Hall effect has been used asefuumethod to study the magnetic
reversal of Gd,Co, layer. The change of the g&€o, layer magnetisation from Co-dominant
(T > Teomp to Gd-dominant (T < &mp), i.€. the reversal of the spin polarisation frpasitive to
negative, at the compensation temperature revéieseSMR of sample from negative (normal
GMR) to positive (inverse GMR).

The impact of spin-flop phenomenon of the; (&b, layer on the GMR of sample has
been investigated for the first time. The obtaineslilts show that the GMR of sample does not
depend on the angle between they; My layer magnetisation and the G@o, layer
magnetisation, but depends on the angles betweenNifiFe magnetisation and the

magnetisations of Gd and/or Co sublattices. Thestegge of sample will be minimum or
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maximum when the Co sublattice magnetisation iglfgror antiparallel to the magnetisation
of Nig;Feq, respectively.

However, there are still several questions in nekednswering: Is there a coupling
between Nj;Fe and Gd.Co, layers? Is there any difference between the daritdns of the
Gd and Co sublattice magnetisations to the GMRaohpe? Is it possible to make GMR
junctions with perpendicular magnetic anisotropy biath magnetic layers using G&o,
alloys? The further study on GMR of the GMR junndased on GdCo layers is still going

on at IN. We hope that these questions will be ansd/soon.
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Main conclusion

1. Gd;xCox thin film

Gd.,Ca, thin films with an in-plane gradient of compositibave been fabricated in a
reproducible way. The existences of a compensatioe and compensation domain walls have
been investigated by means of the polar Kerr effelE) and the extraordinary Hall effect
(EHE). The compensation domain walls are ideal® k8fmain walls because they are very
stable and can be moved easily under control bpgihg the temperature in a constant applied
field. The in-plane composition gradient of the ;o thin film has been calculated by
comparing the composition dependence gf,Jcalculated by the mean-field model and the
transference velocity of the compensation domaifi wih the change of temperature. The
compensation domain walls should prove useful énridar future for studying and controlling a
single domain wall as current-induced switching,d acurrent-induced RF oscillations.
Manipulating a single domain wall has also opened perspectives in magnetic logic and
recording.

The extraordinary Hall effect of GgCao, thin film has been investigated following the
variations of applied field (from O T to 6 T) arshiperature (from 5 K to 300 K). For the first
time, the quantitative contributions of the Gd @wsublattice magnetisations to the EHE have
been estimated. The Co moments make positive $8ase> 0) while the Gd moments make
negative sense @@ < 0) to EHE. In the EHE amplitude, a dominant rofeCo moments has
been specified. The contribution of Co moments 1(19€40) to EHE is very much larger than
the contribution of Gd moments.

The perpendicular multidomain structure of the, (&b, thin film has been studied by
means of the in-plane applied field EHE. The spop-fohenomenon of the G@Co, thin film
has been well investigated by means of the perpaladi applied field EHE. By using the
mean-field simulation, the impact of magnetic atrgay on the spin-flop field (8 has been
evaluated. The calculated results show thati8 always minimum at the compensation
temperature (&mp of Gd.,Co, layer, but the minimum value ofsBstrongly depends on the
anisotropy of the GdCo, layer (Kc,). Because of the anisotropy, the minimug @ Tcom, IS
not zero anymore. The larger theKs, the larger the minimumgBs. This prediction has been
experimentally proved on the unpatterned samplérh Bss = 0.7 T at Tomp = 235 K) and the
patterned sample S2a (withB 1.8 T at Tomp= 193 K).
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Although the deviation between calculated and axpsntal results of the spin-flop
field (By) is still large, the comparison between the umgpadd sample S1 and the patterned
sample S2 reveals an important influence of thepasmional inhomogeneity on the spin-flop
field. In the next studies, the Ggo, thin film will be patterned in smaller dimensiots

minimise the impact of compositional inhomogeneity.

2. Giant magnetoresistance

The spin dependent scattering at the Fe/Cr interfafcFe/Cr multilayers has been
studied by changing the Fe layer thickness. Thé hé@mperature heat treatment has been
applied to widen the Fe/Cr interfaces. The obtaimesdlts supposed a dominant contribution of
the scatterings in the Fe/Cr interfaces comparninthé scatterings in the Fe layer cores. The
multilayer structure remains stable during annealip to 350°C. At higher temperatures, the
multilayer structure is modified and the onsetafdmagnetic coupling is found, leading to the
reduction of the GMR signal.

In an effort of making a new type of GMR junctionthwperpendicular anisotropy of
magnetic layer, GdCo, alloy has been applied to make GMR junctiog;N&¢/Cu/Gd Co,.
The PKE measurement proved that the @&y layer has perpendicular anisotropy at room
temperature. The in-plane applied field measurenmetite two configurations B // EAP and B
O EAP proves that GMR exists in the sample. The raagmeversal of GdCo, layer in both
low and high applied fields has been investigatgdnieans of EHE. The obtained results
showed that GMR of the sample depends on the dajleeen the NiFe, magnetisation and
the magnetisations of Gd and Co sublattices oGithgCo, layer. The reversal of magnetisation
from Co-dominant (T > &mp to Gd-dominant (T > &y at Teomp reverses the GMR of sample

from negative (normal GMR) to positive (inverse GMR
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List of Symbols and Abbreviations

Abbreviations Comments

AMR Anisotropic Magnetoresistance

CNRS Centre National de La Recherche ScientifiGhrerfoble, France)
CryoLab Cryogenic Laboratory, Vietham National Ustisity in Hanoi
DOS Density of State

EAP Easy Axis of Permalloy (BlFe.q)

EHE Extraordinary Hall Effect

GMR Giant Magnetoresistance

IN Institut Néel, Grenoble

MR Magnetoresistance

OHE Ordinary Hall Effect

OMR Ordinary Magnetoresistance

P Spin Polarisation of Conduction Electrons

P DOS Spin Polarisation

PHE Planar Hall Effect

PKM Polar Kerr Microscope

UJF Université Joseph Fourier (Grenoble 1)

VNUH Vietnam National University in Hanoi

126




List of References

[1].
2].
[3].

[4].

[5].
[6].
[71.
[8].
[9].

[10].

[11].

[12].
[13].
[14].
[15].
[16].
[17].

[18].
[19].

[20].
[21].
[22].
[23].
[24].
[25].
[26].

P. Chaudhari, J. J. Coumo, and R. J. Gambino, IBRE3. Dev17 (1973), 66

J. M. D. Coey, J. Appl. Phy49 (1978), 1646

P. Hansen, C. Clausen, G. Much, M. Rosenkranz, KanWitter, J. Appl. Phys66
(1989), 756

P. Hansen, in: Handbook of Magnetic Materials, \@l.ed. K.H.J. Buschow, North-
Holland, Amsterdam (1991), 290

R. C. Taylor and A. Gangulee, J. Appl. PH/8(1976), 4666

A. Gangulee and R. C. Taylor, J. Appl. P&(1978), 1762

Neil. Heiman, Kenneth Lee, and Robert |. PotterAppl. Phys47 (1976), 2634

K. Handrich, Phys. Status. Soli@2 (1969), K55

I. A. Cambell, J. Phys. F. 2 (1972), L47

J. P. Liu, X. P. Zhong, F. R. de Boer, and K.H.dsé&ow, J. Appl. Phy$9 (1991),
5536

T. Kohashi, M. Ono, M. Date, A. Yamagishi, X. P.oflyg, Q. Wang, F. M. Yang, R. J.
Radwanski, and F. R. de Boer, J. Appl. Pi®@s(1991), 5542

N.H. Duc, T.D. Hien, and D. Givord, J. Magn. Magfater.,104-107(1992), 1344

N.H. Duc, and D. Givord, J. Magn. Magn. Maté&i24 (1993), 305

N.H. Duc, and D. Givord, J. Magn. Magn. Matdi5,/-158(1996), 169

Structure Reports, vak6, ed. W.B. Pearson (1960), 120

R.J. Radwanski, Physié142(1986), 57

M. D. Kuz'min, Y. Skourski, D. Eckert, M. Richtef, H. Miller, K.P. Skokov, and I.S.
Tereshina, Phys. ReB.70(2004), 172412

M. Hong, E. M. Gyorgy, and D. D. Bacon, Appl. Phiystt. 44 (1984), 706

A. H. Eschenfelder, in: Ferromagnetic Materials|.\&) ed. E. P. Wohlfarth, , North-
Holland, Amsterdam (1980), 354

Jan H. Fluitman, J. Appl. Phys2 (1981), 2468

Z.Q. Lu, G. Pan, J. Li,and W. Y. Lai, J. Appl.yBHB9 (2001), 7215

S. U. Jen, K. P. Huang, and J. C. Lee, J. ApplsF84#/(1998), 843

A. Schuhl, F. Nguyen Van Dau, and J. R. Childréggl. Phys. Lett66 (1995), 2751

E. H. Hall, Phil. Mag10 (1880), 301

E. H. Hall, Phil. Mag12 (1881), 157

R. Ballou, J. Deportes, B. Gorges, R. Lemaire afd Qusset, J. Magn. Magn. Mater.,

127



[27].
[28].
[29].
[30].
[31].
[32].
[33].
[34].
[35].
[36].
[37].
[38].

[39].

[40].
[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

54-57(1986), 465

R.J. Radwanski, J.J.M. Franse, P.H. Quang, and<@a{zel, J. Magn. Magn. Matet04-
107(1992), 1321

J. M. Luttinger, Phys. Rew.12(1958), 739

L. Berger, Phys. ReB 2 (1970), 4559

L. Berger and G. Bermann, in: The Hall Effect atslApplications, ed. C.L. Chien and
C.R. Westgate, Plenum Press, New York (1980), 55

T. R. McGuire, R. J. Gambino, and R. C. O' Handley, The Hall Effect and Its
Applications, ed. C.L. Chien and C.R. Westgaten@e Press, New York (1980), 137
A. W. Smith and R. W. Sears, Phys. R&4(1929), 1466

E. M. Pugh and N. Rostoker, Revs. Mod. Pigs(1953), 151

A. Ogawa, T. Katayma, M. Hirano, and T. Tsushimi® €onf. Proc24 (1974), 575.

K. Okamoto, T. Shirakawa, S. Matsuchita, and Y.u8ak IEEE Trans. MagrL0(1974),
799

T. Shirakawa, Y. Nakajima, K. Okamoto, S. Matsuzh#tnd Y. Sakurai, AIP. Conf. Proc.
34(1976), 349

R. Asomoza, I. A. Campbell, H. Jouve, and R. MeyeAppl. Phys48 (1977) 3829

Y. Mimura, N. Imamura, and Y. Kushiro, J. Appl. Bh7 (1976) 3371

A. Ogawa, T. Katayma, M. Hirano, and T. Tsushinan.J. Appl. Phys supplemedt
(1976), 87.

T. R. McGuire, R. J. Gambino, and R. C. TayloAgpl. Phys.48 (1977), 2965

A. P. Cracknell and R. A. Vaughan, in: MagnetismSaolids, Redwood Burn Limited,
Trowbridge, Wiltshire (1981), 50

R. J. Gambino, P. Chaudhari, and J. J. Cuomo, Alff.®roc.18(1974), 578

R. Malmhall, J. Appl. Phy$4 (1983), 5128

E. du Tremolet de Lacheisserie, B. Gignoux, andSehlenker in: Magnetism, Vol. 1,
Springer (2005), 403

A. Gerber, A. Milner, A. Finkler, M. Karpovski, LGoldsmith, J. Tuaillon-Combes, O.
Boisron, P. Melinon, and A. Perez, Phys. R&69 (2004), 224403

H. W. Schumacher, C. Chappert, R. C. Sousa, PreRak, and J. Miltat, Phys. Rev. Lett.
90 (2003), 017204

J. A. Katine, F. J. Albert, R. A. Buhrman, E. B. étg, and D. C. Ralph, Phys. Rev. Lett.
84 (2000), 3149

S. I. Kiselev, J. C. Sankey, I. N. Krivorotove, 8. Emley, R. A. Buhrman, and D. C.
Ralph, Nature 425 (25 sept. 2003), 380

D. A. Allwood, G. Xiong, C. C. Faulkner, D. AtkinepD. Petit, and R. P. Cowburn,

128



[50].
[51].
[52].

[53].
[54].
[55].

[56].
[57].
[58].
[59].
[60].

[61].

[62].

[63].

[64].

[65].

[66].
[67].

[68].
[69].
[70].
[71].
[72].

[73].

Science309 (9 sept. 2005), 1688

S. S. P. Parkin, U. S. Patent No 6,834,005, No&132 (2004)

N.H. Duc, N.T.M. Hong, and J. Teillet, J. Magn. Mad/lat.316 (2007), 269

D. Givord, A. D. Santos, Y. Souche, J. Voiron, Sidhner, J. Magn. Magn. Mat21
(1993) 216

R. Morales, J. I. Martin, and J. M. Alameda, Pisv.B 70 (2004), 174440

C. Kaiser, A. F. Panchula, and S. S. P. ParkinsPRgv. Lett. 95 (2005), 047201

Xin Jiang, Li Gao, Jonathan Z. Sun, and Stuart. dekin, Phys. Rev. Let®.7 (2006),
217202

Christian Kaiser and Stuart S. P. Parkin, Appl. £hett.88 (2006), 112511

P. Chaudhari, J. J. Cuomo, and R. J. Gambino, Apls. Lett22 (1973), 337

J. P. Noziéres, L. Ranno, and Y. Conraux, U. Smdtlo 7,129,555 (2006)

R. D. McMichael and M. J. Donahue, IEEE Trans. M&#Y{1997),4167

M. Laufenberg, D. Backes, W. Bihrer, D. Bedau, NaUf U. Ridiger, C. A. F. Vaz, J.
A. C. Bland, L. J. Heyderman, F. Nolting, S. Chew{. Locatelli, R. Belkhou, S. Heun,
and E. Bauer, Appl. Phys. Le83 (2006),52507

M. Klaui, C. A. F. Vaz, J. Rothman, J. A. C. Bla, Wernsdorfer, G. Faini, and E.
Cambril, Phys. Rev. Letf0 (2003), 97202

C. C. Faulkner, M. D. Cooke, D. A. Allwood, D. Ref. Atkinson, and R. P. Cowburn,
J. Appl. Phys95 (2004), 6717

M. Klaui, H. Ehrke, U. Ridiger, T. Kasama, R. E.nBorkowski, D. Backes, L. J.
Heyderman, C. A. F. Vaz, J. A. C. Bland, G. Faki,Cambril, and W. Wernsdorfer,
Appl. Phys. Lett87 (2005), 102509

A. Himeno, S. Kasai, and T. Ono, J. Appl. P18&(2006), 08G304

G. S. D. Beach, C. Nistor, C. Knutson, M. Tsoi, ahdL. Erskine, Nature Mated
(2005), 741

Y. Nakatani, A. Thiaville, and J. Miltat, Nature kéa.2 (2003), 521

D. A. Allwood, G. Xiong, C. C. Faulkner, D. AtkinepD. Petit, and R. P. Cowburn,
Science309(2005), 1688

L. Berger, J. Appl. Phy$5(1984),1954

J. C. Slonczewski, J. Magn. Magn. MatEs9 (1996), L1

H. J. Leamy and A. G. Dirks, J. Appl. Ph$€.(1979, 2871

T. Mizoguchi and G. S. Cargill lll, J. Appl. Phys0 (1979, 3570

S. Tsunashima, H. Takagi, K. Kamegaki, T. Fujiid& Uchiyama, IEEE Trans. Magn.
MAG-14 (1978),844

H. Takagi, S. Tsunashima, S. Uchiyama, and T. FdjiiAppl. Phys50(1979, 1642

129



[74].

[75].

[76].

[77].

[78].

[79].
[80].
[81].
[82].

[83].
[84].
[85].

[86].
[87].
[88].

[89].
[90].

[91].
[92].
[93].
[94].
[95].

[96].

[97].

Y. J. Choe, S. Tsunashima, T. Katayama, and S.ydota, J. Magn. Soc. Jphl (1987),
273

W. H. Meiklejohn, F. E. Luborsky, and P. G. Fris@mn, IEEE Trans. Magn. MAG-23
(1987), 2272

T. Egami, C. D. Graham, W. Dmowski, P. Zhou, PFlanders, E. E. Marinero, H.
Notarys, and G. Robinson, IEEE Trans. Magn. MAGX387), 2269

Y. Suzuki, S. Takayama, F. Kirino, and N. Ohta, EEErans. Magn. MAG-23 (1987),
2275

M. V. Bystrov, A. Jahn, B. Knappe, and G. R. MyullSov. Phys. Sol. State 18 (1976),
488

M. Mansuripur, M. F. Ruane , IEEE Trans. Mag8.(1986), 33

Magnetic Domain, ed. Alex Hubert and Rudolf Scha®aringer (1998)

S. Zhang, Phys. ReB. 51, 3632(1995

A. Granovsky, F. Brouers, A. Kalitsov, and M. CleshiJ. Magn. Magn. Mated 66
(1999, 193

A. V. Vedyaev, A. B. Granovsky, A. V. Kalitsov, akd Brouers, JETB5 (1997, 1204

S. N. Song, C. Sellers, and J. B. Ketterson, Apbyis. Lett59 (1991, 479

P. Xiong, G. Xiao, J. Q. Wang, J. Q. Xiao, J. @ndi and C. L. Chien, Phys. Rev. Lett.
69 (1992, 3220

J. M. Lavine, Phys. Rew.23(1961), 1273

J. A. Dreesen and E. M. Pugh, Phys. R&0(1960, 1218

R. Malmhall, G. Backstrom, S. M. Bhagat, and K. Rao, J. Non-Cryst. Solid&8
(1978, 159

L. Ranno in: Alloy Physics, ed. Wolfgang Pfeilashé Wiley & Sons Inc (2007)

M. N. Baibich, J. M. Broto, A. Fert, Nguyen Van Da&u Petroff, P. Eitenne, G. Creuzet,
A. Friederich, and J. Chazelas, Phys. Rev. 1641{1989, 2472

G. Binasch, P. Grinberg, F. Saurenbach, and W, Bau.B 39(1989), 4828

S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rett.64 (1990), 2304

S. S. P. Parkin, Z. G. Li, and D. G. Smith, ApglyP. Lett.58 (1991), 2710

H. Sakakima and M. Satomi, J. Magn. Magn. M&t1 (1993), 374

I. A. Cambell and A. Fert, in: Ferromagnetic Maadsj Vol. 3, ed. E. P. Wohlfarth,
North-Holland, Amsterdam (1982), 769

E. Hirota, H. Sakakima, K. Inomata, In: Giant MagnResistance Devices, Springer
(2002)

N.F. Mott. and H.H.Wills, “Resistance and thermatie properties of the transition
metals”, Proc. Roy. Soé 156 (1936), 368

130



[98]. A. Fert, I.LA. Campbell, J. PhyB.6 (1976), 849

[99]. J.W.F. Dorleijn, Miedema, A.R., “A quantitative #estigation of the two current
conduction in nickel alloys”, J. Phy8.5 (1975), 487

[100].J.W.F. Dorleijn, Miedema, A.R., “The residual réisisies of dilute iron-based alloys in
the two-current model”, J.Phys7 (1977) L23

[101].B. A. Gurney, Speriosu, V.S., Nozieres, J.P., Lisfal., Wilhoit, D.R., Need,O.U.,
Phys. Rev. Lett71(1993), 4023

[102].E. C. Stoner, Proc. Royal So0A.[165(1938), 372

[103].1. I. Mazin, Phys. Rev. Let83 (1999, 1427

[104].R. Meservey and P. M. Tedrow, Phys. R238(1994), 173

[105].R. J. Soulen , Science 282 (1998), 85

[106].C. Vouille, A. Barthelemy, F. Elokan Mpondo, P. &chroeder, S. Y. Hsu, A. Reilly, R.
Loloee, and A. Fert, Phys. Ré¥.60 (1994), 6710

[107].J. M. George, L. G. Pereira, A. Barthelemy, F. &f&ti_. Steren, J. L. Duvail, A. Fert, R.
Loloee, P. Holody, and P. A. Schroeder, Phys. Rett. 72 (1994, 408

[108].S. Y. Hsu, A. Barthelemy, P. Holody, R. Loloee AP Schroeder, and A. Fert, Phys. Rev.
Lett. 78 (1997, 2652.

[109].C. Vouille, A. Fert, A. Barthelemy, S. Y. Hsu, Rolbee, and P. A . Schroeder, J. Appl.
Phys.81(1997, 4573

[110].J. P. Renard, P. Bruno, R. Megy, B. BartenliarBé&auvillain, C. Chappert, C. Dupas, E.
Kolb, M. Mulloy, P. Veillet, and E. Velu, Phys. Ré¥ 51 (1995, 12821

[111].J. P. Renard, P. Bruno, R. Megy, B. BartenliarBé&auvillain, C. Chappert, C. Dupas, E.
Kolb, M. Mulloy, J. Prieur, P. Veillet, and E. Veld. Appl. Phys79(1999, 5270

[112].C. Bellouard, H. D. Rapp, B. George, S. Mangin,Marchal, and J. C. Ousset, Phys.
Rev.B 53(1996), 5082

[113].C. Bellouard, B. George, G. Marchal, N. Maloufidah Eugene, J. Magn. Magn. Mater.
165(1997), 312

[114].C. H. Lai, C. C. Lin, B. M. Chen, H. P. Shieh, @&dR. Chang, J. Appl. Phy89 (2001),
7124

[115].F. E. Stanley, M. Peter, C. H. Marrows, S. Langeidand B. J. Hickey, Europhys. Lett.
49 (2000), 528

[116].D. Z. Yang, B. You, X. X. Zhang, T. R. Gao, S. vhal, and J. Du, Phys. ReB.74
(2006), 024411

[117].S. Ohnishi, M. Weinert, and A. J. Freeman, Phys. Be30(1984), 36

[118].F. Petroff, A. Barthelemy, D. H. Mosca, D. K. LaitiA. Fert, P. A. Schroeder, W. P.
Pratt, R. Loloee, and S. Lequien, Phys. H%4 (1991, 5355

131



[119].A. Barthélémy, A. Fert and F. Petroff, in: HandbadkMagnetic Materials, vol. 12, Ed.
K.H.J. Buschow, Elsevier Science (1999), 1

[120].F. E. Stanley, M. Perez, C. H. Marrows, S. Langgidand B. J. Hickey, Europhys. Lett.
49 (2000), 528

[121].Chih-Huang Lai, Chao-Cheng Lin, B. M. Chen, HangPiD. Shieh, and Ching-Ray
Chang, J. Appl. Phy89 (2001), 7124

[122].K.Y. Kim and J.E. Evetts, J. Magn. Magn. Mat&08-199(1999), 92

[123].M. Hecker, D. Tietjen, D. Elefant and C.M. Schnejde Appl. Phys89 (2001), 7113

[124].W.H. Flores, S.R. Teixeira, J.B.M. da Cunha, M.CAlzes, H. Tolentino, A. Traverse,
J. Magn. Magn. Mate233(2001), 100

132



