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It was found that Co can substitute Fe up to x=0.37. Increasing the Co content
leads to a reduction of the Curie temperature and the magnetic moment per metal
atom. Mn can substitute Fe up to x=0.25 while Fe can be substituted into MnsP
to 1 — x=0.33. On the iron rich side, the drop in Curie temperature and magnetic
moment when increasing the Mn content is more rapid than for Co substitution.
On the manganese rich side an antiferromagnetic arrangement with small magnetic
moments was found.

The interlayer exchange coupling and the magnetocrystalline anisotropy energy of
Fe/V superlattices were studied. The coupling strength was found to vary with the
thickness of the iron layers. To describe the in-plane four-fold anisotropy, the inclusion
of surface terms proved necessary.

The in-plane four fold anisotropy was also studied in a series of Fe/Co superlattices,
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Chapter 1

Introduction

Due to the complexity of magnetic materials and the large number of applica-
tions in which they can be used, a lot of research has been devoted to them. [1]
Long range magnetic order is mainly found in materials which contains ele-
ments from the 3d transition metals (specially Fe, Co, Ni and Mn) and the 4f
rare-earth metal series. Magnetic materials which contain 4f electrons usually
have a saturation magnetisation close to that predicted from Hund’s rules, but
the moment configuration is quite often complicated and spin reorientations
are often observed. The saturation magnetisation of the transition metals on
the other hand very seldom follow Hund’s rule and due to the itinerant nature
of the 3d electrons, the saturation magnetisation can vary quite much. For
applications, 3d materials are more often used due to their higher Curie tem-
peratures. The materials are tailor-made to fit in the application. Whereas
the coercivity has historically been the most important parameter, the grow-
ing interest of data storage has made the anisotropy and the magnetoresistive
properties the most studied parameters.

There are several techniques to measure magnetic properties of a solid. The
most straight forward method is to measure the magnetisation versus applied
field, temperature or time. A lot of information can be deduced if the results
can be interpreted properly. Magnetisation measurement is a global technique,
where the total magnetisation is recorded. Other techniques are essential com-
plements to get a more complete physical picture of a sample. In this thesis,
magnetisation measurements have been complemented with neutron diffrac-
tion measurements, which give information about the moment configuration
and the size of the individual moments, and Mossbauer spectroscopy measure-
ments, which gives information about the internal fields of iron atoms. There
are also other techniques, such as ferromagnetic resonance (FMR), torque mag-
netometry, x-ray circular magnetic dichroism (XMCD) and muon spin rotation
(uSR) that give vital information about the magnetic properties of a sam-
ple. Recently magnetic imaging techniques such as magnetic force microscopy
(MFM) have become more widely used, which has increased the understanding
of e.g. magnetic domain patterns.

There is yet no complete model which covers all aspects of magnetism.
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However, with the dramatic increase in speed of calculations made by comput-
ers, exceedingly complex problems can now be treated numerically with good
accuracy. Band structure calculations have been able to solve old problems [2]
as well as suggesting new phenomena for the experimentalists to verify [3]. Col-
laboration between experimentalists and theorists is thus important to increase
the understanding of magnetism.

The samples studied in this thesis were chosen to be challenging for all par-
ticipants in the projects, from chemists and film growers to the experimental
and theoretical physicists. Several systems (iron phosphides, ternary transi-
tion metal selenides and Fe/V superlattices) also had historical connections to
previous studies carried out in Uppsala. From magnetic perspectives, funda-
mental features were investigated. The critical temperature gives a measure of
the coupling strength and the size of the magnetic moments is related to the
size of the exchange splitting. These entities as well as the magnetic anisotropy
energy are closely connected to the electronic structure of the material.



Chapter 2

Fundamentals

2.1 Thermodynamics

For a magnetic system, the appropriate thermodynamic potential is the Helmholtz
free energy

F=U-TS. (2.1)

For a given temperature, the system will configure the spins in such a way that
the free energy is minimised. At high temperatures the entropy contribution
will be dominant but at lower temperatures the free energy might be minimised
by having an ordered spin state. The magnetisation is given by

1 [(OF
v (51, .

() -

For a ferromagnet, the order parameter is the spontaneous magnetisation which
is non-zero below the critical temperature and zero above, as is shown in Fig.
2.1.

Most phase transitions from a paramagnetic to a ferromagnetic state is of
second order. In that case, the susceptibility diverges at the critical tempera-
ture. The transition is described by the critical exponents, which depend on
the spatial and spin dimensionalities of the system. For a review on phase
transitions, see Ref. [4].

and the susceptibility is

In some materials, e.g. ferromagnets and ferrimagnets, the magnetisation
has a complicated dependence of the magnetic field. M is not a single-valued
function of H and its value depends of the history of H. In addition, it will
also depend on the sample shape.

11
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Figure 2.1: The zero-field magnetisation of a ferromagnetic domain. Below the
critical temperature T there is a spontaneous magnetisation, Mgpont.

2.2 Types of magnetic materials

All materials are magnetic. They are grouped according to how they respond
to an applied magnetic field and to the magnetic structure if the material has
any spin order. Filled electron shells have a negative response to H similar to
Lenz’s law. Materials that only consist of filled shells are called diamagnetic
and the susceptibility is given by
poZe*n < r? >
X = o , (2.4)

where n is the number of atoms per unit volume, Z is the number of electrons
per atom, e is the electronic charge, m,, is the electronic mass and < 72 > is the
mean of the atomic radius squared. x is essentially temperature independent
for a diamagnet. Type I superconductors are perfect diamagnets below its
critical field with y =-1.

A Langevin paramagnet has at least one electron shell which is only partially
filled. This will give rise to a magnetic moment m. Generally, the magnetisation
can be written

M= % > i, (2.5)

which will sum to zero for a paramagnet in zero field since the moments are
uncorrelated and no spontaneous magnetisation exists.
In ordered magnetic materials, an exchange interaction

is aligning the moment ¢ and j parallel if J is positive and antiparallel if J is
negative. Ferromagnets have a positive J. If J is negative, adjacent moments
are aligned antiparallel and the system can be divided into two sublattices with
opposite magnetisation direction. If the sublattices have equal magnetisation
the material is called antiferromagnetic. Otherwise it is called ferrimagnetic.
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SHHT T e

Figure 2.2: The main types of ordered magnetic structures. a) Ferromagnet b)
Antiferromagnet c¢) Ferrimagnet

To model the behaviour of ordered magnets, the Hamiltonian is written [5]

H=-2J) [aS;S; +b(S7S7 +SYSY)], (2.7)

i>j

where the summation is over nearest neighbours. For ¢ = b = 1 we have
the Heisenberg model which describes an isotropic system where the spins can
rotate in three dimensions. For a = 1 and b = 0, the spins are either up or
down. This is the Ising model. For a = 0 and b = 1 the spins will be constrained
in the zy-plane, thus the name the XY model.

The cause of the exchange interaction is essentially the Pauli principle which
acts due to the overlap of charge distributions. If two nearest neighbour mag-
netic ions have overlapping charge distributions it is called direct exchange. If
the interaction is mediated by an intermediate non-magnetic ion the interac-
tion is called superexchange and if the interaction is mediated by conduction
electrons it is called indirect exchange. The different types of ordered spin
configurations are shown in Fig. 2.2.

2.3 Models of magnetism

2.3.1 Localised model

When the unpaired electrons are localised near their native atom, their quan-
tum state is described by the quantum numbers n, I, m;, s, ms. In a many elec-
tron system, the Russel-Saunders coupling applies in most cases. The atomic
spin momentum S and orbital momentum L are formed by the sums of the re-
spective angular momenta of the electrons within the atom. The total atomic
angular momentum J is the sum of L and S. The atomic states are governed by
Hund’s rules, which tells that S should be maximised, L should be maximised
and L is parallel to S if the shell is more than half full and antiparallel if the
shell is less than half full.
The magnetic moment is then given by

m=—gJug, (2.8)
where
JIJ+1)+S(S+1)—-L(L+1)
2J(J+1)
is called Lande’s splitting-factor and pp = efi/2m, is the Bohr magneton. For

3d elements in which the electrons still can be considered localised, e.g. in some
oxides, the orbital moment is quenched. Then J ~ S and g = 2.

g=1+ (2.9)
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Figure 2.3: The typical field dependence of a ferromagnet. Important param-
eters are the saturation magnetisation M, remanent magnetisation Mp and
coercivity H..

To calculate how a paramagnet behaves in a magnetic field, classical statis-
tics can be used while remembering that the moments are quantised. The result
is

J H
M = NgJupB, ( Z2HBIZ (2.10)
kgT
where N is the number of magnetic atoms per unit volume.
2J+1 2J+1 1 x
By(z) = th ( = —x ) = ocoth () 2.11
s(#) = =550 ( 27 x) 27" 27 (2.11)

is called the Brillouin function. For small values of 2 the Brillouin function can

be approximated as
J+1
B = ——ux. 2.12
() 3 €T ( )

Thus, for small values of H/T, the susceptibility of a paramagnet follows

_ Npog?ugpJ(J+1)  Npomzy
3kpT 3kpT '

(2.13)

where meg = g4/ J(J + 1)up is called the effective moment.

Ferromagnets have a complicated field dependence, see Fig. 2.3. The first
try to explain the existence of ferromagnetism was done by Weiss. [6] The
model included a molecular field H,, = wM which aligns the moments. This
model was later shown to be equivalent to taking the mean field approximation
of the Heisenberg model, for details, see e.g. Ref. [7]. In addition to the
molecular field, Weiss also introduced the concept of domains. Each domain
is spontaneously magnetised to the saturation value, but the directions of the
domains are in such a way that the total magnetisation is zero in zero field if the
sample has no magnetic history. In applied fields the domains with directions
parallel to the applied field grow at the expense of the other domains. This
process is irreversible and causes the hysteresis. At a certain field the domain
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walls are wiped out and only one domain exists, the magnetisation direction of
which rotates with the magnetic field until saturation.

The temperature dependence of the spontaneous magnetisation within the
Weiss model is given by the solution to Eq. (2.10) with the difference that H
is changed to wM. At temperatures above the critical temperature, called the
Curie temperature T¢, the susceptibility is given by

N pom?g
= - e 2.14
X 3kp(T — 0;) (2.14)
where )
N pomigw
0= ——=—. 2.15
f 3tn (2.15)

¢ is called the asymptotic Curie temperature.

For an antiferromagnet with sublattices A and B, the molecular field for
the A moments is given by H,,4 = waaMa + wapMp, where wyp is the
inter-site interaction coefficient which is negative and usually much larger than
the positive intra-site interaction waa. A similar expression can of course be
written for the B sites. If was = wpp = w1 and wap = wpa = we we end up
with

2
- s oo
where
g, = Nromen(wi +ws) (2.17)
6kp
The critical temperature, called the Néel temperature, is given by
Ty — Nitome (1 = ws) (2.18)

6kp

More precise models define T at the maximum slope at temperatures just
below the cusp. [8] the number of magnetic atoms The susceptibility below
Tn is dependent on the angle between the applied field and the direction of
the sublattice magnetisation. The typical behaviour of a uniaxial system (see
section 2.4.1) is shown in Fig. 2.4. The field dependence for an antiferromagnet
is free from hysteresis. It usually takes very large a field to reach saturation. If
the field is applied parallel to the spins there could be a spin flop. At a certain
field the energy is minimised by changing the spins to a configuration with the
spins perpendicular to the applied field.

Ferrimagnets are similar to ferromagnets since they have a net moment and
they are similar to antiferromagnets in the sense that the main interaction is
negative. Néel divided ferrimagnets into different categories depending on the
temperature dependence of the sublattices. [10] The most striking types are
the P-type ferrimagnet which has an increasing net spontaneous moment at
low temperatures and the N-type ferrimagnet for which the net spontaneous
moment is zero at a point below the critical temperature.
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Figure 2.4: The temperature dependence of the mass susceptibility of MnF,
which can be regarded as a typical uniaxial antiferromagnet. x| and x refer
to the angle of the applied field with respect to the spins. (From Ref. [9])

The saturation magnetisation of ferromagnets are often much lower than
expected from the localised model and are non-integers. For Fe, Co and Ni the
moments should be 4, 3 and 2 up, respectively, but turn out to be 2.2, 1.7 and
0.6 up instead. For alloys of the 3d metals, the values of the saturation follow
the Slater-Pauling curve, which is shown in Fig. 2.5. An interesting way to
check to which extent the electrons of a ferromagnet are localised/delocalised
is to look at P./Ps, where P, is gJ deduced from M, and P; is gJ deduced
from meg. For metals with low T¢ the deviation may be large. [11]
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Figure 2.5: The Slater-Pauling curve. (After Bozorth. [15])
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2.3.2 Itinerant model

When the electrons are completely delocalised from the atoms (itinerant) they
can be described by their wave vector k. In reality they also feel a periodic
potential from the atom cores. Instead of energy levels, the important con-
cept is now the bandstructure. Many physical properties of metals (and other
solids) are related to this and to the density of states (DOS), g(e), which is the
number of states with a certain energy e. Pauli [12] showed that in a magnetic
field the DOS of the spin up electrons is shifted with respect to that of spin
down electrons. Using the free electron model, this results in a positive temper-
ature independent susceptibility x = neuop%/er, when also the diamagnetic
contribution due to a field induced orbital moment is taken into account. eg is
the Fermi energy and n. is the concentration of conduction electrons. Stoner
suggested that if ITg(ep) > 1, [13] the energy is lowered by a spontaneous split
of the two spin channels. [ is a parameter which is a measure of the exchange
interaction, similar to the molecular field of the Weiss model. The total spin
moment is just the difference between the number of spin up and spin down
electrons (in units of Bohr magnetons). The itinerant model has proved to be
good for calculating ground state properties of 3d magnets. Some techniques
to calculate the bandstructure are described in section 3.4.

2.4 Anisotropy

2.4.1 Magnetocrystalline anisotropy

Besides the exchange energy that makes the moments tend to be parallel or
antiparallel each other, there is an energy that makes the magnetisation di-
rection lie along certain crystallographic directions, so called easy directions.
This energy is called the magnetocrystalline anisotropy energy (MAE) The
main cause of this energy term is the spin-orbit interaction w = AL - S. Even
for 3d elements, there usually is some remaining unquenched orbital moment
which couples the spin moment to some direction in space. MAE is expressed
in terms of an expansion in direction cosines. The two most common types of
anisotropy energies are cubic and uniaxial. For cubic systems it can be written

B — K (0202 4 a2a? + a2a?) + KyalaZa2 + . .. (2.19)

where the «; is defined through a; = sin cos p, as = sin#sin ¢ and a3 = cos 6.
0 is the angle of the magnetisation to the z-axis and ¢ is the azimuthal angle.
Whereas for a uniaxial system the MAE can be written

Eriaxial — J¢sin 0+ Kysin® 0+ ... (2.20)

where 0 is the angle of the magnetisation with respect to the unique axis.
The coefficients K; govern the direction of the magnetisation. In uniaxial
crystals, e.g. hexagonal or tetragonal, the direction of easy axis depends on
K; as is described in table 2.1 and Fig. 2.6a. For K; >0 and K; > —2K,
both an easy axis and an easy plane exist with a potential barrier between
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Table 2.1: Preferred directions in a uniaxial crystal

Relations of K; Direction of magnetisation F, at easy direction
K; >0 0=0 (easy axis) 0
K, < —2K,5 0 = T (easy plane) K, + Ky
2
Ky, <0, Ki>—-2K, 0 # 0, % (easy cone) —I(le

them. The easy axis has the lower energy if K1 < —K> and is metastable if
Ky, > —K5. The preferred directions are summarised in Fig. 2.6a. The cubic
crystals always have either the cube edge, the body diagonal or in some few
cases the face diagonal as easy axis yielding ranges of K; according to table 2.2
and Fig. 2.6b.

A general rule is that cubic crystals have lower MAE than uniaxial crys-

a K2
A

K1=-2K2

cone axis
— - K1
plane
K1=-K2
b)
K2
K1=-4K 2/9 4
[110]
[100]
[111]
K1=-K2/9

Figure 2.6: Preferred directions depending on the values of K; for a uniaxial
material (a) and cubic material (b).
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Table 2.2: Preferred directions in a cubic crystal

Relations of K; Easy axis FE, at easy axis
Ky >0, K7 > _%KQ [100] 0
—5K> < K1 <0 [110] 1K1
Kl < —%K% Kl < _%KQ [111] %Kl + 21—7K2

tals due to the higher crystal symmetry. Furthermore, the anisotropy of 4f
materials is larger than that of 3d materials since the orbital momentum is
unquenched in 4f materials. For expansions including higher order terms of
the anisotropy energies (see Ref. [14]), the uniaxial crystals cannot be treated
with one common expansion but has to be treated according to the crystal
symmetry. In most cases, higher order terms are t needed, and indeed, often
the first constant is sufficient to describe the energy landscape rather well.

The anisotropy constants of a single crystal can e.g. be deduced from a
magnetisation measurement. One usually then measures in two directions (the
easy and a hard) and derives the enclosed area between the curves. This is a
measure of the difference in E, of the two directions. Another way to determine
the anisotropy is to analyse the magnetisation curve measured along a hard
axis. The energy caused by the field is By = —,uOMS - H, which is called the
Zeeman term. For magnetisation rotation, the energy is

E =E, — poHM,cos(6y — 0), (2.21)

where 6 is the angle between the field and the easy axis. This energy is
minimised with respect to #, which is the angle between the saturation mag-
netisation and the easy axis. This gives

_ dE,/df
N ,qus sin(00 - 9) '

H (2.22)

The observed magnetisation is the projection of the saturation to the field
direction,

M = M cos(6p — 0). (2.23)
For a uniaxial crystal this turns out to
2K 4K
H="_M+—2M° (2.24)

po M3 po M
in measurements perpendicular to an easy axis and to

—(2K; +4K. 4K
(2K1 + 2)M+ 2

H =
po M2 oM

M3 (2.25)

when measuring perpendicular to an easy plane. Cubic crystals have high
symmetry and there are several possibilities of which angles to measure in. If
[100] is easy and one measures in the [110] direction, there is no dependence
on K5 and

2K, 4K, Ve

H =
po M3 " oM

(2.26)
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A table of dE,/df for several possibilities of easy axes and directions of the
magnetic field is given by Bozorth. [15] Some problems might occur when de-
ducing the anisotropy using magnetisation curves. The angle of the field to the
crystallographic axes has to be accurately set. Any misalignment will cause
the field dependence of the magnetisation to change from the expected curve
shape.

For a polycrystalline material it may still be possible to deduce the anisotropy
constants from a magnetisation measurement since the magnetisation close to

saturation is expected to follow
0E,\> 1 [(0E.\’
+ 2.27
(69) sin29<6g0> } ( )

which for a polycrystalline uniaxial crystal turns out to

1
2ugH>M?

M—Ms{l—

1 /2K, \? 16Ky 32 (Ko\2| 1
M = MJ1-— 1+ =242 (22) | —
{ 5 <MOMS> [ TR o <K1 e
_ 2 (2K\| 16Ky 64 (KRN 1024 (KGN L
105 ,qus 3K1 11 Kl 429 Kl H3
b c
= M, (“ﬁ‘ﬁ)' (2.28)

Quite often other terms are included in this equation to improve the description
of a real system. The problem is discussed by Grossinger. [16] The most com-
mon extra term is —Ma/H, where a is an inhomogeneity parameter. Other
methods to measure magnetic anisotropy are e.g. torque magnetometry [17]
and FMR [18].

2.4.2 Shape anisotropy

The field dependence of the magnetisation of a ferromagnet will depend on
the shape of the sample. This is due to poles on the surface that produce
a demagnetising field opposite to the applied field. The internal field can be
written as

—

H = Hoapplica — NM. (2.29)

N depends on the shape of the sample. It has the constraint N, + N, + N,=1.
For a sphere N;=1/3, while for a infinite plane N, = N, = 0 and N,=1.

2.4.3 Magnetoelastic contributions

The strain dependence of the magnetic anisotropy energy can be expanded as

oFE, 1 9°E,

E,=F'+ e, + ———2¢;; 2.30
@ + 861-3- € J + 2 8eij86kl € Jekl + ( )

where e;; are the elements of the strain tensor. The first term corresponds
to the anisotropy of the undistorted lattice. The second term represents the
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magnetoelastic coupling, which for a cubic crystal may be expanded as

Ey = B (a?ew + ageyy + agezz)
+ 2Bs(oioageyy + asasey, + asaiey,) + ldots (2.31)

Alternatively, in a known stress ¢ with direction cosines -;, the contribution
is

3
Ey = —5)\1000(04%’712 + a3y + 0373)

— 3)\1110’(0&10&2’)/1’)/2 + Q237273 + 053011’73’71) 4+ ... (232)

where A1g9 and A\117 are the magnetostriction coefficients.
A slightly different expansion than Eq. (2.31), including higher order terms
is described in Ref. [14], where also other symmetries are treated.

2.5 Properties of films and superlattices

The magnetic properties of thin films are different from those of the corre-
sponding bulk sample. Several interesting features have been observed which
are of fundamental as well as technological interest. Reducing the spatial di-
mension to two dimensions gives different critical temperatures and critical
exponents. To obtain true 2D features, the films can only be one or two mono-
layers thick. Due to the lower symmetry at the surface, the size of the surface
moments are altered in comparison to the bulk moments. For 3d elements the
surface moment is generally enhanced since the reduced coordination leads to
a narrowing of the d-band and an increased g(er). At interfaces to magnetic
metals, non-magnetic layers can get induced moments and ferromagnetic layers
can get altered moments. To a good approximation, interface moments have
been shown to follow the Slater-Pauling trend. [19]

Due to the shape anisotropy, the moments are expected to lie in the film
plane. It has been seen in some cases that the moments instead are directed
perpendicular to the film plane. Néel showed that a surface anisotropy appears
when reducing the symmetry. [20] This anisotropy is uniaxial with the unique
axis perpendicular to the film plane. It is also important that the in-plane
anisotropy changes. Iron, for instance, has a surface anisotropy that favours
[110] as easy axis, [21] which will compete with the bulk easy axis of [100].
When growing a film on a substrate, the lattice will experience tensile or com-
pressive stresses. Due to the magnetoelastic coupling this might also contribute
to out-of-plane anisotropy. du Trémolet de Lacheisserie [22] has derived ade-
quate expansions of the magnetoelastic terms for films and superlattices made
from cubic materials. These are given in accordance with tetragonal symmetry
caused by the broken symmetry in the z-direction, but are for some reason
seldom used. The strains might be quite large in a thin film and also the third
term in Eq. (2.30), the morphic term, often contributes to the anisotropy. [23]

In practise, films cannot be grown without imperfections. Roughness will
reduce the shape anisotropy, [24] steps will produce in-plane two-fold (uniaxial)
anisotropies and terraces will modify the four-fold (quadratic) anisotropies. [25]
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When forming a metallic superlattice, which consists of ferromagnetic and
Pauli paramagnetic layers, the magnetic layers are often coupled through in-
terlayer exchange interaction. The coupling energy per unit area S, between
two ferromagnetic layers, denoted A and B, is usually expressed as

Ma - Mg

E/S = —JABWa

(2.33)
where Jap is the interlayer exchange coupling (IEC) coefficient. The coupling
has been found to oscillate with spacer layer thickness between ferromagnet-
ically coupled (F) and antiferromagnetically coupled (AF) due to changes of
sign in Jap. [26] The effect can be described in terms of the quantum inter-
ference due to electron confinement in the spacer layer. [27] If the total energy
of a superlattice is governed by AF coupling (J <0) and the Zeeman term, a

minimisation leads to
Ho Ms Hsattm

4 )
where t,, is the thickness of the ferromagnetic layers.

The behaviour becomes more difficult to interpret if the anisotropy of the
magnetic layers becomes comparable in size to the IEC. In addition, the cou-
pling strength is also oscillating with the thickness of the magnetic layers. The
amplitude is often small and the oscillation is not necessarily around J4p=0.
A multilayer is often covered with a capping layer to protect it from corrosion.
This overlayer has also been shown to influence the coupling of the ferromag-
netic layers in a multilayer. [28]

Non-collinear spin arrangements have been observed in multilayers. Spe-
cial attention has been given the biquadratic coupling, where the moments of
nearby layers align at 90°. The cause of the non-collinearity between the layers
is believed not to be intrinsic but to depend of defects [29] such as thickness vari-
ations or interdiffusion. It is however believed that multilayers of ferromagnetic
and antiferromagnetic layers are able to form non-collinear structures without
structural defects.

Of great interest for applications is the giant magnetoresistance (GMR)
effect, [30] which is seen in superlattices of ferromagnetic and paramagnetic
layers, in the antiferromagnetically coupled region. Magnetoresistance is the
change in electrical resistance in an applied magnetic field. Magnetic met-
als show anisotropic magnetoresistance (AMR), which gives a different change
if the field is applied parallel or perpendicular to the current direction. [31]
The AMR effect is quite small, but still it has been used for sensors using
permalloy as the AMR material. For AF coupled multilayers, a magnetic
field will switch the layers to become oriented in parallel. The resistance
in the ferro- and antiferromagnetic configurations might vary dramatically
and the effect is called GMR. The GMR ratio is defined in two ways, either
[R(H = 0)— R(H = H,)]/R(H = H,) or [R(H = 0)— R(H = H,)]/R(H = 0).
The first definition is most commonly used. A typical measurement is seen in
Fig. 2.7.

The GMR effect is due to spin dependent scattering in interfaces and in the
bulk of the layers. The effect has both intrinsic (scattering at perfect interfaces

Jup = (2.34)
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Figure 2.7: A typical GMR curve. There is no further reduction of the resis-
tance once the applied field has aligned the spins.

due to band mismatch) and extrinsic (scattering by imperfections) origins. [32]
The interface resistance can be written

iy =20Fy)r (2.35)

and the bulk resistivities can be written

pry =20 FB)pr,  pr) = 20N (2.36)

0B and vy are the spin asymmetry coefficients of bulk and interface scattering,
respectively and F' and N refers to the ferromagnetic and Pauli paramagnetic
layers, respectively. For the case of a usual multilayer, the GMR ratio is posi-
tive, but if consecutive ferromagnetic layers have different signs of spin asym-
metries, the ratio becomes negative and the effect is called inverse GMR. Alloys
that follow the main line of the Slater-Pauling curve (Fig. 2.5) have positive 3
while alloys which follow the branches have negative values of 3. Interfaces of
ferromagnet/Cu have positive v while most interfaces of ferromagnet/Cr have
negative 7. In studies of GMR, two main geometries for the current transport
are used, either with the current in-plane (CIP) or perpendicular to the film
plane (CPP). The GMR ratio is different in these geometries due to different
characteristic length scales. For CIP it is the mean free path that is of interest
which causes the bulk scattering to be of less importance, but for CPP it is the
much longer spin diffusion length. Thus, for systems where the bulk scattering
is important for CPP, the two different geometries might give different signs of
the GMR ratio. [32,33]

Although the discovery of the GMR effect is rather recent, [34] it is already
in use in sensor applications. In these sensors, superlattices are not used but
so called spin-valve structures which consist either of a trilayer with two fer-
romagnets with different coercivities (such as cobalt and permalloy) or of two
uncoupled magnetic layers where one is exchange coupled with an antiferro-
magnetic layer (usually FeMn). For these structures, the GMR ratio is lower
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but the saturation field is much lower, making these structures good materials
for use in e.g. read heads.

Recently, much attention has been devoted to tunnelling magnetoresis-
tance (TMR) [35] where spin dependent tunnelling through an insulating inter-
layer occurs and also to colossal magnetoresistance (CMR), observed in certain
manganites, where the magnetic phase transition is accompanied by a metal-
insulator transition. [36]



Chapter 3

Experimental and
calculational techniques

3.1 Magnetisation measurements

In the work presented here, most of the magnetisation measurements were car-
ried out in a Quantum Design MPMS 5.5T SQUID magnetometer (SQUID:
superconducting quantum interference device [37]) where the temperature can
be varied between 1.7 and 400 K and the maximum applied field is 4.4-10°
A/m. For measurements at higher temperatures a VSM (VSM: vibrating sam-
ple magnetometer [38]) equipped with a furnace, which makes measurements
from room temperature to about 1000 K possible, was used. The maximum
applied field is about 1.2:10° A/m in this setup.

The isothermal magnetisation measurements of different magnetic systems
have been discussed in the previous sections, where the hysteresis effects and the
law of approach to saturation were discussed. In this section the temperature
dependence will be treated.

A ferromagnet has a true phase transition only in zero applied field. In
order to get a non-zero magnetisation an applied field is necessary. Still, the
critical temperature can be estimated from magnetisation measurements since
the moments in each domain become uncorrelated at T which results in a
drop in the magnetisation. Below the critical temperature, the magnetisation
will be limited by the demagnetisation factor of the sample and by the intrinsic
anisotropy. There are approaches within the mean field model of how to find the
critical temperature from magnetisation measurements. Arrot has suggested to
plot H/M vs M? for different isothermal measurements. [39] If the curve goes
through the origin, the measurement was done at the critical temperature.

An important way to investigate the temperature behaviour of a magnetic
system is to compare the magnetisation after having cooled the sample in zero
field (ZFC) and after having cooled it in the measurement field (FC). In the
ZFC, the sample is cooled to the lowest temperature, where the field is applied
and the magnetisation is recorded while heating.

25
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Where the ZFC/FC curves are split, irreversible magnetisation processes
are present. An antiferromagnet with perfect compensation of the spins should
show no difference between the ZFC and FC curves. However, any imbalance
between the two sublattices, caused by e.g. defects or impurities gives rise
to a split between the ZFC and FC curves at and below T. Also intended
substitutions or dilution of the magnetic constituents give rise to a ZFC/FC
split. A nice example of this is seen in Ref. [40].

3.2 Neutron diffraction

In neutron scattering experiments, there may be different types of scattering
taking place. There is elastic and inelastic scattering, in which the energy
and momentum is conserved in the first type and not in the second. There is
coherent and incoherent scattering. Coherent scattering corresponds to Bragg
scattering, while the incoherent scattering is a sort of background scattering.
The condition for constructive interference is given by Braggs law

2dsinf = A (3.1)

where d is the distance between the lattice planes and A is the wavelength of
the neutron. An important property of neutrons is that they carry a moment
of -yun, where v=1.913 and uy = efi/2m,, is the nuclear magneton. This
means that there will be scattering both from the nucleus and from the atomic
moments of the sample. For the case of unpolarised neutrons, the intensity will
be proportional to the sum of the squared structure factors, (see e.g. Ref. [41])

I F112ucl+q2F§1agn
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‘Zbexp {271’1' (_x + a + —Z)] ‘ e W
ap bo Co
hx ky Iz 2
2 3 _ —_ —_
q ’Zpexp {2m (ao + o + Co)]

b is the scattering length, which is element specific and varies in an irregular
manner with the atomic weight of the scattering element.

p= ( i )ng, (3.3)

2mc?

e W (3.2)

+

where f is the magnetic form factor which rapidly decreases with (sin6)/\.

—

7= K)-K, (3.4)

where K is a unit vector in the direction of the atomic magnetic moment and
€ is the scattering vector, which is a unit vector in the direction perpendicular
to the reflecting planes. If the angle between € and K is denoted « it is seen
that ¢ = sin? @, which means that if the moment is perpendicular to the
reflecting plane, no magnetic contribution to the intensity is seen. e™2W is
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the Debye-Waller factor, that reduces the amplitude at finite temperatures.
When the magnetic unit cell is different from the structural unit cell, as in
most antiferromagnetic materials, new diffraction peaks corresponding to the
magnetic cell will appear. For ferromagnetic samples additional intensities
will be seen on the crystallographic peaks since the two cells coincide. For
powders, the spin direction is not easily obtained. For cubic materials it cannot
be obtained at all and for uniaxial systems, only the angle between the spin
and the unique axis can be obtained. For single crystals, the complete spin
configuration can be obtained even for multidomain samples. [42]

3.3 Mossbauer spectroscopy

Mossbauer spectroscopy is a technique which gives detailed information of a
certain isotope of the sample, most commonly °"Fe. In that case a source of
57Co decays to®"Fe. The ~-photons corresponding to the 3/2-1/2 transition in
5TFe is selectively absorbed in an *"Fe containing sample and the remaining
photons are counted. The source is vibrated to Doppler modulate the photon
energy to accommodate a full spectrum. There is a probability f that the
photon is emitted and absorbed without recoil. From the spectrogram there
are several physical properties that can be deduced. In a magnetic state, an
iron site will give rise to a sextet. From the size of the splittings of the levels,
the internal field can be deduced, which is the sum of the hyperfine field, the
dipolar field and the external field. If the site is in a paramagnetic state, there
will be a doublet if there is an electrical quadrupolar interaction present (which
is caused by a non-spherical nucleus and a surrounding electric field gradient
of low symmetry). In the magnetic case, this interaction can be seen as a
perturbation which shifts the levels slightly. Another important parameter is
the centroid shift (CS), which is the sum of the isomer shift (IS) and the second
order Doppler shift (SOD). The IS is dependent of the concentration of the s-
electrons in the nucleus. The SOD is a relativistic effect which is dependent on
the Debye temperature of the sample. The velocity scale, and thus the CS, is
usually given in reference to the room temperature spectrum of a-Fe.

The hyperfine field is of great interest, since it is proportional to the Fe mo-
ments. The hyperfine field is related to the Fermi contact which is proportional
to the difference between concentration of the spin up and spin down s-electrons
in the nucleus. The difference is due to differential attraction/repulsion to the
unpaired 3d-electrons. When there are several Fe sites in the sample, the
occupancy of them can be estimated from Mossbauer spectroscopy since the
intensity of a given site is independent of the interactions and proportional to
the number of ®"Fe in that type of site. For an easy to read introduction to
Mossbauer spectroscopy, see Ref. [43].
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3.4 Electron structure calculations

To calculate magnetic properties of a solid is indeed a difficult task. One
approach is to investigate what happens at zero Kelvin using first principles
calculations, which give the ground state properties of the system. The only
input in the equations is the atomic number of the constituting atoms and
the crystal symmetry of the system. This is done by finding an approximate
solution to the Schrodinger equation.

Hep = Ep. (3.5)

Since the number of atoms in a system is very large, several approximations
have to be imposed. The density functional theory (DFT) has been a powerful
way to solve the problem, since the ground state energy is uniquely determined
by the electron density n(7). Kohn and Sham proposed a way to rewrite the
problem into a single-particle problem, [44]

[—V2 + Vi(0)] 9i(r) = eithi(x), (3.6)
where -
Vi(r) = Ve (r) + / i’ % + Vaeln(@)]. (3.7)

The last term is the exchange-correlation potential determined by
Viee = 0Eqyc[n(r)]/0[n(7)]. (3.8)

To find this potential, n(7) can be assumed to be slowly varying and then one
obtains the local density approximation (LDA)

E,.= /n(f’)em[n(ﬁ]dﬁ (3.9)

Approximate parametrisations of €. are then used. The equations have to be
solved self consistently. First a charge density is guessed. This gives a potential
Vs after which the equation may be solved, resulting in a new charge density.
These steps are iterated until the energy minimum is found. For a magnetic
system, these calculations should be done for the two different spin channels,
where the electron density is n(7) = n!(#) + n!(¥) and the magnetisation is
m(7) o< nl (7) — nt (7).

There are some tools to aid the calculations. First of all, the calculations
can be kept within small units in space. In most cases, the primitive cell
is used but other units are also used, for instance, supercells are used when
calculating properties of superlattices. Assumptions regarding the form of the
basis functions are made. The wave functions are expanded in basis functions
which are centered at the atomic centers. One type of expansion is the full
potential linear muffin-tin orbital (FPLMTO) method. The wave functions are
separated in two parts, one part within the muffin tin spheres and another one
in the interstitial. Special functions are used in accordance to the symmetry of
the problem.
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Systems

4.1 Chemically synthesized materials

4.1.1 (Fe;_.M,)3P, M=Co or Mn

The FesP structure is somewhat complicated (see Fig.4.1). It can be viewed
as a distorted a-V3S structure. [45] The structure is tetragonal with three
different metal sites and eight formula units per unit cell. FesP has been
shown to be ferromagnetic with a critical temperature of about 700 K. From
neutron diffraction, the individual moments have been found to be myp.(1)=2.12
wp, mre(I1)=1.25 pp and myp.(I11)=1.83 pp at room temperature, where the
moments essentially lie in the basal plane. [46]

In papers I-1V, the systems (Fe;_, M, )3P, M=Co or Mn, have been studied.
It was found that Co can be substituted up to x=0.37. Both the critical
temperature and the 10 K saturation magnetisation were found to decrease with
increasing Co content. There was a good agreement between the theoretically
calculated values of the total moment with the experimental ones while the
individual moments showed some small differences. The values of the moments
were essentially determined by whether an Fe or Co atom occupied the site,
i.e. no clear influence from the nearest neighbour surrounding was found.

The anisotropy constants of the polycrystalline (Fe;_,Co,)3P samples were
found by measuring the high field magnetisation behaviour and using the law
of approach to saturation. In order to account the demagnetisation influence
of the magnetisation, the powders were sintered and formed to spheres, which
have a known demagnetisation factor.

For (Fe;_;Mn,)sP the Mn could be substituted up to =0.25 and Fe could
be substituted into MnsP to 1 — £=0.33. For the iron-rich side, the critical
temperature dropped much more rapidly than for the Co-substituted samples
(see Fig. 4.2).

The saturation magnetisation decreased with increasing Mn content. The
neutron diffraction, which observes the average value of a given site, gave de-
creasing moments with increasing x, while the Mossbauer spectroscopy gave
the hyperfine field of iron at each site, which could be converted to Fe mo-

29
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Figure 4.1: The Fe3P crystal structure projected on the (001) plane.

ments. From these techniques it seemed that the Mn moments were aligned
with the Fe moments, with relatively small Mn moments. Looking at the re-
sults from the ab initio calculations, which gave an increased total moment
due to large Mn moments, the results were difficult to understand, since such
calculations usually agree reasonably well with experiments. Two possible ex-
planations were discussed. The Fe and Mn moments could be non-collinear.
Then the decrease seen in the measurements would come from seeing a projec-
tion of the moments. The other possible explanation was that the Mn moments
couple parallel or anti-parallel to the Fe moments depending on the number
of Mn atoms in the surrounding. The results are summarised in table 4.1.
Mn has been seen to arrange its moments in unconventional manners in sev-
eral other compounds, and indeed in the Mn metal itself. Both explanations
would suggest that the saturation magnetisation was underestimated from the
magnetisation measurements.
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Figure 4.2: The Curie temperatures of (Fe;_,Co,)sP, & <0.37 and
(Fei—,Mn,)sP, x <0.25.

The manganese rich side also gave results that were difficult to understand.
Magnetisation measurements on MnsP showed a weak bump at low tempera-
tures which was attributed to antiferromagnetic ordering with a critical tem-
perature of 35 K, which is quite far from the earlier reported Néel temperature
of about 115 K. To complicate things, no new peaks or increased intensities
in the neutron diffractrograms were observed in comparison to those of higher
temperature. Looking at the iron substituted samples, the magnetisation mea-
surements showed similar behaviour as for MnsP, with critical temperatures
that could be confirmed by Mossbauer measurements. These also showed that
the iron moments were small, as is seen in Fig. 4.3. The neutron diffraction
showed additional peaks for the iron substituted samples when comparing low
and high temperature diffractrograms. The critical temperature derived from
the temperature dependence of the intensity of these peaks was in a good agree-
ment with results from the other experimental techniques, see Fig. 4.4. The
magnetic unit cell was found to be four times larger than the structural unit

Table 4.1: The total and individual moments of (Fe;_,Mn,)sP. The moments
are given in pp and the energy differences in mRy/metal atom. N: neutron
diffraction. M: Mossbauer spectroscopy. VCA: virtual crystal approximation.
In the calculations for x=0.33, one of the sites is fully substituted.

x Site(I)  Site(II)  Site(III)
0.15 occ. Mn  0.199 0.162 0.087 N
m 1.96 1.26 1.92 N
MFe 2.22 1.29 1.82 M
MMn 0.9 1.1 2.9 N and M
0.10 m 2.54 1.57 1.92 VCA
0.33 mpeym 218 2.07 1.83  1II subst.
MEe/Mn 2.47 1.55 1.84 I subst. (AE=+1.9)

Mpe/nn 2.14 1.49 2.26 Il subst (AE=+2.4)
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Figure 4.3: The iron moments of the three metal sites in (Fej_,Mn,)sP de-
duced from Mossbauer spectroscopy.

cell, where the new a’-axis is v/2a along the [110] direction and the ¢’-axis is
2¢ along the [001] direction (a, ¢ are the original unit cell axis). The additional
peaks confirm the antiferromagnetic ordering of the compounds. Since the iron
moments were small and decreasing with Mn content, one could speculate if
the moments of pure Mn3P sample are too small to be observed in the neutron
diffraction experiments.

The first principles calculations gave two solutions of almost the same en-
ergy. The configuration of lowest energy of Mn3zP was the one with no moments,
a Pauli paramagnetic solution. At a slightly larger energy the magnetic solution
of lowest energy was antiferromagnetic with moments between 1.6 and 2 up.
The discrepancy of the sizes of the moments between theory and experiments
was difficult to explain.

160
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Figure 4.4: The critical temperatures of (Fe;_,Mn,)sP, z >0.65. The results
of Gambino et al. [47] and Goto et al. [48] are also included.
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Figure 4.5: Magnetic moment per metal atom in (Fe;_,M,)3P. The notations
in the parenthesis denote from where the result was obtained. S: SQUID,
n: neutron diffraction, c¢: ab initio calculations, u: unstable ferromagnetic
solution, G: results from Goto et al. [48] (magnetisation measurements).

The magnetic moment per metal atom in (Fe;_,M,)sP, M=Mn, Co, Cr
and Ni is displayed in Fig. 4.5

4.1.2 TI1Coy_,Cu,Ses

T1CosSes and TICusSey crystallise in the ThCroSis structure, which is shown
in Fig. 4.6. The Co atoms in TlCosSey are found in layers in the structure.
The intralayer distance between Co atoms is 2.7 A while the interlayer distance
is 6.8 A. This large difference gives the sample a two-dimensional character,
where the coupling in the layer is much stronger than coupling between the
layers. Greenblatt et al. have examined a variety of substitutions on these
ternary transition metal selenides. [49] T1CosSes is antiferromagnetic with a
T'n measured to 82 K for a single crystal and 97 K for a polycrystalline sample.
The effective moment is 2.12 up/Co atom. TINisSes is Pauli paramagnetic,
while T1Cos_,Ni,Se; is antiferromagnetic up to x=1.5 with a maximum of Ty
and meg at £=0.5, with the values Ty=142 K and m.g=2.28up/metal atom.
Tl _yK,CozSez and T1Co025,Ses—, showed ferromagnetism for y >0.55 and
z >1, respectively. In quite many cases, the susceptibility below T showed
peculiarities which were ascribed to a competition between ferromagnetic and
antiferromagnetic interactions. The easy direction of the spins have been sug-
gested to be in the ab-plane but the proofs are unconvincing. In an exten-
sive study on T1Cuy_,Fe,Ses also including TICoCuSes [50], it was seen that
T1CusSes is Pauli paramagnetic. TICoCuSes was found to have an orthorhom-
bic structure, [50] but the magnetic properties were not studied. In order to
investigate T1Cos_,Cu,Ses both powder and single crystal samples were pre-
pared. For x <0.8, the susceptibility measurements showed antiferromagnetic
features (an example is shown in Fig. 4.7), with a large difference between the
curves measured parallel and perpendicular to the c-axis, while no anisotropy
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Figure 4.6: The crystal structure of T1Co2Se,.

in the ab-plane was observed. Increasing the Cu concentration leads to a lower-
ing of the Néel temperature. The Curie-Weiss temperature was positive, which
for a layered structure is an indication of a strong ferromagnetic intra plane
coupling and a weaker inter plane coupling. Ab initio calculations on T1CosSe;
showed that the antiferromagnetic solution with the spins in the ab-plane is the
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Figure 4.7: The temperature dependence of the susceptibility and the inverse
susceptibility in 80 kA /m of T1Co; 4Cug.Sez. o : x|lc, ® : 1/x]|¢e, x : xLe and
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Figure 4.8: The critical temperatures of single- and polycrystalline
T1Cos_,Cu,Ses.

ground state. The moment of the cobalt atoms was found to be 1.45up. Neu-
tron diffraction measurements were undertaken on a powder T1CosSes sample.
The lattice parameter a showed a clear anomaly when passing through Ty,
whereas the c-axis lattice parameter only continuously decreased. Below T
two new peaks were observed at very low angles. These peaks could not be
assigned to reflections of magnetic planes related to integer extensions of the
c-axis. Helix structures appears in layered materials, where the interaction
between nearest neighbour planes is ferromagnetic and the next-nearest neigh-
bour planes have much stronger antiferromagnetic coupling. The in-plane spin
direction is then varying from plane to plane in a spiral manner. In a neutron
diffraction experiment, such spin structure yields satellites around the crystal-
lographic peak. In the T1CosSes case, it was not possible to assign the observed
magnetic peaks to such a spin structure. The true spin structure in T1CosSes
thus remains an open question.

The orthorhombic structure was observed for 0.4< x < 1.3. In this range,
the Cu and the Co atoms order structurally in an incommensurate manner. [51]
In addition, a net moment is observed and the effective moment has a larger
size.

4.2 Superlattices

4.2.1 Fe/V superlattices

Fe/V superlattices have been studied both theoretically and experimentally
during the last two decades. It has e.g. been shown that Fe/V (001) super-
lattices can be grown with high quality by sputter deposition on MgO. [52]
The epitaxial relationships for such multilayers are Fe/V(001) || MgO(001) and
Fe/V[110] || MgO[100]. The in-plane matching to the substrate is made with-
out too much strains since aMgo/ﬁ:2.979 A and the bulk values of the lattice
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parameters of Fe and V are ap.=2.8664A and ayv=3.0274A, respectively.

X-ray results on sputtered films suggest excellent interfaces with roughness
of only 1A. [53] Magnetisation measurements on multilayers consisting of three
or fewer monolayers of iron suggest inhomogeneous layers. [54,55] For 3/14
samples, a GMR effect is observed at 300 K [55], while no magnetic spitting
was observed above 133 K in Mdssbauer experiments. [56] There is a rather
wide distribution of hyperfine fields in the Fe layers when the V thickness is
small. For superlattices where the V thickness is large, a large part of the
iron atoms carry only very small hyperfine fields. The spatial distribution of
moments in the iron layer of a 10/5 sample showed reduced moments compared
to those of bulk iron even for the inmost layers.

It is found both from experiments and theoretical calculations that V gets
an induced moment antiparallel to the nearby Fe layer. According to theoretical
calculations, using bulk lattice parameters [57-60] or using the experimental
lattice parameters as in paper VII, the V spin moment is of order 0.5 up in the
first layer whereas the subsequent layers have moments close to zero. X-ray
magnetic circular dichroism (XMCD) on the other hand suggested that the
total moment only slowly decays from an interface moment of 1 pp to about
0.3 pp at the tenth layer from the interface. [58,61] Measurements of the g-
factor [60,62] support the theoretical results and also suggest that the Fe and
V moments are coupled above T¢.

The anisotropy of Fe(Np, ML)/V(Ny ML) in the (001) geometry has been
studied by Baberschke et al. for various combinations of Ny, and Ny, where
the thickness of the iron layers was small. [60,62-65] All samples show in-plane
easy direction. The in-plane anisotropy decreases when the thickness of the Fe
layers decrease, but no spin-reorientation to [110] has been observed. Samples
with Np. < 3 show isotropic in-plane behaviour.

For Fe (15 ML)/V (1-12 ML) (001) superlattices, a strain dependent in-
plane anisotropy was observed, [66] which is extensively analysed in paper VII.
The anisotropy of the iron layers is modified due to the reduced symmetry of
the surface atoms and the strain due to the in-plane matching of the lattice
parameters of Fe and V. The way to analyse these modifications is to expand
Eq. (2.30) in a tetragonal symmetry and compare the terms with an expansion
in cubic symmetry. The strain dependence seemed linear (see Fig. 4.9) and
the following expression was used to describe the behaviour:

1 2
AB, = Eo[110] - E,[100] = 2 (k] + ki)

+ {i [(B¥* 4+ 2B"")k +2(B** — B")] + ibeﬁ} e, (4.1)

12 tm
where k} and B** are bulk cubic anisotropy and magnetoelastic coupling co-
efficients, respectively. kJ; and beg are the effective surface coefficients. t,, is
the thickness of the magnetic layers, which in this case is 15 ML, k is the ra-
tio between the out-of-plane and in-plane strains and ¢ is the in-plane strain.
Using values from the literature of the bulk coefficients, the effective surface
contributions could be deduced. kg turned out to -28.3 uJ/m? and beg=-0.15
mJ/m?.
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Figure 4.9: The obtained values of the anisotropy energy difference between
[110] and [100]. Solid line: A linear fit of the experimental data points. Dashed
line: The calculated behaviour for bulk iron.

The coupling of the Fe-layers is oscillating with the thickness of the V layers.
Antiferromagnetic coupling peaks are observed at tv ~ 22, 32 and 42 A for the
(001) geometry. [58] It can be argued that a first peak that is anticipated at
12 A is suppressed by the transient ferromagnetic V moments. These moments
are mainly coupled antiparallel to the Fe moments but a preference of the V
moments to be parallel within a layer is also suggested. For thick V layers the
second interaction is negligible, but for thin layers, the V moments at the two
interfaces may interact also causing a ferromagnetic coupling of the Fe layers
that overcomes the AF coupling.

The first peak in the AF coupling is extended between 12 and 16 ML of
V. [565] The influence of the thickness of the Fe layer on the coupling and
GMR ratio was studied in paper VIII. The magnetic properties of samples
just outside the AF region was studied. Fe(3-13 ML)/V(11 ML) showed AMR
with increasing amplitude corresponding to the increase observed for the in-
plane magnetic anisotropy. For samples Fe(3, 5, 6, 9 and 13 ML)/V(13 ML),
GMR was observed up to 9 ML of Fe. Superposed to this, AMR features
were observed of similar magnitude as in the 11 ML V series. For the 13/13
sample, only AMR was observed. The antiferromagnetic coupling strength
and the GMR ratio have maximum at 5-6 ML of Fe. Also varying the V layer
thickness, it was seen that Fe(5 ML)/V(12-14 ML) had a maximum in coupling
strength for 13 ML V.

lattice

4.2.2 bcc Fe/Co superlattices

An interesting feature of thin film growth is that structures that are unstable
at ambient temperature and pressure can be stabilised by the influence of the
substrate or the second constituent of a superlattice. For Co, the hcp structure
is stable and fcc is metastable, while the bce structure has been shown to be
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Figure 4.10: The magnetisation at 10 K of Fe (6 ML)/Co (2 ML) (top) and Fe
(2 ML)/Co (6 ML) (bottom) when reducing the field from saturation to zero
field in the [100] (o) and [110] (e) directions.

unstable. [67] Nevertheless, it has been shown to be possible to grow bee Co in
the ultrathin film limit. Most experimental work on bce Co has been focused on
samples grown on GaAs. The reported results on the magnetic properties have
however been ambiguous. [68] The bec structure of Co can also be achieved
in Fe/Co superlattices on MgO (001) substrates, when the thickness of the Co
layers is below 20 A. [69)]

In a series of Fe/Co (001) films, grown on MgO(001), the magnetic anisotropy
and magnetic moments have been studied (see Paper IX). All samples showed
in-plane four-fold anisotropy as is exemplified in Fig. 4.10. The easy direc-
tion is along the [100] direction for low Co content and crosses over to [110]
at higher Co content in the films, see Fig. 4.11. I.e. there is a change in sign
of the anisotropy constant at a Co content of 30 at.%. A change of sign in
the first anisotropy constant when increasing the cobalt content has also been
observed in FeCo alloys both in thin film and bulk form. [70] The magnetic
moment of becc Co has been extracted from magnetisation measurements on
Fe/Co multilayers to 1.58up (when decomposing the magnetisation into Fe,
Co and interface contributions [71]) and 1.71up (when extrapolating moments
of a series of samples with constant Fe layer thickness, neglecting surface con-
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Figure 4.11: The anisotropy energy difference between [110] and [100] for all
samples studied. * denotes that the sample did not have the 100 A Fe buffer
layer.

tributions [72]), the latter being closer to theoretical values. [73] The moment
profile of superlattices can be obtained from electron structure calculations
and experimental techniques that measure the internal field. The magnetic
moment profile at a bee Fe/Co interface has been in debate. [19,74] Results
from perturbed angular correlation (PAC) measurements indicate oscillations
in both Fe and Co moments through the interface, while ab initio calculations
suggested an almost constant value for the Co moments but an increase of the
Fe moments close to the interface. Recent Mossbauer studies have confirmed
the calculated behaviour of the Fe moment at the interface. [75] The results
of our magnetisation measurements is that Fe/Co superlattices have a larger
total moment than the calculated summed moments of a corresponding Fe/Co
interface.

4.3 Amorphous ribbons

Although amorphous solids do not have long range structural order, they can
still show long range magnetic order if the magnetic elements have a large co-
ordination number. If the material include magnetic transition metal and rare
earth elements, the coupling between these are often negative, which leads to
ferrimagnetic properties, where the different magnetic atoms form subnetworks
similar to the sublattices of ferrimagnetic crystalline materials. The magnetisa-
tion direction of the atoms are also dependent on local anisotropies. Depending
on the surroundings, easy and hard directions directions will appear that cause
the 4f atoms to have a distribution of moment directions around the antiparal-
lel configuration to the 3d atoms. This effect was observed in Feg gsErg.19Bo.15
(see paper X). Magnetisation curves at 8-10% and 8:10° are shown in Fig. 4.12.
The behaviour is similar to that of an N-type ferrimagnet, [10] with a compen-
sation temperature Tcomp of about 120 K and a Curie temperature of 330 K.
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Figure 4.12: The ZFC and FC magnetisation of amorphous Feg gsErg.19Bo.15
in applied fields of 8-10% and 8-10° A/m.

At 8-10° A/m, the magnetisation gives a good measure of the net spontaneous
magnetisation (except for temperatures close to Teomp and T¢), while the neg-
ative FC magnetisation in the 8-10% A /m measurement is due to the fact that
the moments are locked in the high temperature configuration and when cool-
ing below the compensation temperature, the field is too weak compared to the
coercivity to flip the net magnetisation. Mossbauer spectroscopy measurements
showed that the Fe subnetwork dominates at high temperatures, but due to a
stronger temperature dependence of the Er subnetwork, Er dominates below
Teomp- The Fe moments at low temperatures were from these experiments es-
timated to 1.55 pup which is lower than the value 2.2 pp of crystalline bec Fe.
This is expected from the fact that Fe is a weak ferromagnet with itinerant 3d
orbitals. In a random surrounding the Fe moment is reduced. The projected
Er moment to the direction antiparallel to Fe was derived by comparing re-
sults from Mossbauer and magnetisation measurements. The value of the Er
moment at low temperatures (6.9up) is lower than the value expected from
Hund’s rules (9up). This is explained by introducing a distribution of direc-
tions of the Er moments. The exchange energy between the Fe and Er atoms
will on average produce an antiparallel arrangement, but since local anisotropy
energies are of the same order of magnitude as the exchange energy, the Er
moments will show a distribution of angles to the antiparallel Fe moments.
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