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Abstract
In the search for new materials for spintronic applications, nuclear magnetic resonance (NMR)
spectroscopy can produce unique ndings. As NMR studies the local surroundings no long
range order is required, enabling it to measure (very) thin (sputtered) samples, gaining new
insights in the relation between crystalline structures and magneto resistance eects for these
sputtered thin lm layers.
This report presents a study on the application of zero-eld NMR to Heusler alloys. These
are very interesting intermetallic materials of which some exhibit ferromagnetism, high spin
polarizations, and high curie temperatures, which makes them very interesting for spintronic
applications.
By developing a new model, the analysis of the usually very complex NMR spectra of
these materials can be taken to a new level. This model takes into account o-stoichiometric
eects, substitution with other elements, dierent types of disorder, and so on. These could
have a strong impact on future results. The model shows that it can do what previous analysis
methods can not, using less parameters and resulting in more consistent ts. The study forms
the backbone of this newly developed model
In this report sputtered thin lm samples of Co2 Fe with Al substitution [(Co2 Fe)1−x Alx ]
were studied. With NMR it was possible to nd a relation between the spin polarized
(dis)ordered phases and the measured current-perpendicular-to-plane magneto resistance (CPPGMR). Further samples with substitution [(Co2 Fe)1−x (Al100−y Siy )x ] were measured and analyzed, showing correlation between the crystalline structure of the samples and the stoichiometry and the annealing temperature.
NMR proved to be a reliable measurement method, determining the structures far more
accurately than with other methods such as X-ray spectroscopy.
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Chapter 1
Introduction
Modern computers, based on integrated circuits, are millions to billions of times more powerful
than the early machines and occupy but a fraction of the space. To keep up with this trend
for computers getting smaller, faster, being able to store more data etc., manufacturers have
to nd clever ways to increase sensitivity, downscale the wires on a transistor and so on.
For instance the amount of data per square inch on a hard disk doubles every two years,
also known as Kryder's law [1], keeping in pace with the famous Moore's law. Moore's law was
created more than 50 years ago by Gordon E. Moore stating that the number of transistors
that can be placed inexpensively on an integrated circuit doubles approximately every two
years, this prediction has held up and is predicted to be valid for at least another 10 years [2].
A hard disk contains four major parts. First there is the disk itself, which is called a
platter. This platter consist of a 'thick' hard material (like glass or aluminium) with a very
thin (10-20 nm) magnetic layer on top. This magnetic layer contains the actual data bits.
These bits can be written by the writehead which sets the bits by a magnetic pulse. To
read out the bits a read head is used. The write and read head are placed on an arm which
can be moved over the disk to reach dierent parts, while the platter rotates underneath with
speeds somewhere between 3000 and 15000 revolutions per minute. Meanwhile, the write- and
readhead oat at a height of only a few nanometers above the platter without ever touching
it. As a comparison a piece of printing paper is around 70.000-180.000 nm thick.
To act up to the trend that hard disks were able to store more and more information,
some mayor changes can be seen in the past decennia. A big improvement was the use of
correcting codes, gut also the improvements of read heads allowed further increase in data
density.
A major step in the development of read heads was the introduction of the anisotropic
magnetoresistance (AMR) eect. This eect describes the change of the resistance of a ma/Department of Applied Physics
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terial by applying a magnetic eld. This eect is quite small and commonly in the order
of a couple percent at room temperature (RT). Around the start of the new millennium,
current-in-plane giant magnetoresistance (CIP-GMR) read heads began to replace the AMR
read heads. GMR is based on the eect that a signicant change in the electrical resistance
can be observed depending on whether the magnetization of adjacent ferromagnetic layers
are in a parallel or an antiparallel alignment [3]. The addition of the term "current-in-plane"
means that in this case the current ows in the horizontal plane as can be seen in Figure 1.1a.
In a read head stack two ferromagnetic layers are present with each magnetization direction
presented by the arrows. In between the two layers there is a non magnetic metallic layer. The
magnetization of one layer is pinned, in this case the top layer. The magnetization of the other
layer is free to rotate in small elds and will set itself in the same direction as the magnetic
bit in the hard disk, which leads to an antiparallel or a parallel orientation between the two
magnetic layers. Electrons will move in this case from the left to the right through the stack.
It is the spin of these electrons that causes the GMR eect. Here the world of spintronics
is entered, which is the use of electrons in electronics, exploiting both the intrinsic spin of
the electron and its associated magnetic moment, in addition to its fundamental electronic
charge.
The spin of the electron can be seen as a kind of magnetization, and exists in two states
called 'up' or 'down' or right and left which is in this case more convenient. Spins with the
same state as the magnetic layer will be less likely to scatter than spins antiparallel aligned
with the magnetic layer. Thus, there is a dierence in the amount of scattering in a parallel or
an antiparallel alignment of the magnetic layers. In an antiparallel conguration both spins
will scatter at one layer, in a parallel conguration one spin will scatter at two layers, while
the other will pass through almost unaected. As the scattering of electrons is directly related
to the resistance this will have an eect with commonly the lowest resistance for the parallel
conguration. This eect is in the order of tens of percents.

(a) CIP-GMR

(b) TMR

(c) CPP-GMR

Figure 1.1 In (a) a typical CIP-GMR stack can be seen with the current in the horizontal
direction. A TMR stack can be seen in (b), here the current ows in the perpendicular
direction tunneling through the insulating (MgO) layer. In (c) a CPP-GMR stack can be
observed, in which the current ows in the perpendicular direction.
Read head sensors in today's hard-disk drives are however based on tunnel magnetoresiDate : August 11, 2011
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tance (TMR) magnetic tunnel junctions [4]. An example can be found in Figure 1.1b. In
this stack again two ferromagnetic layers are used. However the spacer layer is now made out
of an insulator, commonly Magnesium-oxide (MgO). Another dierence with the CIP-GMR
stack is that in the TMR stack the current ows in the vertical direction. Due to the small
size of the insulating spacer layer the electrons can tunnel through this layer providing there
is 'space' at the other side. This space is given by the so-called density of states (DOS). A
simplied DOS diagram for both spins can be seen in Figure 1.2.

Paramagnetic
E

Ferromagnetic

Half-metallic

E

E

EF

P <1

P =0

P =1

P = Electron spin polarisation at the Fermi level (EF )

Figure 1.2 Simplied DOS diagram for paramagnets, ferromagnets and half-metallic materials [5].

For a paramagnetic material (material with no magnetization without applied magnetic
eld) the DOS is symmetric with the same amount of 'space' for each spin direction. Looking
at the DOS of a magnetic material, one can observe that there are more spin up than down
spins states in the material. This is also the reason that the material is magnetic. Consequently there is more space for spin up electrons (majority electrons) than for spin down
electrons (minority electrons).
When both magnetic layers are parallel aligned the majority spins are the same in both
layers (see Figure 1.3 left), as a result the majority spins can tunnel to the large DOS of
the other layer and the minority spins to the smaller DOS. When the layers are antiparallel
aligned the majority spins in both layers are not the same anymore and the majority of the
one layer has to tunnel to the minority DOS of the other layer, vice versa for the minority
electrons (see Figure 1.3 right). This leads to a smaller tunnel current and thereby a higher
/Department of Applied Physics
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Figure 1.3 Schematic representation of the mechanism behind the TMR eect. For the

parallel orientation (left) of the two ferromagnetic layers result in two identical DOS, only
shifted up or down due to the bias voltage. The spin down electrons (majority) tunnel through
the barrier into the majority DOS of the second magnetic layer, and vice versa for the minority
spins. For the antiparallel orientation one of the DOS is mirrored. This has as consequence
that the majority electrons now tunnel to the minority DOS of the other magnetic layer, and
vice versa for the minority electrons. Thereby the resistivity of the stack will increase giving
rise to the TMR eect.

resistance of the stack than in the parallel orientation. This eect can be quite large and can
change the resistance with more than 100% at RT [6].
Because of this large eect the sensitivity of the sensor is high. This oers the possibility
to downsize the sensor, and as a result the bits on the hard disk can become smaller too,
increasing the data density up to hundreds of gigabits per square inch (Gb/in2 ) [7].
Downsizing the TMR stack increases the resistivity as the area of the stack decreases.
However the electronic noise, when operating such a sensor, scales with the resistance of the
stack making further downsizing impractical. The option for future read heads now under investigation is the current-perpendicular-to-plane GMR (CPP-GMR) sensor (see Figure 1.1c).
The basic principle is similar as for the CIP-GMR stack with two magnetic layers and a non
magnetic spacer layer. But now the current ows through the stack in the vertical direction.
The eect is caused again by dierent scattering chances for both electron spins.
Due to the metallic spacer layer the intrinsic resistance (∼ 0.05 Ω · µm2 [8]) is far lower
than in the TMR stack (∼ 1 Ω · µm2 [9]) where an insulating spacer layer is used. This oers
the possibility to downsize the sensor further without increasing the resistance to impractical
values. Using this technique data densities over 1 Tb/in2 are predicted [10].
A relative resistance change can be dened as ∆R/R with ∆R the resistance change
and R the resistance in parallel orientation. For reliable operation a high signal voltage
Date : August 11, 2011
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and thereby a high signal to noise ratio (SNR) is required. This signal voltage is given by
∆V = ∆R/R × Vbias with Vbias the bias voltage applied over the sensor. Therefore materials
benecial to CPP-GMR spin valves are those that can achieve high ∆R/R and high Vbias ,
while maintaining a small total sensor thickness. However typical ∆R/R ratios of CPP-GMR
spin valves fabricated out of conventional 3d-ferromagnetic materials are in a range of a couple
percent at RT [11]. This is far too low for practical sensors.
Therefore materials are (re-)investigated in search for materials that fulll these requirements. These materials should have a high spin polarization, meaning that there is a (large)
majority of one spin at the Fermi level (maximum energy level of electrons at a temperature
of 0K) in these materials. A spin polarization can be dened as:

P =

ρ ↑ (EF ) − ρ ↓ (EF )
,
ρ ↑ (EF ) + ρ ↓ (EF )

(1.1)

with ρ ↑ (EF ) the DOS for the majority spins at the Fermi level and ρ ↓ (EF ) the DOS for
the minority spins at the Fermi level.
As can be seen in Figure 1.2 the polarization of a paramagnetic material is zero. Magnetic materials have a polarization that is larger than zero. Ferromagnetic half metals are
the ultimate kind of spin polarized materials because these materials have a DOS that is
schematically shown in Figure 1.2 (right). The minority spin has no DOS at the Fermi level
and shows a band gap, like a semiconductor, while the majority spin shows a metallic like
DOS. This results in a spin polarization of one.
Notable half-metals are chromium(IV)oxide and Perovskite lanthanum strontium manganite (LSMO); as well as chromium arsenide and Heusler alloys [12]. It has been suggested
that by using a half metal as ferromagnetic electrode the ∆R/R at RT could be as high as
60%[13]. This thesis studies one of these ferromagnetic half metal classes namely the Heusler
alloys, which consist of three elements.
Cobalt (Co) based Heusler alloys have a high Curie temperature (up to 1100K), making its
magnetization very stable. The saturation magnetization is also reported to be high (around 6
µb ) [14], making Co based Heusler alloys very interesting for spintronic applications. However
in practice the reported ∆R/R ratios do not come close to the predicted 60%. The value is
commonly reported below 10%, however some report up till 28.8% magneto resistance (MR)
at RT [15].
It is commonly reported that the observed low MR values are caused by the disordering
of the crystalline structure in the ferromagnetic layers. Heusler alloys crystallizes in the
so-called L21 crystalline structure (the structures described in this section will be discussed
in section 2.1.1), however multiple crystalline structures are very similar but less ordered.
Especially in sputtered thin lms it is observed that the Heusler alloy tends to crystallize
in, for instance, the more random A2 or B2 structures. Annealing these samples could be a
/Department of Applied Physics
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solution as is observed in single crystalline samples [16][17]. However the low-coercive eld
high-permeability magnetic shield materials, which are also used as electrical leads in the
CPP-GMR stack, are signicantly degraded during anneals above 300o C [10]. Thus from a
device manufacturing point of view it is not advisable to anneal far above this temperature.
Improving the MR ratio for Heusler alloys is a necessary goal for the application in future
read heads and other spintronic applications, therefore, a lot of research is conducted on these
materials. As it is generally thought that these MR values depend on the crystalline disorder
in the sample it is very important to study the crystalline structures for these materials. Not
only as function of annealing temperature, but also the relative ratios of elements, substitution
by extra elements, thickness of the layers etc. For bulk samples and thick layers this is possible
with techniques such as for instance x-ray diraction (XRD). But it has been proven that
XRD is quite limited and sometimes prove unreliable for studying closely related crystalline
structures (and elements). For thin layers these techniques are often not even possible due to
the short range of order.
Nuclear magnetic resonance (NMR) spectroscopy is a technique that studies the local
surrounding of NMR sensitive nuclei (e.g. 59 Co or 55 Mn), which has the advantage that no
long range order is needed to study the crystalline structures, which oers the possibility
to study for example very thin sputtered lms. Furthermore NMR could also be used to
(indirectly) study the spin polarization of the material [18], providing a link between the
structural analysis and the spin-polarization of the samples.
A study in cooperation with Hitachi Global Storage Technology, more specically the
Sensor Materials & Technology group at the San Jose Research Center, on the formation
of 'local' Heusler alloys was already conducted before [19][20]. In this study a relation for
CoFeAl samples was found between the 'local' crystalline structure found by NMR and the
measured MR ratios.
Analyzing NMR spectra can be very tricky, especially for Heusler alloys, due to the large
amount of possible short range surroundings depending on multiple parameters. In the past
a so-called random atom model was used (e.g. [19][20]) that included a large amount of free
parameters. This model was found not to be adequate for the spectra of the Heusler alloys
measured for this thesis. Therefore a new model was developed which could t the measured
spectra with a smaller number of variables.
The easiest samples to study with NMR are single crystalline bulk samples as they produce
a large signal, strain is mostly absent and interface eects become negligible. Materials with
two (or more) dierent NMR sensitive nuclei with separated NMR spectra produce a way to
cross check structural information. This is the reason that a Co2 MnSi single crystal, where
both 59 Co and 55 Mn spectra can be measured, was studied.
The remainder of the samples measured are sputtered thin lm samples with only

Date : August 11, 2011
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as NMR sensitive nuclei present. This induces some small diculties as no cross check is
available, strain is likely present and interface eects are playing a far bigger role. Also
samples with four elements are studied, increasing the possible surroundings of the measured
nuclei considerably, making the analysis even more complex.
Due to condential information and results two versions of this thesis consist, one condential version for internal use in the Physics of Nanostructures Group group and at Hitachi
and one free to publish version for general distribution.
This thesis contains seven chapters. Chapter 2 starts with theory behind the Heusler
alloys, the theory of NMR and it then combines the two together in a section about NMR
spectroscopy on Heusler alloys. At the end of the chapter the developed new model is introduced. In chapter 3 a short description is given about the used NMR spectrometer, the
samples are described and the measurement procedure is explained. The results are presented
in Chapter 4 along with their discussion. The conclusion and outlook can be found in Chapter
5. A total of 4 appendixes are added with a description of the hardware and software changes
(A and B), a detailed description of the developed analysis model (C) and the listing of the
parameters used to t the measured spectra with the model (D).

/Department of Applied Physics
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Chapter 2
Theory
In this chapter the theoretical basis of this thesis is described. First the general theory of
Heusler alloys will be treated and their crystalline structure will be handled. The next section
will describe eects of the crystalline structures on the half metallic behavior. The Heusler
section concludes with the eects of the substitution of a fourth element. The second part
of this chapter will treat the theory behind NMR, by starting with NMR in general and
steadily working to NMR on ferromagnetic materials. The chapter concludes with a section
about NMR on Heusler alloys and in which also the basis of the newly developed model is
introduced.

2.1 Heusler Compounds
Full Heusler alloys [21] are ternary intermetallic X2 YZ compounds, crystallizing in the L21
(strukturbericht designation) also named Fm3̄m (Hermann-Mauguin notation) or space group
255 structure [22], see Figure 2.1a for an extended unit cell of this structure.
The structure is lled with three dierent atoms (X, Y and Z) of which X (blue) and Y
(green) are transition metals, with X the most electronegative metal and Z (red) a main group
element, which is placed on the 8c, 4b and 4a Wycko positions respectively.
A half-Heusler looks quite similar but has as stoichiometric composition XYZ where the
X element only takes every other 8c Wycko position (see Figure 2.1b). This is the C1b
(strukturbericht designation) also named F4̄3m (Hermann-Mauguin notation) or space group
216 structure. In this report the strukturbericht designation will be used. [23][24]
The main reason to study Heusler alloys is that they show half metallic ferromagnetism.
De Groot et al. [23] and Ishida et al. [24] showed theoretically that some of the (half-)Heusler
/Department of Applied Physics
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(a)

(b)

Figure 2.1 A L21 unit cell (a) and a C1b unit cell (b) [19]

alloys should show half-metallic ferromagnetic behavior. Half metallic ferromagnetism is
the eect that for the majority spins the density of states (DOS) behaves like a metal (no
bandgap), while the minority spins have a semiconductor like DOS, with a (small) band gap
at the Fermi level. A simplied version of the DOS of a half metal can be found in Figure
1.2 (right). This leads to a 100% spin polarization. Combined with the generally observed
and/or predicted high Curie temperature and magnetic moments makes (half-)Heusler alloys
very interesting for spintronic applications.

2.1.1 Possible crystalline structures of Heusler alloys
Besides the L21 crystalline phase, full Heusler alloys can occur in a number of other similar
structures. In these structures, at some crystalline positions, mixing occurs and the total
energy of the dierent structures is very similar. Therefore disorder is commonly observed in
Heusler alloys.
The four dierent possible disordered crystalline structures are shown in Figure 2.2. The
A2 crystalline phase (Tungsten, lm3m) (a) is the most disordered phase. Here all elements
are randomly mixed over the lattice positions. In the B2 phase (CsCl, Pm3m) (b), the 4a
and 4b positions are randomly mixed keeping the X atoms xed at the 8c position. There
are two possible D03 (Fe3 Si, F m3m) crystalline environments. In D03 Y (c) the Y atoms are
positioned at the 4b position and the X and Z atoms are randomly distributed over the 8c
and 4a positions. In the D03 Z crystalline structure (d) the Z atoms are kept at the 4a position
and the X and Y atoms are randomly distributed over the 8c and 4b positions.
Date : August 11, 2011
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(a) A2
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(b) B2

(c)

D03 Y

(d)

D03 Z

Figure 2.2 Common crystalline strictures found in Heusler alloys include A2 (a)(all positions

mixed), B2 (b) (mixing of 4a and 4b positions), D03 Y (c) (mixing of 4a and 8c) and D03 Z
(d)(mixing of 4b and 8c). The yellow (light) atoms denote where mixing may occur. [19]

Nearest neighbor shells
The nearest neighbors for a 8c position, being the closed crystalline positions next to this
position, are the eight surrounding 4a and 4b positions. In the L21 these are lled with 4Al
and 4Fe respectively, see Figure 2.3a. Looking one shell further the next nearest neighbors
are six 8c positions. In the L21 structure these positions are lled with Co, see Figure 2.3b.
The third shell consist of twelve, so-called, next next nearest neighbors at the 8c positions,
see Figure 2.3c.

(a)

(b)

(c)

Figure 2.3 The rst (a), second (b) and third (c) nearest neighbor shells for a X atom in the

L21 structure (8c position). [19]

The rst shell of nearest neighbors for the 4b positions is lled with eight 8c positions,
lled with X atoms in the L21 structure, see Figure 2.4a. The second shell with next nearest
neighbors is lled with six 4a positions, lled with Z atoms in the L21 structure, see Figure
2.4b. The third shell is lled with twelve 4b positions lled, with Y atoms in the L21 structure,
see Figure 2.4c.
The rst shell of nearest neighbors for the 4a positions is also lled with eight 8c positions,
/Department of Applied Physics
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(a)

(b)

(c)

Figure 2.4 The rst (a), second (b) and third (c) nearest neighbor shells for a Y atom in the
L21 structure (4b position). [19]

lled with X atoms in the L21 structure, see Figure 2.5a. The second shell with next nearest
neighbors is lled with six 4b positions, lled with Y atoms in the L21 structure, see Figure
2.5b. The third shell is lled with twelve 4a, positions lled with Z atoms in the L21 structure,
see Figure 2.5c.

(a)

(b)

(c)

Figure 2.5 The rst (a), second (b) and third (c) nearest neighbor shells for a Z atom in the
L21 structure (4a position). [19]

These neighbor shells are dierent for each crystalline structure. They have a great importance for the NMR measurements that will be discussed below.

2.1.2 Inuence of crystalline structure on half-metallic ferromagnetism
Disorder is a problem in Heusler alloys, especially in sputtered thin lms. Gersci and Hono
showed theoretically that this disorder can greatly aect the ferromagnetic half-metallicy
Date : August 11, 2011
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of Co2 FeSi [25]. In order to simulate the DOS of the dierent disorder types, the densityfunctional theory within the general gradient approximation was used, while including electronelectron Coulomb repulsion. This model was applied on a supercell which houses 8 Co, 4 Fe
and 4 Si atoms. By changing places between atoms dierent contributions of disorder phases
could be simulated.
In Figure 2.6 the eects of disorder on the DOS can be seen. In grey, the calculated DOS
for the spin majority and minority for the L21 phase can be observed. The gap in the DOS
of the minority spins reects the half metallicity of the material. The lowest energy in the
conduction band of the minority spins lays about 0.3 eV above the Fermi energy (EF ). The
introduction of 25% B2 disorder by swapping a Fe atom for a Si in the supercell, the DOS
is altered but still a band gap can be observed (see Figure 2.6a the black line). However the
lowest allowed energy for the minority spins in the conduction band lies just above the Fermi
energy which can cause problems for the polarization at nite temperatures. This new peak
is caused by the change in crystalline symmetry at the Co 8c and Fe 4a sites, which results
in an additional splitting of the d-orbitals.
For the D03 -type disorder Co atoms were swapped by Fe atoms. As can be seen in Figure
2.6b (black line), 12.5% of D03 , 100% spin polarization is still conserved. At 25% percent
the band gap vanishes (not shown). Swapping Co atoms with Si atoms leads to 12.5% A2
disorder, which destroys the band gap, see Figure 2.6c.

Figure 2.6 The total density of states of

Co2 FeSi alloy with B2(a), D03 (b) and A2 (c)

disorders. The L21 -ordered phase is also shown in grey, in each gure, as reference [25].
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The same report shows another eect of disorder, namely on the magnetic moment of
the structure and the energy dierence between the dierent crystalline phases. For the
halfmetallic L21 phase a magnetic moment of 6µB is found, and for 25% B2 disorder a slightly
lower value of the magnetic moment (5.98µB ), which decreases slightly further for 50% B2
disorder (5.96µB ). The energy dierence for the supercell is +0.5 and +0.95eV respectively for
25 and 50% B2 disorder in comparison with the L21 phase (see Figure 2.7 with x=0.25). For
both the 12.5% and 24% D03 disordered structure a magnetic moment was found of 5.5µB .
The energy dierence here is around +0.5eV. The A2 disorder has a slightly higher magnetic
moment of 6.15µB . As the interchange between the transition metal elements is energetically
more preferable than the Co-Si mixing due to the similar size and electronic structure of Fe
and Co atoms the A2 structure is a highly unstable state, at least at 0K, which results in a
high energy dierence of +1.55eV with respect to the L21 structure. A high magnetization
is important as thinner lms can be used while achieving the same magnetization, making
higher data densities possible.

Figure 2.7 The eect of stoichiometry for the various disorders for the half metallicity in

Co2.25−x Fe0.75+x Si alloys compared by their dierence in total energy. The half lled squares
represent P=1, while full circles indicate decreased spin polarization (P<1) as a result of the
calculations. [25]

For Co2 FeAl disorder is less important, the high spin polarization is almost conserved even
for B2 type structures [26].
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2.1.3 Eect of stoichiometry on crystalline structure and half-metallic
ferromagnetism
The ratio between the elements in a Heusler alloy can be altered in order to inuence the
crystalline structure, magnetic moment and/or half metallicity. In the study conducted by
Gersci and Hono [25], also the eect of replacing Co with Fe atoms was studied. In Figure
2.7 the energy dierence with respect to the L21 phase is given for the dierent crystalline
structures for Co2.25−x Fe0.75+x Si with x=0, 0.25 and 0.5. Half lled squares are used to represent a 100% spin polarization, lled circles represent smaller polarization. The middle set of
x=0.25 represents a stoichiometric structure, x=0 represents a Co rich structure and x=0.5
represents a Fe rich structure.
The Co rich structure has a lower magnetic moment and the structure with 50% B2
disorder has a slightly lower energy than the stoichiometric structure which is constant for
all disorders. The Fe rich structure shows a lower magnetic moment for the L21 and B2
phases and a higher for the D03 and A2 phase. Notable is that both B2 phases show a spin
polarization of 100%.
The density of states for these structures is presented in Figure 2.8. The DOS of the
stoichiometric structure is represented in grey as reference. The Co rich structure is given by
a black line while the Fe rich structure is represented by a red/grey dashed line. The Co and
Fe rich environment show a similar DOS where the shrinkage of the band gap is quite similar
the D03 disorder observed in Figure 2.6.
Stoichiometry as can be seen has thus an eect on the spin polarization. Therefore, great
care has to be taken when using o-stoichiometric samples to promote ordering, magnetization
etc.

2.1.4 Tuning Heusler alloys by substitution
To overcome disorder problems and creating more stable Heusler alloys substitution can be
used. Here one constituent is partially replaced by another element at one crystallographic
position. The Heusler alloy Co2 FeAl is known to be dicult to crystallize in the L21 phase
and B2 disorder can often be observed even in bulk samples [27]. The Heusler alloy Co2 FeSi
however crystallizes far easier in the L21 phase and even for thin lms large contributions of
L21 are observed [16]. By a partial substitution of Al by Si in Co2 FeAl to create Co2 FeAl1−x Six
one hopes to form a more stable L21 structure for the Heusler alloy.
The substitution of an element can also help to tune the Fermi level to the middle of the
band gap of the minority spins, creating a more stable half-metallic ferromagnet. If the Fermi
level lies in the neighborhood of the valence or conduction band the half metallicity can be
/Department of Applied Physics
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Figure 2.8 The eect of stoichiometry on the DOS o Co2.25−x Fe0.75+x Si in the L21 structure.
[25]

lost at nite temperatures. In [28] Balke et al., illustrate that the band gap of Co2 FeAl1−x Six
shifts from above the Fermi level, to the middle of the Fermi level, to below the Fermi level
by going from Co2 FeAl to Co2 FeAl0.5 Si0.5 to Co2 FeSi (see Figure 2.9).
As stated above substitution has also an eect on the crystalline growth. This eect was
also investigated by Gersci and Hono [25]. As an example the Co2 FeSi1−x Alx alloy is shown
in Figure 2.10. The magnetic moment increases for structures with higher Al contributions
as can be expected from the increase of the amount of valence electrons by substituting Al
(3s2 3p1 ) with Si (3s2 3p2 ). For the equiatomic Al-Si concentration (x=0.5) the B2 states
preserve the half metallicity as the newly formed energy states at both edges of the gap have
less contribution at the Fermi level. Remarkable is also that at x=0.5 the most energetically
favorable state is not the L21 but the 25% B2 disordered structure. Also the 50% B2 and
D03 disordered structures show a lower energy. This nding presumes a lack of complete L21
order at nite temperatures around this composition.
It can also be observed that for the 50%Al 50%Si sample (x=0.5) the half metallicity for all
structures is preserved, except for the A2 phase. This makes this an interesting stoichiometry
as now only A2 disorder has to be overcome.
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Figure 2.9 Spin resolved DOS of

Co2 FeAl1−x Six . The panels (a,...,e) show-from top to
bottom-the DOS with increasing amount of Si for x=0, 0.25, 0.5, 0.75 and 1. The DOS is
calculated using LDA+U [28].
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Figure 2.10 The eect of substitution and the eect of various disorders for the halfmetallicity in Co2 FeSi1−x Alx alloys compared by their dierence in total energy. The L21
phase was found less stable comparing the total energies, than the partly B2 or D03 disordered phases for x=0.5 [25].

2.2 Nuclear Magnetic Resonance spectroscopy
In order to study the Heusler alloys in this thesis, nuclear magnetic resonance (NMR) spectroscopy is used. In this section a general introduction in NMR spectroscopy is given. The
next section will then go further into the application of NMR on Heusler alloys.

2.2.1 NMR in general
The discussion by [18] and [19] will be partionally followed here. Since its discovery, NMR
has become a widely used spectroscopic technique for scientists in many elds. The eect
was rst described by Isidor Rabi in 1938 [29]. This discovery earned him the Nobel Prize in
1944. In 1946 the technique was rened by Felix Bloch [30] and Edward Mills Purcel [31] for
the use of this technique in solids and liquids. For this, they were awarded the Nobel Prize
in 1952.
The NMR eect is based on the degeneracy of the ground state energy levels of nuclei
with a nonzero angular momentum I . Due to the application of an external magnetic eld

→
−
→
−
B 0 = (0, 0, B0 ) the nuclear spin starts to precess around B 0 . The energy of the nuclear
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precession is quantized and given by:
(2.1)

E = −mI γ~B0 ,

with γ the gyromagnetic ratio which has a specic value for each sort of nucleus, and mI is
the magnetic quantum number which can have the values mI = +I , +(I − 1), ..., −(I − 1),

→
−
−I . Without external eld B 0 these states are degenerate but in the presence of a magnetic
eld this energy level split up in equidistant energy levels. This eect is called the nuclear
Zeeman eect, see Figure 2.11 for an example for the Co atom. The Zeeman energy split is
given by:
(2.2)

∆E = ±γ~B0 ,

and the magnitude of the nuclear magnetic dipole moment is directly proportional to I :

Figure 2.11 Zeeman splitting of the degenerate ground states of the Co nucleus under inu-

ence of an applied magnetic eld [32].

(2.3)

µ = ~γI.

The population P of the individual energy levels is described by Boltzman statistics resulting
in P = exp(mI γ~B0 /kB T ). Therefore the net nuclear magnetization M is given by:

PI

m =−I

M = N γ~ PII

mI exp(mI γ~B0 /kB T )

mI =−I
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(2.4)
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with kB the Boltzman constant, N the number of nuclei, and T the temperature. In practice the energy splitting is small compared to the thermal energy and equation 2.4 can be
approximated by a Curie law:

M=

N γ 2 ~2 B0 I(I + 1)
.
3kB T

(2.5)

→
−

In the thermodynamic equilibrium this magnetization will be aligned with B 0 . The conservation of angular momentum in the magnetic eld causes a precession of the nuclear spins

→
−

with the vector of the angular momentum around B 0 :

−
→
−
→ →
−
dM
= γ M × B 0.
dt

(2.6)

This represents a torque on the magnetization which describes a precession of the nuclear

→
−

spins around B 0 with a certain resonance frequency, the so-called Lamor frequency ωL :
(2.7)

ωL = γB0 .

This precession can be visualized by the magnetization vector rotating on a cone around

→
−
B 0 under an angle α (see Figure 2.12).

Figure 2.12 Precession of the nuclear magnetic moment around the B0 axis with an angle

α [18].

In general the NMR signal is measured inductively. The relative number of nuclei with a
certain resonance frequency is proportional to the intensity S of the resonance signal which
is given by:

S ∝ M ωL =
Date : August 11, 2011
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This shows that resonance intensity becomes larger with decreasing temperature. This is
the reason why investigations on thin lms (low number of N ) are commonly performed at
temperatures around the absolute minimum. Also nuclei with a high abundance, a high
gyromagnetic ratio and a high nuclear spin are preferable. As can be seen in Equation 2.8.
To determine the correct number of nuclei at a certain frequency the measured signal has to
be corrected for the square of the resonance frequency.

2.2.2 Pulsed nuclear magnetic resonance spectroscopy
The NMR method as described by Purcell and Bloch relies on a continues applied magnetic
eld. In 1950 Erwin Hahn explored the response of magnetic nuclei in solids to pulses of
radio frequent (rf) magnetic elds [33]. In the experiments he measured a spin echo signal, a
signal that occurred some time after the sample is subjected to a series of pulses. This pulsed
NMR method, also known as a Hahn sequence gained in popularity when Ernst and Anderson
showed that high resolution NMR spectroscopy was possible by using Fourier transforms on
the transient response [34].
The energy dierence by the Zeeman splitting is resonantly probed by magnetic pulses in
the rf range (generally between 10 MHz and 1 GHz). The rf pulses are applied perpendicular
to the applied eld, usually by wrapping a small coil around the sample. In a NMR experiment
the rf frequency (ωL = γB0 ) or equivalently the applied magnetic eld (B0 = ωγL ) will be varied
in order to probe the dierent resonant frequencies (or elds). The rf pulses rotate the spins
out of their equilibrium direction. The return to their equilibrium state is described by the
Bloch equations:

−
→ −
→
Mx
dMx
=−
+ γ, (M × B0 )x
dt
T2
−
→ −
→
My
dMy
=−
+ γ, (M × B0 )y
dt
T2
dMz
Mz − M0
=−
.
dt
T1

(2.9)
(2.10)
(2.11)

Where T1 and T2 are characteristic times which describe relaxation rates of the longitudinal and transversal relaxation processes. The motion of an ensemble of nuclear spins after

→
−

application of a rf pulse becomes quite complicated. Assuming a rf eld of 2 B 1 cos ωL t applied

→
−

perpendicular to B 0 , the Bloch equations neglecting relaxation become:

−
→
−
→ →
−
−
→
→
−
→
−
dM
= γ M × B eff = γ M × ( B 0 + 2 B 1 cosωL t).
dt

(2.12)

This description of motion can be simplied by using the rotating frame formalism. Hereby
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−
→

a frame of reference is taken that rotates with the Lamor frequency (ωL ) around the B0 axis.

−
→

The eld B1 caused by the rf pulse can now be separated in two parts, one stationary around
the new axis in the horizontal plane and the other one rotating with the velocity 2ωL which
is neglected because it is ltered out later. Thus in the rotating frame formalism the rf pulse
simply rotates the precessing spins around one of the axes of the rotating frame changing
equation 2.12 into:

−→
→
→
−
→
−
−
→
→
−
dM 0 −
(2.13)
= M × [(γ B 0 − ωL ) + γ B 1 ] = M × γ B 1 .
dt
−
→
Which describes a precession around the B1 axis. In the rotating frame formalism the rf
pulse rotates the spins from their equilibrium state into the x', y' plane. This rotation can be
tuned to any angle α by applying an appropriate combination of pulse length and strength.
Usually a so-called 90◦ or π2 pulse is applied, which rotates the net magnetization into the x',

→
−

y' plane. After the pulse the spins precess around the eective eld vector B eff , which leads
to an inductive voltage in the coil.
As soon as the spins are rotated the spins start to dephase due to relaxation eects.
Leading to a decrease in the signal which is called the free induction decay (FID). Because

−
→

the spins start to dephase instantly at the moment they are rotated away from B0 , even
during the pulse and during a small dead time where the hardware switches between sending
to receiving, it can be hard and for some materials even impossible (short T2 ) to measure
this FID. Therefore the so-called spin-echo technique is used. This technique refocuses the
dephasing spins by applying a 180◦ or π pulse some time τ after the rst 90◦ pulse which
rephases the spins. The signal is measured in the coil 2τ after the rst 90◦ pulse. A schematic
representation of the spin-echo experiment can be seen in Figure 2.13 and Figure 2.14.

Figure 2.13 Spin echo sequence [19]
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Figure 2.14 Schematic drawing of the spin echo experiment using the rotating formalism.
(a) initial situation with the magnetization along the z axis (b) 90o pulse rotating the magnetization in the x',y' plane (c), dephasing with T2 (FID) (d), 180o pulse ipping all spins in the
x'y' plane (e), rephasing leading to (f) a echo signal. After the echo the signal will dephase
again and with T1 move to to the initial situation (a) [18].
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2.2.3 NMR spectroscopy on magnetic materials
−
→

In ferromagnetic materials the applied eld B0 is not the dominant contribution to the eective

→
−

→
−

eld ( B eff ) experienced by the nuclei. B eff can be expressed in three terms:

→
−
→
−
→
−
→
−
B eff = B 0 + B dipolar + B hf ,
→
−

(2.14)

→
−

→
−

with B dipolar the dipolar eld, and B hf the so-called hyperne eld. The dipolar eld B dipolar
corresponds to the sum of all electronic moments from all other atoms. It can be expressed

→
−

→
−

as a sum of the demagnetization eld B dem , the Lorentz cavity eld B Lorentz , and the local

→
−

eld term B loc :

→
−
→
−
→
−
→
−
B dipolar = B dem + B Lorentz + B loc .

(2.15)

→
−

The demagnetization eld B dem is related to the macroscopic shape of the sample. In thin
magnetic lms, the demagnetization eld depends on the angle between the magnetic moment

→
−

and the lm normal. The Lorentz cavity eld B Lorentz is given by BLorentz = 43 πmµ0 with m
the saturation value of the electron magnetization, and µ0 the magnetic constant. The local

→
−

eld term B loc arises from all moments in the Lorentz sphere except the central moment.

→
−

The hyperne eld B hf is the most prominent contribution to the eective eld. It refers
to the (hyperne) interactions of the nuclear magnetic moment with the magnetic elds
originating in the spin and orbital currents of the surrounding electrons. This eld can again
be expressed in the sum of three terms:

→
−
→
−
→
−
→
−
B hf = B hf,dip + B hf,orb + B hf,cf .

(2.16)

→
−

The dipolar eld B hf,dip is related to the dipolar interactions between the nuclear magnetic
moment and the spins outside the nucleus and is mainly given by the interaction of the
nuclear magnetic moments with the spin density of the d-shell electrons at the same atom.

→
−

The orbital eld B hf,orb arises form non-quenched orbital moments of the valence electrons.

→
−

The third term is the most important one for 3d-metals, namely the Fermi-contact eld B hf,cf .
It originates from the spin polarization of all the electrons with a certain probability density
at the nucleus. In general these are s-shell electrons which can be characterized as closed shell
(core) s-electrons and valence s-electrons. This term can again be expressed in a sum of three
terms:

→
−
→
−
→
−
→
−
B hf,cf = B hf,core + B hf,cond + B hf,transferred .

(2.17)

→
−

The B hf,core term is caused by the core polarization due to exchange interactions of the inner s-

→
−

electrons with the on-site magnetic moments of the 3d-electrons. The B hf,cond term originates
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from the spin polarization of the conduction s-electrons with the on-site magnetic moment
of the nucleus itself. The polarized d-orbitals of directly neighboring atoms hybridize with
the valence s orbitals, leading to a polarization of the valence s-electrons. This polarization

→
−

contributes to the hyperne eld, which is called the transferred hyperne eld B hf,transferred .
In general the rst two terms are proportional to the on-site magnetic moment, while the
contribution of the transferred hyperne eld is determined by the number and the magnetic
moments of the directly neighboring atoms. This term makes the eective eld at the nucleus
dependent on the neighboring atoms, and can be exploited to gather information of crystalline
structures, strain, roughness, interdiusion, etc [18].
The relative NMR signal from ferromagnetic materials is usually much higher than for
para- and diamagnetic materials. Furthermore, the rf power required to ip the spins during
the spin echo sequence is reduced signicantly. These two eects are caused by two types
of enhancement in ferromagnetic materials; the so-called transmitting and the receiving enhancement.
The rf eld induces oscillations in the electronic moments of the 3d metals, which lead to
changes in the hyperne eld, resulting in a rf component of the hyperne eld. The rf eld
experienced at the nucleus is given by the sum of the applied eld Brf,applied and the rf eld
induced by the electronic moments. This enhancement is called the transmitting enhancement
η and is given by:

η = B1,eff /Brf,applied .

(2.18)

This enhancement is corrected for by choosing the optimal duration for the desired rotation of
the nuclear moments during the NMR experiment. The rotation angle leading to a maximum
spin-echo signal is preferred. The receiving enhancement describes the amplication of the
NMR signal by the hyperne interaction. The precession of a resonant nucleus leads to a
corresponding coherent motion of the electronic moments. This induces a much larger signal
in the probe coil than the nuclear induction itself. This enhancement is proportional to the
electronic permeability of the sample.
The enhancement makes it easier to measure very thin layers of magnetic materials. Further measurements at elevated temperatures become possible. The highest sensitivity is obtained without the presence of an externally applied eld. Thus zero-eld NMR measurements, are usually preferred for ferromagnetic samples.
As an example of the capability of NMR a measured spectrum [35] of 1.5nm of Co grown
with MBE on a Cu(111)single crystal with a 3nm capping layer is shown in Figure 2.15. In the
bulk part of the spectrum (200-235 MHz) four well-resolved lines are visible. The most resolved
line is at 215 MHz which corresponds with a face centered cubic (fcc) crystalline structure
of the Co. The resonance lines at higher frequencies may be attributed to hexagonal closepacked with the c-axis parallel with the magnetization direction (hcpk ) and stacking faults
/Department of Applied Physics
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Figure 2.15 NMR spectrum of Cu(111) + Co (1.5nm) + Cu (3nm). The reported resonance
frequencies of fcc, hcp, stacking faults (sf) and CO with 1, 2 and 3 Cu nearest neighbors are
indicated in the gure with arrows [35].
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(sf). Another stacking fault peak is visible at 223MHz. The fourth line that can be seen is
due to the hcp Co with the c-axis perpendicular to the magnetization direction (hcp⊥ ). Both
the fcc and hcp resonance lines are shifted almost 2MHz from their values in bulk samples.
This indicates that the Co is strained due to the lattice mismatch between Co and Cu.
The spectrum shows a well-dened satellite peak at 167 MHz. This line can be attributed
to Co with three Cu nearest neighbors corresponding with a perfect interface. The intensity
of this line corresponds with 1.2 monolayer of Co, which implies that roughly one of the
two Co/Cu surfaces is perfect. Between 180 and 200 MHz still some intensity, which can be
contributed to Co with one or two Cu nearest neighbors, is visible due to a small amount
of roughness or intermixing, most likely at the top Co/Cu interface. This example shows
the versatility of the NMR technique studying dierent closely related crystalline structures,
strain and interfaces all in one measurement.
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2.3 NMR spectroscopy on Heusler alloys
As discussed in the previous section, NMR studies the local surroundings of NMR sensitive
nuclei. The Heusler alloys studied in this thesis are Co based, thus 59 Co is here the NMR
sensitive nucleus. As the crystalline structures, described in section 2.1.1, have dierent
surroundings for the NMR sensitive atom, NMR can be used to distinguish between these
structures.
In this section the application of NMR on Heusler alloys will be treated. The section will
start with the very simple case of a hypothetic two element alloy, and will gradually treat a
three element Heusler alloy and a Heusler alloy with substitution (four elements). The section
will end with a newly developed model, which simulates and ts the NMR spectra of these
Heusler alloys. The crystalline structures possible for Heusler alloys (see section 2.1.1) are
situated on a bcc like lattice. This leads to eight nearest neighbors for all the crystalline
positions. Therefore this lattice structure and the amount of nearest neighbors is taken into
account in this section.

2.3.1 Two element alloys
Looking at a material with two elements e.g. a hypothetical Co0.5 Cu0.5 alloy in a bcc lattice,
it can be observed that there are nine possible rst shell surroundings for each of the NMR
sensitive nuclei (59 Co). Ranging from 8Co, 7Co+1Cu, ..., up to 8Cu atoms in the rst shell
surrounding each Co nuclei. This can show up in a NMR spectrum as nine distinct resonance
peaks at dierent resonance frequencies, as each surrounding will produce a dierent hyperne
eld at the Co nuclei.
An example of such a spectrum can be seen in Figure 2.16. This simulated graph is
made with the assumption that every atom is placed randomly in the crystal lattice (thus no
ordering). The spacing of the resonance peaks is assumed to be linear by assuming a linear
shift for swapping a Co atom in the rst shell with a Cu atom. The frequency of the resonance
peak for the surrounding with k Cu atoms is than given by:
(1)

(2.19)

fn = f0 + k · ∆fCu ,

with f0 a base frequency for a surrounding with eight Co atoms, k the number of Cu atoms
(1)
in the rst shell and ∆fCu the frequency shift for swapping a Co for a Cu atom in the rst
shell, for nonmagnetic materials, such as Cu, this will be in general a negative value. The
relative height of the peaks can then be calculated/simulated with a binomial distribution:

 
8
8!
(pCo )n (1 − pCo )8−n ,
p(n) =
(pCo )n (1 − pCo )8−n =
n!(8 − n)!
n
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with p(n) the chance to nd a surrounding with n Co atoms with a total of eight positions
in the rst shell environment and a chance of nding a Co atom pCo = 0.5. When including
ordering it could be that the rst shell of every Co atom is lled with Cu only. Thus only
the most left peak would show a contribution and the other peaks would not be visible (see
Figure 2.16).

f

o

8Cu

Disorderd

Intensity (a.u.)

Ordered

0
4Cu+4Co

5Cu+3Co

6Cu+2Co

3Cu+5Co

2Cu+6Co

7Cu+1Co

1Cu+7Co

8Cu

0

8Co

f

(1)

Frequency (a.u.)

Figure 2.16 Schematic representation of the nine dierent resonance peaks visible separated

(1)
by ∆fCu
in a NMR spectrum of a disordered hypothetical CoCu alloy (black solid line) and
an ordered hypothetical CoCu alloy (red/grey dashed).

O-stoichiometry
For an o-stoichiometric crystal, thus a Cox Cu1−x alloy with x6=0.5 in this case, one can
observe a shift in the intensities of the measured resonance peaks (see Figure 2.17). This can
easily be seen as the chance of a surrounding in the rst shell is dependent on the concentration
of the elements (x = pCo ) (see Equation 2.20).
For a Co rich crystal the graph clearly shows the trend to surroundings with more Co and
thus higher resonance frequencies. For the Cu rich crystal the chance of nding a surrounding
/Department of Applied Physics

Date : August 11, 2011

30

Chapter 2: Theory

with Co atoms is smaller. Therefore, in this crystal a trend to more Cu rich environments
and thus lower resonance frequencies are observed.

x=0.75
x=0.5
x=0.25

8Co

4Cu+4Co

Intensity (a.u.)

0
5Cu+4Co

6Cu+2Co

3Cu+5Co

2Cu+6Co

1Cu+7Co

0

7Cu+1Co

8Cu

0
Frequency (a.u)

Figure 2.17 Schematic representation of the shift in the height of the nine dierent resonance
peaks visible for a disordered o-stoichiometric Cox Cu1−x sample for x=0.25, 0.5 and 0.75.

Analysis
Analyzing this kind of spectrum (two elements) could be conducted by simply tting a Gaussian peak with an individual frequency and height for each (visible) resonance peak (corresponding to a single surrounding). Then by comparing the peak heights information about
the crystalline structure(s) and/or concentrations of the elements can be deduced. The spacing between the peaks and the frequencies of the peak(s) can give information about strain
etc. Looking at the widths of the tted peaks one could get information about the shells
beyond the nearest neighbors. The width of the peaks will increase in the case of disorder in
the shells further away.
For the ordered CoCu alloy, discussed previously, the next nearest shell would be occupied
by six Co atoms, the third shell consist of twelve Co atoms. Because of the ordering no other
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resonance peaks are present and still a single sharp peak should be observed. However for the
disordered alloy the next neighbor shell is lled with a random distribution of six atoms, both
Co and Cu. The third shell is lled with a random distribution of twelve atoms, both Co and
Cu and so on. Each of these dierent surroundings will have a distinct resonance frequency.
But due to the larger distance between the shell and the Co atom the eect on the magnetic
eld and thus the resonance frequency will be less than for the rst shell. These distributions
will also be binomially lled and will lead to resonance frequencies given by:
(1)

(2)

(3)

fk,l,m = f 0 + k · ∆fCu + l · ∆fCu + m · ∆fCu ,

(2.21)

with f 0 the base frequency for Co with 8Co, 6Co and 12 Co atoms in the rst, second and third
shell respectively, l and m the number of Cu atoms in the second and third shell respectively
(2)
(3)
and ∆fCu and ∆fCu the frequency shift for swapping a Co atom for a Cu atom in the second
and third shell respectively.
To illustrate the inuence of the second shell Figure 2.18 shows the distribution of resonance peaks for the 4Co+4Cu peak of Figure 2.16. Each of these small peaks consist of
another 13 peaks from the possible surroundings in the third shell. In general this will lead
to a big overlapping distribution of Gaussian peaks which add up to one big unresolvable
Gaussian peak.

first shell: 4Co+4Cu

1st shell

3Cu+3Co

2nd shell

Intensity (a.u)

4Cu+2Co

5Cu+1Co

f

2Cu+4Co

1Cu+5Co

(2)

6Co

6Cu

Frequency (a.u.)

Figure 2.18 Enlargement of the 4Co+4Cu peak (red dashed square in Figure 2.16). A total

(2)
of seven dierent extra resonance peaks separated by ∆fCu
are visible in a the NMR spectrum
simulating the seven dierent second shell environments.
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This process can be repeated for further away shells, but the eect of these shells will
likely be very small. Another eect could be that the frequency shifts for replacements in
the second shell could be depending on the rst shell environment. For the third shell the
frequency shifts could be depending on the rst and second shell and so on.

2.3.2 Three element alloys
Studying alloys with three elements (e.g. Heusler alloys without substitution such as Co2 FeAl)
becomes more complicated. Instead of nine dierent rst shell environments in a bcc lattice,
as was the case for alloys with two elements, 45 dierent possible surroundings ranging from
8Co+0Fe+0Al, ..., 2Co+4Fe+2Al, ..., to 0Co+0Fe+8Al have to be considered. These peaks
will have (in general) dierent resonance frequencies but can be spaced very close to each
other depending on the frequency shifts for the rst shell for the dierent elements:
(1)

(1)

(2.22)

fp,q = f0 + p · ∆fFe + q · ∆fAl ,

(1)

with p and q the number of Fe and Al atoms in the rst shell environment and ∆fFe and
(1)

∆fAl the frequency shifts for swapping a Co for an Fe or Al atom. The width of these peaks

is here again dependent on the farther away shells. These distinct surroundings can become
visible or turn into one wide distribution of overlapping peaks.
The most random lling for this crystal is the A2 crystalline structure. Here all the atomic
positions are randomly lled with the three elements (see section 2.1.1). This results in the
(1)

spectrum schematically displayed in Figure 2.19. The graph is simulated with ∆fFe = +9
(1)

MHz and ∆fAl = −16 MHz and f0 = 216 MHz, these parameters will be used throughout
this section if not stated the width (standard deviation see C.3) of the resonance peaks is 8
MHz.
In the graph the individual resonance peaks are visible. The width of these resonance
peaks is very small (0.25 MHz) in order to make them visible, in real measurements it is likely
that the resonance peaks are much wider resulting in the plot with the large width (10 MHz).
As the number of Co nuclei is kept the same the area underneath the peaks is kept constant
(see Equation 2.8).
As described in section 2.1.1 there are four more possible crystalline structures for these
three element Heusler alloys, apart from A2, namely: L21 , B2, D03 Y and D03 Z. These structures allow only a selection of the 45 possible rst shell surroundings, at least for stoichiometric
samples, with a distinct distribution of the heights of the dierent resonance peaks due to the
dierent positions where mixing may occur for each crystalline structure.
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Figure 2.19 Schematic representation of the NMR spectrum of a stoichiometric three element
alloy e.g. Co2 FeAl in the A2 crystalline structure. Simulating with a small width (black small
peaks) and a more likely width of the peaks (red line).
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Figure 2.20 Schematic representation of the NMR spectrum of a stoichiometric three element
alloy e.g. Co2 FeAl in the ve possible crystalline structures.
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and B2 structure

In Figure 2.20 the NMR spectra of the ve possible crystalline structures are presented for
a stoichiometric Heusler alloy. The spectrum of the L21 structure is the easiest to describe,
being the most ordered structure with one possible rst shell surrounding for Co (4Fe+4Al),
it has only one resonance peak. For the B2 structure however there are nine possible rst
shell surroundings for Co atoms, which are always situated at the 8c Wycko positions (see
2.1.1). The 4a and 4b positions are randomly lled with Fe and Al atoms. Therefore the
spectrum looks the same as the one of the disordered two element alloy described above.

D03 Al

structure

The D03 Al crystalline structure has Co atoms on the 8c and 4b positions, which both produce
a signal. The Co atoms at the 8c position have four Al atoms at 4a positions and a random
distribution of Fe and Co atoms at the 4b positions in its rst shell. This results in ve
possible surroundings at the low side of the frequency range. These peaks are quite closely
spaced due to the small frequency shift replacing Co with Fe atoms(+9 MHz), but they are
still distinguishable at the used width.
The Co atoms at the 4b positions have a rst shell surrounding of the 8c positions, which
are lled with Co and Fe atoms. These nine possible surroundings have higher resonance
frequency and can be found at the high side of the frequency range. Because there are twice
as much 8c positions in a crystal than 4b, the total area formed by the resonance peaks of Co
at the 8c position is twice as large as for the Co at 4b positions.

D03 Fe

structure

For the D03 Fe crystalline structure the Co atom are distributed over the 8c an 4a positions.
At the 8c positions the Co atoms have four Fe atoms and a random distribution of Co and
Al atoms at the 4a positions. These ve possible surroundings create resonance frequencies
at the high side of the frequency range. Due to the larger shift for replacing a Co with an Al
atom (-16 MHz), than for replacing a Co with an Fe atom, separate peaks can be distinguished
that were not distinguishable for the D03 Al crystalline structure.
The Co atoms at the 4a positions have the 8c positions in its rst shell which are lled
up with a random distribution of Al and Co atoms. These nine surroundings are visible at
the low frequency side and partially lay underneath the high frequency side of the spectrum.
This is again caused by the large frequency shift. For this structure again the 8c positions
have a twice as high inuence on the spectrum in comparison with the 4a positions, due to
the twice as high number of 8c positions.
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A2 structure
Looking at the A2 spectrum, which is already discussed above, one can observe some small
disturbances. These are caused by the smaller width of the resonance peaks used in creating
this graph. Also notable is the fact that the center of the spectrum lies at a higher frequency
than the L21 peak (4Fe+4Al, 188 MHz). This is caused by the fact that the most likely
environment for the stoichiometric A2 crystalline structure is the 4Co+2Fe+2Al which has a
higher frequency (200MHz) than the 4Fe+4Al surrounding (188 MHz).

Example single crystalline Co2 MnSi sample
To show how pronounced the L21 peak can be in a NMR spectra, the spectrum of the 59 Co
and 55 Mn spectra of a Co2 MnSi single crystal are shown in Figure 2.21. XRD measurements
predicted that the sample should be in the L21 structure.
The 59 Co spectra in Figure 2.21a shows a very large peak around 144 MHz with a width
of 3.1 MHz. This corresponds with a rst shell environment of 4Mn+4Si for the Co atom,
corresponding with a L21 phase. Multiplying the spectra by a factor of 10 (blue triangles)
additional peaks can be observed.
The 55 Mn spectra shown in Figure 2.21b shows a large peak at 353 MHz with a width of
2.2 MHz, which corresponds with a rst shell environment of the Mn atom of eight Co atoms,
corresponding with a L21 or a B2 crystalline structure.
Comparing both spectra it is reasonable to assume that a L21 crystalline structure is
observed here. The disorder in both spectra looks quite small, due to the small width of the
L21 peak. By integrating the spectra over the L21 peak and dividing by the total area the
relative amount of L21 can be found. However, this is only true in the case of 50% Co (see
discussion in section 2.3.2 for more details). The result is a L21 contribution between 55%
and 70%. Showing clearly that not the whole sample has crystalized in the L21 structure
as was measured by XRD. Making NMR a very useful technique in studying disorder even
surpassing XRD in single crystalline samples. An analysis with the new model this and more
Co2 MnSi single crystal samples are still in progress.

Analysis
Analyzing three element spectra is a bit harder than analyzing a two element one. In published
studies the D03 crystalline structures are disregarded and the spectrum is tted with nine
Gaussian peaks with an individual frequency and height for each peak in the same way as
described in the section about the CoCu alloy. This corresponds with a B2 crystalline structure
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Figure 2.21 59 Co (a) and 55 Mn (b) NMR spectra of a Co2 MnSi single crystal sample. Both
graphs show a large L21 contribution. However, looking at the ten times increased spectra
(blue triangles) one can observe that there is disorder present.
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and thereby also including L21 , which can be deduced by comparing the distribution of the
heights of the peaks. In some cases also an A2 environment is tted along the nine peaks.
This A2 environment is than represented by another Gaussian with a very large width. This is
expected as the 45 peaks tend to overlap and form a single peak with a large width, especially
in a disordered thin lm sample, whereby the width will be larger and peaks will tend to
overlap. However the frequency of this 'A2 peak' should be related to the frequencies of the
B2 peaks, which are generally not or wrongly included in other reports (e.g. [19]).

Intensity (a.u.)

An example of this tting technique is presented in Figure 2.22 [adapted from [19]] where
the spectrum of a Co47.27 Fe44.38 Al8.38 thin lm sample is shown. The reported crystalline
structure was 0% L21 , 76% B2 and 24.5% A2. The t itself looks quite good. However
keeping in mind that the reported energy of a A2 structure is signicantly higher than the
D03 structure for all investigated Heusler alloys in [25], it is very likely to encounter some D03
phase when A2 is present. This D03 structure has its own surroundings with the corresponding
resonance frequencies. These are generally not similar to the B2 resonance frequencies (see
Figure 2.20). Therefore tting this spectra with B2, both the D03 structures and A2 peaks
will result in a t with 38 peaks. This does not make sense, as such an amount of free variables
every random spectra could be tted in a multitude of ways.
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Figure 2.22 Example of a simple t of a NMR spectrum on Heusler alloy sample
(Co38.52 Fe36.27 Al25.21 ). Graph adapted from [19].

Disregarding the D03 structures, this technique of tting the spectrum with nine 'B2
peaks' can only work with stoichiometric samples and samples with less than 50% Co. For
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samples with higher concentrations of Co the rst shell environment of Co in a B2 phase also
contains surplus Co atoms (at 4a and 4b positions) leading to extra peaks in the spectrum.
This includes peaks for surroundings for the 8c position with a number of Co, Fe and Al atoms
(total now 45 possibilities) in its rst shell, plus one extra peak for the Co atoms at a 4a of
4b position, seeing eight Co atoms at X positions in its rst shell. This can clearly be seen
in Figure 2.23. Here the NMR spectra of a Co2 FeAl and a Co3 FeAl in the B2 structure are
simulated. The peak of the 8 Co atoms surrounding (Co atoms at 4b or 4a position) overlaps
a bit with the (5Fe+3Al) peak. The surroundings for Co atoms at an 8c position with one
Co atom are clearly distinguishable. The surroundings with 2 Co atoms are not visible as
they lie a little closer to the bigger resonance peaks. As can be seen the spectrum of the B2
environment changes quite a bit and would not be represented by nine gaussian peaks or an
A2 peak. This eect takes also place at other crystalline structures.
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Figure 2.23 Simulated NMR spectra of a Co2 FeAl and a Co3 FeAl sample in the B2 structure.
Distinguishable peaks are labeled.

A mistake made by the author of [19] was that the area underneath the peaks is not representative for the structure directly but for the surroundings of the Co in the sample. Therefore
the Co has 0% L21 surroundings, 76% B2 structure surroundings and 24.5% A2 surroundings.
Thus the total structure will be 0% L21 structure, 72% B2 structure (0.4727/0.5·76%) and the
/Department of Applied Physics

Date : August 11, 2011

40

Chapter 2: Theory

rest of the sample will be in the A2 structure (28%). In this case this is not a large dierence
but in the case of samples with considerably less than 50% Co this can add up quite a lot.

2.3.3 Four element alloys
For alloys with four elements, for instance by a partial substitution of a Z atom as in
Co2 FeAl0.5 Si0.5 , the analysis becomes even more complicated. In total 164 dierent rst shell
surroundings are now possible for each NMR sensitive nucleus. The L21 crystalline structure
will now consist out of ve dierent surroundings: 0Co+4Fe+4Al+0Si, ..., 0Co+4Fe+2Al+2Si,
..., 0Co+4Fe+0Al+4Si which will generally be distributed binomially. In the case of a stochastic sample the B2 crystalline structure will consist out of 45 dierent resonance peaks which
will most probably overlap. At this point it becomes clearly wrong to even consider to analyze
the data by tting free Gaussian peaks, as almost every spectrum could be tted with such
an amount of free variables. When dealing with non-stoichiometric samples the amount of
surroundings for the dierent structures can increase even more (see C for more details).

2.3.4 Heusler alloy NMR spectra tting model
To the best of our knowledge, in all reported articles regarding analysis of NMR spectra of
Heusler alloy the previously mentioned anlysis technique (see section 2.3.2) was used (tting
a number of free gaussian peaks). To be able to analyze the o stoichiometric samples with
up to four elements studied in this thesis, a new model was designed by the author to take the
analysis of NMR spectra from Heusler alloy to the next level. In short this model simulates
a NMR spectrum for all possible crystalline structures (see section 2.1.1), depending on the
stoichiometry of the samples. The number of variables is kept as low as possible, preventing
over-dening the tting space (as would certainly be the case when just tting an amount of
free Gaussian peaks). The model calculates the amount of resonance peaks, their frequency,
and their relative height based on the following assumptions:

 A linear frequency shift of the resonance peak is observed when replacing an element,
in the rst shell of the NMR sensitive nucleus with another element;

 Next nearest neighbors and further away shells don't inuence the frequency but can
produce line broadening;

 The alloy crystallizes in one or a combination of the allowed ve crystalline structures
described in 2.1.1;

 The distribution of the atoms is as even as possible spread over all the crystalline phases
in the case of o-stoichiometric samples, and over the whole crystal;
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 There is no inuence of interface eects.

These assumptions will be further illustrated in the following sections.

Linear frequency shift
The rst assumption follows from the results observed in previous studies e.g. [19]. Quite a
few other studies found non-linear frequency shifts (e.g. [36]), but these studies do not take
into account the possibility of Co atoms in the rst neighbor shell even though a surplus
of Co is clearly present in the samples. A table of the linear frequency shift for dierent
nuclei surrounding a Co atom can be found in [37]. However these values are for dilute
concentrations only. In practice these values tend to change with concentrations of the used
elements, strain, and other inuences. For studies on Heusler alloys in this thesis this list of
values is of little interest, as one can not speak of dilute concentrations anymore. But it can
point in the correct direction during the analysis.

Second and higher order shells
The second assumption makes the model a lot less complicated. No literature or previous work
could be found that studied the inuence of the next nearest neighbors in Heusler alloys and
still account for Co atoms in the nearest neighbor shell of Co nuclei. For higher order shells
(3rd and 4th etc.) it is generally assumed that the observed resonance lines are broadened.
However, it has to be said that the next nearest neighbors and the nearest neighbors just have
a small dierence in the distance to the NMR sensitive nuclei in a Heusler alloy. Therefore it
is quite possible that they have also an eect on the resonance frequencies.
The visibility of these extra resonance peaks in the spectra could increase in well ordered
single crystalline samples without substitution (three elements). In thin lm samples this
would be very hard to distinguish between the dierent peaks, as in general thin lms have
multiple crystalline phases present. To incorporate other eects than those caused by the
linear shift of the rst shell it is possible in the model to assume a non linear shift (square
and/or cubic) when replacing an element in the rst shell with another element. One should
take care using these extra variables, as increasing the amount of free variables can increase
the tting space to a level that it is not reliable anymore. Therefore in this thesis it is assumed
that shells, other than the rst, only have a broadening eect on the resonance peaks.
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Crystalline structures
Thirdly the model assumes that the Heusler alloy crystallizes in one or a combination of the
crystalline phases suggested for the Heusler alloy as described in section 2.1.1. This implies
that the model does not incorporate the surroundings that can occur between two crystalline
phases. Further the model assumes a binomial distribution of the elements in crystalline
phases where a certain amount of mixing of the elements over the positions is allowed. In
reality this does not have to be true, as certain preferences could occur. But this is not easy
to include into the model without compromising the tting space and therefore it has been
chosen not to be incorporated into the model. However it has to be kept in mind when looking
at analyzed spectra.

O-stoichiometric alloys
When using non-stoichiometric Heusler alloy samples, samples with for instance more or less
than 50% Co, the concentrations of the dierent crystalline phases will be inuenced (when
the third assumption is taken into account). For instance a L21 phase will always require
50% of the X atoms, 25% of the Y atoms and 25% of the Z atoms. This means that an
o-stoichiometric sample never can be completely in this phase, as there is not enough of one
or two and surplus of the other element(s). Therefore, if an o-stoichiometric sample contains
an amount of L21 structure, the other structures will have another concentration of elements
in order to compensate for the L21 phase. As an example the Co60 Fe20 Al20 is taken. When
50% L21 structure is present this will require: 25% out of the 60% Co and 12.5% out of both
Fe and Al. Leaving 35% Co, 7.5% of the Fe and 7.5% of the Al for the other 50% of the
crystal which is now in the ratio Co70 Fe15 Al15 . This is clearly a dierent stoichiometry.
The B2 phase will always require 50% Co or more as the denition of the B2 phase states
that all the 8c positions are occupied with Co atoms. In samples with less than 50% Co this
phase will alter the concentrations of the rest of the phases. For samples with more than 50%
Co the excess Co atoms will be present on the 4a and 4b positions.
The D03 phases will have an eect if the Fe or Al+Si concentration are smaller than 25%
as here all the 4b or respectively the 4a positions have to be occupied. The A2 phase has no
inuence on other phases.
Thus concentrations in samples don't always have to be evenly spread over all the crystalline phases; actually this is only the case when the sample has the perfect stoichiometric
ratio or there is only a limited amount of phases present in the sample. The assumption
is that these changes in the concentration are as small as possible. The correctness of this
assumption can be checked by studying spectra of samples with both X and for instance Y
NMR sensitive elements e.g. Co2 MnZ Heusler alloy. Further it is assumed that the elements
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are evenly spread over the whole sample.

Interface eects
The last assumption states the interface eects are not accounted for in the model. O course
this is only legitimate for very thick or bulk samples but it is hard to incorporate the interfaces
and diusion at interfaces in this model. Thus when working with spectra of (very) thin lms
this should denitely be kept in mind.

General
A detailed description of the model can be found in Appendix C. The model can also be
used for analyzing Heusler alloys with a NMR sensitive element at the Y position or even on
both X and Y positions (e.g. Co2 MnSi) when the spectra do not overlap. A more detailed
description can also be found in Appendix C.
By calculating the dierent variables of the resonance peaks and their interrelations the
amount of free parameters is kept to a minimum while increasing the possible crystalline
structures and amount of dierent elements to be tted. However, as stated above some contributions are not included in the model. Nevertheless, in this thesis it will be demonstrated
that, despite the approximations made, this approach is very useful in analyzing NMR spectra
of full Heusler alloy thin lm samples.

2.4 Analysis of old data with the new model
As discussed in the introduction, analyzing NMR spectra can be very tricky, to show that the
newly developed model can lead to very dierent results compared with the old model, it was
applied to the 'old' spectrum from [19] (see section 2.3.2).
The resulting t can be found in Figure 2.24, the tting parameters used can be found in
Table D.1. The old t found 0% L21 , 76% B2 and 24.5% A2. The result of the t with the
new model found: 2% L21 , 15% B2, 2% D03 Al, 27% D03 Fe and 54% A2 contribution, clearly
nding dierent results. This indicates directly the diculty in analyzing NMR spectra.
A clear dierence can be observed for the main frequency of the A2 peak. For the old
analysis method a frequency of 216 MHz was found. With the new model a value of 231 MHz
was tted. The low frequency of the A2 peak in the old analysis method is not consistent
with the high Fe contribution (almost 45%) in the sample (see section 2.3.2).
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As stated in section 3.1, it should be kept in mind that these spectra were measured
before the hardware changes described in A. Further, a close study of the data and spectra
showed that several hick ups in the spectra of this study were caused by combining two or
more measurements. To correctly re-analyze these samples new NMR measurements should
therefore be conducted.
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Figure 2.24 Analysis with the new model on the 59 Co NMR spectra of a Co38.52 Fe36.27 Al25.21

thin lm sample, from [19].

2.5 Conclusion
Concluding, the spin polarization of the crystalline disorders in Heusler alloys were found to
be depending on the stoichiometry and on substitution with a 4th element. NMR can probe
the local surroundings of the resonant nuclei and thereby distinguish between these dierent
disorders present in Heusler alloy samples. This with far better results than achievable with
other techniques such as XRD. The NMR spectra were found to be quite depending on
crystalline contributions, stoichiometry and substitution. With the development of the new
model more crystalline disorders can be analyzed, even as the substitution of a fourth element.
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The repeated analysis of an old sample showed that dierent results are achieved with this
new model. The next section will treat the experimental setup and procedures used for the
NMR measurements.
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3.1 NMR spectrometer
The NMR spectrometer at the Physics of Nanostructures group (FNA) at Eindhoven Technical
University consist of a home build automatized, coherent, spin echo spectrometer with a bath
cryostat. The coherence of the spectrometer enables a phase-sensitive detection. A schematic
drawing of the NMR spectrometer can be found in Figure 3.1. The signal generator consist
of a HP synthesizer, a gate unit and a wide band power amplier. The synthesizer generates
a continuous wave of the desired frequency (0.1-500MHz). Which is then transformed into a
spin echo pulse sequence by the gate unit. De wide band amplier amplies the pulse sequence
to a maximum of 100 Watt RMS. The electronic switch (duplexer) leads the pulse sequence
to the RLC circuit with the sample. The measured signal is then lead trough this switch to
the receiver.
In the receiver the signal is amplied and mixed to a intermediate frequency of 70MHz.
This signal is amplied and led to a demodulator which splits the signal in two signals with
a phase dierence of 90o (P and Q). These P and Q signals are ltered and subsequently processed by a data-acquisition system. To discriminate between the slightly dierent resonance
frequencies which are measured a Fourier transformation is used.
The RLC circuit is positioned in a bath cryostat. This cryostat consists of a liquid He
(LHe) vessel where the LHe keeps the sample at 4.2K. The vessel is surrounded by a vacuum
and a liquid N2 (LN2 ) vessel to minimize the evaporation of LHe, thereby reducing the cost
and increasing the measurement time available. The RLC circuit consist of a copper coil
(copper wire typically 0.2mm diameter) wrapped around the sample. To maximize the signal
transmission to the sample two adjustable capacitors are used to tune the impedance of
the RLC circuit to match it to the equipment (50Ω), a resistor is included to broaden the
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Figure 3.1 Schematic of the NMR signal electronics (adapted from [38])

absorption peak.
A static magnetic eld can be applied by a split-pair superconducting magnet which is
situated around the sample (maximum eld 6T). However, in the experiments described in
this thesis no applied eld was used. By pumping the LHe vessel the temperature can be
lowered to around 1.6 K, this reduces the measurement time as the LHe evaporates faster,
but the signal is increased intensity by a factor of 2.6.
During this thesis some of the hardware of the spectrometer was altered by the author
in concert with E.H.J. (Jef) Nooijen, a summary can be found in Appendix A. Due to these
hardware changes also a part of the measurement program has to be adjusted, which is
described in Appendix B. Due to this changes the spectrometer can now be stably used in
the frequency range 72-415MHz, which was not possible before. This has an eect on the
accuracy of previous measurements.

3.2 Samples
Various sets of samples were investigated in this thesis. In total seventeen thin lm samples
were fabricated by Hitachi Global Storage Technology at the Sensor Materials & Technology
group at the San Jose Research Center. These samples were grown with physical vapor
deposition (PVD) on square Si (18mm × 18mm) substrates. These substrates were cut in two
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and placed back to back. This was done to t the samples in the NMR setup and increase
the signal intensity. The samples were then wrapped in teon tape to insulate and protect
the sample. Next a coil was wrapped around the sample, generally a three turn coil was used.
This coil could then be used to achieve a frequency range from 105MHz up to 305MHz in the
combination with the RLC circuit.
The samples and their compositions can be found in Table 3.1. The compositions were
measured with X-ray uorescence at Hitachi. All samples were sputtered in the following
sequence: Si(substrate)\Ta(50Å)\Ru(30Å)\Cox Fey Alz Si1−x−y−z (200Å)\Ru(120Å). Thus the
stack consists of two seeding layers of Ta and Ru to improve crystalline growth and one
capping layer of Ru to prevent oxidation.

Table 3.1 Samples from Hitachi with concentrations.
sample nr

composition∗

Annealing temperature

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Co67.6 Fe33.3
Co60 Fe30 Al10
Co53.3 Fe26.7 Al20
Co50 Fe25 Al25

375o C
375o C
375o C
375o C

Condential

Condential

Co50 Fe25 Al12.5 Si12.5

375o C

Condential

Condential

Co50 Fe25 Si25

375o C

Condential

Condential

Co53.3 Fe26.7 Al10 Si10

375o C

Condential

Condential

Co53.3 Fe26.7 Si20
Co50 Fe25 Al12.5 Si12.5
Co50 Fe25 Al12.5 Si12.5
Co50 Fe25 Al12.5 Si12.5
Co50 Fe25 Al12.5 Si12.5

375o C
400o C
450o C
500o C
600o C

∗

Real compositions are condentially, values are rounded of to close by values for this
version.
A rst set of samples was used to study the eect of the concentration of Al in (Co2 Fe)100−x Alx
samples. The addition of Al to CoFe has been shown to increase the CPP-GMR ratio of the
samples creating locally Heusler like surroundings [20]. As full-Heusler alloys consist of twice
as much Co as Fe it is interesting to study (Co2 Fe)100−x Alx with the hope to increase the
amount of Heusler surroundings in the material. Four samples (1-4 see Table 3.1) were created to investigate this eect.
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Next, two sets of samples were used to study the eect of (partially) substitution of
Al with Si in (Co2 Fe)75 Al25 and (Co2 Fe)80 Al20 . Substitution of Si tunes the band gap of the
minority spins towards the middle of the band gap, increasing the stability of the ferromagnetic
half metallicity (see section 2.1.4). Further some interesting eects on the energy levels of
crystalline structures are predicted (see section 2.1.4). The Al+Si concentrations turned out
a bit lower, resulting in samples 5-12 (see Table 3.1), together with sample 3 and 4 they form
two substitution sets.
By annealing the samples a lower total energy of the system is achieved. To study the
inuence of annealing temperature on the structure, a set of samples was created with a range
of annealing temperatures (samples 13-16 see Table 3.1), together with sample 6 they form a
set of samples with a range of annealing temperature 375-600o for Co50 Fe25 Al12.5 Si12.5 .
A single crystalline Co2 MnSi sample was fabricated at the group of Dr. Sabine Wurmehl
in Dresden (Institute of Solid state Research, IFW Dresden). This sample was studied as a
calibration sample for the developed model. XRD measurements conducted by the group of
Dr. Sabine Wurmehl suggest that the sample is in the L21 structure. As the sample consist
of both Co and Mn, which are both NMR sensitive, it can in principle be used to crosscheck
the tting model.

3.3 Measurement procedure
The measurements on the thin lm samples were conducted with a three turn coil for the whole
measured frequency range. All the samples were measured at 4.2K without applied magnetic
eld. Pulse delay times and long delay (time between pulse sequences) were optimized for the
maximum in the frequency spectrum, at the RF power which delivered the maximum intensity
at that frequency. The amplications were chosen to set the maximum of the intensity to 104
a.u. to prevent an overow while sustaining a high signal to noise ratio. Due to the low RF
power values needed a 6dBm attenuator was used for the thin lm samples. The frequency
sweep was started at the high frequency side with a frequency step of -0.25MHz. At each
frequency point a RF power scan was conducted. The measurement was averaged 64 times for
each point. The nished two dimensional spectrum is then corrected as described in the next
section. In the end the NMR spectrum is smoothed with a ve point Adjacent-Averaging.
During measurements it was found that measuring spectra in two or more times, for
example with an other coil to reach other frequency ranges, lead to problems in scaling
and combining the measurements. Therefore, it was chosen to measure the samples in one
continuous measurement.
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3.3.1 Correcting the spectra
As the enhancement factor has to be corrected for (see section 2.2.3), intensity measurements
are conducted at a range of RF power values for each frequency measurement. After the
measurement a Gaussian is tted for each frequency value. The RF value and intensity at
the maximum of the t are then used to correct the signal. A correction is applied in the end
to be able to compare dierent measurements. Further the signal is made proportional to the
number of resonant nuclei. This correction is partly done according to Equation 2.8. Further
the data is corrected for the pulse lengths used, the amplications used, RF power and the
use of attenuator to be able to compare the spectra with each other:

Icor (f ) =

85−GAINRF −GAINIF
(RF−AT)
T
p1
)
20
· 10(
· I · 10( 20 ) f −2 · ,
p2
T0

(3.1)

with p1 and p2 pulse lengths of the pulses used in the pulse sequence, GAINRF and GAINIF
the amplications used in dBm, I the maximum intensity from the t for the frequency value,
RF the RF power with the maximum intensity at the frequency value, AT the attenuation
used (typically 6dBm) and T0 the lowest reachable temperature in the system: 1.6K.
Due to the correction with f −2 the signal to noise ratio is decreased at the low frequency
side of the spectrum and larger uctuations can generally be seen there in the spectrum. The
spectra around 120MHz were often found to be inconsistently corrected by the software as
two peaks in the RF spectrum overlapped preventing a reasonable t of the maximum and
these points were therefore manually corrected.

3.4 Reproducibility
In order to study the reproducibilities of the measurements, sample 2 was measured with a
seven month period between the two measurements, while using new teon tape, a new coil
and re-optimizing all measurement parameters. The result can be found in Figure 3.2.
Apart from the fact that the spectrum looks a little bit shifted (about -3MHz) the spectra
are quite similar. Even the ne structure visible is in general reproducible, indicating that
these extra peaks are not artifacts, and thus probably second or further shell eects. The
small shift of -3MHz could be caused by a decrease of the local magnetization over the seven
month time period.
Some discrepancies might also be attributed to the fact that with the replacement of
coil, a slightly dierent part of the sample is studied (due to the placement of the coil).
we don't know if the sample is completely homogeneous, both for the thickness as for
crystalline structure, a small deviation in the placement of the coil could cause some of
visible discrepancies.
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Figure 3.2 Reproducibility measurement on sample 2 after seven months. The spectra are
quite similar and even the ne structure can be reproduced. A small shift can be observed
(-3MHz), probably caused by a decrease in the local magnetization over time.
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In Figure 3.3 the spectrum of the two measurements is shown again with now the second
measurement shifted by +3MHz. Blue dashed vertical lines were added at the positions of
the ne structure peaks. A large part of the ne structure peaks can be correlated between
the two spectra. It can be observed that in the middle of the spectra the peaks overlap and
that at the borders of the spectrum the shift of 3MHz seems to be too much and more in the
order of +1MHz. As these small peaks are not directly caused by the rst shell environments,
this suggest a small change in the dependency of the frequency shifts of replacements in the
second or further away shells on the rst shell environment (see section 2.3.1).

st
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Figure 3.3 Reproducibility measurement (same as in Figure 3.2, where the 2nd measurement

is shifted by +3MHz. Blue dashed vertical lines are included at the dierent ne structure
peaks
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3.5 Conclusion
With the new changes in hard- and software a more consistent NMR setup was realized. The
reproducibility measurement showed a strong correlation between measurements separated by
a seven month period. In these measurements even the ne structure could be distinguished
in both spectra, suggesting that these are no artifacts but due to second of further away
shells.
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Chapter 4
Results and Discussion
In this chapter the results of the NMR measurements described in Chapter 3 are shown and
discussed. The rst section treats the Co2 Fe samples with Al substitution. This section is
followed by two sections on the results of the Co2 FeAl samples with Si substitution. The
chapter ends with the results and discussion of the eect of the annealing temperature on
Co2 FeAlx Si1−x .

4.1 Co2FeAl thin lm samples
To further study the eects of Al substitution, on the crystalline disorders in Co2 Fe samples,
four samples (sample nr. 1-4 see Table 3.1) were measured and analyzed. The measured
spectra can be found in Figure 4.1.
By increasing the Al concentration, the main intensity of the resonance peaks shifts towards the low frequency side of the spectrum. This can clearly be observed in these raw
spectra. This eect is expected, as the corresponding hyperne eld at the Co nucleus is
likely to decrease by replacing magnetic nuclei (Co, Fe) with non magnetic nuclei (Al). In the
spectrum of the Co50 Fe25 Al25 sample clearly distinguishable resonance peaks can be observed
(e.g. at 134, 158 and 186 MHz), suggesting a large B2 contribution. The other samples show
more broadened peaks. However, the excess of Co present in these samples could broaden the
B2 peaks, because as described in section 2.3.1 more than 50% Co results in extra resonance
peaks for instance for the B2 phase. These extra peaks tend to overlap, creating a more
broadened spectrum.
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Figure 4.1 Measured spectra for samples 1-4. The shift to lower frequencies for increasing
Al concentration is clearly visible.
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4.1.1 Analysis of the spectra
The analyzed spectra of sample 1-4 can be found in Figure 4.2 and 4.3. The variables used
in the t functions can be found in Table D.2 in Appendix D. It can be observed that the
frequency parameters used in the ts are quite the same over all the ts. This indicates that
the ts are consistent.
Comparing the dierent B2 spectra (brown dots) in the spectra, it can be clearly observed
that the intensity of the dierent resonance peaks are highly dependent on the concentrations
in the samples. Both eects for an excess of Co (samples 2 and 3), as the shift in distribution
of the intensities due to changing concentration of Fe and Al can be observed (see section
2.3.1 and 2.3.2).
The ts are in general, not perfect. Although they can be used as a good representation
of the measured data. To quantify a good t, a R value is introduced which compares the t
with the measured data. This R value is dened as:

Pfend
R=

|(Ifit (f ) − Imsr (f ))|
,
Pfend
f =fb Imsr (f )

f =fb

(4.1)

Pf

end
where
f =fb is the sum over all measured frequencies in the spectrum, Ifit (f ) is the total
intensity of the simulated peaks at the specic frequency f , Imsr (f ) is the intensity of the
measured spectrum at frequency f . The lower the value of R the better the t corresponds
with the measured spectrum.

For the four ts of the samples described in this section, R values between 0.09-0.12 were
found. The spectrum from sample 2 was harder to t although a R value of 0.09 was reached.
Due to the broad peak in this spectrum between 200 and 300 MHz the tting program found
various 'good' local minima with low R values. By keeping certain parameters found in the
other three ts constant, the showed t was chosen to represent the data the best. This has
o course a negative eect on the uncertainty in the parameters found with this t.

4.1.2 Resonance frequencies
The frequency parameters used in the ts can be found in Table 4.1. The frequency for the
L21 environment (fHeusler) of Co2 FeAl is normally reported around 190 MHz, (193 MHz bulk
[27], 187-189 MHz thin lm [19]). Thus the tted values of this frequency match well with
the reported thin lm values (average 188.3±0.6 MHz).
The shift in frequency of the resonance peaks when replacing a Co atom in the rst shell
surrounding with a Fe atom (fsFe) is reported around +9 MHz, which result with an increase of
the local magnetic eld with 0.9 T [37]. This corresponds well with the tted value (+9.3±0.3
/Department of Applied Physics
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(a) Sample 1:

Co2 Fe
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(b) Sample 2:

Co60 Fe30 Al10

Figure 4.2 Measured 59 Co NMR spectra of the Co2 FeAl samples 1 and 2 with their ts. One
of every four measured points is shown.
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(a) Sample 3:

Co53.3 Fe26.7 Al20
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(b) Sample 4:

Co50 Fe25 Al25

Figure 4.3 Measured 59 Co NMR spectra of the Co2 FeAl samples 3 and 4 with their ts. One
of every four measured points is shown.
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MHz) for the samples with Al. The value for replacing an Fe with Al (-fsAl) in the rst shell
environment is normally reported as between -31 MHz [37] and -20 MHz [19], the tted value
falls just in between this range with -27.6±1.3 MHz.

Table 4.1 Variables used in the ts for sample 1-4

Variable
fsFe
fsAl
fHeusler

1

2

3

4

11.4
24.8
185.3

9.48
26.6
188.0

9.33
28.9
188.6

9.2
27.4
187.4

4.1.3 Discrepancies in the t
In the spectra some clear discrepancies can be seen between the t and the measured data.
One of the possible causes could be interface eects, which would tend to show up on the
low frequency side as Ru (capping and seed layer) lowers the local hyperne eld just like Al
[37]. Also a CoAl alloy could be formed in the material showing up at low frequencies. This
possibility is likely as the discrepancy at 118-220 MHz (visible in sample 3 and 4) increases
with increasing Al concentration. In [39] it is shown that for the composition of sample 4 a
Co2 Al5 would be a stable alloy.
Another cause for the discrepancies could be that there are local large ordered crystalline
phases which would result in a sharp peak on top of a broad peak resulting from locally
short range ordered phases (see section 2.3.1). Another possibility could be preferences in the
surroundings which are not incorporated in the ve crystalline structures. These possibilities
are not taken into account for in the model (see section 2.3.4). Looking at the spectrum of
sample 1 and 2 a peak at approximately 190 MHz can be observed. As a large part of the
peak in sample 2 is tted with a L21 and a similar peak is visible for sample 1 (no L21 ), it
could well be that there is a formation of CoFe in the samples. However the peak in sample
2 looks more resolved, indicating that at least a part of the peak might be L21 .

4.1.4 Crystalline contributions
The tted contributions of these four Co2 Fe samples with Al substitution are plotted in Figure
4.4. An uncertainty of 0.05 in the contributions has been assumed as found reasonable by
experience from all the ttings. As discussed earlier an exception was made for sample 2, for
which the tting was more problematic and large dierences in the contributions could be
found for similar low R values.
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Small trends can be observed in the data but no signicant trends could be observed. For
the B2 structure an average of 55% was found. It has to be noted that for the samples 2 and
3 the Co concentration is higher than 50%, thus in the B2 rst shell environments Co atoms
are present. This could lead to a decrease in spin polarization (see section 2.1.2).
The L21 contribution was found to be low (less than 10%). The A2 phase disappears for
Al concentrations higher than ten percent. The D03 Fe contribution is quite high (in the order
of 30%) and generally decreasing for increasing Al content, as can be expected. At 10% Al
concentration, the D03 Fe contribution shows a large dip which might suggest a tting error.
However holding the amount of D03 Fe around corresponding values lead to worse ts. The
D03 Al contribution is small (around 10%).
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Figure 4.4 Crystalline contributions from the analyzed spectra of samples 1-4.

4.1.5 Spin polarization and CPP-GMR measurement
The spin polarization is preserved for the L21 and B2 crystalline structure for Co2 FeAl samples
(see section 2.1.2). Therefore, no real changes are expected for the spin polarization for these
samples, as the L21 + B2 contribution is almost constant.
CPP-GMR measurements on Co2 FeAl samples were conducted by Hitachi Global Storage
Technology [unpublished] on the Co2 FeAl samples. The result can be found in Figure 4.5.
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The sample without Al (sample 1) shows no resistance change multiplied by the area of the
stack (dRA), at least not at this scale. For increasing Al concentration the dRA values
seems to increase to around 4mΩ − µm2 with the largest increase between 10 and 20% Al
concentration. This does not correlate directly with the tted environments as the L21 + B2
contribution stay more or less constant for these samples. However one has to realize that
taking in account that the Co in the rst shell seems to depolarizes the spins at the Fermi
level (see section 2.1.2), an almost linear increase of the L21 plus B2 contribution without Co
in the rst shell, can be observed. This corresponds better with the measured GMR data see
Figure 4.5.

0.8

5
0.7

2

0.5

m )

4

1

3
0.4

0.3

2

dRA (m

Contribution L2 +B2

0.6

0.2

L2
L2

0.1

1

1

+ B2
1

+ B2 corrected

GMR
0.0

0
0

5

10

15

20

25

Al Concentration (%)

Figure 4.5 MR measurements on CPP-GMR stacks by Hitachi versus the corrected L21 + B2
contribution (no Co in rst shell of Co atoms)

4.1.6 Conclusion
A relation was found between the increase of Al concentration and the increase of L21 and
B2 disorder without Co at 4a and 4b positions. This can also be related to the CPP-GMR
measurements conducted by Hitachi. As only the B2 phases with no Co present in the rst
shell are predicted to be spin polarized, it could be worthwhile to study samples with less than
50% Co for instance Co1.75 Fex Al2−x . The CPP-GMR values are at this moment too low for
application in future hard disks but by optimizing stack properties a further increase might
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be obtained. It would also be interesting to study the eect of the thickness of the layer on
the crystalline structure, because the thicknesses needed in a typical CPP-GMR sensor is ve
times thinner (40Å) than the samples used in this thesis (200Å).

4.2

(Co2Fe)75(Al100−xSix)25

thin lm samples

Two sets of samples were created to study the eect of Si substitution for Al on the crystalline contributions in Co2 FeAl samples. The results of set one, sample 4-8 approximately
[(Co2 Fe)75 (Al100−x Six )25 ] (see section 3.2), is discussed in this section. The other set will be
discussed in section 4.3.
The measured spectra of samples 4, 6 and 8 are shown in Figure 4.6. For an increase in
Si content a shift to the left side of the spectrum can be observed, indicating that replacing
a Al with a Si atom has a negative eect on the hyperne eld. Also an increase in ordering
can be observed. Especially for sample 8: a large part of the spectrum is concentrated in one
resonance peak.

Analysis of the spectra
The analyzed spectra can be found in Figure 4.3b and 4.7. The parameters used to create
the ts can be found in Table D.2 and D.3 in Appendix D.
R values were found in the range 0.07-0.11. Sample 8 stands out, because the frequency
shift of replacing a Co with a Fe atom is clearly dierent with the rest of the samples. This
larger shift could be caused by the fact that only Si is present in the sample. However, this is
not observed for sample 12, which also has no Al present, but has a lower Si concentration.

Resonance frequencies
The frequency parameters used in the ts can be found in Table 4.2. In sample 8 an increase
in ordering is observed in a distinct peak at 152 MHz, reported in [40] of (150.3-153.4 MHz)
for the L21 surrounding of Co2 FeSi (4Fe+4Si). The tted value found for the resonance
frequency for the 4Fe+4Al surrounding of a Co atom is 188.3±1.3 MHz. For the samples
5-7 the frequency shift induced by replacing a Co for a Fe is +12.9±1.1 MHz, this higher
value with respect to the Co2 FeAl samples is probably caused by the presence of Si. The
frequency shift induced by replacing a Fe atom with an Al atom has decreased with respect
to the Co2 FeAl samples, to a value of -23.2±2.9 MHz, which can be attributed by the Si
present in the samples. The frequency change created by replacing an Fe atom with a Si
/Department of Applied Physics
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Figure 4.6 Measured spectra for samples 4-8; approximately

(Co2 Fe)76 (Al100−x Six )24 with

x=0, 25, 60 75 and 100. The shift to lower frequencies for increasing Si concentration is clearly
visible. As is the increase in ordering, which can be especially observed in the Si only sample
(top) where a large part of the spectrum is concentrated in one peak.

Date : August 11, 2011

Eindhoven University of Technology

4.2 (Co2 Fe)75 (Al100−x Six )25 thin lm samples

65

Hyperfine field (T)

8

12

16

20

24

28

Measurement
Fit
L2

1

B2
D0 Al
Intensity (a.u)

3

D0 Fe
3

A2

50

100

150

200

250

300

Frequency (MHz)

Co50 Fe25 Al12.5 Si12.5

(a) Sample 6:

Hyperfine field (T)

8

12

16

20

24

28

Measurement
Fit
L2

1

B2
D0 Si
3

Intensity (a.u)

D0 Fe
3

A2

50

100

150

200

250

300

Frequency (MHz)

(b) Sample 8:

Co50 Fe25 Si25

Figure 4.7 Measured 59 Co NMR spectra of the Co2 FeAlSi samples 6 and 8 with their ts.
One of every four measured points is shown.
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(-fsSi) was found to be -33.0±4 MHz. This value is more negative than reported in [37](-25
MHz). The value is in the order of 10 MHz lower than the frequency shift observed for Al
swapping. This corresponds well with the frequency of the L21 environment going down from
188.3 MHz (4Fe+4Al) to 152 MHz (4Fe+4Si), observed in [16], and is in line with the value
reported in [40] of -32 MHz.

Table 4.2 Variables used in the ts for sample 5-12

Variable
fsFe
fsAl
fsSi
fHeusler

5

6

7

8

9

10

11

12

13.0
26.1
37
187.1

11.8
22.3
32.9
188.0

14
21.7
29.6
187.0

18
22.6
32.4
191.1

13.7
28
35.6
186.0

13.9
28.9
35.9
186.8

13
27.8
34.3
186.0

12.8
26
33.3
189.7

Discrepancies
The spectra of samples 5, 6 and 7 one show two peaks (spectra of 5 and 7 are not shown in
this version), at 135 and 161 MHz, [at the left side of the spectra] that do not correspond with
the t. The peak at 161 MHz could be explained as a rst shell surrounding of 4Fe+3Si+1Al
and the peak at 133 MHz could be a rst shell surrounding of 3Fe+3Si+2Al, small variations
on the L21 rst shell environment. These large distinct peaks are not predicted by the model
and seem to be distinct preferable crystalline surroundings. The peak at 133 MHz can also be
observed in the spectra of sample 13, 14 and 15. These samples have the same concentrations
as sample 6, so this is not strange.

Crystalline contributions
The contributions found in the t of the samples described in this section are plotted in Figure
4.8, an uncertainty of 0.05 has been assumed.
The tted amount of B2 contribution increases with higher Si substitution reaching 88% for
sample 6. This is quite a high percentage which can be explained by the reported calculations
on the energy levels of Co2 FeAl0.5 Si0.5 showing that the B2 structure might have the lowest
energy level, see section 2.1.4.
The amount of L21 contribution is low as can expected from the results of Co2 FeAl samples
and the theoretical calculation for Co2 FeAl0.5 Si0.5 , show that the L21 structure is not the lowest
possible energy state.
The Co2 FeSi sample shows a high concentration of L21 of 22%. This is expected from
other reports showing that Co2 FeSi in the L21 structure is achievable for bulk samples (e.g.
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[16]). From the calculations by Gercsi and Hono [25] (see section 2.1.3), it follows that for
Co2 FeSi the L21 phase is the lowest in energy.
The A2 structure is not present for lower than 12.5% Si concentrations and increases up
till 55% for higher Si concentrations. This could cancel out the increase of spin polarization
due to the increase in L21 structure. Both the D03 phases are quite stable and show no major
changes.
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Figure 4.8 Crystalline contributions from the analyzed ts of samples 4, 6 and 8.

Spin polarization
In the Si substituted samples [Co2 FeAlx Si1−x ], according to the theoretical predictions (see
section 2.3.1 and 2.1.4), the spin polarization is preserved for all L21 phases. The B2 crystalline
structure preserves the spin polarization for x=1 and x=0.50, and for small B2 disorders (25%
B2) also for x=0.25 and x=0.75. The spin polarization for D03 are preserved for x=0 and
x=0.5. For further details see section 2.3.1 and 2.1.4.
For sample 6 the eects of disorder on the spin polarization are assumed the same as
predicted for x=0.5. This has a large inuence on the spin polarized contribution of this
sample. For x=0.5 the only disorder that destroys the spin polarization is A2. As no A2 is
present in this sample, a spin polarization of 100% is predicted. However, when it is assumed
/Department of Applied Physics
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that for sample 6 (not truly x=0.5) the predicted spin polarization is only preserved for the
same disorders as for x=0.25, then only the L21 phase is spin polarized, lowering the spin
polarized contribution to 2%. The investigation of the annealing temperature (see section
4.4) on this sample show that the L21 structure is probably the lowest in energy, suggesting
that the energy levels will more likely be similar to the x=0.25 than the x=0.5 sample.
A general decreasing trend of the predicted spin polarization can be expected for substitution of Si. This is partially caused by the fact that the B2 disorder is not spin polarized for
x=0.25 x=0.75 and x=1 at least above 25% (and likely also for x=0.42), as was the case for
x=0. However a increase can be observed for x=1, due to the increase of the L21 contribution
there. However, the real impact on the CPP-GMR results and spin polarization at elevated
temperatures is unsure. A further study on the DOS of these samples with temperature
dependent NMR could be worthwhile.

Conclusion
Substitution of Si for Al to Co2 FeAl showed no increase in the L21 structure. Only in the
sample where all the Al was substituted by Si an increase in the L21 was observed. Thus
Al substitution to Co2 FeSi prevent the structure to order itself (under annealing at 350o C)
into the L21 structure. As the spin polarized structures for [Co2 FeAlx Si1−x ] with x=0.25 and
x=0.75 (and probably also x=0.42) are limited to 25% B2 disorder and the L21 phase, in
contrast with Co2 FeAl where all B2 structures are spin polarized, no real increase can be
expected in the CPP-GMR eect. However, for x=0.5 all disorders (except for A2 disorder),
are predicted to be spin polarized, making this structure very interesting for future research
as the A2 structure observed in the neighborhood of this point is low (0% in sample 5 and 6).

4.3 (Co2Fe)80(Al100−xSix)20 thin lm samples
The results on the samples 3, 10 and 12 are presented in this section. This set of samples is
used to further study the eect of substituting of Al with Si on the crystalline contributions
in Co2 FeAl samples. In the samples described in this section the Al+Si concentration is kept
at approximately 20%: (Co2 Fe)80 (Al100−x Six )20 .
The measured spectra are shown in Figure 4.6. For an increase in Si content, a shift of
the resonance peaks to the low frequency side of the spectrum is observed. This indicates
that Si has a more negative eect on the hyperne eld than Al. An increase in ordering
as for samples 4-8, can not clearly be observed in these spectra. This could be caused by
the increased Co concentration, bringing the Co concentration substantially above 50%. As
described in section 2.3.2, this excess of Co introduces extra peaks, making a possible ordering
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less visible.

Analysis of the spectra
The analyzed 59 Co NMR spectra can be found in Figure 4.3a, 4.10. For this set of samples
quite good ts were found, R values were found in the range 0.05-0.12, indicating a good
resemblance between the measured data and the ts.

Resonance frequencies
The frequency parameters used in the ts can be found in Table 4.2. For the samples 9-12
a higher value was found for the frequency shift for substituting Co atoms with Fe atoms,
namely +13.3±0.6 MHz, this is higher than the value found for the Co2FeAl samples we saw
earlier (+9.3±0.3 MHz), but the value is in the same order as the samples 5-7 (+12.9±1.1
MHz). The value for substituting a Fe atom with a Al atom is in the same order (-27.4±1.3
MHz) with respect to the Co2 FeAl samples (-27.6±1.3 MHz). However it is substantially
more negative than the shift observed for the samples 5-8 (-23.2±2.9 MHz). The frequency
shift for replacing a Fe atom with a Si atom was found to be -34.8±1.5 MHz which is a bit
lower than the value found for sample 5-8 (-33.0±4 MHz) but within the error margin. The
frequency for Co with 4Fe+4Al atoms in its rst shell was found to be 187.1 ± 2.6 MHz which
is close, and just within the error margin, of the value found for the Co2 FeAl and samples 5-8
(both 188.3±1.3 MHz).

Discrepancies
No large discrepancies can be observed in the tted spectra of the samples. Some of the peaks
show a higher intensity in the measured than in the tted spectrum. This might be attributed
to a dichotomy in the sample where one part shows a long range order and another part of
the sample shows more short range ordered crystalline disorders. This could then result in
two resonance peaks at the same frequency but with dierent widths.

Crystalline contributions
In Figure 4.11 the contributions as function of the Si concentration are shown. An uncertainty
of 0.05 was again assumed to be reasonable. The L21 contribution for these samples is on
average low around 4.5% and tend to be lower for higher Si concentrations. This indicates
again that the substitution of Si does not increase the L21 contributions. Remarkable is that
for the Si only sample no increase in L21 phase is observed, as was the case for sample 8. This
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Figure 4.9 Measured spectra for samples 3, 9-12; approximately

(Co2 Fe)80 (Al100−x Six )20

with x=0, 25, 60 , 75 and 100. The shift to lower frequencies for increasing Si concentration
is clearly visible.
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Figure 4.10 Measured

Co53.3 Fe26.7 Si20

NMR spectra of the Co2 FeAlSi samples 10 and 12 with their
ts. One of every four measured points is shown.
59 Co
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suggests that the preference of the L21 crystallin structure for (Co2 Fe)1−x Six is dependent on
the Si concentration.
The amount of B2 contribution in these samples is high with an average of 56%, showing a
dip to 39% at 9.3% Si concentration. The amount of D03 Al + Si remains low, average 0.06%,
with a peak to 19% at 4.1% Si and disappearing above 11.4% Si. The amount of D03 Fe is
substantial with an average value of 22% with a large dip at again 4.1% Si. The amount of
A2 remains very low except for 9.3% and 14.9% Si where it takes a value of around 26%.
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Figure 4.11 Contribution as function of Si contribution for approximate Co58 Fe26 Al16−x Six

Spin polarization
No direct data on spin polarization for o-stoichiometric Co2 Fe(Alx Si1−x ) samples is available.
As the concentration of Al+Si for the samples described in this section lies around 16% a direct
application of the spin polarization predications for samples with 25% Al+Si contribution
could be questionable. For the Si only sample the spin polarization probably is low as only
the D03 and L21 structure are predicted to be spin polarized. Again the most interesting
sample could be the sample where Al and Si would have almost the same concentrations.
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Conclusion
Substitution of Si for Al in (Co2 Fe)84 Al16 showed no increase in the L21 structure. Even
for the Si only sample no increase of the L21 structure was found, which indicates that a
minimum of Si is apparently needed for a preference of the L21 crystalline structure. For this
particular ratio between Co, Fe and Al+Si the crystalline contributions showed remarkable
constant trends, which might suggest a constant energy levels for the dierent disorders for
Si substitution at Al+Si concentrations around 20%.

4.4 Co2FeAl0.5Si0.5 thin lm samples, dierent annealing
temperatures.
In order to study the eect of annealing temperature on the crystalline structure on Co2 FeAlx Si1−x
samples, samples 6 and 13−16 were created with dierent annealing temperatures. Annealing
at respectively 350, 400, 450, 500 and 600o C for a constant time.
The measured NMR spectra can be found in Figure 4.12. Going up in annealing temperature an increase in the ordering can be seen. This is visible in the increasing contribution
around 165 MHz. Corresponding with approximately 4Fe+2Al+2Si one of the L21 surroundings for Co2 FeAl0.5 Si0.5 .

Analysis of the spectra
The analyzed spectra are presented in Figure 4.7a, Figure 4.13, and Figure 4.14, the tting
parameters can be found in Appendix D in Table D.3 and D.4. The R values of the new ts
were found quite low (0.07-0.08), indicating a good resemblance of the measured data.

Resonance frequencies
The frequency parameters used in the ts can be found in Table 4.3. Replacing of Co atom
with a Fe atom changed the resonance frequency for these samples by on average +13.3±3.3
MHz, which is the same value as found for the samples 9-12 (+13.3±0.6 MHz). The value
seems to increase for higher annealing temperatures. The value for replacing a Fe atom with
a Al was found to be -22.1±2.8 MHz, which is in the same order as for samples of 5-7. The
value for replacing a Fe atom with a Si was tted with -32.7±2.1 MHz on average. This is in
line with the values found for the other samples. The frequency for the 4Fe+4Al surrounding
was tted at 188.1±3.1 MHz, also in line with the previous results.
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Figure 4.12 Measured spectra for samples 3, 9-12. With stoichiometry Co2 FeAl0.5 Si0.5 and
dierent annealing temperatures.
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Figure 4.13 Measured
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NMR spectra of the Co2 FeAl0.5 Si0.5 samples 13 and 14 with
their ts. One of every four measured points is shown.
59 Co
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Figure 4.14 Measured
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annealed at 600o C

NMR spectra of the Co2 FeAl0.5 Si0.5 samples 15 and 16 with
their ts. One of every four measured points is shown.
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Crystalline contributions
The crystalline contributions as a function of the annealing temperature can be found in Figure
4.15. As can be seen the annealing temperature clearly aects the crystalline structure in the
sample. Looking at for instance the B2 contribution in these samples, one can observe that
for the 350o C annealed sample a B2 contribution of almost 80% is found. This contribution
drops gradually to 46% for the 600o C annealed sample. At 450o there is a small dip, which
could be caused by an inaccuracy in the t.
The L21 contribution increases for higher annealing temperatures. Increasing from 2%
(350o C) up till 28% (600o C). Both the D03 contributions stay almost constant for these
annealing temperature range, indicating that there is almost no eect of the annealing temperature on these phases. The A2 contribution shows an increase from 0% at 400o C reaching
37% for 500o C. At 600o C the contribution drops to 0% again.
These trends seem to indicate that the L21 structure has the lowest possible energy level for
Co2 FeAl0.5 Si0.5 . Therefore it is likely that the energy levels look more like the x=0.25 than the
x=0.5 samples in Figure 2.10. Which suggests that the spin polarization will be low for sample
6 and not 100% (see section 4.2). While the B2 contribution decreases for increasing annealing
temperature, the L21 contribution increases and at intermediate annealing temperatures the
A2 disorder increases and decreasing again at higher temperatures.

Spin polarization
The eect on spin polarization, and thus for applications, is not easy to predict from these
trends. The B2 contribution decreases (positive eect), the L21 contribution increases (also
positive) and the temperature, at which the stack has to be annealed, is so high that interdiusion from the dierent layers in the stack can not be excluded (negative). CPP-GMR
measurements by Hitachi are conducted but were not nished at the time of writing of this
thesis, but it is the question if these measurements will show any signicance. Annealing
above 300o C is generally not advised, as the low-coercive eld high-permeability magnetic
shield materials, which are also used as electrical leads, will signicatively degrade [10].

Table 4.3 Variables used in the ts for sample 13-17

Variable
fsFe
fsAl
fsSi
fHeusler

13

14

15

16

10.3
20.3
32.8
186

14.5
21.4
33.5
191

15.4
24.9
33.9
185

14.44
21.8
30.6
190.6
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Conclusion
Annealing the Co2 FeAl0.5 Si0.5 samples suggest that that the B2 disorder is rst converted in
A2 disorder before converting in the L21 ordered structure. This suggest that by annealing
for a longer time period, at intermediate temperatures, an increase in L21 contribution could
be possible. This can (partially) circumvent the problem with the degrading of the shields
materials. Thereby, it would be interesting to investigate the eect of annealing time at a
intermediate temperature, e.g. 450o C.

4.5 Conclusion
For the substitution of Al to Co2 Fe samples a relation could be found between the spin polarized rst shell surroundings (B2 without Co in rst shell and L21 ) present in the samples
and the measured CPP-GMR. Al substitution to Co2 FeSi disturbs the preference for the L21
contribution present in these samples. More research on spin polarization of samples with a
stoichiometry around Co2 FeAl0.5 Si0.5 could be prove to be interesting as at for this stoichiometry only the A2 disorder is predicted not to be spin polarized. Temperature dependent NMR
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could be a very interesting tool to provide information about the DOS of these materials.
Annealing of the Co2 FeAl0.5 Si0.5 samples showed a strong increase in ordering.
The success ratio of the model was high. Almost all samples, measured for this thesis
work, could be analyzed. The tting of the spectra was found to be highly dependent on the
concentrations of the elements present in the sample. Even a few percent change made the
tting with the model almost impossible for all the thin lm samples. The distribution of the
NMR spectra is namely highly dependent on the concentrations of the dierent elements and
as the model uses this concentrations to calculate the heights of the resonance peaks.
With the use of NMR and the developed model, a coherent analysis of thin lm Heusler alloys was achieved. The resolution of this analysis surpasses previous results reported, bringing
the analysis of Heusler alloys with NMR to a new level.
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Chapter 5
Conclusion and Outlook
NMR is a very powerful tool for studying ferromagnetic materials. Measurements in this
report have proven again that NMR is consistent and has the ability to dierentiate between
very similar crystalline surroundings. The NMR spectra were found to be reproducible, including the observed ne structure, which suggests that this ne structure is not an artifact
from the measurement method and is probably caused by the inuence of the second and
further away shells.
By using the newly developed model all ve dierent crystalline surroundings (L21 , B2,
D03 Y, D03 Z and A2) for three and four element Heusler alloys can be distinguished. This
model also correctly takes in account the eects of excess Co or other NMR sensitive elements
in the rst shell environments of these same NMR sensitive nuclei. This exceeds the previous
analysis models used which did not take this last eect into account and did not include D03
environments. The ability to distinguish between these very similar environments exceeds
what can be achieved with other methods such as X-ray spectroscopy. With such methods
it is often dicult to dierentiate between such similar structures, especially for thin disordered lms. The new model oers the possibilities to describe and analyze the eects of
o-stoichiometry and substitution for all the ve crystalline structures, simultaneously.
The success ratio of the model is high. Almost all samples, measured in this thesis, could
be analyzed. The tting of the spectra was found to be highly dependent on the concentrations
of the elements present in the sample. Even a few percent change made the tting almost
impossible for all the thin lm samples. This makes NMR also useful for the study of the
concentrations of the elements present in the sample. However, it presents a limitation too:
the concentrations in the sample have to be known with some accuracy to t the spectra
correctly.
For the partial substitution Co2 Fe by Al a relation could be found between the spin polarized rst shell surroundings (B2 without Co in rst shell and L21 ) present in the samples and
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the measured CPP-GMR. As the excess of Co is thought to depolarize the half metallicity in
these materials, it might be worthwhile to study samples with less Co present, e.g. Co1.75 FeAl.
For the substitution of Al by Si in Co2 FeAl samples the highest ordering was achieved for
sample 8, where all Al was replaced by Si, showing 22% L21 structure. It was observed that
the Al present in these samples seems to disturb the preference for the L21 structure, even
at low Al concentrations. The spin polarized contributions were found to be low for these
samples, suggesting a low CPP-GMR eect. As for Co2 FeAl0.5 Si0.5 all disorders except for A2
were predicted to be spin polarized. It might be worthwhile to study such samples in more
detail in future experiments.
Annealing sample 6, [Co50 Fe25 Al12.5 Si12.5 ], lead to an increase in the L21 ordering at the
expense of B2 disorder. The A2 disorder showed an increase at intermediate temperatures
(400-500)o C. This suggests that the B2 surrounding is rst converted in to an A2 structure,
before ordering in the L21 structure. However annealing at 600o C is not an option from the
device manufacturer's point of view as annealing at these temperatures degrades the shields
present in a read head stack. Therefore it might be worthwhile to study the eect of longer
annealing times at lower temperatures.
Substitution of Al by Si in (Co2 Fe)80 Al20 showed no increase in the L21 structure even for
the sample with exclusively Si. This suggests that the preference in Co2 FeSi samples for the
L21 structure is dependent on the Si concentration. The constant trends for the crystalline
structures in these samples suggest constant energy levels for the dierent types of disorder.
NMR does have a disadvantage compared with other methods studying crystalline structures. The studying of local environments is only available for ferromagnetic materials. Nonferromagnetic materials lack the large hyperne elds present at the NMR sensitive nuclei
and require large applied elds to be measured. These high elds screen the 'small' hyperne
elds, which provide information about the local surroundings, making it impossible to measure the latter. The same applies for non-ferromagnetic phase separations in ferromagnetic
samples. As such NMR is a very powerful tool but can not completely replace other methods.
The capability of the model to analyze the spectra of Y NMR sensitive nuclei makes it
practical to study XY NMR sensitive materials, e.g. Co2 MnSi. The results of the studies on
disordered single crystalline samples, that are fabricated at the time of writing of this report,
will be needed to further develop the model.
The single crystalline Co2 MnSi samples showed a large L21 contribution in both the 55 Mn
as the 59 Co spectrum. The relative intensities in the spectra suggests, however, that less than
50% Co is present.
The model is far from nished and could be extended with dierent options. For instance
it could easily be used with a little bit of adaption (or even just switch Al and Fe) to analyze
X2 (Y1−x Y 0 x )Z compounds, (substitution of the Y component). It can also be adapted to
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analyze half-Heusler alloys. Furthermore, second shell environments could be included but
this would probably increase the amount of variables to such a high number that it remains
to be seen wether the outcome would be meaningful. Also the computational speed of the
tting procedure (which is already quite long) will increase dramatically. Thus to include this
step, the program could maybe be rewritten in a more ecient way. A way to improve the
uncertainty in the ts is to create a general tting procedure, tting multiple samples at the
same time with constant set of variables. This would be a very helpful improvement to the
model.
The question remains what eects the interfaces have on the NMR spectra of thin layer
lms. To study these eects a set of samples is prepared by Hitachi, with thicknesses of the
layer ranging from 4-20nm. This makes the interface eect more pronounced as a larger part
of the Co nuclei will experience these interface eects. As NMR studies the local surroundings
of NMR sensitive nuclei, no long range order is needed in the sample and so making it ideal
to study these very thin lms. These samples can also be used to study the eect of thickness
on the ordering of the samples, of which little is known at this moment.
With NMR it is also possible to preform a temperature dependent measurement. These
can provide information about the spin dependent DOS of the studied materials [41]. With the
combination with normal NMR measurements a direct link between the crystalline structure
and the spin polarization of these samples can be made. This would of course be a very
interesting.
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Appendix A
Hardware modications
During measurements, and evaluation of previous measurements, it was observed that at
frequencies lower than 120MHz the intensity dropped -10dBm. To investigate the reason for
this drop the intensity of the whole frequency spectrum was measured with the same input
intensity. This small experiment showed that the receiver locked not correctly into the signal
for all frequencies. Further the diered with more than 10dBm in intensity at dierent ranges
of frequencies.
To understand the solution to this problem that was applied, rst the original conguration
for the hardware will be explained. Figure A.1 shows that the signal is generated by the
synthesizer. This signal is send to the sample. Meanwhile a signal is generated by one of the
voltage controlled oscillators (VCO's) depending on the frequency used. This signal has the
same phase as the signal generated by the synthesizer. The VCO generates a signal which is
70MHz above or below (or in one case 40MHz) the signal generated by the synthesizer. This
signal passes some amplifying and attenuating steps which will not be discussed here. The
signal is then led into the corresponding mixer unit, where it is mixed with the signal from
the sample. This leads to a signal of ±70MHz or in one case ±40MHz which is then processed
further.
Studying the ve dierent VCO's and corresponding mixer units it was discovered that
only two VCO's and one mixer unit were really needed. This lead to a frequency range of
72-415MHz. In this frequency range the output power is almost constant and the receiver
locks all frequencies. The problem was not observed before, because it played only a role at
the high and low frequency range which were not often used. The new set-up can be seen in
gure A.2. To direct both the VCO's signals to the mixer unit a shielded relay was used (for
an electrical outline of the added hardware see gure A.3).
The duplexer boxes (electronic switches) were also measured. A total of three duplexer
boxes are available for dierent frequency ranges: 100-200MHz, 150-300MHz and 300-500MHz.
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Figure A.1 Original conguration of the VCO's and mixer units.
The measurements showed that the duplexerbox 100-200MHZ was not needed and that the
duplexerbox 150-300MHz could be used in the range from 72MHz-310MHz and the duplexer
box 300-500MHz for the remainder of the capable frequency range of the apparatus (300415MHz).

Figure A.2 New conguration of the VCO's and mixer units.
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Figure A.3 Relay used to switch between the two dierent VCO's
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Appendix B
Software
To work with the applied changes in the hardware (see Appendix A) the software had to
be adjusted as well. Therefore in the 'nmrint2.c' le the code was adjusted. The changes
were applied at 19/11/2010 on the 'select_vco' program. Here the frequencies were adjusted
for the selection of the dierent vco's and upper and lower mixing. These frequencies were
selected in such a way that over the whole frequency spectrum the output level is calibrated
to be the same. Further a switch command is added to the program. This switch command is
used to set the output two on the 'BL stappenmotor interface' (STPMADR+1,2) high or low.
This switches the relay and therefore sets the correct path for the VCO signal (see section A).
The adjusted version can be found in the 'NMR software Labwindows' map in the bookshelf
next to the NMR.
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Appendix C
Heusler NMR Model
To analyze the measured Heusler alloy spectra a tting model was designed by the author.
This 'MATLAB' model simulates the NMR spectra for the ve possible dierent crystalline
structures (see section 2.1.1). These spectra are dependent on dierent variables such as the
frequency shifts from nearest neighbors and line widths of the resonance peaks. The model
builds on a number of assumptions that can be found in section 2.3.4. In this part the Heusler
alloy Co2 FeAl100−x Six will be used, but the model can be used to simulate and t all X2 YZ
Heusler alloys with X the NMR sensitive nucleus. A model for X2 YZ with Y as NMR sensitive
nucleus is also developed and a description can be found in the next section.

C.1 Variables and GUI screen
The tting model is build in a graphical user interface (GUI) (see Figure C.1) which enables
the user to change dierent settings, conditions and starting values in an easy way. A user
can load a '.txt' le with in the rst column the frequency, the second column the corrected
intensity and in the third column the rf power. How to create such a le from the .nmt le
created by the NMR program is described in the NMR instruction guide which can be found
in the NMR map in the FNA folder on the network. When the le is loaded the spectrum is
shown in the plot area.
The sample number has to be given in next (sample numbers have to be dened in the
program itself and state the concentrations of Co, Fe, Al and Si (X, Y, Z).) which gives the
program the required concentrations of the sample's elements. For a proper analysis these
concentrations have to be known. If one is uncertain about the correct values the box 'Vari?'
can be checked. This enables the tting program to variate the concentrations (slightly)
during the tting process.
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Figure C.1 Graphical user interface for the tting program.
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Next the widths of the resonance peaks can be submitted. For each crystalline structure
there is a value that can be submitted. For the B2 and D03 crystalline phase two values
can be submitted that take account for Co at 8c position or Co at another position. The
values can be chosen to be the same by enabling 'same'. This will result in 'wB2 X'='wB2
YorZ'='wD03 X'='wL21' and 'wA2'='wD03 YorZ'. Dierent widths for each crystalline phase
can be expected because of dierence in the next neighbor and further away shells between
the crystalline phases. In the case of very small grain sizes of the crystalline phases these
dierences can vanish and similar values for the widths are to be expected. All variables can
separately held constant during the tting procedure by enabling 'hold'.
Than the frequency shift for Fe (Y atom) 'fsFe' can be submitted in the rst eld. The
elds to the right can be used to enter values to turn the linear frequency shift in a square
or cubic one. The frequency shifts for Al and or Si can now also be submitted but take care
these values are fsFe-fsAl or fsFe-fsSi respectively. This has been conducted to enable the
standard position of the main L21 peak constant while altering the frequency shifts. Also for
the Al and Si square and cubic values can be added, take care to hold these values constant
during tting when not using these.
The eld 'fHeusler' can be used to give in the frequency of the main peak in the L21
spectrum. In our case the peak resembles Co with four Fe and four Al in the rst shell. To
calculate the frequency for Co with eight Co neighbors the following formula is used:

f8Co = f Heusler − 4 · fsFe − 4 · fsAl.

(C.1)

The next four elds are for starting values for the amount of the crystalline structures in
your sample. These have to be given in as a percentage in the way that 50% is 0.5. The
value for A2 can not be held constant at this moment and is automatically calculated by the
program using:

A2 = 1 − L21 − B2 − D03,Al − D03,Fe .

(C.2)

The last variable is the scaling vector which scales the total area of the sum of all resonance
peaks to the measured spectrum. To plot the spectra in an external plot screen 'plots' can
be enabled. By pressing the 'Plot' button the given variables are read in the program and
the program plots the resonance spectra. The output plots can also be written to a '.txt' le
by checking the 'output le' checkbox. The output le will be the loaded le with '_tted'
added to it. Both options described above work when plotting or tting. Further the program
calculates the dierence between the loaded spectrum and the 't' the output is given in the
R eld. Where R is dened as:

Pfend p
(Ifit (f ) − Imsr (f ))2
f =fb
,
R=
Pfend
f =fb Imsr (f )
/Department of Applied Physics
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Pf

where fend
=fb is the sum over all frequencies in the loaded spectrum, Ifit (f ) is the total intensity
of the simulated peaks at the specic frequency f , Imsr (f ) is the intensity of loaded spectrum
at frequency f . The lower the value of R the better the t corresponds with the measured
spectrum.

C.2 Calculating concentrations for crystalline phases
As mentioned in section 2.3.4 the concentrations of the dierent elements in one sample for
dierent crystalline structures do not have to be the same. To simulate the resonance peaks
these concentrations have to be calculated. Six dierent start conditions for the concentrations
can be distinguished, these can be found in Table C.1.

Table C.1 Possible combinations of concentrations of elements in sample. Left number is
the case number. Combinations <50% <25% <25% and >50% >25% >25% are not present
as they can not add up to a total of one.
number

1
2
3
4
5
6

Co
> 50%
≥ 50%
≥ 50%
< 50%
< 50%
< 50%

Fe
< 25%
≥ 25%
< 25%
≥ 25%
< 25%
≥ 25%

Al + Si
< 25%
≤ 25%
≥ 25%
≥ 25%
≥ 25%
< 25%

The requirements for the dierent phases these can be found in Table C.2

Table C.2 Requirements for the dierent crystalline phases
Phase

L21
B2
D03 Al
D03 F e
A2

Co
= 50%
≥ 50%
-

Fe
= 25%

Al + Si
= 25%

-

-

≥ 25%
-

≥ 25%
-

The simplest cases are number two, three and four (see Table C.1). Case number two will
be worked out as a example how to calculate the concentrations for the dierent crystalline
structures. Say the sample consists of 55% Co, 30% Fe and 15% Al+Si. For this instance the
amount of crystalline phase: A, B, C, D and E, where respectively the amount of L21 , B2,
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D03 Al, D03 F e and A2, will be used. First looking at the amount needed for the L21 phase.
The percentage of Co and respectively Fe and Al+Si becomes:
0.55 − A · 0.5
1−A
0.30 − A · 0.25
F e1 =
1−A
0.15 − 0.25 · A
(Al + Si)1 =
1−A

(C.4)

Co1 =

(C.5)
(C.6)

Choosing a too large value for A will result in negative values for Al+Si. The program
checks for each step and when this is the case it disregards these values and searches for a new
one (tting) or gives an error message (plotting). The relative concentrations are adjusted
(when A 6= 0). The amount of Fe and Co has increased relatively to Al+Si. There is another
crystalline phase that has an inuence on the relative ratio's that is the amount of D03 Al as
this needs at least 25% Al+Si as can be seen in Table C.2 (the requirement that for D03 Fe
the percentage of Fe is greater than 25% has automatically been fullled, just as the amount
of Co for the B2 phase). The percentage of Al+Si becomes now:

(Al + Si)2 =

0.15 − 0.25 · A − 0.25 · C
.
1−A−C

(C.7)

The percentage of Co and Fe become respectively:

Co2 =
F e2 =

0.55 − A · 0.5 − C · 0.75 ·

1−A−C
0.30 − A · 0.25 − C · 0.75 ·
1−A−C

Co1
Co1 +F e1
F e1
Co1 +F e1

.

(C.8)
(C.9)

These concentrations can now be used to ll the other crystalline phases (B2, D03 Fe and A2).
The same procedure can be conducted to achieve concentrations for all phases for cases three
and four.
For cases one, ve and six the calculation of the concentrations is a bit more dicult. Here
not only the L21 and one other phase have an inuence but now in total three phases have an
inuence on the concentrations of the crystalline structures. This has as eect that a choice
can be made which concentration will be taken rst after subtracting the amount needed for
the L21 phase. These two cases have in general dierent outcomes and at this moment the
choice is made to take the average value as the most evenly spread case. As the ratio between
Al and Si is not adjusted in by any of these phases the ratio is dened as follows:

AS =
/Department of Applied Physics
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Al + Si

(C.10)
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C.3 Calculating resonance peaks
Now the concentrations of the separate crystalline phases are calculated, the resonance peaks
of the crystalline phases can be simulated. Starting with the L21 phase. In this phase all Co
atoms are at the 8c Wycklo position and the 4b positions are occupied by the Fe atoms, the
4a positions are lled with Al and Si. Thus the only thing that can be altered is the amount
of Al versus the amount of Si. A general resonance peak is given by a Gaussian:

RP (f ) =

2
2
1
p
e− ω2 (f −fx ) ,
ω π/2

(C.11)

where ω is the "width" of the peak, fx the frequency shift for the particular environment (see
equation C.13). The rst term ( √1 ) normalizes the area of the peak. The in this thesis
ω·

π/2

called width of the peak is in reality the standard deviation, the full width at half maximum
(FWHM) can be calculated by:

√
F W HM = 2 2ln2ω,

(C.12)

The frequency of the resonance peak can be calculated with help of the frequency shifts and
the base frequency found in equation C.1:

fx (nF e, nAl, nSi) = f8Co + fs,Fe · nF e + fs,Al · nAl + fs,Si · nSi,

(C.13)

with fs,X is the frequency shift for swapping a Co atom for a X atom in the rst shell and nX
is the number of X atoms in the rst shell.
For L21 , nF e will be four and nAl + nSi will also be four. For the distribution of Al and
Si a binomial distribution is assumed with as chance o success the ratio found in equation
C.10. The chance of having an environment with nAl Al atoms in the L21 environment (and
thus nSi = 4 − nAl) is given by:


pL21 (nAL) =


4
4!
AS nAl (1 − AS)nSi
AS nAl (1 − AS)nSi =
nAl
nAl!nSi!

(C.14)

The total signal of L21 will thereby be given by:

L21 =

4
X

2
2
p
pL21 e− ω2 (f −fx )
ω π/2
nAl=0

(C.15)

For the B2 crystalline structure, all the 8c positions are occupied by Co atoms. The rst
shell around these atoms is lled with a random distribution of Fe, Al, Si and Co (if the Co
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concentration in the B2 phase is above 50%, see section C.2). The chance of having nCo Co
atoms in the rst shell of Co atoms at the 8c position is given by:




8
(pCo1 )nCo (1 − pCo1 )8−nCo ,
nCo

pB2 Co(nCo) =

(C.16)

with:

pCo1 =

CoB2 − 0.5
,
CoB2 − 0.5 + F eB2 + AlB2 + SiB2

(C.17)

where XB2 are the concentrations of the X atoms in the B2 phase (see section C.2). The
chance then to nd nF e Fe atoms at the places lled not occupied by Co are then:



8 − nCo
pB2 F e(nCo, nF e) =
(pF e1 )nF e (1 − pF e1 )8−nCo−nF e ,
nF e

(C.18)

with:

pF e1 =

F eB2
F eB2 + AlB2 + SiB2

(C.19)

The other places will be lled by a random distribution of Al and Si:


pB2 Al(nCo, nF e, nAl) =


8 − nCo − nF e
AS nAl (1 − AS)8−nCo−nF e−nAl
nAl

(C.20)

The signal for the Co atoms at the 8c position is given by:
8
8−nCo
X
X 8−nCo−nF
X e pB2 Co · pB2 F e · pB2 Al − 2 (f −f )2
x
p
e ω2
B28c =
ω
π/2
nCo=0 nF e=0
nAl=0

(C.21)

The Co atoms at the 4a or 4b positions also produce a resonance signal. These Co nuclei have
eight Co atoms (at 8c positions) in their rst shell thus they produce the following signal:

B24a,4b =

2
2
1
p
e− ω2 (f −f8Co )
ω π/2

(C.22)

The D03 Al crystalline structure has Co atoms at 8c and 4b positions (4a positions are
occupied by Al and Si). The Co, Fe and the surplus of Al and Si occupy together the 8c and
4b positions. Looking at the surrounding for a Co at the 8c position the cnahce of nding Co
in the rst shell is given by:


pD03 Al Co1 (nCo) =
/Department of Applied Physics


4
(pCo2 )nCo (1 − pCo2 )4−nCo ,
nCo

(C.23)
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with:

pCo2 =

CoD03 Al
,
CoD03 Al + F eD03 Al + AlD03 Al + SiD03 Al − 0.25

(C.24)

where XD03 Al are the concentrations of the X atoms in the D03 Al phase (see section C.2).
The chance then to nd nAl Al atoms at the 8c and 4b positions not occupied by Co are
then:



4 − nCo
pD03 Al Al1 (nCo, nAl) =
(pAl1 )nAl (1 − pAl1 )4−nCo−nAl ,
nAl

(C.25)

with:

pAl1 =

AlD03 Al
F eD03 Al + AlD03 Al + SiD03 Al − 0.25

(C.26)

The other positions will be lled by a random distribution of Si and the surplus of Fe:


pD03 Al Al8c,4b (nCo, nF e, nAl8c,4b ) =


4 − nCo − nF e
AS nAl8c,4b · ...
nAl8c,4b
(1 − AS)4−nCo−nF e−nAl8c,4b

(C.27)

The 4a positions will be lled with Al and Si with distribution.




4
AS nAl4a (1 − AS)4−nAl4a
nAl4a

pD03 Al Al4a (nAl4a ) =

(C.28)

The signal for the Co atoms at the 8c position is given by:

D03 Al8c

4
4
4−nCo
X
X 4−nCo−nF
X e X
pD03 Al Co1 · pD03 Al F e1 · pD03 Al Al8c,4b · pD03 Al Al4a
p
· ...
=
ω
π/2
nCo=0 nF e=0 nAl8c,4b =0 nAl4a =0
2

2

e− ω2 (f −fx ) ,

(C.29)

where in fx (nAl, nSi), nAl and nSi are given by: nAl = nAl8c,4b +nAl4a and nSi = nSi8c,4b +
nAl4a . For the Co atoms at the 4b positions the rst shell environment will be eight 8c
positions lled with Co, Fe and the surplus of Al and Si. The change of nding nCO Co
atoms in the rst shell will be given by:


pD03 Al Co2 (nCo) =


8
(pCo2 )nCo (1 − pCo2 )8−nCo
nCo

(C.30)

The chance then to nd nF e Fe atoms at the 8c positions not occupied by Co are then:



8 − nCo
pD03 Al F e2 (nCo, nF e) =
(pF e2 )nF e (1 − pF e2 )8−nCo−nF e ,
nF e
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with:

pF e2 =

F elD03 Al
.
F eD03 Al + AlD03 Al + SiD03 Al − 0.25

(C.32)

The other positions will be lled with the surplus of Al and Si:


pD03 Al Al2 (nCo, nF e, nAl) =


8 − nCo − nF e
AS n Al(1 − AS)8−nCo−nF e−nAl
nAl

(C.33)

The signal for the Co atoms at the 4b position is given by:

D03 Al4b =

8
8−nCo
X
X 8−nCo−nF
X e pD0

3 Al

nCo=0 nF e=0

nAl=0

Co2 · pD03 Al F e2 · pD03 Al Al2 − 22 (f −fx )2
p
e ω
ω π/2

(C.34)

For the D03 Fe crystalline phase the signal is calculated at a similar way. This phase has
Co atoms at the 8c and 4a positions (4b positions are occupied by Fe). The Co, Al, Si and
the surplus of Fe together occupy the 8c and 4a positions. The chance of nding a Co atom
at the 8c position with Co in its surrounding given by:


pD03 Fe Co1 (nCo) =


4
(pCo3 )nCo (1 − pCo3 )4−nCo ,
nCo

(C.35)

with:

pCo3 =

CoD03 F e
,
CoD03 F e + F eD03 F e − 0.25 + AlD03 F e + SiD03 F e

(C.36)

where XD03 F E are the concentrations of the X atoms in the D03 Fe phase (see section C.2).
The chance then to nd nAl Al atoms at the 8c and 4a positions not occupied by Co are
then:



4 − nCo
pD03 Fe Al1 (nCo, nAl) =
(pAl2 )nF e (1 − pAl2 )4−nCo−nF e ,
nAl

(C.37)

with:

pAl2 =

AlD03 F e
F eD03 F e − 0.25 + AlD03 F e + SiD03 F e

(C.38)

The other positions will be lled by a random distribution of Fe and Si:



4 − nCo − nAl
pD03 Fe Si1 (nCo, nAl, nSi) =
(pSi1 )nSi (1 − pSi1 )4−nCo−nAl−nSi , (C.39)
nSi
/Department of Applied Physics
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with:

pSi1 =

SiD03 F e
F eD03 F e − 0.25 + SiD03 F e

(C.40)

The number of Fe atoms at 4a positions will then be given by:

nF e4a = 4 − nCo − nAl − nSi

(C.41)

The 4b positions will be lled with Fe. The signal for the Co atoms at the 8c position is given
by:

D03 Fe8c =

4
4−nCo
X
X 4−nCo−nAl
X
pD0

3 Fe

nCo=0 nAl=0

nSi=0

Co1 · pD03 Fe Al1 · pD03 Fe Si1 − 22 (f −fx )2
p
e ω
,
ω π/2

(C.42)

where in fx (nF e), nF e is given by nF e = 4 + nF e4a . For the Co atoms at the 4a positions
the rst shell environment will be eight 8c positions lled with Co, Al, Si and the surplus of
Fe. The change of nding nCO Co atoms in the rst shell will be given by:


pD03 Fe Co2 (nCo) =


8
(pCo3 )nCo (1 − pCo3 )8−nCo
nCo

(C.43)

The chance then to nd nAl Al atoms at the 8c positions not occupied by Co are then:


pD03 Fe Al2 (nCo, nF e) =


8 − nCo
(pAl2 )nF e (1 − pAl2 )8−nCo−nF e
nAl

(C.44)

The other 8c positions will be lled by a random distribution of Fe and Si:



8 − nCo − nAl
pD03 Fe Si2 (nCo, nAl, nSi) =
(pSi1 )nSi (1 − pSi1 )8−nCo−nAl−nSi
nSi

(C.45)

The number of Fe atoms at 8c positions will then be given by:

nF e8c = 8 − nCo − nAl − nSi

(C.46)

The signal for the Co atoms at the 4a position is given by:

D03 Fe4a =

8
8−nCo
X
X 8−nCo−nAl
X
pD0

3 Fe

nCo=0 nAl=0

nSi=0

Co2 · pD03 Fe Al2 · pD03 Fe Si2 − 22 (f −fx )2
p
,
e ω
ω π/2

(C.47)

where in fx (nF e), nF e is given by nF e = nF e8c .
For the A2 crystalline structure all positions in the rst shell of each Co nuclei are randomly
lled. The position of the Co atom does not matter in this case because for every position all
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rst shell environments are the same (random distribution of Co, Fe, Al and Si). The chance
of nding nCo Co atoms in the rst shell around a Co atom is:


pA2 Co(nCo) =


8
(pCo3 )nCo (1 − pCo3 )8−nCo
nCo

(C.48)

with:

pCo3 =

CoA2
,
CoA2 + F eA2 + AlA2 + SiA2

(C.49)

where XA2 are the concentrations of the X atoms in the A2 phase (see section C.2). The
chance then to nd nF e Fe atoms in the rst shell at positions not occupied by Co are then:



8 − nCo
pA2 F e(nCo, nF e) =
(pF e3 )nF e (1 − pF e3 )8−nCo−nF e ,
nF e

(C.50)

with:

pF e3 =

F eA2
F eA2 + AlA2 + SiA2

(C.51)

The other positions in the rst shell will be lled by a random distribution of Al and Si:



8 − nCo − nF e
pA2 Al(nCo, nF e, nAl) =
AS nAl (1 − AS)8−nCo−nF e−nAl
nAl

(C.52)

The number of Si atoms in the rst shell will be given by:
(C.53)

nSi = 8 − nCo − nF e − nAl
The signal for the A2 phase will then be given by:
8
8−nCo
X
X 8−nCo−nF
X e pA2 Co · pA2 F e · pA2 Al − 2 (f −f )2
x
p
A2 =
e ω2
ω
π/2
nCo=0 nF e=0
nAl=0

(C.54)

C.4 Total signal
As NMR signals are dependent on the Co concentrations (see equation 2.8). The (normalized)
signals can be added keeping in mind the concentrations in each phase. For the D03 crystalline
structures 23 of the Co atoms will be at the 8c position and 13 in the 4a or 4b position depending
on the type of D03 structure. The total signal will then be:

2
Total = S · (0.5 · L21 + 0.5 · B28c + (CoB2 − 0.5) · B24a,4b + CoD03 Al( · D03 Al8c + ...
3
1
2
1
· D03 Al4b ) + CoD03 F e( · D03 Fe8c + · D03 Fe4a ) + CoA2 · A2)
(C.55)
3
3
3
With S the scaling factor.
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C.5 Y NMR
The program can also be used to analyze Heusler compounds with Y the NMR sensitive
element. If more than one NMR sensitive elements are present at for instance the X and
Y position then both spectra should not overlap to be able to analyze the data with this
model. For instance the 55 Mn spectrum of Co2 MnSi can be studied as the spectra don't
overlap. This extra analysis provides a crosscheck between the two spectra. The spectra are
calculated in the same way only from the point of view of the Y element instead of the X
element. Therefore, in the rst shell there is no dierence between a L21 and B2 environment
(both eight Co atoms as nearest neighbors) thus no distinguish can be made by the model
between these crystalline structures. Apart from the 'normal' X NMR model as described
above a Y NMR model has been written en can be found in the NMR folder at the FNA
network.

C.6 Fitting
For the tting procedure in the model two functions can be used. For these tting procedures
the 'Optimization Toolbox' of MATLAB has to be installed. It is recommended to install
the 'Parallel Computing Toolbox' as it increases the speed of the tting. The rst tting
procedure is the so-called 'lsqcurvet'. This function solves nonlinear curve-tting (datatting) problems in least-squares sense. It accepts two boundary conditions in the form of
an upper bound and one lower bound array. To hold a variable the lower bound and upper
bound are chosen very close to the desired value. When not holding a value the lower and
upper bound can be chosen at will. The second tting procedure that can be chosen is the socalled 'nlintsome'. This function 'uses nlint' which is based on the Levenberg-Marquardt
algorithm for nonlinear least squares to compute non-robust ts. The values can be kept
constant or set free by dening a logical vector with an entry for each variable. Due to the
large amount of calculations that has to be conducted each tting step the use of a fast
computer is recommended.

C.7 Further options
The model is far from nished and could be extended with dierent options. For instance it
could easily be used with a little bit of rewriting (or even just switch Al and Fe) to analyze
X2 (Y1−x Y 0 x )Z , thus substitution of the Y component. It can be rewritten to analyze halfHeusler alloys. Further second shell environments could be directly included but this would
probably increase the amount of variables to such a high number that it is questionable that
Date : August 11, 2011

Eindhoven University of Technology

C.7 Further options

107

the outcome can be physically representable. Also the computational speed of the tting
procedure (which is already quite long) will increase dramatically. Thus to include this step,
the program could maybe be written in a more ecient way. A way to improve the uncertainty
in the ts a general tting procedure, tting multiple samples at the same time with the same
set of variables with only a few parameters free for each separate sample (contributions),
would be much helpful (although not easy to develop).
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Appendix D
Fitting parameters
In this appendix the following listed parameters are used. These parameters are the same as
that can be used in the tting program.

wL21

The width1 of the L21 peak(s) in MHz.

wB2 X

The width1 of the B2 peaks in MHz for Co at the X position.

wB2 Y or Z
wD03 X

The width1 of the B2 peaks in MHz for Co at the Y or Z position.

The width1 of the D03 peaks in MHz for Co at the X position.

wD03 Y or Z
wA2

The width1 of the D03 peaks in MHz for Co at the Y or Z position.

The width1 of the A2 peaks in MHz.

fsFe

The frequency shift for replacing a Co atom with a Fe atom in the rst shell of a Co
atom, in MHz.

fsAl

The frequency shift for replacing a Al atom with a Fe in the rst shell of a Co atom, in
MHz.

fsSi

The frequency shift for replacing a Si atom with a Fe atom in the rst shell of a Co
atom, in MHz.

fHeusler
L21
B2

The frequency for the Co2 FeAl L21 surrounding of 4Fe + 4Al, in MHz.

The L21 contribution in the sample.
The B2 contribution in the sample.
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D03Al

The D03 Al, Si contribution in the sample.

D03Fe

The D03 Fe contribution in the sample.

A2

The A2 contribution in the sample.

S

Scaling constant.

R

Value that indicates how good the t on a scale from 0 (perfect) up till ∞ (bad) (see
section 4.1.1 and C.1 for details).

the width is in reality the standard deviation see section C.3 for further details For
further details about these parameters see Appendix C.1
1

Table D.1 Variables used in the t for the old sample from [19]

Variable
sample Patrick
wL21
10.2
wB2 X
9.5
wB2 Y or Z
15.0
wD03 X
25
wD03 Y or Z
12
wA2
25
fsFe
11
fsAl
24.8
fHeusler
184.8
L21
0.02
B2
0.11
D03Al
0.02
D03Fe
0.31
A2
0.53
S
1674
R
0.09
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Table D.2 Variables used in the ts for sample 1-4

Variable
wL21
wB2 X
wB2 Y or Z
wD03 X
wD03 Y or Z
wA2
fsFe
fsAl
fHeusler
L21
B2
D03Al
D03Fe
A2
S
R

1

2

3

4

12.1
15.0
22.4
22.0
10.3

15.5
9.4
30
22.0
15.3
9.04

13.4
15
13.6
21.6
22
8.6

14.7
17.0
17.0
19.1
15.0
16.1

11.4
24.8
185.3

9.48
26.6
188.0

9.33
28.9
188.6

9.2
27.4
187.4

0.52
0.42
0.06

0.10
0.50
0.10
0.15
0.15

0.06
0.63
0.04
0.27
0

0.05
0.57
0.12
0.25
0

6423
0.09

6377
0.09

7096
0.11

10153
0.12
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Table D.3 Variables used in the ts for sample 5-12

Variable
5
wL21
wB2 X
wB2 Y or Z
wD03 X
wD03 Y or Z wA2
fsFe
fsAl
fsSi
fHeusler
L21
B2
D03Al
D03Fe
A2
S
R
-

6

7

8

9

10

11

12

10
10
10
10
10
12

-

10
12
12
10
10
11

-

10.8
13.1
13.1
20
20
20

-

8
15
15
15
15
15

11.8
22.3
32.9
188.0

-

18
22.6
32.4
191.1

-

13.9
28.9
35.9
186.8

-

12.8
26
33.3
189.7

0.02
0.88
0.10
0
0

-

0.22
0.23
0
0
0.55

-

0.03
0.39
0.06
0.26
0.26

-

0.03
0.55
0
0.16
0.26

1369
0.10

-

8740
0.11

-

2970
0.07

-

3959
0.05
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Table D.4 Variables used in the ts for sample 13-17

Variable
wL21
wB2 X
wB2 Y or Z
wD03 X
wD03 Y or Z
wA2
fsFe
fsAl
fsSi
fHeusler
L21
B2
D03Al
D03Fe
A2
S
R

13

14

15

16

9.5
10.5
11.4
10.2
10.8
11.3

10
10
10
10
10
8

7.7
9.8
7.2
10
15
15

12.9
10
10.9
10
11.7
8

10.3
20.3
32.8
186

14.5
21.4
33.5
191

15.4
24.9
33.9
185

14.44
21.8
30.6
190.6

0.08
0.79
0.12
0
0

0.08
0.36
0.22
0
0.33

0.07
0.47
0.09
0
0.37

0.28
0.46
0.18
0.07
0

1819
0.08

5150
0.07

4052
0.07

3554
0.08
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