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Introduction
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1.1 Motivation and objectives

Thin magnetic films have been the subject of study for several decades, but to

this day, this area of research remains highly active. Their popularity is usually

appertaining to the presence of surfaces and material interfaces, which make the

properties of thin magnetic films very different from their bulk forms. While bulk

magnets have already become an inseparable part of modern-day technology, low-

dimensional magnetic structures still have a huge potential of widespread practical

applications.

The thesis aim is explanation of the influence of specific structure of the selected

thin films of Co2YZ Heusler alloys on their magnetoelastic properties, magnetic

anisotropy and dissipative processes which occur in the magnetic thin film. All

these properties are strongly affected by both the magnetic layer composition and

application of different buffer or cover layers. These parameters in thin films are

expected to be significantly different than in bulk materials, and they are very

important from the viewpoint of applications of magnetic thin films in spintronic

and magnonic devices [1].

Despite on large number of investigations [1, 2] magnetoelastic properties of the

Heusler materials remain poorly understood. Especially it concerns on thin magnetic

films; it is very important to find out how the specific structure of thin films affects

the magnetoelastic properties of these materials, including surface effects, so far as

a list of techniques that allow to investigate these properties is very limited.

Another property of thin films whose appropriate engineering is desirable is

magnetic damping. For instance relatively high power consumption, which decreases

with the Gilbert damping factor, remains one of the main reasons, why magnetic

random access memory still has a long way to go before it will replace semiconductor

volatile computer memories.

Impressive progress has been made in the nonreciprocal microwave devices

development whose properties can be voltage controlled with the aid of a

piezoelectric effect [3]. These devices could be improved if materials possessing low

magnetic losses but a strong magnetic response to mechanical strain were available.

Only recently such materials have been demonstrated [4]. In that research a new
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class magnetoelastic thin films with low magnetic damping was founded, which is

promising for creation of new spin-mechanical devices.

Another area where low-damping high-magnetostriction materials are needed

are so-called acoustic spintronic devices, in which spin currents are generated

by mechanical excitation [5, 6, 7]. Despite some experimental work performed

so far (e.g. [8]), the mechanism of the correlations between the magnetoelastic

properties and damping remains poorly understood. The most such investigations

were conducted for the permalloy type materials.

In the framework of the thesis, conducting thin films containing layers of

Co2YZHeusler alloys, Co2FexMn1−xSi (CFxM1−xS), Co2Fe0.4Mn0.6Si (CFMS) and

Co2FeGa0.5Ge0.5 (CFGG), were investigated. These quaternary alloys play leading

roles in half-metallic ferromagnetic materials and possess high spin polarization,

high Curie temperature (TC) and low dissipative parameters [1, 2].

There are extremely few studies of the magnetoelastic properties [9, 10, 11] and

no such complex studies for the generally intensively studied thin Co2YZ Heusler

magnetic films.

The study revealed how the magnetic properties of CFxM1−xS change with

a change in the composition of iron and manganese. To do this, a series of

samples, which have a constant magnetic layer thickness, was investigated in order

to minimize the number of factors affecting the properties under study.

Among the CFxM1−xS thin film family, the most promising from the application

side is CFMS (Fe = 0.4, Mn = 0.6) [1]. For this composition and for the CFGG

quaternary alloys, the influence of another important factors on the magnetic

properties was investigated: changing magnetic layer thickness and applying of

different buffer and capping layers.

1.2 Thesis overview and structure

At the very beginning, a huge family of the Heusler alloys and compounds is

introduced. In the chapter 2 the historical research path and the basic information

about these materials is presented; several features of Heusler materials are described
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briefly, viz. semiconducting, superconducting, magneto-optical properties and shape

memory phenomenon. Further the most famous and most perspective among

Heusler materials phenomenon, half-metallic ferromagnetism, is presented. The

family of Co2YZ Heusler alloys clearly represents this unique property, as there

are only few compounds exhibiting half-metallic ferromagnetism that are not based

on cobalt. Special attention in the chapter is paid to briefly report of the current

state of science in the field of magnetoelastic properties investigations in Co2YZ and

NiMnZ Heusler thin film materials.

The next chapter 3 is devoted to the short presentation of existing methods

for the synthesis of Heusler materials as well as to providing information on the

preparation and introductory characterization of the samples studied in the thesis.

Magnetoelastic effect plays very important role in the study, since it is one of

the least studied magnetic properties in investigated materials [1]. Thereby the

introduction to magnetoelastic phenomena is presented in the chapter 4.

Chapter 5 describes methods and equipment, which were used to conduct the

study. Ferromagnetic resonance investigations with the X-band spectrometer were

devoted to determination of ferromagnetic resonance fields in the wide temperature

range, which with the information about examined saturation magnetization (by

Superconducting Quantum Interference Device (SQUID) magnetometry) allowed to

estimate magnetocrystalline anisotropy of the samples. Vector network analyzer

was used to study dissipative processes in the materials by means of frequency

dependent ferromagnetic resonance measurements. Strain modulated ferromagnetic

resonance technique is designed to determine the components of the magnetoelastic

tensor. These constants can be used to calculation of the corresponding saturation

magnetostriction and (in combination with lattice constants, evaluated by x-ray

diffraction studies) strain induced magnetocrystalline anisotropy.

In the main chapter 6 results and analysis of the conducted research are

presented. The sections 6.1 and 6.2 provide information about saturation

magnetization and magnetocrystalline anisotropy of the investigated films,

respectively. The subsection 6.2.1 gives information about surface anisotropy of the

materials. Magnetoelastic properties of the studied quaternary alloys are described
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in the section 6.4. In this section the strain induced magnetic anisotropy for the

CFMS material is also provided, which was calculated using lattice constants,

submitted in section 6.3. The last section in the chapter contains information

about magnetic damping properties of the investigated materials, viz. evaluated

effective magnetic damping constant, observed strong two magnon scattering effect

and spin-pumping effect, which is present in CFGG samples with Ta capping

layer. Exemplary procedures of magnetoelastic and magnetic damping constant

determination are presented in appendix B.

The main conclusions of the thesis research are presented in the chapter 6.5.
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Chapter 2

Heusler alloys and compounds

One of the most wide, exciting and prospective class of materials was found

in 1903 year, when Friedrich Heusler uncovered that alloy Cu2MnAl behaves like

ferromagnet, despite it does not consist of any magnetic elements [12, 13, 2]. Since

that time such an alloy is known as a part of big family of Heusler compounds.

However, there were about 30 years till the moment, when Bradley and Rogers

[14] determined a face centered, cubic crystal structure. After that there were single

cases of the new Heusler compounds synthesis [15, 16] till de Groot et al. [17]

shed light on half-metallic ferromagnetism in MnNiSb and the same prediction for

Co2MnSn by Kübler et al. [18] in 1983. From that time Heusler materials attract

much scientific interest again.

Up to date Heusler compounds include more that 1000 members with

different types of properties, among which are shape memory alloys, half-metals,

multiferroics, high temperature ferri- and ferromagnets as well as tunable topological

insulators. All mentioned above leads to wide list of potential applications, e.g.

spintronics, magneto-caloric use or energy technologies [1].

A half-metallic ferromagnetism is recognized to be the most valuable

characteristic of the Heusler materials. The phenomenon is as follows: depending

on the spin direction, materials evince metal or insulator properties.
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2.1 Heusler compounds structure

Heusler materials family is basically divided into 2 large subclasses: half-Heusler

compounds (XYZ) and full Heusler compounds (or just Heusler, X2YZ). According

to the definitions, materials with stoichiometric structure are considered as Heusler

compounds (e.g. Ni2MnSn), on the other side, nonstoichiometric Heusler materials

XaYbZc (with a + b + c = 100 %) are considered as alloys (e.g. Ni57Mn28Sn15).

Most of the possible combinations of the elements that form Heusler materials

are shown in the Fig. 2.1. The sublattices are represented as different colours.

Several elements could occupy X or Y positions (i.e. Li, Mn, Fe, Co, Ni) as well as

Y or Z positions (i.e. Mg and Zn). There are cases, when Y position is filled by

two elements; this situation corresponds to widely used quaternary Heusler alloys

(as studied in the thesis Co2Fe0.4Mn0.6Si [19]). Detailed structure description with

illustrative pictures can be found in review paper [2], in the thesis Figure 2.2 from

that article is used.

Compounds of the first class are crystallized in space group no. 216 (F-43m)

or C1b (a non-centrosymmetric cubic structure). This half-Heusler type has three

interpenetrating fcc sublattices. Each of them is occupied by X, Y and Z atoms

[20], Wickoff positions for which are 4a (0, 0, 0), 4b (
1

2
,

1

2
,

1

2
) and 4c (

1

4
,

1

4
,

1

4
),

respectively (Fig. 2.2c). NaCl-type sublattice is built by 4a and 4b atoms (Fig.

2.2a), moreover this structure is very close to ZnS-sublattice (Fig. 2.2b), which has

Wickoff positions 4a and 4c with filled the octahedral positions (4b). Thus, it can be

consistently concluded, that electronic properties are determined by NaCl and ZnS

propertis combination: strong ionic and covalent bonding characters, respectively.

Full Heusler compounds are crystallized in space group no. 225 (Fm-3m) or L21

(this structure is often called Heusler type structure). The first observed Cu2MnAl

compound is often used as prototype of the structure [2, 12, 13, 14].

The 8c Wickoff position (
1

4
,

1

4
,

1

4
) is occupied by the most electronegative

transition metal X, the 4b position (
1

2
,

1

2
,

1

2
) is occupied by the less electronegative

transition metal (sometimes alkaline/rare earth metal). The 4a position (0, 0, 0)

is occupied by the element from the main group Z. As well as for the half-Heusler
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Figure 2.1: Forming of Heusler Alloys according to colour scheme (modified free
periodic table from [21]. Placed in accordance with Terms of Use.

Figure 2.2: Rock salt structure (a) acts as the basis for half-Heusler (c) and Heusler
(d) structures, Heusler structure is also close to ZnS (b) structure. The colours of
atoms positions are in accordance with the used ones in Fig. 2.1. Reprinted with
permission from [2], licence number 4675400413980.
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alloys, four interpenetrating fcc sublattices build this structure. In this case X

element is evenly located in two of these sublattices. Ionic character is inherent in

Y/Z elements interaction providing an octahedral coordination of these atoms; X

is situated in all tetrahedral holes. Hereby, this structure also could be described

in terms of zinc blende-type sublattice: ”it is build up by one X and Z, the second

X occupies the remaining tetrahedral holes, whereas Y is located in the octahedral

holes” (description by autors from [2]).

Except of this type of explanation, another way of definition exists. The Heusler

structure may be visualized as a superstructure of the CsCl lattice, in which the

lattice parameter of the CsCl lattice is doubled in all three dimensions [1]. The final

cell consists of eight atom centered cubes. So there are four groups with four atoms

which constitute 16 atoms in supercell. The corners of these cubes are filled by

Y/Z elements, cube centers are occupied by the X atom. In this way X2YZ general

formula is obtained. If only the half of eight cubes centres is filled, one can recognize

half-Heusler XYZ structure.
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2.2 Properties of half- and full Heusler

compounds

There is a large number of known Heusler and half-Heusler materials, which

possess wide scope of properties and applications. Deeper description of that can

be found, for example, in the book [1] or in mentioned above review paper [2]. In

the thesis several types of materials with short description are introduced.

Semiconducting materials

The rules for covalent or ionic half-Heusler compounds were first mentioned in

1970 [22]. Pierre et al. [23] in 1997 at first time recognized importance number

of valence electrons in half-Heusler compounds. Half-Heusler materials, which have

the number of valence electrons equal to 18, can be considered as particularly stable

due to closed shell configuration. The 18 valence electron materials are diamagnetic

semiconductors whereas changing of this parameter to 17 or 19 leads to paramagnetic

either ferromagnetic metal properties. Magnetic XYZ compounds exist for X = Mn

or rare earth.

There is similar rule for full Heusler compounds which have more then one

transition metal: semiconducting materials possess 24 valence electrons. For

example, there is Fe2VAl, which is non-magnetic semiconductor, but includes iron

[24].

However, another types of Heusler semiconductors exist. Magnetic

semiconductors combine the semiconducting behaviour with the magnetic

properties. In virtue of its unique features these materials can be used in spintronic

and magnetoelectronic devices, such as spin-filters [1]. Spin-gapless semiconductors

incorporate properties of magnetic semiconductors and half-metals. They are

magnetic semiconductors [1], actually mentioned above, with modified energy gap

at the Fermi level. It can be described as zero gap for the one direction of the spin,

when the another direction possesses typical energy gap.

One more promising direction in Heusler materials

applications is thermoelectricity. Band structure calculations of the half-Heusler
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materials with 18 valence electrons were reported in [25]. That research uncovered

narrow bands which led to a large thermopower and effective mass. As each of

the three fcc sublattices in Heusler compounds can be doped individually, there

is a good possibility to control the optimization of thermoelectric properties. The

detailed methods can be found in the literature, for example, in [2].

A few half-Heusler [25, 26, 27, 28, 29] and Heusler [30, 31, 32] compounds

possess high Seebeck coefficient. There is also a possibility of combinations

of thermoelectricity and half-metallic ferromagnetism in Co2Ti- based Heusler

compounds in the new research field called spincalorics [33]. Half-Heusler alloys

based on -NiSn have no toxicity, which provides to attractive possible thermoelectric

applications [34].

Superconductors

Another important fact is existence of the superconducting Heusler compounds,

which is usually observed for 27 valence electrons materials. Superconductivity

(Pd2YSn and Pd2YPb, where Y is rare earth element) was reported at the first time

by Ishikawa et al. in 1982 [35]. There is a common feature, which is expressed

in existence of so called van Hove singularities [36] in the energy band structure.

This high density of states allows to describe properties of the intermetallic A15

superconductors [37]. Unfortunately, critical temperatures of Heusler representative

materials still hover on low values from the potential application viewpoint (the

highest transition temperature is 4.9 K for Pd2YSn [38]). As half-Heusler materials

possess non-centrosymmetric structure, the superconductivity in that materials is

not observed with only exception of LaPtBi with TC = 0.9 K [39].

Magneto-optical materials

Magneto-optical effects as Kerr rotation or circular dichroism are also observed

in the Heusler materials. In the half-Heusler MnPtSb compound Kerr rotation

about 1.27 at room temperature and 5 at 80 K is reached, which promises using in

recording/reading devices [40, 41]. Such big value of the Kerr rotation was the record

magnitude observed in such system even called ”giant” and was unexpected for a
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3d-based material. A few model explanations of magneto-optical spectra for these

compounds are existed, e.g. presented by authors of [42] and [43]. All these models

have a lot of the interesting physical mechanisms, but it is challenging to explain

the differences, measured in the magneto-optical spectra. Full Heusler materials

are also interested for the magneto-optics. For example, van Engen and Bushow

experimentally studied the magneto-optical characteristics of such compounds as

X2YAl and X2YGa [44, 45]. Peaks study in the Kerr effect spectra show promise in

potential using for high density magneto-optical recording [2].

Martensite transition in Heusler materials

One more feature, which attract a lot of scientific interest to Heusler compounds

is a shape memory effect.

The most representative materials family is Ni-Mn-Z, where Z is Ga, Sn, In

or Sb. The shape memory effect plays a great role in promising devices, as the

external magnetic field application can control the strain (e.g. actuators) [2]. In such

materials two phase transitions are observed [2, 46]: the first one is a ferromagnetic

transition and the second one is a transition of the structural phase (martensitic

transition), which corresponds to the transition from the L21 Heusler austenite phase

(high T) to a martensite phase (low T). The martensite phase structure could be

regulated to be or not to be monoclinic, tetragonal or orthorhombic [2, 47, 48, 49, 50].

The transformation from austenite to martensite phase is not characterized by

diffusion so sizable stresses are saved and held in the low temperature phase of the

material. Thereby crystallographic domains (variants) are formed to minimize the

strain energy. Thus, dependently on contracted axis, three variants can be formed.

Microstructure of the martensite can be described as a combination of the three

variants. Two variants, which are adjacent, can form one of two twin planes (Fig.

2.3) (it can be illustrated as clear interfaces) [2]. In this way the martensite phase

represents a polycrystalline state, which is composed of the variants as changing

volume fractions. The twin planes can be moved by a magnetic field: variants,

with parallel to the external magnetic field easy-axis of magnetization, expand with

simultaneous reduction another two variants. Authors of [51] reported giant strain
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Figure 2.3: Simplified representation of the martensite phase in the sample (based
on information from [2]); the directions of magnetization are pointed out by the
arrows; (a) the martensitic unit cell, without the external field; (b) the twinned
martensitic cell, under the external field.

equal to 9.5%, which was observed in ambient temperature and magnetic field ¡ 1

Tesla.

Also a field-induced reverse martensite transformation was discovered [52, 53].

This phenomenon is observable if the saturation magnetization is higher for the

austenite phase (for example in [54, 55, 56, 57]). In such a way applied magnetic

field manage to steady the austenite phase by shifting the transition to sufficiently

low temperatures.

A lot of perspective properties can be investigated by the changing of

ratio between martensite transition temperature and ferromagnetic transition

temperature. Such changing results in promising technological applications. Several

effects are achievable, viz. the giant magnetoresistance, magnetostriction or

magnetocaloric effect [51, 58, 59, 60, 61]. Such phenomena are used in wide range

of advanced technologies, e.g. magnetic refrigeration. A strong magnetocaloric

effect at room temperatures is obtained for the nonstoichiometric NiaMnbGac and

NiaMnbSnc [62, 63].

In all these effects the number of valence electrons can play significant role, as it

allows evaluate ratio between transition temperatures. As example, authors of [64]

were able to decline the martensitic temperature value by rising valence electrons
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number.

Different types of Ni-Mn-Z Heusler materials, including thin films and ribbons,

were also studied in Polish research teams, among which are inter alia Institute of

Molecular Physics (Poznań), Institute of Metallurgy and Materials Science (Kraków)

and Institute of Physics (Warsaw) of Polish Academy of Sciences.

Half-metallic ferromagnetism in Heusler materials

The most fascinating phenomenon, which is discovered in Heusler materials, is

half-metallic (HM) ferromagnetism. Detailed introduction to this phenomenon is

available in the literature (e.g. [1, 2]), only the main information is presented below.

The magneto-optical studies [40] served as an impetus to investigation [17, 18]

of the Heusler compounds electronic structure, which led to discovery of the HM

ferromagnetism: for electrons with one spin orientation it plays the role of conductor

and for electrons with another spin orientation it is an insulator simultaneously.

Authors of [65] created a system, which allows dividing of the HM ferromagnetism

on three types.

The density of states (DOS) in case of several types of materials in the spin

resolved representation is displayed in the Figure 2.4. A metal (a) possesses a finite

DOS at the Fermi level EF with equally occupied majority and minority states; a

ferromagnet’s (b) DOS for different spin direction are moved relative to each other

providing to net magnetization; a half-metallic ferromagnet (c) depending on the

spin direction evince metal or insulator properties. Only if material’s temperature

equals zero and spin-orbit interaction (SOI) is absent, 100% spin polarization is

reachable. Whereas most Heusler compounds, which contain only 3d elements,

do not reveal any SOI, they can be considered as perfect candidates for HM

ferromagnetism.

Very important discovery was done by Slater (1936) [66] and Pauling (1938) [67]

(Slater-Pauling curve): in case of the 3d elements and their binary alloys magnetic

moment m can be estimated based on the average number of valence electrons (NV )

per atom. Depending on this number two regions can be separated: of localized

magnetism with NV ≤ 8 while with NV > 8 of itinerant magnetism; the first region
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refers to bcc/bcc-related structures, while the second one is attributed to closed

packed fcc and hcp structures, see Figure 2.5, Heusler materials are on the left

side. For this, localized, region moment can be calculated as mXY Z = NV − 18 for

the half-Heusler XY Z materials (3 atoms per unit cell) and as mX2Y Z = NV − 24

for Heusler X2Y Z materials (4 atoms per unit cell). All these relations are clearly

explained in the paper [2] based on the molecular orbital diagrams. The quaternary

Heusler materials can also be described by the Slater-Pauling rule [68].

Figure 2.4: The schematic illustration of the density of states: a metal (a), a
ferromagnet (b), a half-metallic ferromagnet (c).

Figure 2.5: The Slater-Pauling curve for some Heusler alloys and 3d transition
metals/their alloys. Reprinted with permission from [2], licence number
4675400413980.
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Co2YZ Heusler compounds

In the thesis, the Co2YZ Heusler compounds are investigated, so it is necessary

and logical to provide a brief description of this family of materials.

Unless a lot of Heusler compounds are discovered, the most of materials, which

possess HM ferromagnetism, belong to Co2YZ family. The discovery of half-

metallicity by the authors of [17] was done in 1983. Also in 1983 Kubler et al. [18]

performed ab initio calculations, which showed that Co2MnZ compounds, where Z

= Al and Sn, possess large spin polarization leading to unusual transport properties.

Similar results concerning other compounds from Co2YZ family were achieved by

a lot of scientists [2]. The idea of designing of new HM materials with Heusler

structure was developed by Butler and collegues [69]: B2-structured alloys from

localized region of Slater-Pauling (Fig. 2.5) curve have possibility to be joined to

create a Heusler-structured L21 compounds. The most of the Co2YZ compounds

follows the Slater-Pauling rule.

In the book [1] and review paper [2] wide description of Co2YZ properties and

application was given, thus only main facts about these materials are mentioned

below.

In the Co2Cr0.6Fe0.4Al (CCFA) (as the first one) and other similar material it

was intended to combine a large minority DOS band gap and a large majority DOS

[70], which provided the creation of a class of colossal magnetoresistive materials,

possessing high spin polarization. Theoretical calculations allowed to determine,

that Co2YZ materials with 27.8 [71] (CCFA) and 28.5 [72] (CFxM1−xS) valence

electrons are among the most suitable materials for spintronics in virtue of stability

upon temperature fluctuations. Thus investigation of the quaternary Heusler alloys

Co2Y1−xY
′
xZ or Co2YZ1−xZ

′
x become one of the most promising research areas. This

also corresponds to the Co2Fe0.4Mn0.6Si and Co2FeGa0.5Ge0.5, respectively, which are

studied in the thesis.

It was concluded that preparation of such HM ferromagnets is very difficult.

First of all, this fact concerns on nanostructured materials, especially well-ordered

Co2Y1−xY
′
xZ thin films, where disordering and magnetic moment reducing are

observed. According to the [2] authors conclusions, this is connected with the fact,
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that such alloys are very sensitive towards ”the oxygen which might trigger disorder

and phase separation effects”.

The Co2YZ Curie temperature is linear on the valence electron number [2] and

magnetic moment [73] and reaches 1100±20 K in for Co2FeSi compound [74]. There

is an exception for the materials with 27 valence electrons, where nonlinearity is

observed [75, 76]. Under the Curie temperature, the magnetization alters slightly.

Figure 2.6: Concentration dependence of the magnetic moment in Co2FexMn1−xSi.
Reprinted with permission from [72], licence number RNP/19/SEP/018982.

Electronic properties for the Co2FexMn1−xSi (for x from 0 to 1) were studied

theoretically by calculations with using various methods (by Kandpal et al. [77],

Chadov et al. [78] and other scientists [2]) and experimentally by Hard X-ray

Photoelectron Spectroscopy (by Balke et al. [72] and Fecher et al. [79]). It

was concluded, that all materials from that series possess HM behaviour. The

investigations of autors of [72] also show, that magnetic moment dependence on

sample composition is close to the expected one from Slater-Pauling rule, see Figure

2.6.

In 1986 P. Grunberg [80] and A. Fert [81] discovered the giant magnetoresistance

(GMR) effect. This opened new era of using of spin-dependent applications.

As a spacer also insulators were used, resulting in creation of magnetic tunnel

junctions (MTJs) and tunnelling magnetoresistance (TMR) [82] devices. Co2YZ

materials are suitable for using as electrode materials in MTJs and GMR devices
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or as spin injectors [2]. The GMR effect was also observed in metallic matrices

granular systems or in conductive gels including systems with Heusler compound

nanoparticles [1], viz. a granular systems nanoparticles of Co2FeGa were used with

magneto resistance effects of up to 120% [83]. Superparamagnetic or ferromagnetic

Heusler nanoparticles such as Co2FeSi or Co2FeGa also can be used in other areas,

for example biotechnology in in vitro separation technology (replacing of the iron

oxide particles) [1].

In case of TMR two major tunnel barriers are used: the first approach was using

AlOx [84], the second, further, was using single-crystalline MgO [85, 86]. The most

attractive results were obtained for electrodes made of Co2MnSi [84, 86]. Except of

barrier, there are other important factors influencing on TMR, such as roughness of

the surface or the interchange morphology between the electrode and the barrier as

it was claimed by the authors of [87]. Heusler Co2CrAl and CCFA materials were

also successful in tunnel magnetoresistance devices [88].

Heusler Co2YZ are also used in devices, which possess current-perpendicular-

to-plane (cpp) GMR. In such devices the trilayers are used which are made of

Co2YZ/spacer/Co2YZ. The choice of the spacer is justified by several reasons, viz.

spin-diffusion length and lattice mismatch, usually Cr [89] or Ag [90] spacers are

used. Such materials are also used as buffer layers in the thin films, investigated in

the thesis.

Except of GMR and TMR phenomena, where magnetic state regulates the

flow of carriers, also reverse situation is discovered, as the current possessing spin

polarization impact on magnetic state; the technology, which uses such phenomenon

is called spin-transfer torque [2].

It was demonstared (e.g. in [72]) that among CFxM1−xS, CFMS (Fe=0.4,

Mn=0.6) possesses a more stable spinpolarized band structure. This alloy is also

magnetically soft, i.e. it possesses a small magnetocrystalline anisotropy and small

coercivity [91, 92]. Yamamoto et al. initially in [93] reported creation of nanoscale

disks of epitaxially grown CFMS with magnetic vortices, which further were used

in the vortex spin-torque oscillator construction [94]. These materials have the

structure, which is similar to investigated in thesis one - Cr/Ag/CFMS.
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Kubota and co-workers investigated HM behaviour and magnetic damping

properties in CFxM1−xS Heusler alloys with AlO spacer. In that paper authors

studied TMR ratios of MTJs, transport properties as well as Gilbert damping

parameter of the samples. The HM behaviour of CFGG quaternary alloys is present

in both L21 and B2 structures. As it was mentioned before, such materials possess

high tolerance of spin polarization against disordering and temperature [1]. The

large magnetoresistance of the Cr/Ag/Co2FeGaxGe1−x structure was investigated

by authors of [95], showing the second highest spin polarization in Co2YZ Heusler

alloys. Very high magnetoresistance ratios in cpp-GMR devices were achieved using

CFMS [96] and CFGG [97] electrodes with an Ag spacer.

Also spin-wave propagation in magnetic microstructures based on the CMFS

alloy was intensively investigated [98]. Those results confirmed promising of the

material for magnonics applications. That research also revealed the importance of

a non-Gilbert-damping mechanism in CFMS, which according to authors of [98] can

be a consequence of the intrinsic two-magnon scattering mechanisms.

Magnetoelastic properties of Heusler compounds

Despite large number of given in the text and available in the literature

investigations [1], magnetoelastic properties of the Co2YZ thin films remain poorly

understood.

A few articles have been published over the past five years concerning

magnetoelastic properties of Co2YZ Heusler alloys.

Magnetic anisotropy and it’s magnetoelastic part of Co2FeAl (CFA) Heusler thin

films was analysed by research team from France and Romania in the articles [99]

and [100]. Gueye et al. [99] investigated 20 nm CFA film grown on Kapton R©

substrate glued on the bended objects. Thereby strain was transmitted through

the substrate to the film. Authors analysed magnetic anisotropy and particularly

it’s magnetoelastic part, which allowed to determine magnetostriction value of

about λ = 13.8 × 10−6. Belmeguenai and co-workers [100] analysed CFA thin

films of different thickness (from 3 to 50 nm) grown on MgO substrate. In that

work magnetic anisotropy was investigated, which behaviour allowed separation of
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different contributions to it, viz. magnetoelastic, magnetocrystalline and Neel-type

interface anisotropies.

Piezo strain effects were investigated in several Co2YZ Heusler materials, such

as CFA [10] or Co2MnAl [11]. Magnetoelastic effects in Co2FeIn nanowires were

investigated by Galdun et al. [101].

Elastic and magnetoelastic properties were also studied in not Heusler, but

similar in compound composition CoFeB thin films [102], which are also good

candidates for using in flexible devices. In that research magnetostriction constant

with value of about λ = 23×10−6 was examined. In our work [103] magnetostriction

constant of CoFeB/Au multilayer was estimated to be λ = 1× 10−6.

Magnetoelastic properties of the layers of Co2FeSi and Co2MnSi Heusler

compounds were estimated in [9], comparing the anisotropy of the layers of different

thicknesses and grown on different substrates to induce different strains (SrTiO3

compressive strain and MgO tensile strain). However in that research anisotropy

changes were connected only with the strain-induced tetragonal distortion, which

neglects the presence of the surface effects.

Magnetoelastic properties of the CFMS as of the CFGG thin films were not

investigated yet.

In the area of study of Heusler alloys and compounds a lot of investigations of

magnetoelastic properties are done due to martensitic transformation phenomenon.

As it was mentioned before, such an effect is under intensive attention in Ni-Mn-Z

family of Heusler materials, where Z is Ga, Sn, In or Sb. Most studies concern

analysis of bulk materials and ribbons [104, 105, 106, 107, 108], however, enough

articles related to thin film materials investigation are known. Among them are

also the studies, which were provided in Poland. In the publication [109] Dubowik

and colleagues investigated the role of magnetoelastic coupling in NiMnGa thin

films with considering of martensitic transformation; determined magnetostriction

constant value in the martensite phase was about λ = 50 × 10−6. Our research

team [63] also studied magnetoelastic properties of NiMnGa and NiMnSn thin films;

magnetoelastic constants were found to be B11 = 0.27− 3.55× 106 erg/cm3 in case

of NiMnSn films and B11 = 0.74− 1.19× 106 erg/cm3 in case of NiMnGa films.
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Chapter 3

Materials and methods of

synthesis
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3.1 Synthesis of Heusler materials

The comprehensive information about synthesis of Heusler materials is available

in the literature, only short description is presented below.

Among the methods of bulk materials preparation, the special place are taken by

arc and induction melting elements of high purity in exact proportions. To guarantee

a uniform distribution of elements in the specimen, it is necessary to repeatedly

invert and remelt prepared bars. Also with the aim of getting stoichiometric samples

under the melting it is mandatory to monitor the loss of weight, so far as several

elements possess high tendency to evaporation. The group of perspective Heusler

materials also include compounds, which contain elements with a high affinity of

oxygen (e.g. Mn). In order to avoid the impurity by oxygen, high vacuum level

and high purity argon are required. Other available methods of single crystal

materials preparation include the Bridgman method, the floating-zone method and

the Czochralski technique [68, 2]. The floating-zone method has several advantages,

such as the fact, that the temperature can be controlled exactly, raw materials can

be melt incongruently and impurity by oxygen is less.

According to mentioned in the section 2.2 information, during last years a lot

of devices have been invented, which require preparation of high quality Heusler

thin films. The process of preparation is constantly developing. Epitaxial as well as

polycrystalline thin films of Heusler materials can be grown. Among the most used

techniques are Ultra High Vacuum (UHV) Magnetron Sputtering, Molecular Beam

Epitaxy, Plasma Quest High Target Utilisation Sputtering and others. One of the

main challenges, as well as in preparation of bulk materials, is oxygen contamination;

to avert this problem, ultra-high vacuum chamber is ubiquitously used. According

to spintronic applications, in thin film form generally Co2YZ are prepared [1].

The ideas from next several sentences are strongly influenced by information from

[1], as there is very good description and well defined importance of the proccess of

preparation of Co2YZ thin films. It was presented in [1], that single crystal MgO

(100) substrate was found to be the best choice for epitaxial thin films growth,

as it possesses a small lattice mismatch. It allows the growing of thin film in (100)

direction, 45 degree rotation regarding to unit cell of MgO is originated. T. Graf and
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colleagues also reported in [2], that ”application of Cr buffer layers led to outstanding

results”. Also worth noting the importance of using of procedure of annealing of the

every layer after deposition in order to promote crystal structure and minimize the

interlayer diffusion.

3.2 Investigated samples

In the thesis, the set of Co-based Heusler alloy thin films was investigated (Fig.

3.1). All samples were prepared in the Institute for Materials Research, Tohoku

University, which is among the world leaders on magnetic materials investigations.

Three series of samples were studied: seven samples with CFxM1−xS layer (with

x ranging from 0 to 1), five samples with CFMS layer and five samples with CFGG

magnetic layer.

All the CFxM1−xS samples have the same structure with variable content of

Fe/Mn.

Due to the fact that Co2Fe0.4Mn0.6Si and Co2FeGa0.5Ge0.5 compositions are

considered to be of more scientific interest (mainly because of possessing a more

stable spinpolarized band structure, see [72] or e.g. book review [1]), these

compositions were studied in more details.

The collaborators devoted a lot of attention to the development of technology for

CFMS and CFGG samples preparation due to their application. For this purpose

the samples with modified parameters were produced: with different magnetic

layer thicknesses, applying of additional silver buffer layer, using different capping

layers, using different magnetic layer deposition temperatures (in case of the CFGG

samples).

3.2.1 Preparation

All Co-based thin magnetic layers were prepared on MgO (001) ( see Fig. 3.2)

substrates on top of 20-nm-thick Cr layers by using UHV-compatible magnetron

sputtering systems with previously calibrated targets from pure elements. ULVAC

sputtering system was used to prepare the CFxM1−xS or the CFMS samples, the
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Figure 3.1: The investigated samples - 7 CFxM1−xS samples with variable x; 5 CFMS
samples with/without silver buffer layer; 5 CFGG samples with/without silver buffer
layer.

base pressure was of the order of 10−8 Pa, Ar gas pressure was about 0.1 Pa. Eiko

sputtering system was used in case of the CFGG samples, it has the base pressure of

the order of 10−7 Pa and Ar gas pressure about 0.4-1 Pa (depending on the material).

The typical base pressure of sputtering system was of the order of 10−8 Pa. The

Ar gas pressure was set at 0.1 Pa during the growth of all the layers.

Before starting the deposition, the heat treatment of MgO substrate at 600◦C

was carried out. 20-nm-thick Cr buffers were deposited at room temperature and

were in situ annealed at 600◦C to achieve a flat surface.

All magnetic Heusler alloy layers were deposited at room temperature (except

of CFGG with Ag buffer ones) and were subsequently annealed at 500◦C in order

to promote the chemical ordering. The annealing duration time for Heusler layers

was set at 20 min.

• The CFxM1−xS layers were 30 nm thick and had variable composition of

Fe/Mn, x was equal to 0.0, 0.25, 0.4, 0.6, 0.75 and 1.0. All CFxM1−xS

samples were additionally protected by a 3 nm Al cap. The final structure
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Figure 3.2: Epitaxial relations for the investigated samples, private information from
the Institute for Material Research, Tohoku University [110].

was MgO/Cr/CFxM1−xS/Al.

• The first CFMS series included three CFMS layers with the thicknesses of 15

nm, 30 nm and 50 nm. The layers were deposited directly on the Cr buffers

and capped by 5 nm gold layers.

In addition to the Cr-buffered CFMS samples, as the second CFMS series, the

30-nm- and 50-nm-thick CFMS samples having a 20-nm-thick Ag buffer layer

between the Cr and CFMS layers were deposited.

Hence, the final structures of the CFMS containing samples were

MgO/Cr/CFMS/Au or MgO/Cr/Ag/CFMS/Au for the samples without and

with additional silver buffer layer, respectively.

• For the CFGG samples, a similar deposition method was employed. The first

CFGG series included 2 the CFGG layers with the thicknesses of 30 nm and

50 nm. In the case of these CFGG samples no protection cap was applied.

Hence, the final structure was MgO/Cr/CFGG.

The second CFGG series includes three CFGG layers with the thicknesses of

15 nm, 30 nm and 50 nm which have a 40-nm-thick Ag buffer layer between
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the Cr and CFGG. In these samples CFGG layers were deposited at 250◦C,

the annealing was done at 500◦C during 20 min. All the samples were capped

by 3-nm-thick Ta layers. The final structure was MgO/Cr/Ag/CFGG/Ta.

The deposition of additional Ag buffer layers was conducted to enhance the

epitaxial growth by reducing the misfit parameter.

3.2.2 Introductory characterization

To investigate the surface structural quality and to study epitaxial growth, in situ

reflection high-energy electron diffraction (RHEED) images during the deposition

process and ex situ x-ray diffraction (XRD) measurements were performed.

The RHEED patterns revealed a flat surface and the epitaxial growth of the

(001)-orientation so epitaxial relationships are MgO (001) ‖ Cr (001) ‖ magnetic

layer (001) or MgO (001) ‖ Cr (001) ‖ Ag (001) ‖ magnetic layer (001). The report

[111] shows that as (200) is a superlattice peak of the B2 or L21 phase, the presence

of a (200) superlattice peak indicates that all films have at least the B2 ordered

structure. The difference in atomic number is only 1 between Co and Fe. Therefore

detection and quantitative discussion of CoFe swapping ratio are quite difficult by

XRD measurements [112].

The results of XRD phi scans for CFMS have been reported in [94]. In accordance

with the RHEED patterns, the 200 superlattice diffractions as well as the 400

fundamental diffractions of the Heusler layers were clearly observed for all the

samples (see Figures 3.3, 3.4, 3.5). The values of lattice mismatch were calculated

to be -3 % for Ag-CFMS and -2 % for Cr-CFMS [19].
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Figure 3.3: Out-of-plane XRD patterns for 30-nm-thick CFxM1−xS samples, private
information from the Institute for Material Research, Tohoku University [110].

Figure 3.4: Out-of-plane XRD patterns for 30- and 50-nm-thick CFMS samples
with/without Ag buffer layer, private information from the Institute for Material
Research, Tohoku University [110].
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Figure 3.5: Out-of-plane XRD patterns for 15-, 30- and 50-nm-thick CFGG samples
with Ag buffer layer, private information from the Institute for Material Research,
Tohoku University [110].
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Chapter 4

Magnetoelastic phenomena

The thesis contains wide specification of the magnetic properties of the Co2YZ

Heusler alloys, but magnetoelasticity occupies the main position in the research

because of technical challenges in the magnetic thin films investigations. In order to

that fact, it is convenient to introduce the basic information about these phenomena.

The origin of magnetoelastic interactions is the interrelation of the

magnetoelastic properties of the material and its magnetic state [113, 114]. There

are two main direct magnetoelastic effects: volume magnetostriction (applying

of the magnetic field induce three-dimensional isotropic change of the shape)

along with Joule magnetostriction (anisotropic one: the magnetic field applying

causes change of shape in the magnetic field direction whereas the volume remains

constant). The origins of both magnetostriction types are based on complex

quantum mechanics character and the phenomenon of spin orbit coupling. In

general Joule magnetostriction is much bigger then volume one. Recently in the

research by Chopra and colleagues [115] the phenomenon of giant non-volume-

conserving (in other words non-Joulian) magnetostriction was discovered. It’s origin

is self-sufficient (in magnetoelastic and magnetostatic sense) rigid micro-”cells” facile

reorientation [115].

The inverse Joule effect is called the Villari effect. When stress is applied to the

magnetostrictive material, the magnetic susceptibility changes. Magnetostrictive

phenomena also include direct Wiedemann effect (just Wiedemann), which is defined

as magnetic field forced material’s torsional deformation, and reverse Wiedemann
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Figure 4.1: The illustration of the Joule magnetostriction caused shape change for
positive and negative magnetostriction coefficient λ.

effect (Matteucci effect), when the voltage along the material is created by the

torsional motion.

In crystalline solids elementar magnetic moments interact with external magnetic

field and between themselves as well as with crystal lattice. Interactions of magnetic

moments and lattice are usually called magnetoelastic interactions. They correspond

to a lot of properties of the solids with magnetic ordering.

There are many reviews regarding the theory of magnetoelastic phenomena and

the results of magnetostriction measurements in various materials [113, 114]. In

this section the basic elements of the magnetoelastic phenomena will be introduced,

that are needed during the presenting and analyzing of measurement results of

magnetoelastic properties of Heusler alloy thin films.

Magnetostriction occurs when there are contributions of magnetic origin for free

energy, which are dependent on strain. A phenomenological method of describing

magnetoelastic phenomena is commonly used. It involves Taylor expansion of the

free energy with regard to strain tensor components:

F (αi, εik) = FK(αk) + UMEij(αk)εij +
1

2
cijkl(αm)εijεkl (4.1)

where FK(αk) is energy of magnetic anisotropy, αk are direction cosines of

magnetization vector, εik are the strain tensor components.

The second element in Eq. 4.1 is magnetoelastic energy and it is linear in relation

to the strain tensor and leads to magnetostriction. The third one corresponds to

description of nonlinear effects and it gives contribution to elastic constants. It also
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describes the dependence of magnetostriction constants on stresses.

As magnetoelastic energy UMEij(αk) = ( ∂F
∂εij

)εij is independent of time inversion,

coefficients Uij(αk) should have only even powers of αk so they can be written as:

UMEkl(αm) = Bijklαiαj + ... (4.2)

Here fourth rank tensor Bijkl is called magnetoelastic tensor, tensors of the

highest ranks are usually negligible.

Nowadays, it is supposed that there are two main mechanisms of magnetoelastic

coupling: two-ion that mainly takes into account dipole and pseudodipole

interactions and single-ion. A spin Hamiltonian includes:

H =
−→
S
(i)
k

−−→
J
(ij)
kl

−−→
S
(j)
l +

−→
S
(i)
k

−→
Dkl

−→
S
(i)
l + εmn

−→
S
(i)
k

∂
−−→
J
(ij)
kl

∂εmn

−−→
S
(j)
l

+εmn
−→
S
(i)
k

∂
−→
Dkl

∂εmn

−→
S
(i)
l + ...+

cklmnεklεmn
2

(4.3)

The third and the fourth element in Eq. 4.3 corresponds to two-ion and to

single-ion interactions, respectively.

Magnetostriction models in 3d metals (as in considered in the work Co-based

Heusler compounds) are based on a single- and two-ion approximation, and usually

have a phenomenological character.

The two-ions model of magnetostriction assumes that interactions between atoms

i and j, forming a pair of atoms, have pseudodipolar nature. In this approximation,

a magnetostriction model for amorphous materials was developed [116, 117].

In the single-ion magnetostriction model

magnetoelastic interaction takes the form

H =

(
∂D

∂ε

)
ε=0

[
S2
z −

1

3
S(S + 1)

]
ε (4.4)

The diagonalization of both spin Hamiltonians gives the magnetic ion energy

levels positions and these levels changes influenced by strain ε. If the values the

system energy levels are introduced into the expression for free energy, the expression
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4.5 is achieved for the magnetoelastic energy (in the coordinate system linked with

the molecular field):

UME =
∑
i

∑
klmn

Bklmnαkαlεmn (4.5)

Magnetoelastic tensor Bklmn for the isotropic case can be represented in the

following Voigt notation form:

B =



B11 −1/2B11 −1/2B11 0 0 0

−1/2B11 B11 −1/2B11 0 0 0

−1/2B11 −1/2B11 B11 0 0 0

0 0 0 3/4B11 0 0

0 0 0 0 3/4B11 0

0 0 0 0 0 3/4B11


(4.6)

Magnetoelastic energy in this case takes form:

UME =
3

2
B11 [α2

1ε11 + α2
2ε22 + α2

3ε33 + 2(α1α2ε12 + α2α3ε23 + α1α3ε13)] (4.7)

In crystalline materials, magnetostriction is linked with constants of

magnetocrystalline anisotropy and disappears only if derivative of anisotropy

coefficients with respect to the strains

(
∂D

∂ε

)
equals zero.
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Chapter 5

Experimental methods and

equipment

To investigate magnetic properties of Heusler thin magnetic films a number of

techniques has been used. They include several techniques which are based on

a ferromagnetic resonance (FMR) phenomena, namely Ferromagnetic Resonance

studied by X-band spectrometer, strain modulated ferromagnetic resonance, Vector

Network Analyzer ferromagnetic resonance, SQUID magnetometry and X-ray

diffraction technique.

As ferromagnetic resonance investigations play the main role in the thesis, so it

is reasonably to introduce this phenomenon more widely.

Ferromagnetic resonance is one of the forms of electron magnetic resonance.

It can be described as the electromagnetic field energy selective absorption by

the ferromagnetic material. In this phenomenon the electromagnetic field frequency

should match the precession frequency of the electron system magnetic moments of

the ferromagnet under the effective internal magnetic field Heff . FMR can be also

declared as the precession of the magnetization vector M excitation, which is caused

by a magnetic microwave field H perpendicular to the constant magnetizing field

H.

For description of the magnetic moment dynamics the phenomenological Landau-

Lifshitz-Gilbert (LLG) equation of motion 5.1 [118, 119] is used:
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d
−→
M

dt
= −γ

[−→
M ×

−−→
Heff

]
+

α

γM2
s

(
−→
M × ∂

−→
M

∂t

)
(5.1)

where Ms is the ferromagnet’s saturation magnetization,
−−→
Heff is a sum of all

fields which interact with total magnetic moment, α is Gilbert magnetic damping

parameter, γ = g
µB
~

is the gyromagnetic ratio, g is the spectroscopic splitting factor,

µB is the Bohr magneton, ~ =
h

2π
is Planck constant.

LLG equation is phenomenological description of the ferromagnetic resonance in

the classical frame. In the quantum approach, due to the Zeeman effect, electron in

the magnetic field possesses the state of the lowest energy if the electron magnetic

moment µ is aligned with the magnetic field direction and the state of the highest

energy if µ is aligned against the magnetic field direction. These two states are

marked due to projection of the spin of the electron on the magnetic field direction.

When energy difference between two electron states ∆E = gµBH matches the energy

of the radiation, resonance absorption is observed (see Fig. 5.1). For the specific

energy of the microwave radiation ~ω, resonance absorption corresponds to the

magnetic field Hres.

Since the magnetic microwave susceptibility (so absorption) is proportional to

value of the static magnetic susceptibility χ0 =
Ms

H
, then at the ferromagnetic

resonance the absorption is greater by several orders of magnitude than at Electron

Paramagnetic Resonance (EPR). As a ferromagnet is spontaneously magnetized,

the internal field Heff may differ significantly against the external field H (in

consequence of magnetic anisotropy and demagnetizing effects on the sample

surface):

−−→
Heff =

−→
H +

−→
h (t) +

−→
HD +

−→
HK (5.2)

Given sum is formed by the external magnetic field
−→
H , microwave magnetic field

−→
h (t) with frequency ω, demagnetizing field

−→
HD (which is connected with the shape

of the film) and magnetocrystalline anisotropy field
−→
HK .

There are several basic characteristics of the ferromagnetic resonance, viz.

resonance frequency, resonance field, shape of the absorption curve, width of the
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Figure 5.1: The energy levels and resonance of free electron at zero and non-zero
external magnetic field (χ2 ≡ χ′′). Reprinted in accordance with Terms of Use from
[120].

absorption curve and non-linear effects.

These characteristics are a consequence of the ferromagnetis’s collective many-

electron origin. The FMR quantum theory leads to the alike expression for the FMR

frequency ωres as in a classical consideration, ωres = γHeff . Frequency ωres depends

on the sample shape, on the orientation H0 relative to the axes of symmetry of the

crystal and on temperature. Ferromagnetic domain structure leads to complication

the FMR and the appearance of several resonant peaks.

The most commonly used method of solving of the LLG equation 5.1 was

suggested by J. Smit and H.G. Beljers [121] as well as by H. Suhl [122]. Resonance

frequency in this instance could be determined using the partial derivatives of the

the ferromagnet’s free energy in spherical variables θ and ϕ:
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ωres =
γ

Ms sin θ

√
∂2F

∂θ2
∂2F

∂ϕ2
−
(
∂2F

∂θϕ

)2

(5.3)

Here angles θ and ϕ are polar and azimuthal angles respectively (see Fig. 5.2).

Figure 5.2: Configuration of magnetic moment M , external magnetic field H and
microwave magnetic field h(t) vectors in Cartesian coordinate system in the thin
film.

By solving of LLG equation, the dynamic magnetic susceptibility χ can be

calculated, which also depends on microwave frequency and magnetic field:

χ(ω,H) = χ′(ω,H) + iχ′′(ω,H) (5.4)

There are two parts of the dynamic magnetic susceptibility: real (dispersion)

and imaginary (absorption). In the FMR measurements the first derivative of

the imaginary part is usually registered. Depending on the technique, it can be

measured in the function of external magnetic field
dχ′′(H)ω
dH

(e.g. typical X-band

EPR spectrometer with magnetic modulation, see Fig. 5.1) or in the function of

microwave frequency (VNA-FMR).
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During the investigations, several ferromagnetic resonance based techniques were

used.

In the section 5.1, X-band FMR method which uses resonant cavity and magnetic

field modulation with phase-sensitive detection is presented. It is used to register

the FMR spectra in external magnetic field changing from parallel to perpendicular

to the film in wide temperature range (5-300 K) in order to determine resonance

fields, effective magnetization and g-factor. The application the resonant cavity and

modulation increases sensitivity of the method. However, the studies in such system

are limited to one frequency (of about 9.3 GHz).

In the section 5.2 Vector Network Analyzer FMR method is presented. Vector

Network Analyzer FMR allows to find dependence of the FMR linewidth in wide

frequency range (3-25 GHz). These results next were also used to determine the

effective magnetic damping parameter of each investigated sample.

The Strain Modulated FMR method uses a typical X-band spectrometer

additionally equipped with the system for the strain modulation. Because of a

specific construction of this system the SMFMR studies were limited to the room

temperature. The SMFMR was used to determine components of the magnetoelastic

tensor in room temperature.

The following sections describe each of used methods and techniques in more

details.
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5.1 Ferromagnetic resonance studies with the X-

band sectrometer

Bruker EMX X-band spectrometer with resonant cavity was used in the basic

FMR measurements in the room temperature and also in wide temperature range

(5-300 K). This spectrometer is equipped with magnetic modulation system, helium

cryostat and maximum DC magnetic field of about 1.8 T. The possibility of

achievement of the high magnetic field is crucial to register the FMR resonant line

in an external magnetic field, which is oriented perpendicular to the film. For such

sample orientation the resonant field of the investigated samples was very high (i.e

in the range 16 - 19 kOe).

This EPR spectrometer is designed for magnetic resonance investigations in

narrow frequency range ' 8.5-10 GHz and consists of three main parts (see Fig.

5.3):

a) a microwave bridge which includes microwave generator, circulator, and

detector;

b) a magnetic modulation and phase-sensitive detection system;

c) an electromagnet.

During the measurement, two mutually perpendicular magnetic fields are applied

to the sample: static magnetic field
−→
H , which can be changed in the wide range, and

magnetic component of the microwave
−→
h (t) (as in Eq. 5.2). There are additional

modulation coils between electromagnet poles, which create alternating magnetic

field H1 with small amplitude and frequency range of about 104 − 105 Hz. It is

aligned with DC magnetic filed H and causes detection of the derivative of the

absorbed microwave radiation power P = ωχ′′H2
1 . At the recorder the resonance

line is obtained as derivative
dP (H)ω
dH

≈ dχ′′(H)ω
dH

.

In case of the thin layers of the magnetic material, free magnetic energy consists

of Zeeman, demagnetizing as well as magnetic anisotropy parts so can be represented

by following equation:
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Figure 5.3: Schematic view of the FMR spectrometer; the main parts of the
microwave bridge include circulator, detector and microwave generator. Reprinted
in accordance with Terms of Use from [123].

F = FZeeman + FDemagnetizing + FAnisotropy (5.5)

In case of uniaxial symmetry and spherical coordinate system (Fig. 5.2), Eq. 5.5

should be rewritten as follows:

F = −
3∑
i=1

MiHi + 2πM2
s cos2 θ −K cos2 θ =

= −
3∑
i=1

MiHi + 2πMsMeff cos2 θ
(5.6)

HereK is uniaxial anisotropy constant andMeff is effective magnetization, which

is connected with the anisotropy and saturation magnetization:
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Meff = Ms −
K

2πMs

(5.7)

If the external magnetic field is oriented parallel or perpendicular to the film,

the resonance conditions can be expressed by the well-known Kittel formulas [124].
(
ωres‖
γ

)2

= H‖
(
H‖ + 4πMeff

)
ωres⊥
γ

= H⊥ − 4πMeff

(5.8)

Based on information above, the value of effective magnetization can be

determined by solving the system 5.8 with examined from the experiment resonance

fields and frequencies.

Using known effective magnetization, saturation magnetization (see section 5.4)

and equation 5.7, perpendicular magnetocrystalline anisotropy constant K can be

found.

5.2 Ferromagnetic resonance studied by the

Vector Network Analyzer

To investigate frequency dependent ferromagnetic

resonance, Agilent Technologies Vector Network Analyzer with possible freqency

range of about 50 MHz - 40 GHz was used. This technique is one of the methods to

determine the changes of the ferromagnetic resonance linewidth with frequency [125].

Used VNA-FMR permits considering of resonance curves in the room temperature

and is used in conjunction with an electromagnet (Fig. 5.4). Applied electromagnet

with maximum DC magnetic field of about 1.5 T allows measuring of the thin films’

FMR in external magnetic magnetic field parallel to the film..

Vector Network Analyzer is made for the electrical devices characterization, it

sends an electromagnetic wave through the device under test (DUT) [123]. Analogies

to optics can be made, as the incident wave is transmitted and/or reflected after

interacting with DUT (Fig. 5.5). The reflectance and transmittance powers are

examined in order to find scattering parameters Sij; it can be describe as the ratio
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Figure 5.4: Schematic view of the used VNA-FMR spectrometer with microstrip
line. Modified figure from [125], reprinted with permission, license number
4675410049054.

of the scattering power of the incident wave, which is produced by port i and detected

by port j.

In the case of used spectrometer, transmittance spectrum was analysed in order

to determine the S21 parameter. VNA-FMR with microstrip line was used to

determine FMR with frequency swept at fixed field due to the low level of noise

in this case, nevertheless several samples were measured with magnetic field swept

at fixed frequency.

To exclude the effect of the frequency dependent microstrip line background

transmission, measurement protocol from [126] was applied. According to this

protocol, two measurements are performed: at the first one, scattering parameter

S21 is recorded for constant field H in the frequency range f = ± 1.25 GHz; at

the second, S21 is recorded for the magnetic field H + ∆H with µ0∆H = 150 mT

in the same range of frequency. For the second field no resonance appears in the

used frequency range, so this measurement is needed to obtain the pure background

transmission. The normalized transmission spectrum is obtained as
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Figure 5.5: The analogy to optics for the microwave network analysis.

Figure 5.6: Microstrip line was assembled by colleagues from Warsaw University of
Technology.

∆S21 =
S21(H)

S21(H + ∆H)
(5.9)
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in order to correct the phase and the magnitude of the signal. Given above

procedure is repeated for the list of constant magnetic fields. The recalculated

resonance transmitted magnitude is expressed by the following formula [125, 126]:

∆S21(f) = A+Bf +
Z

(fres)
2 − if 2 − if∆f

(5.10)

where A is a complex offset parameter, B is the slope of a complex linear

background, Z is a complex scaling parameter, and ∆f is the frequency swept

linewidth (A and B account for the S21 small drift, which causes imperfect correction

of the background).

The ferromagnetic linewidth at the frequency point is usually described in terms

of the full width at half maximum (FWHM) of a Lorentz-type function fitted to

the absorbed power (|S21|2) [127]. In case of frequency swept at fixed field FMR

measurements, ∆H was found according to following formula:

∆H = ∆f
∂H(f)

∂f

∣∣∣∣
f=fres

(5.11)

In the literature it is conventional to interpret such linewidth as combination of

Landau-Lifshitz-Gilbert damping model and inhomogeneous broadening [125, 128].

According to Eq. 5.1, the FMR linewidth ∆H is proportional to
4πfα

γ
. According

to this approach, a field swept FWHM can be described as:

∆H = ∆H0 +
4παf

γ
(5.12)

∆H0 is the inhomogeneous broadening and α is a dimensionless Gilbert damping

constant. In case of investigated thin magnetic films, expression Eq. 5.12 becomes

more complicated (see section 6.5).

48



5.3 Strain modulated ferromagnetic resonance

studies

Strain modulated ferromagnetic resonance (SMFMR) is a unique technique

which enables determination of the magnetoelastic constants of magnetic thin films.

This technique uses standard X-band spectrometer (Fig. 5.3) equipped with an

additional system for the strain modulation. The whole procedure can be found

in the article [129], which was used as the basis for the description of this unique

technique.

The investigations of the SMFMR were performed at room temperature at

a frequency of about 9.1 GHz and maximum magnetic field of about 0.92 T.

This spectrometer is equipped with both magnetic (100 kHz) and strain (48 kHz)

modulation systems as well as phase sensitive detection (see Fig. 5.7).

The investigated sample is glued to the surface of the rode with square 3 x 3 mm2

cross-section made of a polycrystalline quartz; next SMFMR system uses crystalline

quartz generator to drive the rode to oscillations.

By means of the applied strain (periodic in time), the position of the

ferromagnetic resonance line is modulated. Because of the magnetoelastic coupling

phenomenon, the strain modulation depth mstrain is proportional to the signal

intensity achieved by phase-sensitive detector. Under condition that simultaneously

a magnetic field modulated ferromagnetic resonance line is recorded (see Fig. 5.8),

via comparison of the strain and magnetic field modulated signals, Istrain and Imagnet

respectively, the value of mstrain is calculated:

mstrain = mmagnet
Gmagnet

Gstrain

Istrain
Imagnet

(5.13)

Here mmagnet is the magnetic field modulation depth, Gmagnet and Gstrain are the

amplifier system’s gains in case of the FMR and SMFMR signals, respectively.

The shift of the FMR line due to the strain ∆Hstrain = mstrain = Hmagnet−Hstrain

contains data on the components of the magnetoelastic tensor.

The FMR and SMFMR spectra are analysed using previously mentioned

coordinate system (Fig. 5.2). ∆Hstrain can be determined using evaluation of the
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Figure 5.7: Schematic view of the SMFMR system. Reprinted with permission from
[129], licence number 4675410693619.

FMR fields for the stresses σ 6= 0 and σ = 0 according to the FMR condition 5.3,

valid when the first derivatives of the free energy equal zero:

(
ω

γ

)2

=
1

M2
s sin2 θ

[
∂2F

∂θ2
∂2F

∂ϕ2
−
(
∂2F

∂θϕ

)2
]

∂F

∂θ
=
∂F

∂ϕ
= 0

(5.14)

In case of performed investigations, polar angle θH = π/2.

In case of SMFMR, the free magnetic energy of the system 5.6 should be

supplemented by the magnetoelastic and elastic energies from 4.1 (αi are directional

cosines of the magnetization vector, in particular α3 ≡ cos θ):
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Figure 5.8: The FMR absorption spectra recorded by the SMFMR system, which
uses magnetic (blue line) or strain (red line) modulation, respectively.

F = −
3∑
i=1

MiHi + 2πM2
sα

2
3 −Kα2

3+

+
3∑

i,j,k,l=1

Bijklαiαjεkl +
1

2

3∑
i,j,k,l=1

cijklεijεkl

(5.15)

Due to the resonance condition 5.14, expression with derivatives of the elastic

energy contribution is equal to zero, so the free energy of the used system can be

simplified to the form

F = −
3∑
i=1

MiHi + 2πM2
sα

2
3 −Kα2

3+

+
3∑

i,j,k,l=1

Bijklαiαjεkl

(5.16)

In the measuring system strain component ε12 = 0; as the investigated sample is

glued to the surface of a polycrystalline quartz rod (by the magnetic layer side, not
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the substrate), the film strain components ε11 and ε22 are identical to the resonator

ones. The value of the strain ε33 can be found from the minimization of the sum of

elastic and magnetoelastic energies
∂E

∂εij
(i, j = 1, 2, 3):

E =
3∑

i,j,k,l=1

Bijklαiαjεkl +
1

2

3∑
i,j,k,l=1

cijklεijεkl (5.17)

Strains ε13 and ε23 provide contributions only to the magnetic anisotropy, as

they are unrelated to strains ε11 and ε22.

So expanded expression 5.16 in the uniaxial model takes the following form:

F = −MH (sin θH sin θ cos(ϕH − ϕ) + cos θH cos θ) + 2πMsMeff cos2 θ+

+ sin2 θ ×

[(
B11 cos2 ϕ+B12 sin2 ϕ−B31 −

c12
c11

(B13 −B33)

)
ε11+

+

(
B11 sin2 ϕ+B12 cos2 ϕ−B31 −

c12
c11

(B13 −B33)

)
ε22

]
(5.18)

In case of magnetic modulated FMR, the minimum of free energy 5.18 takes

place at the magnetization M orientation equal to (θ, ϕ) = (θ0, ϕ0). At once the

periodic in time stress is applied, angles are changed to (θ0 +∆θ, ϕ0 +∆ϕ). Because

of that, the resonance condition 5.14 is also changed providing to the resonance field

shift Hmagnet ⇒ Hmagnet + ∆Hstrain.

The angle ∆ϕ = 0, while there is next expression for ∆θ:

∆θ =
∆Hstrain sin(θH − θ0) +

1

2
A2 sin 2θ0

(H + ∆Hstrain) cos(θH − θ0) + (4πMeff − A2) cos 2θ0

(5.19)

where Meff known from 5.7 and A2 equals
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A2 = − 2

Ms

[
B11(cos2 ϕ ε11 + sin2 ϕ ε22) +B12(sin

2 ϕ ε11 + cos2 ϕ ε22)−

−
(
B31 +

c12
c11

(B13 −B33

)
(ε11 + ε22)

] (5.20)

Next two cases of magnetic field orientations are presented:

• field H is parallel to the film and θH = θ = π/2, ϕH = ϕ = 0, ∆θ = 0

so ∆H
‖
strain is following:

∆H
‖
strain =

A1(H
‖ + 4πMeff )− A2H

‖

H‖ + 4πMeff

(5.21)

with

A1 =
2

Ms

(B11 −B12)(ε22 + ε11) (5.22)

• field H is perpendicular to the film and θH = 0:

∆H⊥strain =
1

2
A1 + A2 (5.23)

The SMFMR curve of a polycrystalline nickel film is measured simultaneously

with the studies of the investigated thin magnetic film. Such a procedure is necessary

in order to calibrate the system, viz. to determine strain components ε11 and ε22

numerical values, which are generated in the experiment. The Ni film is isotropic

and its magnetoelastic constants are taken from the literature.

In this way, by solving of a system which includes equations 5.20-5.23 with known

strain components ε11 and ε22, magnetoelastic constants could be determined. In

case of the model of isotropic thin film, magnetoelastic constant B11 is expressed in

following form 5.24:

B11 =
(4πMeff + 2H

‖
res)Ms∆H

‖
strain

3((4πMeff +H
‖
res
c12
c11

+ 2)ε11 − 3(4πMeff +H
‖
res −H‖res

c12
c11

)ε22)
(5.24)
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This expression was used for calculation of magnetoelastic constants in the thesis.

5.3.1 Strain induced magnetocrystalline anisotropy

The magnetoelastic energy 4.7 describes the changes of the magnetocrystalline

anisotropy caused by the strain. It means that if strain εij 6= 0, a strain induced

anisotropy appears. To determine the strain induced anisotropy, the knowledge of

both the magnetoelastic constants and the strain is necessary. The strain of the

magnetic layer can be determined by structural (e.g. x-ray studies see chapter

5.5). The crystallographic structure of the Heusler alloys is regular. Hence, if the

magnetoelastic constants are non-zero, the distortion of the crystal structure results

in appearance of the strain induced anisotropy.

Let us consider the case of tetragonal distortion of an isotropic sample, for which

ε′11=ε
′
22. In such case, according to the theory of elasticity, ε′12=ε

′
23=ε

′
13=0 and

ε′33=−2c12/c11ε
′
11. Let it be marked, that the in-plane lattice constant is a‖, the

out-of-plane constant is a⊥, and the undeformed cubic lattice constant is a0, they

can be correlated by the following formulas:


a‖ = a0 + a0ε

′
11

a⊥ = a0 + a0ε
′
33 = a0 + a0

(
−2

c12
c11

)
ε′11

(5.25)

Thus the knowledge of the in-plane and out-of plane lattice constants enables

determination of the strains and, if the magnetoelastic constants are known, also the

strain induced magnetocrystalline anisotropy. The formula for the strain induced

magnetocrystalline anisotropy can be derived from 4.7. In the case of tetragonal

distortion of an isotropic sample this equation takes the form:

UME = −Ksi cos2 θ (5.26)

where

Ksi =
3

2
B11 (ε′11 − ε′33) (5.27)
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It is clearly seen, that the tetragonal distortion of an isotropic sample leads to

the appearance of uniaxial anisotropy (compare Eq. 5.26 with the third term in Eq.

5.6).

5.3.2 Magnetoelastic constants vs. saturation

magnetostriction

The knowledge of magnetoelastic and elastic constants of an investigated

material enables calculation of its saturation magnetostriction. In order to do

this, the sum of the magnetoelastic and elastic energy must be minimized, and

the difference between the strain of a magnetized and the strain of demagnetized

sample must be calculated. For an isotropic sample the saturation magnetostriction

is given by the formula:

λS = − B11

c11 − c12
(5.28)

However, the saturation magnetostriction can be only measured for the bulk

materials. In the case of magnetic films, which are deposited on a substrate, the

magnetostriction (i.e. the change of the sample dimensions in external magnetic

field) is usually very small because of strong interaction of the magnetic layer with

the substrate. In the thesis, the saturation magnetostriction is calculated only in

order to compare magnetoelastic properties of the investigated magnetic layer with

magnetoelastic properties of other material, for which instead of magnetoelastic

constants the saturation magnetostriction is often presented.

5.4 Superconducting Quantum Interference

Device magnetometry

As it is mentioned in the section 5.1, to find perpendicular anisotropy constant

K it is necessary to determine saturation magnetization of the samples, which can

be done by means of Superconducting Quantum Interference Device magnetometry

[130]. It is one of the most sensitive techniques for magnetic moment characterizing.
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Used Quantum Design SQUID magnetometer allows measuring of the magnetic

moment with sensitivity of about 10−8 emu in the wide temperature (1.8 - 400 K)

and magnetic field (-7 . . . +7 Tesla) ranges.

The main element of the magnetometer is SQUID detector, which is constructed

of a superconducting wire forming a ring. Two types of detectors are used:

RF-SQUID is equipped with the ring with one insulator and DC-SQUID with

two ones (see Fig. 5.9). Such a construction causes appearance of the

superconductor/insulator/superconductor junction, i.e. Josephson junction.

Figure 5.9: Superconducting ring with two Josephson junctions (a) and the second
order gradiometer of the magnetic field (b) (based on information from [130]).

In commercial magnetometers additional circuit is used (Fig. 5.9 b). It allows

to expand measuring conditions, principally magnetic field and temperature ranges

for guaranteed operation. This circuit transforms magnetic flux from the sample to

SQUID detector, which is situated in stable and protected conditions (generally in

liquid helium temperature and zero magnetic field). Magnetic flux is generated by

the sample and induces electric current in the circuit. The current flows through the

magnetic field induction transformer and generates magnetic flux directly in SQUID

detector.
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5.5 X ray diffractometry

To determine additional structural parameters, viz. lattice constants and

possible defects, x-ray diffraction investigations were carried out.

The structural studies were made by means of laboratory Philips XPert-MRD

high-resolution diffractometer (HXRD) by using the CuKα1 tube and proportional

gas detector (see Figure 5.10). Incident beam optics includes X-ray mirror; four-

crystal asymmetric 220 Ge monochromator placed on the primary beam side; beam

divergences 0.005 and 2◦ in the incidence plane and axial direction, respectively

[131]. Reflected beam optics possesses a three bounce Ge(220) analyser [132].

Figure 5.10: High Resolution Diffractometer XPert Pro MRD (Panalytical),
reprinted from IP PAS website [133].

In the triple axis geometry, the Philips XPert diffractometer utilized an analyser,

which is placed in front of the detector to record reciprocal space maps (RSM).
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Chapter 6

Results and analysis
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6.1 Saturation magnetization

To measure the magnetic moment of the investigated samples, SQUID

magnetometry (sec. 5.4) was used. After that the found moment (M) values as

well as the values of the surface areas (A) and magnetic layer thicknesses (d) were

used to determine the saturation magnetization of the magnetic layer (Eq. 6.1).

Magnetic layer thickness was measured by means of quartz crystal microbalance

with previously determined tooling factor (by atomic force microscope).

Ms =
M

A× d
(6.1)

In order to calculate the magnetization of the magnetic layer, the weak

paramagnetic signal induced by the MgO substrate and the sample holder was

subtracted from the experimental data. The measurements for all samples are

performed in the parallel to the magnetic layer external magnetic field equal to

1 kOe.

The room temperature dependence of the magnetization of the investigated

CFxM1−xS samples regarding composition changes is presented in Figure 6.1. The

saturation magnetization changes with the composition of the magnetic layer. It

takes values in the range from 750 to 1050 emu/cm3. The values of the magnetization

at points x = 0.6 and x = 0.75 are slightly larger than it is expected by Slater-Pauling

rule.

This effect can be attributed to improved chemical ordering for those two

samples. In the case of thin Heusler films, it is quite difficult to accurately evaluate

the degree of order from the XRD patterns, because the intensity of superlattice

diffraction is very low even for a thick sample. However, in the paper [134], the

ordering parameter S = IA(200)/IA(400) was determined for several CFMS samples.

For the sample with highest value of S, the saturation magnetization was also the

highest, so the same effect can attributed for samples studied here. By any means,

the general trend is close to the expected according to the Slater-Pauling rule.

In Figure 6.2 the temperature dependence of the magnetization (per unit

volume of the magnetic layer) of the investigated CFxM1−xS samples is presented.
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Temperature dependencies of the magnetization of the CFMS and CFGG samples

are presented in the Figures 6.3 and 6.4, respectively.

Figure 6.1: The room temperature dependence of the magnetization of the
CFxM1−xS regarding the variable x (composition of Fe/Mn). Dashed line presents
the expected magnetization calculated according to the Slater-Pauling rule.

Figure 6.2: Temperature dependence of saturation magnetization of CFxM1−xS
films.

After the accounting of the paramagnetic contribution, in all the samples
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temperature dependence of the saturation magnetization is very weak and

monotonically decreases with increasing temperature without any phase transition

points. It can be explained by diminishing of thermal excitations in accordance

with Bloch spin wave theory [135]. However, due to the experimental deviations

(especially in low temperature, which are mainly caused by paramagnetic signal) an

accurate analysis was very complex.

The magnetization of the CFxM1−xS lies in the range from 750 to 1050 emu/cm3.

As the layer composition for CFMS and CFGG films is not changed (so the

total magnetic moment have to be constant), the differences in the values of the

magnetization are considered to the changing of the chemical ordering.

All the samples of the CFMS without Ag buffer layer have close values of

magnetization of about 970 emu/cm3 in the temperature T = 300 K, so the

magnetization of the three samples very weakly depend on the sample thickness, that

suggests that these three samples have similar chemical ordering. The magnetization

vary from 966 to 1005 emu/cm3 with the temperature change.

All the samples of the CFGG with Ag buffer layer have a close values about 880

emu/cm3 in the temperature T = 300 K and vary from 873 to 929 emu/cm3 with

the temperature change.

In the CFMS samples with Ag and the CFGG samples without Ag buffer,

for 50-nm-thick layer an increase of the magnetization is observed in comparison

to 30-nm-thick one. In the CFMS the magnetization of the thicker 50 nm layer

is approximately 120 emu/cm3 higher than that of the layer with the thickness

of 30 nm. Even stronger difference between the magnetization of the samples

with different thicknesses was observed in the case of the CFGG samples without

additional silver buffer layer.
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Figure 6.3: Temperature dependence of saturation magnetization of CFMS films.

Figure 6.4: Temperature dependence of saturation magnetization of CFGG films.
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The general trend of the magnetization for the CFxM1−xS samples is close to

the expected according to the Slater-Pauling rule. The values of the magnetization

at points x = 0.6 and x = 0.75 are slightly larger than it is expected, which can be

attributed to improved chemical ordering for those two samples.

For only Cr-buffered CFMS samples and Ag-buffered CFGG, the magnetization

of the samples very weakly depends on the sample thickness. This observation

suggests that each series of these samples has similar chemical ordering. For the

CFMS and the CFGG films the differences in the values of the magnetization are

considered to be caused by the improving of the changing ordering.

For all the CFMS and the CFGG samples an important observation was done:

the addition of the Ag buffer layer on the top of the Cr one provides an increase of

the magnetization values. This fact can also indirectly confirm the improving of the

epitaxial growth.
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6.2 Magnetic anisotropy

The ferromagnetic resonance measurements were performed in two orientations.

The values of the resonance fields in the external magnetic field parallel and

perpendicular to the surface of the magnetic layers were determined. Typical

resonance curves are presented in the Figure 6.5. In the parallel to the surface

orientation well defined single resonance line is observed. In opposition to this,

for the majority of samples, ferromagnetic resonance lines for the perpendicular

orientation are split.

Figure 6.5: FMR lines taken at room temperature for 50-nm-thick CFMS film : (a)
external magnetic field is parallel to the film plane, (b) external magnetic field is
perpendicular to the film plane.

Because of a large number of data, all resonance lines as well as temperature

dependencies of resonance fields are not presented in the thesis. Below only some

characteristic features of these dependencies, which had some impact on the method

and accuracy of further analysis are discussed, i.e. determination of the magnetic

anisotropy.

In case of the CFxM1−xS samples the parallel resonance field slightly decreases

with decreasing temperature for the samples with x = 0.6, 0.75, 1 and decreases

more significantly for the rest ones.
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Perpendicular magnetic field in turn, increases moderately with decreasing

temperature. For several samples the perpendicular resonance field lay beyond the

upper limit of our spectrometer. For the samples with x = 0 and x = 1 resonance

field was not measurable in full temperature range, for the samples with x = 0.6

and x = 0.75 it was measured only at T = 300 K and T = 260..300 K, respectively.

For the samples with x = 0.4 and x = 0.5 perpendicular resonance magnetic field

was achieved at T = 115..300 K and T = 75..300 K, respectively.

Because of this, in case of unregistered perpendicular orientation field, the

temperature dependence of the resonance field for the sample deflected from the

perpendicular orientation by 2.25 - 4.00 degree was recorded. These results were

subsequently used to numerical estimation of the perpendicular resonance magnetic

field assuming equations 5.6 and 5.14 in the uniaxial model.

For the CFMS samples the parallel resonance field remains almost unchanged

in case of the samples without additional Ag buffer layer; ferromagnetic resonance

field Hres decreases with decreasing temperature for the samples with Ag layer.

Perpendicular resonance field slightly increases with decreasing temperature for

all the samples. The sample with 15-nm-thick CFMS layer was not able to be

measured in exactly perpendicular to field orientation, so perpendicular resonance

field was determined by means of numerical calculation from 2.25 degree deflected

orientation results. The perpendicular resonance fields are higher for the sample

without the silver buffer layer and they increase with decreasing layer thickness.

In case of the CFGG samples moderate changes of the parallel resonance fields

were detected in low temperatures. These changes were observed mainly below T

= 75 K: Hres of the samples with Ag layer increases with decreasing temperature,

whereas Hres of the samples without Ag declines.

Perpendicular magnetic field in the CFGG has an upward trend with decreasing

temperature. For all the samples with Ag buffer layer the perpendicular resonance

fields have close values still increasing with decreasing layer thickness. In opposite

to that, the 50-nm-thick CFGG sample without Ag buffer has considerably higher

resonance field than 30-nm-thick one.

By using known resonance fields for two different external magnetic field
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orientations (viz. Hres.par. and Hres.perp.) the effective magnetization was calculated

from the system 5.8.

To calculate the perpendicular component of magnetocrystalline anisotropy

constant K from Eq. 5.7, saturation magnetization results were used.

The temperature dependencies of the magnetocrystalline anisotropy constant

for the CFxM1−xS, CFMS and CFGG are presented in the Figures 6.6, 6.8 and 6.9

respectively.

For all the samples, the magnetocrystalline anisotropy has relatively low and

negative value. Hence, an easy plane to magnetize the sample was always parallel

to the magnetic layer.

With regard to used physical model of the uniaxial film symmetry, experimental

errors in determining the saturation magnetization and ferromagnetic resonance

fields cause the inaccuracy in determining of the magnetic anisotropy constants. In

case of the samples, where the resonance in the exactly perpendicular to the magnetic

field orientation was unable to be recorded (empty squares � in Fig. 6.6 and Fig.

6.8), used methodology allowed to determine the constants in the accuracy range of

about 1× 106 erg/cm3. As it was mentioned above, the splitting of the FMR curve

in case of the external magnetic field perpendicular to the surface of the magnetic

layer is observed. This fact provides to uncertainty of determination of resonance

field Hres.perp.; this uncertainty in case of the most split line is calculated to be of

about 10 G, which, in comparison with corresponding resonance field average value

of about 16209 G, does not have strong influence on the determined perpendicular

component of magnetocrystalline anisotropy constant K; errors calculation allowed

to define uncertainty of K σK = 4.4×103 emu/cm3, which is of about 2-3 orders less

than achieved perpendicular component of magnetocrystalline anisotropy constant

values.

For all the CFxM1−xS samples the magnetocrystalline anisotropy has close values

and remains relatively weak (Fig. 6.6). With declining of temperature anisotropy

stands out more considerably: for the two compositions it holds almost constant

(x = 0.6, 0.75), for the rest ones it changes more significantly. All determined

temperature dependencies change in the range of about 1× 106 erg/cm3. The easy
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plane anisotropy is observed for all compositions.

The room temperature dependence of the anisotropy constant regarding the

variable x shows lack of systematicity (see inset in the Fig. 6.6). However, there

is correlation between magnetic anisotropy constant and coercivity field, which was

measured by Japanese collaborators, Fig. 6.7. The coercivity field was measured

when the external magnetic field was parallel to the surface of the film. The values

of this field for the samples investigated are very low, they ranges from about 8

Oe to about 12 Oe. For all the CFxM1−xS samples the uniaxial perpendicular

anisotropy constant was negative, ranging from about -1.2 106 erg/cm3 to about -

1.6 106 erg/cm3. The experimental results presented in Fig. 6.7 show that the largest

values of the coercivity field were found for the samples for which the absolute value

of the negative perpendicular anisotropy constant was the lowest and vice versa.

Figure 6.6: Temperature dependence of the out-of-plane magnetic anisotropy
constant of CFxM1−xS films: the filled squares � indicate points, where the
ferromagnetic resonance in perpendicular to the film plane orientation was measured
exactly; the empty squares � indicate points, where numerical estimation of
the perpendicular resonance magnetic field was used; inset represents the room
temperature dependence of the magnetocrystalline anisotropy constant regarding
the variable x (composition of Fe/Mn).
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Except for irreversible domain wall motion, the magnetic anisotropy is one of

the most famous mechanisms responsible for the coercivity [136]. For the samples

with an easy magnetizing axis, the largest values of the coercivity field are expected

when the external magnetic field is parallel to this axis. In the case of studied

samples, the negative value of the of the perpendicular anisotropy constant means

that there is an easy plane of magnetizing, parallel to the investigated film. For

the samples with an easy plane of magnetizing and no in-plane anisotropy no

coercivity is expected. Hence for the samples with an easy plane of magnetizing, the

coercivity is influenced mainly by the in-plane anisotropy. The in plane anisotropy

was not studied in the experiments. However, the pronounced correlation between

the magnetocrystalline anisotropy and the coercivity suggests that the mechanism

responsible for the coercivity of studied samples in mainly connected with their

magnetocrystalline anisotropy.

For both series of the CFMS samples (Fig. 6.8) the absolute value of the

magnetocrystalline anisotropy decreases with increasing sample thickness. The

comparison of the samples with the same thicknesses of the two samples series shows

that the samples with the silver layer have lower anisotropy. In the case of the d

= 50 nm sample with Ag buffer layer the anisotropy is close to zero. Temperature

dependence of the magnetocrystalline anisotropy in the investigated temperature

region is relatively weak. Except for the 15 nm sample, the absolute values of the

magnetic anisotropy constants for both series of investigated samples are lower than

those for the series with variable Fe/Mn ratio, presented earlier.

The calculated temperature dependence of the constant K for the CFGG samples

is also relatively weak (Fig. 6.9). As in the CFMS samples, the absolute value of

the magnetocrystalline anisotropy for CFGG samples without Ag layer decreases

with increasing sample thickness, the thicker 50 nm sample has lower magnitude

of magnetocrystalline anisotropy constant that the thinner 30 nm one. In the case

of Ag-buffered samples, the absolute value of the anisotropy constant for all three

samples is very low. The absolute value of the anisotropy constant in case of all the

samples decreases with increasing temperature.

Hence, for all the CFMS and the CFGG samples a tendency of decreasing
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magnetic anisotropy after application of additional Ag buffer layers is observed.

In the case of 30-nm-thick CFMS it provides decreasing of the absolute value of the

anisotropy by 2.5×105 erg/cm3, for 50-nm-thick to a decrease by 8×105 erg/cm3. In

the case of 30-nm-thick and 50-nm-thick CFGG, decreases by about 8×105 erg/cm3

and 6× 105 erg/cm3 were observed, respectively.

Figure 6.7: The room temperature dependence of the magnetocrystalline anisotropy
constant and coercivity field (from ref. [110]) regarding the variable x (composition
of Fe/Mn).

Figure 6.8: Temperature dependence of the out-of-plane magnetic anisotropy
constant of CFMS films; the empty squares � indicate 15-nm-thick CFMS layer,
where numerical estimation of the perpendicular resonance magnetic field was used.
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Figure 6.9: Temperature dependence of the out-of-plane magnetic anisotropy
constant of CFGG films.

6.2.1 Surface anisotropy

Based on the fact that the saturation magnetization as for three only Cr-buffered

CFMS samples, as for three Ag-buffered CFGG are equal within the measurement

error range, the next assumption was made: the experimentally observed change of

the magnetocrystalline anisotropy with the change of the magnetic layer thickness

is induced by surface effects.

The room temperature dependence of the magnetocrystalline anisotropy constant

for these two series of samples was plotted as a function of an inverse of magnetic

layer thickness, which allowed to separate the volume and surface components of

the magnetocrystalline anisotropy,

The magnetic anisotropy for the CFMS samples without Ag buffer layer is

presented in Figure 6.10, for the CFGG samples with Ag buffer layer - in Figure

6.11.

Observed dependencies are linear, hence, the concept of the surface anisotropy

[137] can be used. The dependence was fitted using the formula 6.2:

K = KV +
2KS

d
(6.2)

70



KV and KS are fitting parameters usually interpreted as the volume and surface

contributions to the anisotropy. Performed fitting procedure gives KV = -4.68 105

erg/cm3 and KS = -0.77 erg/cm2 for the CFMS films, and KV = -1.75 105 erg/cm3

and KS = 0.11 erg/cm2 for the CFGG films, respectively.

Figure 6.10: Room temperature out-of-plane magnetocrystalline anisotropy constant
of the series of the CFMS layers, without buffer silver layer, as a function of the
inverse of magnetic layer thickness.

The surface anisotropy is determined by the structure of the interfaces between

the magnetic and adjacent layers. The presence of the surface anisotropy may

change, in certain cases, the total anisotropy of the magnetic thin film from an

easy-plane anisotropy (i.e. anisotopy with an easy plane of magnetizing parallel to

the film) to a perpendicular one (i.e anisotropy with an easy axis of magnetizing

perpendicular to the film). Recently, a perpendicular anisotropy was reported in

ultrathin (1-2 nm) CFMS layers with the configuration MgO/CFMS/Pd [138].

Such perpendicular anisotropy could be attributed to the Fe-O hybridization at

the MgO/CFMS interface [139], [140]. However, no perpendicular anisotropy was

observed in the MgO/CFMS/MgO structures [138] suggesting an important role

of a cover layer. Also other results [141] suggest that the presence of palladium

buffer layer plays a crucial role in the appearance of the perpendicular anisotropy

in ultrathin CFMS layers. No perpendicular anisotropy was achieved in ultrathin
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CFMS layers with chromium buffer layer [141]. Similar effects were observed for

cobalt thin films, where perpendicular anisotropy was strongly dependent on both,

buffer and cover layer type [142, 143, 144].

Figure 6.11: Room temperature out-of-plane magnetocrystalline anisotropy constant
of the series of the CFGG layers, with buffer silver layer, as a function of the inverse
of magnetic layer thickness.
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For all the investigated samples the magnetocrystalline anisotropy have relatively

low and negative value. Hence, there is always an easy plane to magnetize the sample

parallel to the magnetic layer.

The absolute value of the magnetocrystalline anisotropy for the CFMS and the

CFGG samples decreases with increasing sample thickness. The comparison of the

samples with the same thicknesses and with/without Ag-buffer layer shows that the

samples with the silver layer have lower anisotropy.

Temperature dependence of the magnetocrystalline anisotropy is relatively weak.

The values of the magnetic anisotropy constant for all the CFMS and the CFGG

samples are basically lower than for the CFxM1−xS ones. In the case of Ag-buffered

CFGG samples, all the samples have similar, relatively low values.

It was supposed that the changes of the magnetocrystalline anisotropy in Cr-only-

buffered CFMS and Ag-buffered CFGG are caused mainly by the surface effects.

The estimated surface anisotropy for the CFMS samples has a negative (- 0.77

erg/cm2) value. For the CFGG samples, anisotropy changes with magnetic layer

thickness are considerable less (the surface anisotropy of about 0.11 erg/cm2) than

for the CFMS ones; the values of the magnetocrystalline anisotropy constants

are equal within the measurement error range, so such a small calculated surface

anisotropy in the CFGG is negligible small.

The CFMS layers studied here were too thick to expect an appearance of

perpendicular anisotropy. However, by comparison of the anisotropies of the samples

of different thicknesses, it was concluded that the surface anisotropy has a negative

value. Hence, decreasing sample thickness increases the tendency of a magnetic

moment to lay parallel to the magnetic layer plane, so no perpendicular anisotropy

is expected.

The dependence of the magnetic anisotropy on the thickness of the magnetic layer

arises as an intrinsic and extrinsic effects [145]. The intrinsic effects are related to

the broken symmetry at the interfaces [137]. The extrinsic effects arise mainly due
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to the misfit dislocations, interdiffusion, and the surface roughness. Both of these

effects may have an influence on the observed phenomena.

The splitting of the ferromagnetic resonance lines in the perpendicular

orientation suggests inhomogeneity of the samples structure.

In case of parallel to film orientation, the effect is not visible, however for the

perpendicular orientation the changes of resonance field are more sensitive to the

sample deflection.
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6.3 X ray diffraction studies

Conducted introductory XRD investigations were intended to confirm epitaxial

growth of the films. However, more thorough studies were not carried out.

Nevertheless, it would be helpful to investigate possible occurrence of the

deformation of the regular structure of the Heusler alloy. Such deformations in

combination with the magnetoelastic properties could induce additional magnetic

anisotropy in the magnetic layer. To determine this anisotropy, the knowledge of

the lattice constants of the studied magnetic layer is necessary; special consideration

of the possible lowering of the crystalline structure symmetry of the layer as a result

of deformation must be done.

In the XRD studies one 50-nm-thick Ag-buffered CFMS sample was investigated.

The experimental examination was technically very difficult and laborious, which

is caused mainly by very small thickness and imperfect epitaxial growth of the

investigated layer.

2Θ−ω scan and introductory results presented in the Fig. 3.4 confirmed epitaxial

growth.

Thereafter a symmetric 400 Brag reflection was analysed to evaluate

perpendicular lattice constant a⊥ = 5.675 ± 0.005Å, then an asymmetric 422

reflection was investigated to estimate parallel lattice constant a‖ = 5.645± 0.008Å.

These results revealed compressive deformation of the CFMS unit cell. If it is

assumed that ε′11 = ε′22 (strains in plane in two perpendicular orientations are equal),

the tetragonal distortion can be supposed, when regular symmetry is changed to

the tetragonal one. However, inaccuracy in determination of the centres of the

appropriate lattice nodes led to the inaccuracy in lattice constants values, which is

comparable with the difference between them.

The data of the lattice constants values were used to calculate parallel and

perpendicular strains from the system 5.25, which are equal to ε11 = −2.19× 10−3

and ε33 = 3.10× 10−3, respectively.

Another important result is a presence of the mosaicity, which was confirmed by

reciprocal space maps of the reflections, see Figure 6.12. The deformation of the

node along the scattering vector component Qx axis in the 400 reflection (a) as well
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as the node’s deformation along the perpendicular to the diffraction vector direction

in the 224 reflection (b) are caused by mosaicity.

Figure 6.12: Reciprocal Space Maps of the symmetric 400 (a) and asymmetric 422
(b) reflections, respectively.
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Obtained lattice constants suggest appearance of the tetragonal distortion in

the CFMS film. Determined values were used in calculation of the strain induced

magnetic anisotropy of the magnetic layer, which is presented in the section 6.4.

Observed deformations of the lattice nodes in the reflexes give evidence of

mosaicity appearance . This statement is also used in analysis of the magnetic

damping properties in the section 6.5.

Because of very small thickness of the investigated layer and significant

inaccuracy of determination of the lattice constants values, it was decided to resign

further XRD investigations: examining of most other samples, which are thinner

than studied one, can lead to even greater errors. The strain induced magnetic

anisotropy of all the samples was taken as an order of magnitude of calculated in

6.4 one.
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6.4 Magnetoelastic properties

All investigated samples have small magnetocrystalline anisotropy and possesses

regular structure, so it was decided that the isotropic thin film model allows to

describe magnetoelastic properties correctly. According to the model, there is one

magnetoelastic constant B11 evaluated in the experiment, which was defined using

methodology described in the section 5.3. For the model, only magnetic field parallel

to the sample’s surface measurement of the ferromagnetic resonance is required. This

fact allows to avoid perpendicular-to-field measurement, in which resonance line for

most samples is split, as it was mentioned in section 6.2.

Magnetoelastic properties of the investigated samples are relatively weak.

Experimentally determined magnetoelastic constants have values in range of 0.1-0.5

of polycrystalline Ni one. All results are collected in the tables 6.1 and 6.2 for the

CFxM1−xS samples with changing Fe/Mn ratio and for the thickness changing CFMS

and CFGG samples with variable thickness of the magnetic layer, respectively.

The magnetoelastic constants of the CFxM1−xS thin-film samples studied in

our experiments in room temperature are shown in the Figure 6.13. The room

temperature saturation magnetization dependence is also presented in this figure.

Clear correlation of these two properties is observed. The absolute values of the

magnetoelastic constants found in the experiments range from 6×106 erg/cm3 (for x

equals 0) to 28×106 erg/cm3 (for x equals 0.75), which are, respectively, about eight

and two times smaller than that for the polycrystalline nickel (B11(Ni) = 55×106

erg/cm3). The corresponding values of the saturation magnetostriction range from

0.5×10−5 to 4.25×10−5.

Figure 6.14 shows the magnetoelastic constants of all CFMS and CFGG samples

investigated in room temperature. They are shown as a function of an inverse of

the magnetic layer thickness. The absolute values of the determined magnetoelastic

constants are similar to the CFxM1−xS ones.
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Figure 6.13: Saturation magnetization MS and absolute value of magnetoelastic
constant B11 for the CFxM1−xS films as a function of composition x in room
temperature.

Constants for the CFMS films range from 7×106 erg/cm3 (for 15 nm CFMS

sample without Ag buffer layer) to 18×106 erg/cm3 (for 50 nm CFMS sample with

Ag buffer). The corresponding values of the saturation magnetostriction for the

CFMS range from 0.8×10−5 to 2×10−5.

Constants for the CFGG samples range from 16×106 erg/cm3 (for 30 nm CFGG

sample without Ag buffer layer) to 30×106 erg/cm3 (for 50 nm CFGG sample with

Ag buffer).

The saturation magnetostriction of all investigated samples is positive, i.e., it

has an opposite sign to that of nickel. For all series of the samples, an increase of

the absolute value of B11 and of the saturation magnetostriction was observed with

the increase of the magnetic layer thickness, in spite of the fact that strain induced

by the epitaxial growth is relaxing with the film thickness.
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Figure 6.14: Room temperature magnetoelastic constant B11 for the CFMS and the
CFGG films as a function of the inverse of magnetic layer thickness.

The experimentally observed magnetoelastic effect for all series of investigated

samples is also relatively weak. It corresponds to the saturation magnetostriction

of an order of 10−5 or lower.

The knowledge of the magnetoelastic constant B11 and saturation magnetization

MS enables estimation the minimal tetragonal distortion, which is necessary to

change the anisotropy of the magnetic layer from an anisotropy with an easy-plane

of magnetizing (parallel to the magnetic film) to the anisotropy with an easy axis

of magnetizing (perpendicular to the film). For the film with an easy axis of

magnetizing the effective magnetization (defined by Eq. 5.7) becomes negative.

Putting into Eq. 5.7 the anisotropy induced by tetragonal distortion (Eq. 5.27)

and bearing in mind Eq. 5.25, we obtain the minimal in-plane tetragonal (with

ε′11 = ε′22) distortion:
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ε′11−min =
4πc11M

2
S

3B11(c11 + c12)
(6.3)

If we assume the average characteristic for our samples magnetoelastic constant

B11 = −2× 107 erg/cm3 and average MS=900 Gs, we obtain ε′11−min ≈ −0.07. The

sign minus means that the in plane strain should be compressive. However, such a

large strain is difficult to obtain for the epitaxially grown magnetic layers. Hence,

it can be concluded that the investigated Co2YZ Heusler alloys thin films are bad

candidates to obtain the perpendicular anisotropy, with an easy axis of magnetizing

perpendicular to the film.

As for 50-nm-thick CFMS sample with Ag-buffer layer lattice constants were

determined and very small tetragonal distortion was observed, the strain induced

magnetic anisotropy was calculated according to expression 5.27. The value of

anisotropy constant is Ksi = (1.39 ± 0.43) × 105 erg/cm3. So the strain induced

magnetic anisotropy has opposite sign compared to the magnetocrystalline

anisotropy obtained by FMR/SQUID studies, i.e. it causes an increase of the

anisotropy constant and lowers it’s absolute value. However, it is almost an order

of magnitude smaller than the magnetoctrystalline anisotropy for most samples.

The changes of the magnetoelastic constants were also observed with the

magnetic layer thickness. It still arises as an intrinsic and extrinsic effects [145]

as for the anisotropy changes case. This dependence can be correlated with the

anisotropy changes.

Similar to the concept of the surface anisotropy [137], the concept of the so

called surface magnetostriction may be introduced [146, 147]. The magnetoelastic

constants can be, formally, divided into two parts:

B11 = B11,V +
2B11,S

d
(6.4)

where B11,V and B11,S are the volume and surface components of the

magnetoelastic constant, respectively.

For the series of samples with almost equal saturation magnetization, viz. for

the Cr-only-buffered CFMS and Ag-buffered CFGG, surface magnetoelastic effect
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analysis was done.

In the case of the CFMS series without Ag layer, the following values of

magnetoelastic components were obtained B11,V = 17.0× 106 erg/cm3 and B11,S =

7.5 erg/cm2, respectively, by fitting the linear dependence of B11 versus inverse of

magnetic layer thickness (d−1).

In the case of the CFGG series with Ag layer, the volume component of the

magnetoelastic constant B11,V = 31.6×106 erg/cm3 is almost twice more than for the

volume component B11,V of the CFMS samples, the surface component B11,S = 7.8

erg/cm2 is close to B11,S for the CFMS.

In all investigated series of the Heusler samples, the absolute value of the

magnetoelastic constant decreases with decreasing of magnetic layer thickness.

Hence, the magnetoelastic effect in such thin layers is weaker as that expected

in the bulk materials, i.e., the absolute values of extrapolated B11,V magnetoelastic

constant are bigger than the absolute values of B11 magnetoelastic constants of the

thin films.

In [9], magnetoelastic properties of the layers of Co2FeSi and Co2MnSi Heusler

alloys were estimated, comparing the anisotropy of the layers of different thicknesses

and grown on different substrates to induce different strains (STO compressive strain

and MgO tensile strain). They assumed the anisotropy changes to be connected

with strain-induced tetragonal distortion, which increased with the decrease of the

layer thickness, as a result of a mismatch between the magnetic layer and the

substrate. They have found the magnetostriction constants of 12.22 × 10−6 and 2.02

× 10−6 for Co2FeSi and Co2MnSi, respectively. Such approach, however, neglects

the presence of the surface effects. In the presented in the thesis experiments, the

observed surface magnetoelastic effects suggest that surface effects strongly influence

anisotropic properties of the Heusler alloys thin magnetic layers.

82



Table 6.1: The results of the SMFMR experiments for the CFxM1−xS films. Elastic
constants used for λS calculation are taken from [148, 149].

CoFexMn1−xSi (30 nm)

x 0 0.25 0.4 0.5 0.6 0.75 1
B11, 106 erg/cm3 -6.75 -11.30 -18.49 -20.74 -20.30 -27.66 -22.44

λS, 10−5 0.47 0.79 2.18 2.45 2.40 4.25 3.45

Table 6.2: The results of the SMFMR experiments for the CoFe0.4Mn0.6Si and the
Co2FeGa0.5Ge0.5 films. Elastic constants used for λS calculation are taken from
[148].

CoFe0.4Mn0.6Si Co2FeGa0.5Ge0.5

with Ag without Ag with Ag without Ag
d,

nm
B11, 106

erg/cm3

λS,
10−5

B11, 106

erg/cm3

λS,
10−5

B11, 106

erg/cm3

B11, 106

erg/cm3

15 - - -6.67 0.79 -21.74 -
30 -13.10 1.57 -12.90 1.54 -24.52 -16.30
50 -17.50 2.09 -13.20 1.57 -29.86 -24.60
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The method of the SMFMR was used successfully for the magnetoelastic tensor

components measurements of thin Co2YZ magnetic Heusler alloy films. It allowed

to determine magnetoelastic constants for all the samples, which is important from

the potential application point of view.

The values of the constants are about eight or two times smaller than that

for the polycrystalline nickel and are presented in the tables 6.1 and 6.2. For

the CoFexMn1−xSi and CFMS samples also corresponding values of the saturation

magnetostriction were calculated.

The strain induced magnetic anisotropy contribution

to the full magnetocrystalline constant value was estimated, which has opposite,

positive value and lowers the absolute value of the anisotropy.

In our samples, where the distortion of magnetic layer is small, the magnitude

of strain induced anisotropy is also small in comparison to the magnetocrystalline

anisotropy. However, the strains induced in the magnetic layer must be taken into

account in applications where low magnetocrystalline anisotropy is necessary.

The magnitude of the magnetoelastic constants was found to increase with

increasing of the saturation magnetization of the magnetic layers; it also rises with

increasing thickness of the magnetic layer for all series of the samples studied in the

experiments.

In the case of the series of CFMS samples without Ag buffer layer and Ag-

buffered CFGG, the changes of the magnetoelastic constant with the thickness of

the magnetic layer can be correlated mainly with the surface effects. For other

series, i.e., CFMS with Ag buffer and for CFGG samples, it is difficult to separate

the surface effects from those correlated with the change of chemical ordering with

increasing thickness.

Magnetoelastic effect in the investigated thin magnetic CFMS and CFGG films

is weaker than that estimated for the bulk materials from the B11 versus d−1

dependence.
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6.5 Magnetic damping properties

As it was mentioned in the section 2.2, the determining of the magnetic damping

properties in such alloys as half-metallic Heusler Co2YZ thin films has great

importance due to the fact that low Gilbert damping is required for the spintronic

devices. However, the correlations between magnetic damping and magnetoelastic

properties in thin films remain poorly analysed.

There are a few experimental reports on the correlation between magnetic

damping and other magnetic parameters such as magnetic anisotropy and saturation

magnetostriction, which originate from spin orbit coupling [150, 151, 152, 153, 113].

Most of the studies performed so far concern the permalloy type NiFe alloys of

different compositions [8, 154]. The information about such magnetic properties is

also important due to the potential application of the low-loss, magnetoelastic thin

film materials in spin-mechanical devices [4].

Magnetic damping is proportional to the ferromagnetic resonance line width.

However, there are plenty of mechanisms which can be responded for the magnetic

energy dissipation in the thin magnetic layers. Some of them are connected

with homogeneous broadening, another ones are related to the inhomogeneous

broadening.

As it was mentioned in the section 5.2, according to the simple equation 5.12

inhomogeneous broadening (the first term in 5.12) does not depend on microwave

frequency, whereas homogeneous broadening (the second term in 5.12) possesses

linear frequency dependence. In real materials, however, the situation is more

complicated, as different parameters must be taken into account. Recorded

ferromagnetic resonance spectra linewidth can have following different contributions

[155]:

∆H = ∆H0 +
4παf

γ

⇓
∆H = ∆H0 + ∆Hmosaic + ∆HTMS + ∆HG+sp

(6.5)

Here ∆H0 is the frequency-independent sample inhomogeneity contribution. The
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next term ∆Hmosaic is due to sample mosaicity [155].

Such the linewidth contribution has origin from crystallite orientations and

thickness variations in the films. They cause the anisotropy fields spatial variations

and small variations of the FMR magnetic field for different regions [156]. The next

∆HTMS concerns on the two-magnon scattering contribution (TMS). The TMS

occures when the magnon with q = 0 scatters into a degenerate magnon (and

wave vector −→q 6= 0). Arias and colleagues created a theoretical model, in which

it was taken into account that the magnetic inhomogeneity and yield two-magnon

scattering can be induced by the geometrical defects of the lattice [157]. The term

∆HG+sp =
4παeff
γ

f is the spin-pumping and Gilbert damping contribution.

With the aim of some of these effects separation, broadband ferromagnetic

resonance studies were needed so VNA investigations were performed. Because of

the resonance line splitting in the film-perpendicular-to-field orientation, the vector

network analyzer ferromagnetic resonance measurements were performed only in the

external magnetic field parallel to the surface of the magnetic layers.

During the measurements, in most of samples the large two magnon scattering

contribution to the FWHM was observed (see Figure 6.15). This effect prevail

over sample inhomogeneity and mosaicity contributions. In the low frequency

regime, ∆H increases rapidly with increasing frequency. Above the frequency of

about approximately 10 GHz typical for the Gilbert damping linear dependence was

detected. Such a behavior of the frequency dependent ferromagnetic resonance was

previously observed in as in Co2YZ thin magnetic Heusler films Co2FeAl [150] as in

other materials [158].

At the high frequency part of the FWHM dependence, TMS effect became

independent on the frequency, so further rise can be attributed mainly to the Gilbert

and spin-pumping damping. By analysing this part of dependence, αeff parameter

was evaluated for all the samples. The values of the evaluated αeff for the CFxM1−xS

are presented in the table 6.3 and for the CFMS and the CFGG are presented in

the table 6.4. The magnetic damping constants for most of samples possess small

values. Among the CFxM1−xS constants, the lowest value of about 2.18 × 10−3

belongs to the content of Fe = 0.4, which is in accordance with the result obtained
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in [112].

Figure 6.15: The FWHM for the CFxM1−xS film with x = 0 as a function of RF
frequency in room temperature. Empty circles present the two magnon scattering
contribution.

Table 6.3: The evaluated values of the effective magnetic damping constants from
the vector network analyzer experiments for the CFxM1−xS films.

CoFexMn1−xSi (30 nm)

x 0 0.25 0.4 0.5 0.6 0.75 1
αeff ,
10−3

2.90 ±
0.68

3.78 ±
0.53

2.18 ±
0.25

2.72 ±
0.37

5.65 ±
1.17

2.81 ±
0.93

4.12 ±
0.89

Table 6.4: The evaluated values of the effective magnetic damping constants from the
vector network analyzer experiments for the CoFe0.4Mn0.6Si and the Co2FeGa0.5Ge0.5
films.

CoFe0.4Mn0.6Si Co2FeGa0.5Ge0.5

with Ag without Ag with Ag without Ag
d, nm αeff , 10−3 αeff , 10−3 αeff , 10−3 αeff , 10−3

15 - 1.00 ± 0.82 5.97 ± 0.79 -
30 2.59 ± 0.74 1.90 ± 0.10 1.85 ± 0.70 7.20 ± 1.00
50 3.88 ± 0.89 4.50 ± 0.19 1.72 ± 0.14 11.94 ± 0.76
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Figure 6.16: ∆HTMS contributions to the ferromagnetic resonance linewidth of the
CFxM1−xS samples as a function of the microwave frequency.

Due to the strong two magnon scattering phenomenon, it became impracticable

to separate sample inhomogeneity and mosaicity contributions to the ferromagnetic

resonance spectra linewidth from ∆HTMS one. To estimate values of the TMS

term, the Gilbert and spin-pumping damping contribution was subtracted from

the measured FWHM value ∆HTMS = ∆H −∆HG+sp [150, 159]. For the ∆HG+sp

calculation, αeff were used, which were determined from the high frequency FWHM

dependences. In the Figure 6.15 the values of TMS term in comparison to the

experimental ∆H data are presented. At the frequency above the approximately

10 GHz, two magnon scattering effect takes almost constant value. Two magnon

scattering contributions for the CFxM1−xS films below the 9 GHz microwave

frequency are shown in the Figure 6.16. The results for the CFMS and CFGG

series are similar to the presented ones.
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Figure 6.17: Effective magnetic damping constant αeff and absolute value of
magnetoelastic constant B11 for the CFxM1−xS films as a function of composition x
at room temperature.

The results of the investigations show that the effective magnetic damping

parameter of the Heusler alloys thin films is strongly affected by both the magnetic

layer composition and application of different buffer or cover layers. Hence, it

is very difficult to find out a simple correlation between the Gilbert dumping

parameter and magnetoelastic properties. For the series of the CFxM1−xS samples

with different Fe content, but of the same thickness and deposited at the same

conditions using the same buffer and cover layers, no simple correlation between the

Gilbert damping factor and the composition was found (see Figure 6.17). This result

suggest that in order to minimize the magnetic damping factor for each magnetic

layer composition the structure of the buffer and cover layers should be chosen

individually. On the other hand, for the same series of the samples a systematic

change of the magnetoelastic properties, correlated with the changes of magnetic

layer magnetization, was found (see Figure 6.13 in the section 6.4).

The application of an appropriate structure of buffer layers can reduce the
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magnetic damping parameter several times (compare the 30 nm CFGG layers with

and without additional silver buffer layer see table 6.4 or Figure 6.18). The

magnitude of the magnetic damping parameter from the ∆HG+sp contribution can

be increased by application of the cover layer of a metal characterized by strong spin

orbital coupling.

Figure 6.18: Effective magnetic damping constant αeff for the CFMS and the CFGG
thin films as a function of magnetic layer thickness in room temperature.

Such an effect, called the spin pumping phenomenon [160], is clearly seen in the

case of series of CFGG samples with additional silver buffer layer which were covered

by tantalum. The observed in ferromagnetic resonance experiments spin pumping

phenomenon is connected with the spin current flowing through the boarder between

the magnetic and non-magnetic metal. For this reason, as a result of a spin pumping

phenomenon, the effective magnetic damping parameter is expected to be inversely

proportional to the thickness of the magnetic layer. Such dependence was indeed

observed in the experiments for the CFGG samples covered with tantalum (Figure

6.18).

To estimate the spin pumping effect, the real part of the total effective spin
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mixing conductance (g↑↓eff ) for this series of the CFGG samples was calculated by

the following expression 6.6 [155]:

∆α = αeff − α0 =
gµBg

↑↓
eff

4πMS

1

d
(6.6)

In spite of quite large inaccuracy of the effective magnetic damping values, the

evaluated spin mixing conductance g↑↓eff = 5.80×1019m−2 is comparable to the values

obtained for a Si/Co2FeAl/Ta [155] and Pd/CoFe/Pd [161] multilayer structures.

The observation of the low magnetic damping (≈ 2 × 10−3) with high spin mixing

conductance value (≈ 1019 m−2) in case of the CFGG/Ta bilayer system corresponds

to the main requirements for switching of magnetization in spin transfer torque and

spin logic devices.

On the other hand in the case of all other series of the samples investigated in our

experiments (i.e. CFMS with and without additional silver buffer layer and CFGG

without additional silver buffer layer) the effective magnetic damping coefficient was

found to increase with increasing thickness of the magnetic layer (Figure 6.18). It

is worth noting that for all series of the samples studied in our experiments, with

increasing thickness of magnetic layer, we also observed an increase of the absolute

value of the magnetoelastic constant B11. Hence, for all samples for which the spin

pumping phenomenon can be neglected (so the effective magnetic damping constant

may be considered as Gilbert damping parameter), an increase of the absolute value

of the magnetoelastic constant is accompanied by an increase of the damping factor,

see Figure 6.19.
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Figure 6.19: Effective magnetic damping constant αeff for the CFMS and the CFGG
thin films as a function of magnetoelastic constants B11 in room temperature. As
the spin pumping effect in these samples is not observed, the effective magnetic
damping constant may be considered as Gilbert damping parameter.

It is usually assumed, that an enhanced magnetoelastic effect should result in

an increase of magnetic damping. This assumption is confirmed by a number of

experimental studies, which were carried out for mainly Ni-Fe films. For example

in [154, 8] the correlation between the magnetostriction and magnetic damping in

permalloy films of different compositions was found. By changing the Ni-to-Fe

ratio the authors were able to vary the magnetostriction constant from -0.7 10−5

to 1.5 10−5, reaching zero for the composition Ni80Fe20. However, the quantitative

correlation between the magnetoelastic constants and damping parameters remains

poorly understood. In [154], the correlation of the magnetic damping with the

strain fluctuations induced by the magnetoelastic effect was assumed. A description

of fluctuation processes that affect damping during the magnetization reorientation

process required non-equilibrium statistical mechanics. In [154], an analysis of the

experimental data based on self-organized criticality [162] was performed.
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In the papers cited above, the changes of the magnetoelastic properties of the

magnetic films were caused by the changes of the film composition. In the case

of results discussed above, an increase of magnetic damping correlated with an

increase of absolute value of magnetoelastic constants was observed, correlated with

the change of the thickness of the magnetic layer.

Such an effect has not been observed so far. However, on the basis of the data

available, it cannot be excluded such a possibility that the correlation between the

magnetic damping and the thickness of the magnetic layer can be also explained

without taking into account the magnetoelastic effect. To eliminate such a possibility

further investigations are necessary.
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In most of samples nonlinear dependence of the ferromagnetic resonance spectra

linewidth as a function of frequency is observed. Such a behavior is due to the

large two magnon scattering contribution to the resonance linewidth in the low

frequency range (below the 10 GHz). Above this frequency value, TMS contribution

becames independent on frequency and the linewidth behavior is typical for the

Gilbert magnetic damping mechanism. This nonlinearity of the frequency dependent

ferromagnetic resonance linewidth similar to that observed in Co2FeAl [150]. The

TMS effect prevail over sample inhomogeneity and mosaicity contributions.

The magnetic damping constants for most of samples possess small values of

about 1-5 × 10−3. The CFGG samples without Ag buffer layer have the largest

values of the magnetic damping. Among the CFxM1−xS samples, the lowest

magnetic damping constant value of about 2.18 × 10−3 belongs to the sample with

content of Fe = 0.4, which is in accordance with the result obtained in [112].

The effective magnetic damping parameter of the investigated Co2YZ thin films

is strongly affected by both the magnetic layer composition and application of

different buffer or cover layers. In case of the CFGG samples, the application of

an appropriate structure of buffer layers allowed to reduce the magnetic damping

parameter several times.

Three samples of the CFGG Heusler alloy with silver buffer layer are covered by

tantalum, which is characterized by strong spin orbital coupling. The application of

these cover layers led to the observation of spin pumping phenomenon. To describe

the effect, spin mixing conductance was evaluated to have high value, which is

comparable to obtained in [155] and [161].

For all samples, where the spin pumping phenomenon can be neglected, an

increase of the absolute value of the magnetoelastic constant is accompanied by

an increase of the magnetic damping parameter. Such a correlated behavior can

be attributed to the common originating from spin-orbital coupling as described in

[150, 151, 152, 153, 113].
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Conclusions

Magnetoelastic properties, magnetic anisotropy and magnetic damping

properties of several series of quaternary Co2YZ epitaxially grown thin films of

Heusler alloys, including Co2FexMn1−xSi and Co2FeGa0.5Ge0.5 magnetic layers with

different magnetic layer compositions, different thicknesses of the magnetic layer

and deposited using different buffer and cover layers, were determined.

Strain modulated ferromagnetic resonance technique was successfully used

to determine the B11 magnetoelastic constants of the magnetic layers at room

temperature. The B11 magnetoelastic constants of all investigated samples were

found to be relatively small and have negative values, which corresponds to the

positive values of the saturation magnetostriction. The absolute values of the

magnetoelastic constants were found to increase with the increase of saturation

magnetization of the magnetic layer and with its thickness. The volume and surface

contributions to the magnetoelastic constants were determined. The volume and

surface contributions to the magnetoelastic constants have opposite signs, which

means that the magnetoelastic properties of the thin films are weaker than those of

expected for the corresponding bulk materials.

For the samples with different compositions of the magnetic layer, the

magnetization of the magnetic layer changed, approximately, according to the

Slater-Pauling rule. For the samples with the same composition, an increase of

magnetization was attributed to the improvement of chemical ordering, which can

be achieved by an increase of the magnetic layer thickness or by application of

appropriate system of buffer layers.

The room temperature perpendicular magnetocrystalline anisotropy for all

investigated samples was relatively weak and negative. It was found that both an

increase of the magnetic layer thickness and application of additional silver buffer

layer result in a decrease of the absolute value of perpendicular anisotropy. This

suggested correlation of the anisotropy with the strain. However, the performed

x-ray studies revealed only very weak tetragonal distortion of the magnetic layer.

The estimated strain induced magnetocrystalline anisotropy had opposite sign and
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was an order of magnitude smaller than that observed experimentally.

The information about the values of determined magnetoelastic and magnetic

damping constants is collected in tables 6.1-6.4. These data are important due

to the potential application of the low-loss, magnetoelastic thin film materials in

spin-mechanical devices. With respect to the pioneering work in this area [4],

also sizeable magnetoelastic effect and low magnetic damping were observed in the

Co2Fe0.4Mn0.6Si and Co2FeGa0.5Ge0.5. However, to change the anisotropy of the

magnetic layer from the easy-plane to the easy axis too large strain is required,

which is difficult to obtain for the epitaxially grown magnetic layers.

In the thesis, an attempt was made to find out correlations between

the magnetoelastic properties and magnetic damping at microwave frequencies.

However, the damping of the microwaves in the investigated magnetic thin films

was found to be influenced by several processes. Frequency dependent FMR

studies reveal a strong inhomogeneous broadening of the FMR lines. A nonlinear

dependence of the FMR line widths on frequency showed that the inhomogeneous

broadening is correlated mainly with two magnon scattering processes.

It was found that application of different buffer or cover layers may significantly

change the magnitude of Gilbert damping parameter. The application of tantalum

cover layer resulted in a strong spin pumping phenomenon. For the samples for

which the spin pumping phenomenon can be neglected, the magnitude of Gilbert

damping parameter was found to increase with increasing thickness of magnetic

layer. Bearing in mind the fact that with increasing the thickness of the magnetic

layer also the absolute value of the magnetoelastic constant B11 increases, it can be

concluded that the enhanced magnetoelastic properties are accompanied by stronger

magnetic damping. The changes of the magnetoelastic properties are correlated with

the changes of the thickness of the magnetic layer. To the best knowledge of author,

such a correlation between magnetoelastic and damping properties has not been

reported so far.
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6. R. Żuberek, O.M. Chumak, A. Nabia lek, M. Chojnacki, I. Radelytskyi and H.

Szymczak. Magnetocaloric effect and magnetoelastic properties of NiMnGa.

J. Alloy. Compd., 748(5):1-5, 2018.

7. C. Romero-Salazar, O. A. Hernandez-Flores, O. Chumak, F. Perez-Rodriguez,

and V. Chabanenko. Emulating rough flux patterns in type-II superconducting

cylinders using the elliptic critical-state model. J. Appl. Phys.,

122(13):143904, 2017.
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Appendix B

Exemplary procedures of

magnetoelastic and magnetic

damping constant determination

As the list of investigated samples includes more than 15 items and each one

needs the series of measurements, it is convenient to introduce the procedures of

determination of magnetoelastic and magnetic damping constants for one sample.

Main steps of the procedures for MgO (100)//Cr (20 nm)/CFxM1−xS (30 nm)/Al

(3 nm) sample with x = 0.4 (further ”sample”) are presented below.
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Magnetoelastic constant

Experimental investigation includes measurements of magnetic field modulated

and strain modulated ferromagnetic resonance; it contains several measurements for:

the sample in orientation of external magnetic field parallel to the sample surface,

the Ni calibration film in orientation of external magnetic field parallel to the sample

surface, the Ni calibration film in orientation of external magnetic field perpendicular

to the sample surface. It should be noted, that the sample and the Ni calibration film

are glued to the quartz rod and measured simultaneously, so the strain, microwave

field attenuation etc. for both films are equal. Both films are oriented perpendicular

to each other so that the measured FMR spectra do not overlap. This fact allowed

to determine, among others, strain tensor components from Ni experiment and use

them for sample magnetoelastic constant calculation.

After raw data processing, graphics similar to Figure 5.8 are obtained (see

Figure B.1). Magnetic modulation in the measurements was equal to 0.5 Oe.

Due to expression 5.13, with using appropriate gains of the amplifier FMR and

SMFMR systems, the main experimental data - the shifts of the resonance lines

∆Hstrain = mstrain - were calculated: ∆H
‖
sample = −1.1 Oe, ∆H

‖
Ni = 5.0 Oe,

∆H⊥Ni = 3.9 Oe. It was assumed that the shift of the resonance line was positive

when the FMR and SMFMR signals had the same phase (see Fig.B.1b), and negative

when the phases of the FMR and SMFMR signals were opposite (see Fig.B.1a).

Nevertheless, this assumption is arbitrary, because in fact the shift of the resonance

line was changing periodically and the change of the phase of the lock-in amplifier by

180 degree resulted in an opposite phase of the FMR or SMFMR signal. However,

it is important to note that the same phases of the lock-in amplifier were set to

measure both Ni and investigated samples. As the sign of the magnetoelastic

constant of Ni is known, the applied procedure enabled determination not only

the magnitude, but also the sign of the magnetoelastic constant of the investigated

sample. The opposite signs of the shifts of the resonance lines say that the signs of

the magnetoelastic constants of Ni and sample are also opposite. From these spectra

resonance fields and effective magnetisation for each sample were also obtained. In

case of the CFxM1−xS sample, perpendicular resonance field was achieved from the
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Bruker EMX X-band spectrometer measurement; it was recalculated according to

slightly different value of microwave field frequency at that spectrometer. Saturation

magnetisation of the investigated film was taken from SQUID measurement.

The magnetoelastic constant as well as elastic constants of the polycrystalline Ni

film are known, so from Ni calibration measurement it is possible to obtain strain

components ε11 and ε22. With using Ni film data, i.e. calculated constants A1 and

A2 (from Ni ∆H values with using expressions 5.21 and 5.23), elastic constants

c11 and c12, magnetoelastic constant B11 and saturation magnetisation MS, strain

tensor components were found to be equal ε11 = 2.98×10−6 and ε22 = −1.57×10−5.

With known strain tensor components as well as sample’s effective magnetisation

1107 emu/cm3, saturation magnetisation 849 emu/cm3, resonance fields (H
‖
res=611

G and H⊥res=16901 G) and elastic constants (c11=288.01 GPa and c12=203.47

GPa from [148]), according to final expression 5.24 magnetoelastic constant of the

investigated sample was found to be equal B11 = −18.49× 106 erg/cm3.

Magnetic damping constant

According to section 5.2, the transmittance spectrum was analysed to determine

scattering parameter S21 with measurement protocol from [126] including two

measurements for each point, i.e. for resonance signal with magnetic field H and for

reference signal with magnetic field H + 150 mT.

For most samples transmittance spectrum was measured for list of constant

external magnetic fields, which appropriate resonance frequencies range from 3 to

40 GHz. The frequency span was set to be 2.5 GHz with number of frequency

points equal to 1601. After wide intensive investigation of the impact of experiment

parameters on the transmittance spectra and further FMR spectra, the further

values of these parameters were worked out: 3 - 10 number of turns for each sample

measurement, 0.1 mW microwave power, 150 mT field offset (difference between

resonance and reference field), 1000 IFBW filter, 15 averaging factor and measuring

frequency range from 3 to 20 GHz (external magnetic field from 20 to 260 mT).

The raw experimental data, i.e. transmittance spectra for resonance (a) and

reference (b) fields, are presented at the Figure B.2. These functions have such
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periodical view due to the technical details of the measuring system, viz. typical

frequency dependence of the scattering parameter in the two-port transmission line

of length l (S21(f) ∼ eγ(f)ı×l). These spectra (and other ones for the sample, i.e.

experimental data for the whole measurement turn) with using expressions 5.9 and

5.10 by means of MathLab-based program were transformed to ∆S21(f) spectra

(see Figure B.3). The program was built by colleagues from Warsaw University of

Technology based on the protocol from [126]. Further, FWHM ∆f were obtained

from the fitting by Lorentz-type function. This step needs more attention, because it

is decisive for the following FWHM ∆H recalculation using expression 5.11. For a lot

of measurements, deviations and noise around the edges of the resonance curve had a

great impact on the fitting process. Because of this, it is required a manual thorough

check of the fitting results for each point, comparison of the obtained fitting curve

and experimental data, as well as a rigorous correction, cutting of the appropriate

experimental data points before the start of fitting procedure. According to the

number of the performed measurement turns for each sample and data averaging,

this step was the most laborious inter the VNA-FMR data processing.

At the Figure B.4 the final obtained ∆H(f) curve is presented. By means of

linear approximation of the part b of curve in the figure, i.e. ∆H0 + ∆HG+sp from

expression 6.5, the effective magnetic damping constant was determined to be equal

αeff = 2.18± 0.25.
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Figure B.1: The FMR absorption spectra recorded by the SMFMR system for
CFxM1−xS sample with x = 0.4 (a) and for Ni calibration film (b).
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Figure B.2: The resonance (a) and reference (b) transmittance spectra recorded by
the VNA-FMR system for CFxM1−xS sample with x = 0.4 (for H = 2473 G).
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Figure B.3: ∆S21(f) spectra for it’s real (a) and imaginary (b) part with enabled
Lorentz-type fitting curve for CFxM1−xS sample with x = 0.4 (for H = 2473 G).
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Figure B.4: ∆H(f) curve with fitted low- (a) and high-frequency (b) parts for
CFxM1−xS sample with x = 0.4; the second point counting from the right side
with f=7.38 GHz corresponds to the measurement point, which is analysed in the
exemplary procedure of the magnetic damping constant determination and figures
B.2 and B.3
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