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hovně VŠB–TUO k prezenčńımu nahlédnut́ı a jeden výtisk bude uložen u ve-
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my bachelor’s work. Only under his professional and tactful leadership this work could

appear.

I would like to express also my thanks to Dr. Yvonna Jirásková and her colleagues
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Abstrakt

Hlavńım ćılem práce je detailńı analýza dvouvrstvého CoSiB/FeSiB pásku a porov-

náńı jeho strukturńıch a fyzikálńıch vlastnost́ı s vlastnostmi jednovrstvých pásk̊u CoSiB

a FeSiB. Pásky byly připraveny rychlým tuhnut́ım taveniny metodou rovinného lit́ı.

Mikrostrukturńı a magnetické vlastnosti, studované z hlediska povrchu pásku, objemu

a rozhrańı mezi vrstvami, byly zkoumány kombinaćı v současnosti široce použ́ıvaných

experimentálńıch metod. V práci je ukázáno, že magnetické vlastnosti dvouvrstvého

pásku jsou určeny předevš́ım FeSiB vrstvou. Spojeńı dvou materiál̊u s odlǐsnými

magnetostrikcemi a vytvořeńı difuzńı mezivrstvy se jev́ı jako slibné v senzorových ap-

likaćıch.

Kĺıčová slova: Dvouvrstvé pásky, mikrostruktura, magnetismus, povr-

chové a objemové vlastnosti
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Abstract

The aim of this work is a detailed analysis of bilayered CoSiB/FeSiB ribbons and

a comparison of its properties with structural and physical properties of the single-

layered FeSiB and CoSiB ribbons. All ribbons were prepared by rapid solidification of a

melt using planar flow casting method. Microstructural and magnetic properties, from

the viewpoint of ribbon surface, bulk and interface, were investigated by combination

of various experimental methods. In the work it is shown that magnetic properties

are determined predominantly by FeSiB layer. Moreover, the interconnection of two

materials of different magnetostriction behavior and a formation of diffuse interlayer

bring new features potentially available for sensing elements.

Keywords: Bilayered ribbons, microstructure, magnetism, surface and bulk

properties
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List of signs and symbols

Symbol Means

B hyperfine magnetic induction

∆B width of distribution of hyperfine induction

D21 ratio of the second and first lines of sextuplet

E Young’s modulus

Ha anisotropy field

Hc coercitive field

I intensity of γ–ray

ML longitudinal magnetization component

MP polar magnetization component

Mr remanent magnetization

Ms saturation magnetization

MT transversal magnetization component

α angle between the ribbon axis and easy magnetization axis

Γ energy of Mössbauer transition

∆ quadrupole splitting

δ isomer shift

θ angle between the incident γ–ray beam and magnetic moment

2θ angle of X–ray’s incident

λ wavelength of light

λs magnetostriction coefficient

σ stress tensor
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List of abbreviations

Abbreviation Means

AQ As-Quenched

bcc body-centered cubic

BL BiLayered

BLC BiLayered Co-rich side

BLF BiLayered Fe-rich side

BSE Back Scattering Electron

CCD Charged-Coupled Device

CEMS Conversion Electron Mössbauer Spectroscopy

EDX Energy Dispersive X-ray spectroscopy

HRSEM High Resolution Scanning Electron Microscopy

MOKE Magneto-Optical Kerr Effect

MS Mössbauer spectroscopy

PC Personal Computer

PEM Photo Elastic Modulator

PFC Planar Flow Casting

RT Room Temperature

SE Secondary Electron

SEM Scanning Electron Microscopy

SL Single-Layered

SLC Single-Layered Co-rich side

SLF Single-Layered Fe-rich side

TMS Transmission Mössbauer Spectroscopy

VSM Vibration Sample Magnetometer

WP Wollaston Prism

XRD X-Ray Diffraction

γ-BMS γ-ray Backscattering Mössbauer Spectroscopy
λ
4D quarter-wave plate
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1 Introduction

CoSiB and FeSiB alloys belong to a group of materials well-know as

metallic glasses. A term metallic glasses means that the structure does

not embody any regular atoms ordering and translational symmetry. It

is similar to a structure of organic glass which means it is amorphous.

The non-crystalline structure of metallic material in a form of thin film

was observed already at 1940s, but detailed studies began only in the

year 1960 [1, 2]. An interest in metallic glasses consists in their ex-

ceptional mechanical and magnetic properties, such as high strength,

toughness, corrosion and oxidation resistance, high permeability, good

saturation magnetization, and low coercivity. Most of these properties

are determined by the amorphous structure. To achieve an amorphous

structure is not easy. One of the technologies is rapid cooling of a melted

material. A cooling rate has to be so fast that the atoms have no time

to order and form crystals, usually 106 K/s. Methods how to produce

the amorphous structure can be divided into the following groups:

• metal deposition from the gas phase (e.g. vacuum deposition, sput-

tering, chemical reaction in the gas phase);

• fast solidification of the liquid metals or alloys;

• atom disorder due to formation of high defects (e.g. irradiation, by

shock waves);

• metallization (chemical and electrolyte methods).

The most extend technology is the solidification of the melted ma-

terial by rapid cooling used also for preparation of the first amorphous

materials many years ago. Methods of quenching of a liquid precursor

exist in several variants allowing preparation of solidified alloy in dif-

ferent form, e.g. drop, wire, thin sheet, or ribbon. The method used

for production of materials studied in this work was planar flow casting

(PFC). It is a continuous casting method for production of amorphous
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alloys in a form of the (20 – 30) µm thick and approximately (1 – 10) mm

wide ribbons. Its principle is very simple and it is shown schematically

in Fig. 1 a, b.

Gas pressure

Crucible

NozzleContact zone

Ribbon product

Wheel Substrate
Rotation

a)

b)

Figure 1: Schematic description of the PFC apparatus

The prepared ingot of desired composition is placed into a crucible

made of quartz glass ended by a nozzle of special geometry. The in-

got is inductive melted using a high-frequency heating. The crucible is

positioned in a certain small distance above a rotating wheel made of

copper well dissipating heat. The process shown in Fig. 1 runs in such

a way that the melt in the crucible is ejaculated by an inert gas under a

certain pressure through the nozzle on the wheel. The nozzle geometry

determines a dimension of a ribbon. Because of the small distance be-

tween the crucible and the wheel surface a small liquid drop is formed

at the nozzle which stabilizes, together with contact pressure, the condi-

tions during casting. The contact between the wheel and a drop is very

small nevertheless sufficient to dissipate heat and to allow solidification

of the melt. In a laboratory conditions an amount of material is not

large (usually 0.5 – 1 kg) and therefore the cooling wheel has not to be

additionally cooled, e.g. by water. The wheel rotates with linear veloc-

ity and final product is continually removed from the casting zone. The

final product is a thin amorphous and/or nanocrystalline ribbon with di-

mensions mentioned above. The Fig. 2 shows also the other possibilities
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of experiment ordering.

Centrifugal quenching Rolling of melt Planetary disk quenchingCentrifugal quenching

Figure 2: Methods for the preparation a thin ribbons by quenching from the melt

An amorphous structure of alloys prepared by PFC offers very in-

teresting physical properties. For example, most of metallic glasses are

characterized by a very high strength and hardness. In amorphous al-

loys based on iron sub-group (Fe, Co, Ni) HV hardness can reach values

higher than 1000, and strength more than 4.0 GNm−2 [3]. The value

of σ/E reaches for amorphous alloys up to 0.02 – 0.03 while at piano

string, as one of the most durable steel product, is this ratio approx-

imately 0.015 [3]. Simultaneously, the metallic glasses yield also high

strength and high fracture toughness. Crystalline metals are usually

easily destroyed due to cracks along the crystallographic planes and/or

crystal boundaries. In amorphous metals, where no crystal structure

exists, a fracture owing to cracks was not observed. Nevertheless the

fast cooling of the melted material contributes to an origin of stresses

in the ribbons having often unfavorable effects on physical properties.

They can be removed by so called relaxation heat treatment at ambient

temperatures.

From a chemical point of view, the amorphous materials are char-

acterized by various compositions; from the pure metal elements, e.g.

Fe, up to materials the composition of which includes more different el-

ements, eg. Co, Fe, Nb, Si. Generally, the amorphous materials consist

of metal (Fe, Co) and metalloid (Si, P, B..). A presence of metalloid

facilitates an easier formation of amorphous structure. The amorphous
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structure is not fully homogenous. It exists a certain short range order-

ing of atoms into so called clusters which can be different from side to

side and therefore we speak about the chemical and topological disorder

and/or order of amorphous structure influencing its physical properties.

The cluster can be identified with some experimental methods, as e.g.

high resolution electron microscopy, Mössbauer spectroscopy, etc. Even

if the amorphous structure does not contain defects such as grain bound-

aries, dislocations, and inclusions known from the crystalline materials,

the rapid cooling contributes to formation of free volumes which are

comparable with vacancies in crystalline materials. These free volumes

can be removed by annealing [3].

The PFC technology conditioned also another feature of the ribbon

type materials. During the fast cooling on a rotating wheel, one side of

a ribbon is in contact with the wheel surface while the opposite side is

in contact with air. This affects the surface microstructure and simul-

taneously other physical properties, e.g., tendency to surface oxidation

or surface crystallization of ribbons influencing very often also the bulk

properties of ribbons and consequently determine their possible applica-

tions.

The amorphous and/or nanocrystalline materials prepared by PFC

method are studied for a long time. Nevertheless the efforts to use

this relatively low-costs technology for production of various components

are connected with attempts to combine different elements and to pre-

pare amorphous and/or nanocrystalline materials with often unexpected

physical properties. Moreover it simulates also a search for preparation

of ribbons with enhanced thickness intermediary between classical rib-

bons and bulk metallic glassy sheets. The higher thickness of ribbons

can be achieved by production of bilayered or more layered structures

with different or same chemical composition of the layers. The formation

of bilayered ribbons is now possible due to slightly modernized technol-

ogy which uses crucible divided into two parts ended by nozzles close

to each other [4, 5, 6]. This allows to ejaculate two melts of different
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compositions practically simultaneously and to produce bilayered ribbon

as seen in Fig 3.

Figure 3: Preparation of bilayered ribbon by the modified PFC method

The aim of the work is to compare the microstructural and magnetic

properties of bilayered CoSiB/FeSiB ribbon with the single-layered ones

of the same composition. The main reason for this study is the fact

that surface, bulk, and interface properties strongly determine possible

applications of these alloys.

The absence of crystalline structures enables to use the single-layered

amorphous ribbons as small transformers in telecommunication, portable

terrestrial field sensors, and secondary current sensors for induction mo-

tor control, etc. On the other hand, the stress-impedance properties of

bilayered amorphous ribbons can be used in detecting and monitoring

bending forces; displacement; temperature changes; in medical applica-

tions; in application in the automotive sector [7, 8, 9].

The magnetic properties of as-prepared materials can be further im-

proved by low-temperature treatment and/or by formation of nanocrys-

tallites embedded in amorphous matrix. The nanocrystalline structure

of materials can be achieved either by conditions of technology, by com-

position of material or by additional annealing of as-prepared amorphous

ribbon. The temperature treatment can be done also in an external mag-

netic field influencing alignment of the magnetic moments of annealed
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material into one direction which allows further improvement of mag-

netic properties. In a case of the bilayered ribbon is the situation more

complicated. The properties are influenced not only by PFC technology

but also mutual combination of materials used.

The first results obtained on bilayered ribbons [7, 10] show their

promising use in sensor applications but they have shown also that very

intensive basic research, as it concerns materials and their mutual com-

binations, properties of individual layers and formed interlayer, bulk

and surface properties, etc., is highly required. This work should con-

tribute to enlargement of knowledge and bring new information concern-

ing the as-quenched (AQ) bilayered ribbon type materials composed of

CoSiB/FeSiB. The whole work consists of four chapters. After the first

chapter (Introduction), the chapter 2 is devoted to the material charac-

terization and description of applied experimental techniques. Chapter

3 is focused on the analysis of the ribbon properties from the viewpoint

of the surface, bulk, and interface, and finally on the detailed results

discussion. The last chapter summarizes obtained results.
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2 Experimental

2.1 Material

The investigated bilayered and single-layered ribbons were produced at

the Institute of Physics, Slovak Academy of Sciences in Bratislava us-

ing the mentioned PFC technique either with the crucible divided into

two chambers or with simple crucible. In a case of the bilayered rib-

bon the experiment was organized in such a way that the CoSiB layer

was in a contact with the wheel surface while the FeSiB layer was in

contact with air. Therefore the surface from the CoSiB side was matt

and the opposite FeSiB surface was shiny. The composition of the layers

was Fe77.5Si7.5B15 and Co72.5Si12.5B15 and with the same composition the

single-layered ribbons were prepared. The iron-rich layer has a positive

magnetostriction coefficient λs ≈ 32×10−6, while the bottom cobalt–rich

layer has a negative magnetostrictive coefficient λs ≈ −2.6 × 10−6 [4].

This large difference in magnetostriction coefficients results in a coiling

of the bilayered ribbon along the lateral and the transversal directions.

The geometrical dimensions of the ribbons were the following: 36 µm

thick and 8 mm wide.

In the following text the bilayered (BL) samples will be denoted as

BLC for the Co-side and BLF for the Fe-side. The corresponding single-

layered samples are denoted SLC and SLF, whereas the measurements

are done predominantly from the matt side of the SLC sample and the

shiny side of the SLF sample. The geometrical dimensions of SL ribbons

were: 20 µm thick and 10 mm wide.

2.2 Electron microscopy

The microstructure and element concentration profiles were obtained

using a TESCAN LYRA 3XMU FEG/SEM scanning electron microscope

with an Oxford Instruments energy dispersive X-ray analyzer X-Max 80

(EDX). The applied accelerating voltage was 15 kV.
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2.3 X-ray diffraction

The microstructure of samples was studied by the X-ray diffraction

(XRD) using XPert powder diffractometer. Standard XRD diffractograms

were obtained using CoKα (λ = 1.789 nm) radiation in Bragg-Brentano

geometry. γ-rays incident the sample surface at the angles from 24◦ to

135◦. The penetration depth of XRD is approximately 10 µm and the

measurements of the BL and SL samples were carried out from both

sides: the air and the wheel.

2.4 Raman microspectroscopy

Raman spectroscopy is two-photon inelastic light scattering technique.

When the incident photon is of much greater energy than the vibrational

quantum energy it loses part of its energy to the molecular vibration

with the remaining energy scattered as a photon with reduced frequency

[11]. Then the energy shift can provide us the information of the specific

chemical bonds in the sample. To determine the surface oxidation in the

near-surface area (hundreds of nm) of investigated ribbons the Raman

spectra were obtained by confocal Raman microscope XploRA, HORIBA

Jobin Yvon with 532 nm excitation laser. Raman spectroscopy was used

for determine presence of oxides on the surface of the ribbons.

2.5 Magneto-optical methods

For investigation the surface magnetic properties, square samples were

cut out from the ribbons and glued by conducting adhesive on the pin

stubs. The studies were carried out on the BLC and BLF sides, and

in the case of single-layered samples on the wheel SLC and the air SLF

sides. The study of the surface magnetic properties was provided using

two magnetic methods, which are based on the magneto-optical Kerr

effect (MOKE).
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MOKE was discovered and described in 1876 by John Kerr, when he

observed the reflection of light from the polished surface of the pole of

the magnet. The gist of the MOKE is that the linearly polarized light

reflected from a ferromagnetic material becomes elliptically polarized.

In this case, the major samiaxis of the ellipse of polarization is rotated

by a certain angle relative to the plane of the incident light. The angles

of rotation of the reflected elliptically polarized light and the ellipticity

describing the ratio of the major and minor semiaxis of the polariza-

tion ellipse are proportional to the magnetization of the ferromagnetic

material. The incident light beam is usually polarized in the plane of

light incidence or parallel to the plane of incidence, because any other

polarization complicates appearance of the MOKE [12].

We distinguish three main measurement configurations, which de-

pend on the direction of the vector of the magnetization: polar, longitu-

dinal and transversal, as shown in Figure 4.

MT

ML

MP

a) b) c)

Figure 4: Schematic description of the Kerr effect in reflection: a) polar, b) longitudinal,

c) transversal configurations

The first method is arrangement serving for the surface hysteresis

loops measurements. The block schema is depicted in Fig. 5. As a source

we use monochromatic red laser diode at the wavelength of 670 nm. The

laser beam is linearly polarized through the polarizer P1 and then mod-

ulated at frequency of 100 kHz using a photoelastic modulator (PEM).

Final polarization before the light incidence the sample surface is given

by the polarizer P2 that is adjusted either to s or p linear polarization.

The laser beam is focused almost to a point with a diameter of 0.3 mm

and incidents on the sample at an angle of 45◦. In this configuration,

the reflected light brings information about the sample magnetization
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from a depth approximately tens of nanometers. Magnetic field was

generated using air coil that is situated around the sample. The mag-

netic field is parallel to the plane of the sample and the whole system

is adjusted to measure the longitudinal magnetization component ML.

After the beam reflection the light is elliptically polarized and contains

information about magnetization of the sample surface. The reflected

beam passes through a Wollaston prism that splits reflected light into

two orthogonal beams with different intensities. These two beams are

detected by two separate PIN detectors. Their difference signal is pro-

portional to the angle of Kerr rotation. PIN detectors are connected to

Lock-in amplifier, which transmits only the signal set at 100 kHz, which

is modulated by PEM.

light sorse

P1

P2

PEM

sample in magnetic field

λ

4
D

WP

D1

D2

Figure 5: Block scheme of the surface magnetization measurements

The second applied method is based on the magneto-optical Kerr mi-

croscopy. This method allows to study the magnetic domain structure of

the surface and uses a specially designed polarizing microscope ZEISS.

As a source of light a white Xe lamp is used. Light from the lamp passes

through the aperture diaphragm, a polarizer and is focused on the sam-

ple by a polarizing objective. After reflection the light goes through the

analyzer, which is almost crossed with the polarizer. As the result we

obtain high contrast allowing observation of magnetic domain structure.

Position of the aperture diaphragm ensures sensitivity to all three com-

ponents of magnetization: longitudinal, transversal and polar. For this

study, the microscope is used in longitudinal sensitivity, that allows the

best observation of the domain structure. An external magnetic field was
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generated using magnetic coils placed around the sample holder of the

microscope. Distribution of magnetic field is so that maximal intensity

is on the sample and minimal intensity is close to the objective. Micro-

scope is equipped with an ocular for visual observation of the human

eyes and domain observations are performed using the CCD camera and

special software. For measurements firstly we apply external magnetic

field necessary to saturate the sample and the picture of the surface is

stored in the PC memory. The saturated value is estimated from the

hysteresis loop setup mentioned above. Then the amplitude of magnetic

field is gradually decreased and we observe difference image between the

saturated and actual pictures. This approach allows to visualize mag-

netic domains at different values of magnetic field.

It should be noted that Kerr microscopy is highly sensitive to the sur-

face roughness of the ribbons. Domains are usually observed on the air

ribbon side with lower roughness, while the air pockets and the surface

of the copper wheel are responsible for higher irregularities on the wheel

ribbon side that block the domain observations. We do not apply me-

chanical polishing of the sample surface, because this process markedly

changes the surface properties.

2.6 Vibrating sample magnetometer

Vibrating sample magnetometer (VSM) manufactured by EG&G Prince-

ton Applied Research was used for magnetic and thermomagnetic mea-

surements. The equipment is designed for the study of the bulk magnetic

properties of the materials. The VSM measures the total magnetic mo-

ment of the material and its principle is based on the Faradays law of

electromagnetic induction, as seen in Fig. 6.

The sample is placed in the external magnetic field of the electro-

magnet and vibrates at frequency of 50 Hz. The moving sample evokes

changes in magnetic flux and consequently a voltage is induced in the

closely placed pick-up coils [13]. The induced voltage is proportional to

21



Sample

Electromagnet

Pickup coils

Vibration
along z-axis

w

~v

~B

a) b)

l

Figure 6: Schematic description of the VSM (a) and the illustration of the Faraday’s

law of electromagnetic induction (b)

the magnetic moment of the sample. A dependence of an induced volt-

age on the intensity of an external field yields in magnetization curves

that are one of the most important characteristics obtained using the

VSM. For VSM experiments the samples were in a form of discs with

the diameter of 3 mm. The external field was changed in the interval

± 800 kA/m and the measurements were done at the room temperature.

Equipment of the VSM allows also to provide the thermomagnetic

measurements, where we investigate magnetic moment of the sample as

a function of the temperature. In the presented thermomagnetic curves

the temperature is changed from the room temperature up to 1100 K

and back during the applied constant external magnetic field of 0.005 T.

The temperature increase was 4 K/min and the measurement was done

under vacuum of approx. 10 mPa.

2.7 Mössbauer spectroscopy

Mössbauer spectroscopy (MS) is a non-destructive analytical method for

a study of the bulk and surface hyperfine microstructure of the solid ma-

terials. This method is based on the effect of nuclear resonance fluores-
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cence discovered by R. Mössbauer in 1958 [14]. It involves the resonant

and recoilless emission absorption of γ–ray by atomic nuclei bound in a

solid.

In general, gamma rays are produced by nuclear transitions from an

unstable high–energy state, to a stable low–energy state. The energy of

the emitted gamma ray corresponds to the energy of the nuclear tran-

sition (14.4 keV for 57Fe used in our experiments), minus an amount

of energy that is lost as recoil to the emitting atom. If the lost ”re-

coil energy” is small compared with the energy linewidth of the nuclear

transition, then the gamma ray energy still corresponds to the energy of

the nuclear transition, and the gamma ray can be absorbed by a second

atom (Fe) of the same type as the first. This emission and subsequent

absorption is called resonance. Additional recoil energy is also lost dur-

ing absorption, so in order for resonance to occur the recoil energy must

actually be less than half the linewidth for the corresponding nuclear

transition.

The result of Mössbauer measurement is a spectrum characterized

by hyperfine parameters: intensity, I, magnetic and electrical splitting,

∆, and chemical (isomer) shift, δ. Such spectrum can consist of one up

to six lines in dependence on the magnetic state of sample, its chemical

composition and crystal structure.

The Mössbauer measurement can be done in transmission geometry

or in backscattering geometry. If the γ–rays from the Mössbauer source

come through the thin (max. 50 µm) sample and modified γ–rays are

detected by detector, we speak about the transmission geometry. In

such a way we obtain information from a bulk of material. But the γ-

rays can strike on the surface of thick sample and the modified γ–rays

are backscattered from the surface and detected by detector of a special

construction, which is placed in front of a sample. Then we speak about

the backscattering geometry, which allows to observe surface properties

up to approximately 25 µm. Except the γ–rays the Mössbauer effect is

related also to conversions electrons having the energy of 7.4 keV and
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escaping from the thin surface layers of about 200 nm.

For our study the measurements were done in the transmission ge-

ometry using γ–rays (TMS), and in the backscattering geometries using

γ–rays (γ–BMS), and by conversion electrons (CEMS). The measure-

ments were done at room temperature (RT) using a 57Co(Rh) source.

The calibration of velocity scale was performed with α–Fe and isomer

shifts are given with respect to the RT Mössbauer spectrum of α–Fe.

It is therefore that hyperfine parameters of pure α–Fe are known. The

α–Fe has cubic structure so the surroundings of Fe atoms are symmet-

ric and no quadrupole (electrical) splitting exists. Moreover, the crystal

structure is formed only by Fe atoms and the measurements are done by
57Fe the chemical (isomer) shift is also zero. All spectra were evaluated

within the transmission integral approach using the program CONFIT

used in Mössbauer laboratory at the Institute of Physics of Materials

in Brno. The amorphous structure is represented by Gaussian distri-

butions of hyperfine induction reflecting various chemically and topo-

logically disordered surroundings of resonating iron atoms. A usage of

Mössbauer spectrometry using iron isotope is conditioned by a presence

of iron atoms in a sample. TMS could be done on both SLF and BL

samples, but the results of transmission measurement of BL sample yield

information only from the interlayer and the FeSiB side. Similarly, the

backscattering geometry using conversion electrons (CEMS) could be

used for surface observations of the SLF sample and of the BL sample

from the Fe–side. The backscattering geometry using γ–rays was used

for the air side of the SLF sample and for both sides of the BL sample.

The reason for the measurement of BL sample from the Co-side was that

the penetration depth of the γ–rays is approximately 25 µm. Therefore

on condition that an approximate thickness of Co–based layer is 15 µm

and the thickness of interlayer 6 µm it could be awaited that measured

spectrum will reflect the microstructure of interlayer partly influenced

by a small portion of FeSiB layer from the opposite side of BL sample.
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3 Results and discussion

3.1 Structure

Figure 7: X–ray diffraction patterns

The Fig. 7 shows the results of X–ray diffraction measurements from

both sides of BL sample and from the corresponding sides of SL samples.

An absence of sharp peaks at diffractograms confirms that the ribbons

have amorphous structure. The peaks of the curves representing the

Co-side of the BL sample and the SLC sample, 53.62 deg and 53.52 deg,

respectively, agree well each other similarly as the peaks for opposite

Fe-side (BL) and FeSiB sample. They are only shifted slightly to higher

2θ.

3.2 Scanning electron microscopy and concentration profiles

High resolution scanning electron microscopy (HRSEM) was applied for

structural observations of the cross-section of the the BL sample only.

The result is shown in Fig. 8 and in more detail in Fig. 9.

The upper part corresponds to CoSiB layer, and the bottom layer is

FeSiB. It is clearly seen that the surface at the Co-rich side of the BL
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Figure 8: Results from scanning electron microscopy

Figure 9: Detail picture of bilayered ribbon obtained using scanning electron mi-

croscopy

sample being in contact with wheel is rough. The image was done using

Back Scattering Electron (BSE) detector and Secondary Electron (SE)

detector. From the figures the interlayer is well seen but its thickness

is not homogeneous. It was between 2 µm up to 6 µm. Moreover,

this investigation has confirmed the amorphous structure of both layers

because no nanocrystals are seen. This was also confirmed by XRD

measurements.

The chemical analysis across the ribbon sample, done in direction

from the Co-side to Fe-side, is displayed in Fig. 10. The analysis was

done with 2 µm steps. Using SEM it was not possible to detect the
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Figure 10: Element distribution in the bilayered ribbon

boron content in the material. Therefore the Fig. 10 shows only the

relative changes of Co, Fe, and Si elements. Nevertheless the obtained

distribution of detected elements is in good agreement with nominal

concentration on [4].

3.3 Bulk magnetic properties

The next results were obtained using VSM described in section 2.6. The

Fig. 11 shows the hysteresis loops of the BL and both SL samples.

The hysteresis loops depicted in Fig. 11a show the changes in mag-

netization with an applied magnetic field ± 800 kA/m that is sufficient

to saturate all samples. To see the hysteresis curves close to zero field

they were depicted also in the smaller range of external field in Fig. 11b.
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a) b)

Figure 11: VSM hysteresis loops

The magnetic characteristics obtained from the VSM measurements are

then summarized in Table 1.

Table 1: The values of coercivity Hc and remanent magnetization Mr

Coercitive field Hc (kA/m) Remanent magnetization Mr (A ·m2/kg)

CoSiB 0.9 3.08

FeSiB 3.6 16.85

Bilayered 3.2 13.58

a) b)

Figure 12: Thermomagnetic VSM curves
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The changes of magnetization in dependence on the increasing (left

side - a) and decreasing (right side - b) temperatures are depicted in

Fig. 12. The first decrease in the BL samples corresponds well with a

decrease in magnetic moment the SLC sample. The decreasing of mag-

netization of SLC sample means that SLC and BLC transform from a

ferromagnetic state to a paramagnetic state. The Curie temperature of

443 K is substantially lower as presented for as-quenched CoSiB wires

of the same composition in Ref. [15] but in good agreement with those

obtained in Ref. [5]. Above approximately 450 K the BL sample follows

the magnetic behavior of SLF sample what is due to a presence of the

active FeSiB layer on the air side. When the temperature achieves the

value of approximately 706 K the magnetization of BL ribbon decreases

like the magnetic moment of the SLF sample. This is the temperature

of the ferromagnetic-paramagnetic transition of the FeSiB correspond-

ing to Curie temperature in Refs. [16, 17]. Above the temperature of

706 K the difference in thermomagnetic curves of BL and SL samples

can be observed. This difference is shown in detail in Fig. 12 (part

I). At the temperature of 763 K the SLF sample begins to crystallize

and its magnetization increases due to formation of the magnetic Fe(Si)

phase. The situation in the BL sample is more complicated because its

magnetic state is influenced also by magnetic properties of the FeCoSiB

interlayer. Nevertheless the FeSiB layer begins to crystallize as well and

the magnetization of BL sample begins to rise at 800 K. The crystalliza-

tion temperature of SLC sample is approximately 847 K. This behavior

is in good agreement with studies of the amorphous (Fe1−xCox)SiB al-

loys yielding an increase of crystallization temperature with increasing

Co content [18]. In the temperature range between 900 K and 1100 K the

transitions of the crystalline phases on the wheel side (Co(Si), Co-B) as

well as on the air side (FeSi, Fe-B) into paramagnetic states follow the

corresponding transitions detected in pure SLC and SLF crystallized

samples (part II). Moreover, additional Curie temperature at approx.

1057 K corresponds to transition of crystallized interlayer into paramag-

netic state. It is supported by the first-principles predictions of the Curie

29



temperatures yielding visibly higher value for the bcc-FeCo in compar-

ison to pure bcc-Co and bcc-Fe [19]. The changes of magnetization of

the crystallized BL sample at decreasing temperature do not follow the

thermomagnetic curves of crystalline FeSiB and CoSiB samples [10]. It

is caused by a complicated phase composition of BL sample after crys-

tallization that should be clarified in the next studies concerning this BL

ribbon.

Fig. 13 and Table 2 show the magnetic properties of the samples

after thermomagnetic measurements.

a) b)

Figure 13: Magnetic hysteresis loops of samples after thermomagnetic measurements

Similarly as in case of the BL and SL samples in the initial states,

the Fig. 13a shows the saturated hysteresis loops while Fig. 13b shows

the curves close to the zero field. Nevertheless both parts of the Fig.

13 as well as obtained magnetic parameters in Table 2 yield magnetic

hardening of all samples caused by crystalline phase.

A comparison of the results shown in Fig. 11, 12, 13 and Tables

1 and 2 documents that the magnetic behavior of BL sample is more

influenced by magnetic properties of the BLF side.
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Table 2: Magnetic parameters of ribbons after thermomagnetic measurements

Coercitive field Hc (kA/m) Remanent magnetization Mr (A ·m2/kg)

CoSiB 13.1 11.14

FeSiB 4.1 22.99

Bilayered 2.1 8.98

3.4 Surface magnetic properties

The Fig. 14 shows the hysteresis curves measured by MOKE apparatus

at SL and BL samples. The key parameter is in this case the surface

magnetic anisotropy that reflects shapes and inclinations of measured

hysteresis loops. It is evident that their magnetic behavior strongly de-

pends on the type (SL, BL) and side (air, wheel) of the ribbon. Fig.

14a shows the curves of SLF sample that were obtained by focusing

laser spot in two different places on the ribbon surface. The different

shape of loops documents the presence of two magnetic phases that can

correspond either to the amorphous FeSi and FeB clusters coming from

different sample depths [20] or they could originate also from the amor-

phous sample and thin ferromagnetic oxide on its surface. The separated

oxide islands were detected by Raman microspectroscopy and are shown

in Fig. 15 on the right panel. The left panel shows the spectrum with the

peaks at 214.6, 273, and 385.2 cm−1 of the Raman shifts corresponding

well with those obtained for the reference spectrum of Fe2O3 [10].

As concerns a shape of the surface hysteresis curves and the bulk

hysteresis curves (VSM), it’s necessary to note that both are influenced

by different conditions of experiments. MOKE method is very sensitive

to small and thin regions. It can detect different clusters in the sur-

face of the material, which are then shown on hysteresis curve. VSM

reflects integrated magnetic properties of the whole material and it is

not able to distinguish magnetically different surface phases in the SLF

sample. Therefore the shapes of the surface and bulk hysteresis curves

are different [21].
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Figure 14: MOKE surface hysteresis loops

Figure 15: Iron oxide spectra obtained from the air side of FeSiB and CoSiB/FeSiB

ribbons (left) together with the microscopic image of detected Fe2O3 area (right)

The second method based on Kerr effect was magneto-optical Kerr

microscopy allowing domain structure observations. Fig. 16a shows the

domain pattern taken from the air side of the SLF sample. Two types of

domains are present. The wide curve domains, having origin in the local

tensile stresses as a consequence of sample preparation. They follow

the in-plane easy magnetization axis, while the fine fingerprint domains
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Figure 16: Observed domain patterns

are the surface closure domains indicating a presence of perpendicular

anisotropy due to a compressive stress. Observed differences in local

magnetic properties are supported by the surface hysteresis loops in Fig.

14a [10].

To compare the magneto-optical observations of both surfaces of BL

sample with the corresponding surfaces of SL samples, the CoSiB sam-

ple was studied from the wheel side. The surface roughness is much

higher according to the observed air surface of FeSiB sample and there-

fore obtaining domain patterns was more complicated. The air pockets

and other jogs on the surface overlap observed magnetic domains and

cause their fuzziness. No fingerprint domains are visible (Fig. 16b) and

magnetization lies in the ribbon plane. The hysteresis loops (Fig. 14b)

taken from different sample places yield the same shape and they mu-

tually overlap. In general we can say that gradient of tensile stresses

is much lower than in FeSiB alloys. As a result the easy magnetization
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axis slowly fluctuates along the ribbon surface and changes in its incli-

nation are not detected. The Raman spectroscopy did not evidence any

oxidation [10].

a) b)

c) d)

e) f)

Figure 17: Surface magnetic domains measured across the width (from left (a) to right

(f) edge) of BLF ribbon
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Quite different surface magnetic properties are observed for BL sam-

ple. The coiled sample with high level of internal stress was fixed on the

planar sample holder. This has induced the additional inhomogeneous

anisotropy reflecting the compressive stress on the air side and tensile

stress on the wheel side. This is the reason of detecting the strong

perpendicular anisotropy on the air surface documented by a presence

of only fingerprint domains (Fig. 16c) and by hysteresis loops (Fig.

14c) with very slow magnetization reversal (anisotropy field Ha is about

6 kA/m) if the magnetic field is applied along the ribbon axis in the sam-

ple plane. Moreover, a rotation of the square sample within 90◦ does not

cause any change of the shape of the loop and the value of Ha remained

practically identical. This is a clear indication of the perpendicular di-

rection of the easy magnetization axis with respect to sample surface.

The surface oxidation (Fig. 15) was detected only on the Fe-rich surface.

All the peaks correspond again to Fe2O3 [10].

Investigation of anisotropy behavior across the air side of BLF sample

is shown in Fig. 17. It is seen that the strength of compressive stress is

different in various sample places. In the middle of the ribbon we observe

small fingerprint domains indicating strong perpendicular anisotropy. By

gradual moving toward the sample edges the fingerprint domains become

larger and close to the edge are replaced by the wide in-plane domains

indicating presence of tensile stress. Therefore, ribbon unbending on

the planar sample holder is responsible for inducing of inhomogeneous

anisotropy not only in the ribbon depth, but also across the surface of

BLF ribbon.

In-plane uniaxial anisotropy with a certain position of the easy axis

of magnetization can be detected on the wheel side of the BL sample.

Easy axis orientation with regard to the applied magnetic field can be es-

timated either from the directions of measured strip domains or from the

measured hysteresis loops using the relation α = arccos(Mr/MS), where

Mr and MS are remnant and saturated magnetizations, respectively.

Therefore, it is evident (Figs. 16d and 14d) that it lies in the sample
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plane perpendicular to the ribbon axis. Our explanation is based on

the fact that measured piece of ribbon is predominantly coiled along the

ribbon axis. After ribbon unbending the tensile stress is induced in the

ribbon axis which, together with negative magnetostriction coefficient,

is responsible for inducing the hard magnetization axis in this direction.

On the other hand, if the coiling of the sample in lateral and transverse

direction produces stresses of a comparable intensity, the resulting ten-

sile stress induces very probably the in-plane easy magnetization axis

more or less inclined from the ribbon axis [10].

In conclusion of this section we can state that behavior of perpendic-

ular anisotropy on the surface of BLF sample and in the whole ribbon

volume (VSM) is not identical. Bulk hysteresis loop of BL ribbon shows

that the sample cannot be saturated in the external field of 8 kA/m,

contrary to the MOKE results. It means that perpendicular anisotropy

observed on the air side becomes stronger as getting deeper under the

surface and it overlaps a response from the in-plane anisotropy on the

wheel side. This conclusion is in good agreement with Mössbauer mea-

surements of BL samples (see next section) yielded the difference in

magnetic moments orientation due to connection of two materials with

different magnetostriction coefficients [10].

3.5 Mössbauer spectroscopy

Fig. 18 shows the spectra obtained by Mössbauer measurements. The

left panel in Fig. 18 shows FeSiB sample and the middle panel shows

BL sample. In both cases the upper parts (a) correspond to surface

CEMS measurements: for BL sample it was from the Fe-side and for the

SLF sample from the air (shiny) side. The lower parts (b) correspond to

TMS measurements (bulk properties). The right panel shows the γ–BMS

results obtained for the BL sample from the air Fe-(a) and the wheel Co-

side (b), respectively. As seen from the Fig. 18 (left panel) the shapes

of both CEMS and TMS spectra of the SLF sample are very similar.

This reflects that there is no visible difference between the bulk and the
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Figure 18: Mössbauer spectra of the SLF sample (left panel) and the BL sample (middle

and right panel)

surface of the SLF. Because we have used 57Fe Mössbauer spectrometry

and the SLC sample does not contain any Fe atom in its structure, the

measurements of this sample and similarly the Co-side of the BL sample

by CEMS are impossible.

The measurements of BL sample were made from the both sides us-

ing γ–BMS. The reason for measurement also from the Co-side was, that

the modified backscattered γ–rays comes from a depth of approximately

25 µm which means that approximately 15 µm of the CoSiB layer is

for Mössbauer effect invisible but the backscattered γ–rays from the Fe-

CoSiB interlayer (6 µm) and partly from the opposite Fe-side can be

detected. Therefore the upper spectrum (a – right panel) reflects the

Fe-side of BL sample and the spectrum bottom (b) represents predomi-

nantly the interlayer slightly influenced by FeSiB layer.

The spectra were fitted by distributions of hyperfine inductions and

the selected parameters are summarized in Table 3. The individual dis-

tributions reflect chemical and topological disorder of an amorphous

structure. The relative intensities of lines in the sextuplet depend on

37



an angle θ between the incident γ–ray beam and magnetic moments

according to well known relation:

I1,6 : I2,5 : I3,4 =
3

4
(1 + cos 2θ) : sin 2θ :

1

4
(1 + cos 2θ)

In a case of fully random ordered magnetic moments we obtain:

I1,6 : I2,5 : I3,4 = 3 : 2 : 1

which means that the ratio of the second(fifth) to first(sixth) (D21) is

0.66. A decrease of (D21) to zero reflects an ordering of magnetic mo-

ments parallel to the γ–ray beam. In present case the magnetic moments

in the FeSiB sample and at the Fe-side surface of BL sample are oriented

nearly randomly ((D21) ranges between 0.8 and 1.05) while in the bulk of

BL sample the (D21) reaches the value of 0.14 (TMS). The values of 0.25

in the γ–BMS spectrum obtained from the Fe-side, and again 0.12 in the

γ–BMS obtained from the Co-based side document a change of magnetic

moment orientation nearly parallel with direction of the γ–rays. This

can be ascribed to creation of stresses due to connection of two materials

differing in magnetostriction coefficients.

Table 3: The mean values of hyperfine parameters corresponding to analysis of the

Mössbauer spectra shown in Fig. 18; hyperfine induction B, width of distribution ∆B,

isomer shift δ, quadrupole splitting ∆, and ratio of the second and first line of sextuplet

D21.

Sample B ∆B δ ∆ D21

(geometry of meas.) (T) (T) (mm/s) (mm/s) -

FeSiB (TMS) 24.13(40) 6.61(69) 0.135(16) -0.024(12) 0.081

(CEMS, air side) 24.55(4) 7.90(6) 0.107(19) -0.024(6) 1.247

CoSiB/FeSiB (TMS) 24.30(23) 6.95(36) 0.112(36) -0.027(19) 0.138

(CEMS Fe-side) 24.29(9) 10.83(16) 0.112(25) 0.029(11) 1.052

(γ-BMS Fe-side) 24.81(59) 5.88(91) 0.134(126) -0.027(78) 0.251

(γ-BMS Co-side) 24.85(13) 7.33(38) 0.141(14) -0.015(26) 0.115
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4 Conclusions

The combination of different methods with different sensitivity to the

surface and the bulk offers a possibility for the detail and comprehensive

study of the structure and magnetic properties of the relatively new

bilayered soft magnetic material prepared by planar flow casting in the

ribbon form. The additional investigations of the single-layered ribbons

of the corresponding compositions allow comparing their properties with

properties of the BL ribbon. This could be useful for reversal verification

of the production process with respect to obtain desirable properties of

bilayered ribbon type materials.

Comparison the obtained results for the CoSiB/FeSiB BL ribbon

with results for the CoSiB and FeSiB SL ribbons has shown that the

BL ribbons are predominantly influenced by the properties of the more

magnetostrictive FeSiB alloy. The magnetic and Mössbauer measure-

ments of the bilayered sample yielded that the perpendicular anisotropy

observed on the air side becomes stronger as getting deeper under the

surface and overlaps in-plane anisotropy from the wheel side. Moreover

it was found that the interconnection of two materials of different mag-

netostriction behavior and formation of diffuse interlayer bring new fea-

tures potentially available for sensing elements. Magnetic sensors using

the low-frequency driving current will reflect mainly the bulk magnetic

properties, while the response on the currents with higher frequencies

will correspond to the presented surface magnetic properties.

In future we plan to continue in the research of bilayered CoSiB/FeSiB

ribbons and to improve their soft magnetic properties by additional an-

nealing at different times and temperatures. Our aim is to find the op-

timized bilayered alloy with the lower coercivity, higher magnetization

effect from the viewpoint of the surface and bulk, and suitable magnetic

anisotropy.
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Janičkovič, P. Švec Sr. Development of FeSiB/CoSiB bilayered melt-

spun ribbon by melt-spinning technique. Journal of Superconductiv-

ity Novel Magnetism. 2011, vol. 24, pp. 611-615.

[5] I. Mat́ko, P. Švec, P. Švec Sr., D. Janičkovič, M. Stoica, T. Gem-
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