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Abstract

The equiatomic FeRh alloy undergoes a �rst-order phase transition from an an-

tiferromagnetic (AFM) to a ferromagnetic (FM) state at about 370 K with a

small thermal hysteresis of about 10 K around the phase transition. The tran-

sition is accompanied by a unit cell volume expansion about 1% in the c lattice

parameter. During the transition the new phase nucleates in the matrix of the

original phase by reaching the critical temperature followed by a growth in size

upon increasing temperature further. Therefore, to understand the transition

process with more details, it is desirable to investigate the nucleation and growth

of both phases within the �rst order phase transition.

In the present thesis the main focus is on the growth of FeRh thin �lms by

means of Molecular Beam Epitaxy (MBE) technique and characterization of the

magnetic and structural properties. To develop an understanding of the phase

transformation in FeRh thin �lms the ways in which one can tune it were inves-

tigated. The following aspects concerning the FeRh system have been examined

here: 1) in�uence of annealing temperature on the magnetic and structural re-

sponse, 2) e�ect of �lm thickness on the �rst-order phase transition temperature

as well as the saturation magnetization , 3) in�uence of chemical composition

on the magnetic properties and 4) magnetic �eld-induced phase transition.

To get insight to details of the transition process the magnetization dynamic

has been addressed by performing Ferromagnetic resonance (FMR) experiment

across the phase transition. FMR measurements determined the existence of

two areas with di�erent magnetic properties inside the �lm. A huge tempera-

ture di�erence for the beginning of the phase transition in comparison with the

static magnetization measurement was observed for the equiatomic FeRh thin

�lm prepared by MBE.

Tuning of the AFM to FM phase transition in the FeRh thin �lm by means of

low-energy/low �uence Ne+ ion irradiation was studied. Ion irradiation tech-

nique o�ers a quantitative control of the degree of chemical disorder by adjusting

the ion �uence applied, while the penetration depth of the disordered phase can

be adjusted by the ion-energy. The main results of ion irradiation are the shift-

ing of the phase transition temperature to lower temperature and irradiation

with 3× 1014 ion/cm2 leads to the disappearance the AFM phase completely.
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Chapter 1

Introduction and Motivation

FeRh was �rst reported in 1938 by M. Fallot [1] who showed that this alloy, with

the B2(CsCl-type) cubic structure at near-equiatomic compositions, undergoes

an abrupt �rst-order phase transition at approximately 370 K [1, 2, 3, 4, 5].

After that, many attempts were made in order to understand the temperature-

induced metamagnetic transition and the magnetic properties of ordered FeRh

system. In this chapter, the magnetic properties of FeRh alloy are �rst de-

scribed. Then the e�ective parameters on the �rst order phase transition are

introduced and �nally it will be highlighted why FeRh thin �lms are scienti�-

cally interesting as well as an outstanding candidate for heat-ssisted magnetic

recording (HAMR).

1.1 Magnetic phase transition in the FeRh alloy

This section describes the general features related to the AFM to FM phase

transitions in FeRh thin �lms and it is followed by an overview of the magnetic

and structural properties of the FeRh transformation. This is followed by a

description of thin �lm forms of FeRh and the anomalous features which may

appear in these systems. After that the origin of the magnetic phase transition

will be discussed. In section 1.2 particular attention will be given to describe

factors which may modify the FeRh phase transition properties and �nally in

section 1.3 an application of FeRh alloy will be introduced. The FeRh unit cell

has a chemically-ordered CsCl-type (α′) phase in which the Fe atoms sits at the

corners of the cubic unit cell while Rh sits in the central location (see Fig. 1.1).
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Chapter 1 Introduction and Motivation

Figure 1.1: Spin con�gurations of FeRh: (a) Type-II AFM, (b) FM [6].

Since the original work of Fallot, several reports have shown that FeRh alloy un-

dergoes a �rst-order magnetic transition from AF to FM order, with increasing

temperature [3, 4, 5]; as the temperature is further increased to a temperature

above the Curie temperature (TC) the FeRh system undergoes a second-order,

FM-PM transition [7, 8]. Fig. 1.2 shows the magnetic transition from AF to FM

and FM to PM order for FeRh system. By increasing temperature, the AFM-

FM transformation is indicated by an abrupt increase in the magnetization from

0 to 1100 emu/cm3 ( Happ= 5 kOe) at Ttr ∼ 350 K while the FM-PM transition

is indicated by a slow decrease in the magnetization from 1100 emu/cm3 to 0

at TC ∼ 700 K [3]. The AFM-FM transformation FeRh alloy is accompanied

by a thermal hysteresis loop of approximately 10 K, upon cooling from the FM

phase, in the vicinity of the transition [7, 9], and correlated with expansion in

the unit cell [10, 11].

Further, element speci�c studies of the magnetic moments associated with the

Fe and Rh atoms have shown that in the FM state both Fe and Rh atoms have a

magnetic moment while in the AFM there is a magnetic moment of 0 µB per Rh

atom [5, 12, 13]. The antiferromagnetic ordering is type-II(see Fig. 1.1); in this

con�guration the coupling of both the intra- and inter-plane moments are anti-

ferromagnetic. The simultaneous to magnetic transformation volume expansion

of the unit cell is signaled by a shift in the Bragg re�ections of the XRD pattern

to lower 2θ values corresponds to an increase of the unit cell lattice parameter

2



1.1 Magnetic phase transition in the FeRh alloy

Figure 1.2: First- and second-order magnetic phase transitions from AFM to
FM order at Ttr and FM to PM order at Tc for FeRh alloy (Happ = 5 kOe)
[3].

values. Fig. 1.1 shows the magnetic structure of AFM and FM phases of FeRh

unit cell which the lattice parameter changes from 0.2980 to 0.2998 nm as the

unit cell volume expands about 1% at the critical transition temperature.

Thin �lms of FeRh display magnetic and structural features which are consis-

tent with bulk FeRh (i.e. an AFM-FM transformation with an accompanying

lattice expansion), upon heating. But, the mismatch between epitaxial �lm and

substrate creats an anisotropic strain which leads to signi�cant variations in

the transition properties of FeRh thin �lms, relative to bulk FeRh [14, 15, 16].

Speci�cally, it may result in a structural transformation which is constrained in

the in-plane (lateral) direction, relative to the isotropic expansion of bulk FeRh

[17, 18, 19]. The unit cell expansion helps to stabilize the FM phase. Moreover,

FeRh thin �lms often display a remnant FM phase in the AF regime. The loca-

tion and origin of the residual FM phase has not been understood completely,

however, R. Fan, et al have attributed the retained FM layer to compositional,

�uctuations or strain at the �lm interfaces [14]. After observing the �rst and

second order phase transitions many attempts have been made in order to un-

3



Chapter 1 Introduction and Motivation

derstand the temperature-induced metamagnetic transition and the magnetic

properties of FeRh system [7, 20, 21, 22]. The element speci�c studies of the

magnetic moments associated with the Fe and Rh atoms have shown that FeRh

in the FM state has a magnetic moment of 3.04 µB per Fe atom and ∼1 µB
per Rh atom [6]. At room temperature, in the AFM state, FeRh has zero

net magnetic moment; the magnetic moments associated with the Fe atoms are

antiferromagnetically ordered with magnetic moments of ± 3.3 µB per Fe atom

while there is a magnetic moment of 0 µB per Rh atom. Moruzzi et al. [12]

showed that the ground state of equiatomic FeRh - AFM or FM - strongly de-

pends on the unit cell structure. Fig. 1.3(a) shows the magnetic moment of

FeRh in the AFM and FM phase as a function of lattice parameters. The av-

erage energy di�erence per atom between the FM and AFM phase is shown in

Fig. 1.3(b) and as is visible it decreases by increasing the lattice constant. The

energy di�erence changes sign at about 3.096 Å. Generally, the FeRh �lm lat-

tice constant is about 3.0 Å in AFM phase that is ground state in this system.

Small changes of the external parameters, such as magnetic �eld, pressure or

temperature, can lead to the phase transition of FeRh from AFM to FM [23].

The DFT calculations show a strong hybridization between Fe and Rh atoms in

the FeRh system in the FM state. The in�uence of this hybridization is inducing

Rh moment by Fe atoms.

It has been established that in the FM phase Fe-Rh and in the AFM phase

Fe-Fe interaction depend on the unit cell volume variation. Therefore, the Fe-Fe

interaction in the AFM state has main role on the magnetic phase transition

of FeRh system. This interaction can be changed by extrinsic parameters such

as: volume (lattice constant), strain etc. Due to the small energy di�erence

between AFM and FM phase the �rst order phase transition and consequently,

the magnetic properties of the FeRh thin �lms can be strongly a�ected by

changing the extrinsic parameters.
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1.1 Magnetic phase transition in the FeRh alloy

Figure 1.3: (a) Magnetic moment and (b) the energy di�erence between FM
and AFM as a function of lattice constant [24]. The results obtained by
using DFT calculation [12].

1.1.1 Origin of the magnetic phase transition

In a thermodynamic system, the basic parameters contain macroscopic proper-

ties, such as Gibbs free energy (G), pressure (P), temperature (T) and enthalpy

(H). The thermodynamic theory is discussed here by using reference [25]. The

transformation from one thermodynamic system to another system is de�ned

by phase transition. The Gibb's free energy of a system is given as a function

of temperature and pressure:

G(T, P ) = U + PV − TS (1.1)

U is the internal energy of the system (J), P is the pressure of the system

(N/m2), V is the volume of the system (m3), T is the temperature of the system

(K) and S is the entropy of the system (J/K). Note, that the entropy term in

Equation 1.1 is the total entropy arising from magnetic contributions, electronic

contributions and lattice vibrations. The stability of the system can be deter-

mined by the Gibbs free energy (G) at a constant temperature and pressure.

The phase stability and equilibrium conditions are expressed in the context of
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Chapter 1 Introduction and Motivation

Figure 1.4: Image shows the relative stability of a system transfers from state
A to state B. The minimum of the free energy function is stable regions at
which the system is at equilibrium. Figure adapted from [25].

minima and maxima of the Gibb's free energy function in mathematical terms:

dG = 0 (1.2)

By varying some parameters in the system such as temperature or pressure

the random motion of the atoms can provide enough energy for the system to

transfer from a stable state to a metastable state. In this case, the �rst derivative

of the free energy function described in Equation 1.1 can de�ned the relative

stability of a system. The representative plot of a free energy function is shown

in Fig. 1.4 graphically. Con�guration A is a metastable equilibrium at a local

minima in the free energy. Con�guration B has the lowest free energy so that

by small changes in the arrangement of atoms to a �rst approximation produces

G does not change. Thermodynamically, any phase transition that leads to

decrease in Gibbs free energy is possible. Therefore, a necessary condition for

phase transition is:

∆G = G2 −G1 < 0 (1.3)

Where, G1 andG2 are the free energies of the initial and �nal states, respectively.

For a phase transition to proceed the transforming phase it is necessary to

6



1.1 Magnetic phase transition in the FeRh alloy

overcome an initial energy barrier, ie. activation energy (Ea), that is the energy

separating two equilibrium states (Fig. 1.4). The thermally activated state can

be provide through the random thermal motion of the atoms in a system. For

a phase transition the energy barrier is vital parameter to predict the overall

transformation properties in a system.

In magnetic materials systems, additional energy terms could be added to the

Equation 1.1 such as applied magnetic �eld due to the existence of additional

contributions. Change in G in a magnetic material system during the phase

transformation is given by [26]:

dG = −SdT + V dP −MdH (1.4)

Where M is the magnetization of the system (Am−1) and H is the external

applied magnetic �eld (T). The �rst-order magnetic transitions display a dis-

continuity in magnetization (M) at the phase transition temperature add to a

discontinuity in volume and entropy.

In general, �rst-order phase transition is not a single step process. It typically

proceeds through the nucleation and growth of a product phase from an initial

phase. Characteristically nucleation de�nes the formation of a thermodynamic

phase which is separate from the initial phase. Nucleation can proceed either

when nuclei form randomly throughout the system or nuclei form at the in-

terfaces or at defects. Growth of a secondary phase can occur simultaneously

during phase nucleation or after the nucleation process is completed.

For the FeRh system �rst proposed explanation of the magnetic phase transi-

tion was made in the context of an exchange inversion theory [27]. In this

theory, it is suggested that the thermal expansion of the FeRh crystal lattice

causes a change in the sign of the Fe-Fe interaction, subsequently, driving the

AFM-FM transformation. This theory has been disproved based on inconsis-

tencies between the total entropy of the transformation and the change in the

lattice entropy of the transformation [20]. Other theories suggest that elec-

tronic di�erences in the density of states- which is the concentration of energy

levels within the valence band -as the primary driving force for the transforma-

tion [21]. A more recently proposed theory suggests that the emergence of a

magnetic moment on the Rh moment plays a key role in the stabilization of the

7



Chapter 1 Introduction and Motivation

FM phase. Speci�cally, Gruner et al. suggested that the transformation may be

driven by competing magnetic states of the Rh atom, which is known to have

0 or ∼ 1 µB (dependent on the magnetic order of the system) [28]. Thermal

analysis studies have been useful in experimentally validating the results shown

by Ricodeau and Meville [20]. In particular, Cooke et al [22] measured the

speci�c heat, associated with the AFM-FM transformation, in 200 nm thick

Fe0.98Rh0.02 �lms grown on IBAD MgO by incorporating thermocouples onto

the FeRh �lm surface. Despite the thickness of this �lm the FeRh system is still

compressively strained by the substrate [29]. From these measurements, Cooke

et al. determined that magnetic �uctuations likely play the largest role driving

the AFM-FM transformation. While electronic contributions provide a smaller

contribution and lattice vibrations which stabilize the AF phase relative to the

FM phase [22].

Moreover, the idea that magnetic �uctuations are the primary driving factor for

the transformation is consistent with time resolved XRD and magneto optical

Kerr microscopy (MOKE) experiments. As a result, lattice expansion occurs

after than the onset of FM in the AFM-FM transformation. Alternatively, X-

ray magnetic circular dichroism (XMCD) measurements have recently indicated

that both antiferromagnetic and ferromagnetic states can coexist in the 50 nm

single-crystalline FeRh thin �lms on MgO(100) [30]. Photoemission electron

microscopy (PEEM) measurements also con�rm the coexistence of both AF and

FM phase in 90 nm single-crystalline FeRh thin �llm on MgO with a 2.5 nm Al

capping layer [31]. The PEEM measurements also reveal that ferromagnetic

domain nucleation and formation can be tuning by temperature. Moreover,

vibrating sample magnetometry (VSM) measurement for in plane and out-of-

plane magnetic hysteresis loops of a 150 nm single-crystalline FeRh thin �lm on

MgO(100) show stress-induced magnetic anisotropy in FeRh thin �lms during

�rst-order phase transition [32]. Additionally, 57Fe conversion electron mös-

bauer spectroscopy (CEMS) measurements of single-crystalline FeRh thin �lm

on MgO additionally indicate an Fe spin reorientation from out-of-plane to in-

plane or inverse during the �rst-order phase transition which is characterized by

the stress introduced at the FeRh/substrate interface [33].

8



1.2 Tuning the FeRh phase transition

1.2 Tuning the FeRh phase transition

It has been known in FeRh systems that the �rst-order magnetic phase transi-

tion is very sensitive to variations in material combination [20, 14, 15], FeRh

composition [8], applied magnetic �eld and strain [34, 35]. The following section

describes modi�cations in the magnetic phase transition of bulk and thin �lm

of FeRh samples, speci�cally: growth condition (Section 1.2.1), strain and pres-

sure (Section 1.2.2), chemical disordering (Section 1.2.3), chemical composition

(stoichiometry) (Section 1.2.4), and magnetic �eld (Section 1.2.5).

1.2.1 Growth condition dependence

The general overview of the e�ect of �lm growth conditions on the FeRh mag-

netic and structural phase transition properties is discussed in this section. Lom-

mel in 1966 studied three separate methods for FeRh thin �lm deposition: 1)

sputter deposition; 2) codeposition of Fe from an alumina crucible and Rh from

the electron gun source; and 3) alternate Fe and Rh layer deposition by electron

beam melting [14]. Lommel con�rmed that FeRh grown by the deposition of

alternating layers of Fe and Rh shows a broad AFM-FM transition. A broad

thermal hysteresis also was observed accompanied by phase transition; the other

deposition methods (1) and (2) displayed slight or no indication of a magnetic

phase transition. The as grown sample does not have CsCl-type structure-order

unit cell [36].

In addition to Lommel's results, it has been established that other parame-

ters such as annealing temperature [15] and �lm growth atmosphere [13], are

essential factors which can e�ect the sharpness of the magnetic AFM-FM trans-

formation, chemical-order, and accompanying. In this report, Lommel showed

that annealing in a O2 atmosphere improves the phase transition while anneal-

ing in dry H2 atmosphere creates only a partial phase transition [13]. In order

to produce CsCl-type structure-order in FeRh system and abruptness of the

AFM-FM transition, annealing at higher than 600 ◦C temperature is necessary

[37]. The in�uence of annealing temperature on the phase transitio tempera-

ture for a FeRh thin �lm with 150 nm thickness grown in vacuum on (001)-MgO

substrate is shown in Fig. 1.5. In general annealing at (T > 600◦C) creates a

9



Chapter 1 Introduction and Motivation

Figure 1.5: Magnetization as a function of temperature of FeRh thin �lms
grown on (001)-MgO. Thin Films were annealed at varied temperatures
from 200 ◦C -700 ◦C. Abrupt AFM-FM transition take places at T >
600◦C [38].

abrupt AFM-FM transition; by reducing the annealing temperature the phase

transition becomes broader and also shifts to a lower Ttr and �nally disappears.

For the sample that was annealed at low temperature (T < 400◦C) because of

formation of fcc unit cell structure and a poor chemical-ordering, Ttr disappears

[38]. Fig. 1.6 shows that for an FeRh thin �lm grown on (001)-MgO substrate

by increasing �lm thickness over 10 nm or reducing growth temperature the

coverage ratio increases. The amount of adsorbed material can be introduced

as surface coverage i.e. the fraction of occupied/available sites. Due to the

di�erence between surface energy of the FeRh and MgO layers for samples with

thickness (< 10 nm), discrete islands are formed which coalesce for samples with

larger thicknesses [39]. In comparison, deposition of FeRh onto a substrate at

T ∼ 400◦C (growth temperature) has a higher degree of chemical-ordering and

an abrupt AFM-FM phase transition with respect to the FeRh thin �lm which

was deposited at room temperature [41]. On the other hand, density of the

�lm at high annealing temperatures or low surface coverage may also a�ect the

cohesion of the �lm layer. Additionally, in this thesis the in�uence of FeRh thin

�lm thickness on the AFM-FM phase Ttr will be systematically investigated

speci�cally for equiatomic FeRh thin �lms with thickness below 10 nm which

has been considered as the critical thickness.

10



1.2 Tuning the FeRh phase transition

Figure 1.6: FeRh and Rh �lm coverage ratio on an (001)-MgO substrate as
a function of growth temperatures [39]. The coverage ratio de�nes as the
fraction of occupied/available sites.

1.2.2 E�ect of strain

The in�uence of strain on the magnetostructural response in FeRh thin �lms

has been investigated before and after delamination [35]. In this research, it is

established that strain made by epitaxial growth of FeRh thin �lm can adjust

the phase transition temperature.

There are two typical methods to adjust strain in a thin �lm. First growing

the �lms on substrates with di�ernet degrees of lattice mismatch and second

to grow �lms with di�erent thicknesses on the substrate. Comparing the e�ect

of strain induced from grown thin �lms on MgO and Al2O3 substrates reveals

that: although the Al2O3 substrates strain is equivalent in magnitude to the

strain from MgO, makes an opposite shift in the direction of Ttr. Opposing to

the results reported for bulk pressure studies on FeRh samples [40]. For exam-

ple, the deposition of FeRh thin �lms of varied thicknesses to MgO substrate

induce a compressive strain which leads to reduction of Ttr (see Fig. 1.7(a)).

Conversely, FeRh �lms grown epitaxially on Al2O3 substrates show an increase

of the transition temperature (Fig. 1.7 (b)) [42]. In FeRh thin �lms, surface

strain is supposed to support stabilization of a retained ferromagnetic phase

11



Chapter 1 Introduction and Motivation

Figure 1.7: Temperature-dependant magnetization behavior of 110 nm thick
FeRh �lms grown on: (a) MgO (001) substrate and (b) Al2O3 (0001) sub-
strate [42].

below the magnetic phase transition temperature [13]. It has been reported by

Loving et al. that by preparing FeRh thin �lms with thicknesses below 10 nm,

the topography of the surface displays forming of seperated islands morphology.

This is depicted in Fig. 1.8(a) [43]. The magnetization as a function of temper-

ature for ultrathin FeRh �lm of thickness 10 nm is shown in Fig. 1.8(b). The

phase transition temperature is about 250 K for 10 nm thick FeRh �lm.

Fig. 1.8(b) shows that for 10 nm �lm the cooling branch is considerably

broader than of the FeRh �lms with more thickness as shown in Fig. 1.7 , which

cause to an overall decrease in the sharpness of the phase transition and increase

in the thermal hysteresis (∆Ttr) about 100 K of the sample. On the other hand,

a large residual magnetization of ∼ 855 emu/cm3 observed in the 10 nm thick

�lm in comparison with a small residual magnetism observed in the thick �lm.

The crystallographic alignment of the nano-islands in FeRh thin �lms have key

role in this unusual properties of nano-islands magnetic and structural charac-

ter. It includes a gradient of lattice constants according to a non -magnetic shell

encircled by a ferromagnetic core. In general, these studies determine the e�ect

of strain on the magnetic and structural properties of FeRh thin �lms.
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1.2 Tuning the FeRh phase transition

Figure 1.8: Magnetic and structural properties of ultrathin FeRh �lms: (a)
1×1 µm AFM image of the surface of a FeRh thin �lm with 10 nm thick-
ness shows a discontinuous island like morphology; (b) Magnetization as
a function for temperature of an ultrathin FeRh �lm of thickness 10 nm
thick FeRh �lm [43].

1.2.3 In�uence of chemical disordering

Binary metallic alloys consisting of a 3d ferromagnetic metal and a non - fer-

romagnetic alloying element, such as FeAl, FeV and FeRh may show magnetic

properties that depend strongly on the degree of their chemical order. In such

alloys, varying the degree of chemical order can be a lever to modify the mag-

netic behavior [44]. In particular, the chemically disordered state, where the

atomic site occupancies have been randomized, is metastable.

A good model system to study the disorder induced magnetic phenomena is

FexAl1−x with composition around x= 0.6. In Fe60Al40 alloys, the chemically

ordered simple cubic B2 (CsCl) phase is paramagnetic while the chemically dis-

ordered A2 phase is ferromagnetic. The chemically ordered B2 phase consists of

alternating planes of pure Fe and planes consisting of Al and the remaining Fe

atoms. As it is shown in Fig. 1.9 the FeAl thin �lms on the chemically ordered

phase is nearly in paramagnetic phase (left), and ferromagnetic on the disor-

dered, A2 phase (right). In this structure the number of nearest neighbor (n-ns)

for each atom is 8. In the chemically ordered structure in the pure-Fe planes

have on average 1.6 Fe n-ns, and those the Fe atoms in the Al-rich planes have

8 n-ns of Fe with an average of 2.67 Fe-Fe nearest neighbor. In the disorder
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Chapter 1 Introduction and Motivation

Figure 1.9: The low saturation magnetization observed on the chemically
ordered phase Fe-Al thin �lms (left), and ferromagnetic observed on the
disordered, A2 phase (right) [45].

structure whereas the Fe and Al atoms are randomly arranged, the number of

Fe-Fe nearest neighbor changes to 4.8. This increase in the number of Fe-Fe

nearest neighbor is vital for inducing ferromagnetism [46].

On the other hand, chemically ordered (B2 or CsCl-type) FeRh alloys at

equi-atomic composition exhibit an antiferromagnetic (AFM) to ferromagnetic

(FM) phase transition at around 370 K. Therefore, similar to the FeAl system,

chemical disorder introduced into FeRh thin �lms could lead to an increasing

ferromagnetic signal at low temperatures. The chemically ordered state usually

occurs in thermal equilibrium, the metastable disordered state can be achieved

by ion irradiation which will be discussed in chapter 3.
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1.2.4 Chemical composition dependence

An interesting property of FeRh alloys is that the phase transition temperature

(Ttr) can be modi�ed by changing the chemical composition [40]. Speci�cally,

the magnetic and structural phase transition in the FeRh alloys only take place

in the narrow range of -2 ≤ x ≤ 2 at percentage for compounds with the general

formula Fe50−xRh50+x [47, 48]. As it is shown in Fig. 1.10 this narrow range

of compositions is considered as the α′-FeRh region in the phase diagram. The

phase diagram depicted that outside of the α′-FeRh composition region the

crystallographic of the FeRh system varies from the chemically ordered CsCl-

type phase and does not display a magnetic and structural phase transition.

In the equiatomic FeRh system, slight di�erences in the amount of Fe or Rh

content cause a shift of Ttr. For the Fe50−xRh50+x binary systems, by adding Rh

concentration phase transition shifts towards higher temperature (see Fig. 1.11)

[49, 36].

Figure 1.10: FeRh phase diagram. The α′-FeRh region (48 ≤Fe at.% ≤52)
corresponds to the composition necessary for the magnetic and struc-
tural phase transition to occur. Outside of this region, FeRh with varied
magnetic- and crystallographic order exists [47].
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Figure 1.11: Dependence of the AFM-FM transition temperature of
Fe50−xRh50+x with varying Rh content [36].

Moreover, Rh-rich FeRh samples display a decreasing Ms correlated with the

M(T) transformation, relative to Ms ∼1100 emu/cm3 reported in bulk FeRh

[49].

Using FeRh system sensitivity to the stoichiometry variation, phase transition

temperature can be adjusted by substitutional doping into the FeRh structure.

It has been shown that phase transition temperature for FeRh bulk sample is

increasing by doping with Pt [8, 18], Ir [8], Ru and Os [50]. On the other

hand it decreases by doping with either Pd [8, 50]. The variations of Ttr by

doping for FeRhMx where M=Pd, Ru, Pt, Os and Ir, while x= 0.083 is shown

in table. 1.1.

Table 1.1: Phase transition of FeRhMx, while x= 0.083 [50].

FeRhM Ttr(K)

Pd 203
Os 403
Pt 443
Ru 463
Ir 533
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1.2 Tuning the FeRh phase transition

It has been reported for ternary systems of FeRh that Pt-doped FeRh thin

�lms exhibit similar property to Pt-doped bulk FeRh. It is proposed that FeRh

thin �lms display a similar behavior to bulk systems with substitutional doping

[18]. Note that in the FM phase the magnetic moment is strongly depend on

the stoichiometry, as it is depicted in Fig 1.12. The magnetic moment of Fe-rich

and Rh-rich FeRh were measured by Shirane et al [52] and Hofer et al. [53],

respectively. Fig. 1.13 shows TAFM−FM as a function of atomic concentration of

Rh. The FeRh thin �lm by Rh concentration more than 63% is paramagnetic in

the entire measurement temperature range. The origin and physical mechanism

underlying the FeRh magnetic phase transition is currently a topic of debate in

the scienti�c community. Many studies have attempted to determine if changes

in the magnetism drive the structural transformation or vice versa, however,

to date, the mechanism of the transformation is not completely understood.

Although the magnetic moment of Fe-rich FeRh alloys at room temperature

does not change signi�cantly, TAFM−FM decreases dramatically with increasing

the content of Fe percent above 50%. Thereby, there is no �rst-order phase

transition, and the Fe-rich FeRh alloys become a FM material [52]. Moreover,

for Rh-rich FeRh system the average magnetic moment at room temperature

decreases with increasing concentration of Rh from 50% up to 63%.

Figure 1.12: Measured average magnetic moment per atom of FeRh as a
function of the atomic concentration of Rh at room temperature [24],
[52], [53].
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Figure 1.13: Magnetic transition temperature of Rh-rich FeRh alloy as a
function of the atomic concentration of Rh at room temperature [24],
[53].The red line is the �rst-order magnetic phase transition temperature
from AFM to FM, and the blue line is the TC which is also the second
order magnetic phase transition temperature from FM to PM. When Rh
is more than 64%, FeRh alloy becomes a paramagnet, in this manner the
�rst-order and the second-order magnetic phase transition is absent and
the transition temperature decreases to zero .

1.2.5 E�ect of applied magnetic �eld

This section discusses the e�ect of an applied magnetic �eld on the magnetic

phase transition in FeRh systems. It has been shown that increasing the applied

magnetic �eld leads to reduce the onset of the transition temperature, while re-

taining the shape of the hysteresis, by approximately -0.8 K/kOe in both bulk

[8] and thin �lm forms of FeRh [34, 35].

Moreover, it has been shown that the magnetic phase transformation can be

driven by the application of an applied magnetic �eld in the vicinity of Ttr.

The �eld-driven transition is attribute by M(Happ) loop opening, which increases

with increasing temperatures until the FeRh system has completely transformed

into the FM phase. Fig. 1.14 shows the in�uence of the applied magnetic �eld

on the Ttr. The measurements at T = 340 K and T = 355 K show di�erence

between magnetization with increasing and decreasing applied magnetic �eld.

While at T = 380 K the FeRh system is completely in FM phase and conse-

quently no M(Happ) opening is observed [54].
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1.2 Tuning the FeRh phase transition

Figure 1.14: M(Happ) loops of a 160 nm FeRh thin �lm grown on (001)-MgO
substrate at di�erent temperatures near the AFM-FM phase transforma-
tion temperature [54].

Since the �rst-order magnetic phase transition is sensitive to the applied mag-

netic �eld also it is interesting to study the e�ect of �eld direction. Fig. 1.15

shows the temperature dependence of magnetization for FeRh thin �lm under

an applied magnetic �eld of 15 kOe in the direction of both parallel and per-

pendicular to �lm plane. A sharp increase in magnetization above 393 K during

heating in both directions shows the onset of the AFM-FM phase transition in

FeRh thin �lm. At around 413 K, the magnetization gets saturation which is

about 1370 emu/cc in perpendicular direction. During cooling the onset of the

FM-AFM phase transition accurse at temperature 403 K in parallel direction

and below 418 K in perpendicular direction [55].

It is visible that the transition temperature in parallel direction is lower than

in perpendicular direction in both heating and cooling processes. This is likely

due to the appearance of the self-demagnetization �eld while the magnetization

is perpendicular to the �lm which tends to retain the formation of the FM phase.

Fig. 1.16 illustrations the magnetization curves of FeRh thin �lm measured at

413 K during heating with di�erent applied magnetic �eld ranges from 2.5 to 15

kOe. The opening in hysteresis loops observed becomes larger with increasing

applied magnetic �eld from 5 to 15 kOe which indicates a reversible �rst order
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Figure 1.15: Temperature dependence of magnetization curves for FeRh �lm
with an applied magnetic �eld of 15 kOe in the direction of both parallel
and perpendicular to �lm plane [55].

Figure 1.16: M-H loops of FeRh �lm measured with di�erent applied mag-
metic �eld range from 2.5 to 15 kOe at 413 K during heating [55].
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AFM to FM phase transition in FeRh system [55]. The origin of this opening

will be discussed in the chapter 3.

1.3 Application potential

1.3.1 Heat Assisted Magnetic Recording

After introducing the �rst disk drive in 1956, magnetic disk storage is one of

the most important modern data storage technologies [56]. The fast progress of

magnetic hard disks during these years is the consequence of many new techno-

logical invention [57], including giant magnetoresistance (GMR) [58] and tun-

nelling magnetoresistance (TMR) [59]. Although the semiconductor random-

access memory is faster than magnetic disk storage for data access, in magnetic

disk storage the power is not needed to store the data. Due to the high request

to increase capacity of data storage at reducing cost per gigabyte (GB), needs an

enormously increasing hard disks storage areal density (GB/in2). Continually

reducing the magnetic grain size is vital to get higher areal density with appro-

priate signal-to-noise ratio (SNR) of the readback signal [60]. Because of the

superparamagnetic limit, the reduction of the grain size leads to the reduction

of the thermal stability [61]. In this case the direction of the magnetic grains

are arbitrary. This problem can be avoided if the energy barrier to reversal is

much greater than the thermal energy kBT, which is the product of Boltzmann

constant kB and the temperature T. On the other hand superparamagnetic ef-

fect occurs while thermal energy overcome the switching energy barrier: Ku V

Where Ku is the uniaxial anisotropy constant and V is the magnetic grain

volume. The stability ratio KuV/kBT higher than 35 guarantees to maintain

constant media signal to noise ratio [62]. The instability can be improved by in-

creasing the uniaxial anisotropy constant, which is used in perpendicular record-

ing [63]. But the uniaxial anisotropy constant must be continually increased if

the grain size continually reduced. The grain size distribution and anisotropy

constant should be optimized, otherwise at a point, the maximum magnetic

�eld applied by the hard disk drive will not be able to change the magnetiza-

tion direction of grains. It has been demonstrated that Heat-assisted magnetic

recording (HAMR) is a novel method to develop the storage density continually
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[64]. HAMR functions by very rapidly heating the high anisotropy magnetic

recording medium to considerably decrease the coercivity during the writing

procedure. After writing, in order to thermal stability of the recorded data the

system should directly cool down. In HAMR, optical power of a semiconduc-

tor laser could be employed as a rapid heat source [65]. The ultrafast phase

transition from AFM to FM in FeRh thin �lm can be generated with femtosec-

ond optical pulses [66]. The problem is that the coercivity for perpendicular

magnetic recording medium can be considerably decreased while temperature

increases up to near the Curie temperature. In this condition waste of heating

cause high power consumption.

A system including one FeRh layer along with a layer of FePt can be a solution

for these problems [67]. In particular FePt alloy has high anisotropy (Ku=7

× 107 erg/cm3) which is vital for a good thermal stability of storage media.

While FeRh system is a good candidate for a magnetic underlayer because of an

�rst-order AFM to FM phase transition slightly above room temperature [68].

As mentioned already the FeRh Ttr can simply be tuned by doping an impurity,

i.e., doping Pd and Ir can decrease and increase Ttr, respectively [69]. For the

writing process by heating the FeRh alloy as a soft ferromagnetic system above

the phase transition temperature where is in FM phase, extra magnetic �eld in-

duced through the FePt layer. In the FePt-FeRh system, the interaction of hard

phase with high coercivity and the soft phase with high saturation �eld leads to

decrease the total coercivity of the system respect to the individual coercivity

of each FeRh and FePt layers. [70]. When the semiconductor laser switch o�

system cool down to room temperature (after writing) and FeRh system trans-

fers to AFM state, while FePt anisotropy supports the thermal stability of the

data storage. The scheme of a high density HAMR hard disk drive is shown on

Fig. 1.17. The device involves two main parts: an FeRh/FePt bi-layer system

as data storage medium and an integrated read/write head, which has three

functions: heating, writing, and reading. In this system a TMR or GMR sensor

is used for reading.
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Figure 1.17: Schematic drawing of a heat-assisted magnetic recording setup
based on a medium comprising an FeRh/FePt bi-layer system [24].
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Chapter 2

Experimental Techniques

In this chapter, the experimental setups which were employed to obtain the

presented results are explained. The techniques used to prepare FeRh thin

�lms in this work are based on Ultra-High Vacuum (UHV). Two kinds of sys-

tem were used for preparation of samples: (i) Molecular Beam Epitaxy (MBE)

and (ii) Sputtering methods. The variety of measurements such as Rutherford

Backscattering Spectrometry (RBS), X-ray di�raction (XRD), Auger Electron

Spectroscopy (AES), Superconducting Quantum Interference Device (SQUID-

MPMS), Transmission Electron Microscopy (TEM), Magneto-optical Kerr e�ect

(MOKE) and Ferromagnetic Resonance (FMR) were used to study magnetic and

structural properties of samples. The process of preparing samples by MBE was

done at Helmholtz Zentrum Dresden Rossondorf while sputtered samples have

been prepared at the University of Manchester in the group of Prof. T. Thom-

son. The combination of these approaches can help understanding the magnetic

and structural properties of FeRh samples prepared with di�erent systems.

2.1 Thin �lm growth techniques

2.1.1 Molecular Beam Epitaxy

There is a wide variety of methods to prepare thin �lms. One of the most es-

tablished techniques is molecular beam epitaxy (MBE). MBE setups are UHV

machines with the base pressure below 5×10−10 mbar. MBE is a procedure for

the fabrication of ultra clean samples with atomic precision. The concept of

MBE can be applied to di�erent material systems like metals, semiconductors
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and insulators and it is used for fundamental research as well as for industrial ap-

plications. The advantage of MBE is a low growth rate of ∼ 1 monolayer (lattice

plane) per second, low growth temperature, smooth growth surface with steps of

atomic height and large �at terraces, precise control of surface composition and

morphology. A sketch and plote of our MBE system (ALDI) is shown in Fig. 2.1

and Fig. 2.2. To achieve a high degree of sample purity, the growth chamber

(GC) is evacuated to ultra- high vacuum (UHV, 5×10−10 mbar). For a typi-

cal GC with a diameter of approximately 1 meter a pressure in the 10−5 mbar

range is needed to ensure that the mean free path of the evaporated materials

is larger than the distance between e�usion cells and sample, so that the ma-

terial can reach the sample without being a�ected by residual gas molecules.

The UHV guarantees that almost no residual gas molecules condense on the

substrate surface and are unintentionally combined in the crystal during the

growth process. The growth process in MBE is usually an epitaxial process,

i.e. the grown structure implements the crystal phase of the substrate. A typ-

ical MBE GC is equipped with Knudesen cells, a manipulator which hosts the

samples holder and heater, sources of molecular beams, shutters to close the

molecular beams, a quadrupole mass analyzer to monitor speci�c background

gas species, and a monitoring system like quartz crystal microbalance (QCM)

to control the thickness during the growing process.

MBE system involves four chambers: load-lock, cross chamber (using to avoid

of sending contaminations to growth chamber ), transfer chamber and growth

chamber, which are separated from each other by gate valves. The load-lock

chamber is equipped with a heating lamp for the degassing of the substrates and

a turbo pump, which provides a pressure down to 1×10−8 mbar. Since the load
lock is often more contaminated as compare to the other chambers, it has higher

pressure. While the pressures in the cross and transfer chambers is generated

with a turbo pump, can reach below 10−10 mbar . The sketch of growth chamber

that is shown in Fig. 2.3(a) and its photo in Fig. 2.3(b) is equipped with an e-

beam evaporator, 4 Knudsen cells, a large turbo pump, a titanium sublimation

pump and manipulator. The e-beam evaporator used for evaporation of high

melting point elements, consists of 4 crucibles typically holding Pt, Rh, Cr and

Ni for thin �lm deposition. On the other hand, Fe, Cu, Ni and Ag elements

could be evaporated from Knudsen cells. The Knudsen cells have an angle of
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2.1 Thin �lm growth techniques

Figure 2.1: (a) Sketch of the MBE setup [1].

Figure 2.2: photo of the MBE setup.
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Figure 2.3: (a) Schematic diagram of the growth chamber and (b) Photo of
the growth chamber.

30◦ pointing at the sample surface normal. While the e-beam crucibles have

normal angle respect to the sample surface. Furthermore, the GC is hosted

with two shutters that can be positioned in front of the sample to protect the

surface during the Knudesen cells heating. The manipulator supports a heater

so that the sample can be heated up to 1000 ◦C. The thermocouple located in

the substrate heater near to the substrate allows to measure the temperature at

the sample. The manipulator can be rotated by 360◦ around one axis.

The main purpose of the MBE system is the thin �lm deposition and structural

as well as chemical characterization. The samples, which are prepared in the

MBE system, need to be transferred through air for further measurements.

Upon exposure to air, the sample will be oxidized or contaminated. Therefore,

the e�ect of time also was studied for FeRh thin �lms. During the course of this

work three di�erent sample holders: 4×4mm2, 5×5mm2 and 10×10mm2 were

used. Since the probe of ferromagnetic resonance set up has 4× 4mm2 size, the

samples which prepared by using 10 × 10mm2 and 5 × 5mm2 sample holders

were cut to 4× 4mm2.
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2.1.2 Sputtering

The most typical approach to grow FeRh thin �lms is sputtering from an FeRh

alloy target with di�erent composition (e.g. Fe51Rh49 [2],Fe50Rh50 [3], Fe47Rh53

[4]). For this study, several samples of FeRh thin �lms have been deposited

by means of magnetron sputtering. Equiatominc sputtered FeRh thin �lms are

used to examine the e�ect of the preparation methods on the dynamic and

static magnetic properties. In the fundamental sputtering process, the material

to be deposited (target) is bombarded with energetic ions produced in glow

discharge plasma. Due to the momentum transfer from the impacting ions to

the target, atoms are removed. These atoms go across through the discharge

area and ultimately deposit on a substrate. As a result of ion bombardment

secondary electrons are generated from the target surface (and sputtering of

target atoms). These electrons have an essential role in sustaining the plasma.

Magnetron sputtering is employed in many application areas successfully, mainly

in surface engineering and microelectronics, for the preparation of �lms. The

main bene�ts of this method to prepare thin �lms are that it is easy to control the

composition of thin �lms by using alloy targets of di�erent compositions and also

having high deposition rates at the substrate compared to MBE. Additional, by

sputter deposition can produce �lms with new physical and useful properties e.g.

nanocrystalline �lms [5, 6]. A schematic sketch of a typical, simple magnetron

sputtering system is illustrated in Fig. 2.4.

2.2 Preparation of FeRh thin �lms

In this study FeRh thin �lms were grown by MBE with thicknesses range 4-

40 nm on MgO (001) single-crystal substrates. Slight variations in the sample

preparation, e.g. annealing the substrate, can lead to di�erences in the �lm

composition, i.e. in the Rh concentration and therefore to a di�erent magnetic

behavior. It is well established that Fe can be grown on MgO(100) substrates

epitaxially. In order to the large mismatch approximately 0.66% with the lattice

constants of MgO(100) [7] it is not possible for Rh. While the mismatch between

the bulk B2 FeRh lattice and the MgO lattice is much smaller (about 0.3%).

In the �rst step to grow FeRh thin �lms the MgO substrates were rinsed with
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Figure 2.4: Schematic of a simple sputtering system [8].

isopropanol, mounted in the load lock and baked by heating lamp up to 393

K for 4 hours to avoid the contamination of GC. After that, samples were

transferred through the cross and transfer chambers into the GC and placed

onto the manipulator for growth of FeRh thin �lms. In this section, the e�ect

of MgO substrate preparation on the epitaxial growth and magnetic behavior of

equiatomic FeRh thin �lms is studied. For this, two di�erent approaches were

used to prepare the MgO substrates. First, the substrate was annealed at 873 K

for 2h, then at1073 K for 2h and �nally at 1123 K for 4h under stable conditions

in UHV. While for another approach the MgO substrate annealed at 873 K for

8 hours prior to the FeRh deposition. Fe50Rh50 thin �lms nominally with 40 nm

thickness were deposited on the both substrates and annealed under the same

conditions.

During equiatomic FeRh thin �lm growth, QCM shows relatively higher Rh

evaporation rate for the same number of Fe and Rh evaporated atoms. It is

because of higher Rh atom weight. As mentioned already a QCM was placed

next to the sample and exposed to the �ux of the evaporated Fe and Rh atoms.

It was used to control the evaporation rate in the GC and thickness of thin

�lms. During the growing, Fe atoms rate was 0.6A◦/sec and 0.8A◦/sec was for
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Rh atoms. The temperature for Knudsen cell was 1479 ◦C to get the favorite

rate of Fe atoms. On the other hand, high currents between 80 to 90 mA

were applied directly in the e-beam for Rh evaporation. The �lm thickness

also was determined using X-ray re�ectivity measurement (XRR) which will be

discussed in the next few pages. By the �ux calibration, the shutters opened

and growing process started. After the preparation an annealing process was

performed to create the chemically ordered B2 phase of FeRh thin �lms. For

�rst category of substrates, the �lms were heated up from room temperature to

873 K/1073 K and �nally to 1123 K. Under stable conditions the samples stayed

at these temperatures for 2h/2h and 4h, respectively. While for second category

of substrates the maximum annealing temperature for thin �lms was 973 K to

avoid of FeRh penetration to the MgO substrate and duration of annealing was

2h. The following sections describe the experimental techniques which have

been used to characterize the magnetic and structural properties of bulk and

thin �lm forms of FeRh, which includes: FeRh composition (stoichiometry)

(Section 2.4), structural characterization (Section 2.5) and magnetic properties

of FeRh system (Section 2.6).

2.3 Ion irradiation

Ion irradiation is a powerfull technique in materials science. In particular, ion

irradiation technique o�ers a quantitative control of the degree of chemical dis-

order simply by adjusting the ion �uence applied, while the penetration depth

of the disordered phase can be adjusted by the ion-energy. This process is used

to modify or even change the chemical, electrical and magnetic properties of the

target materials [9]. Directing a broad ion beam onto a surface causes, strongly

dependent on the mass ratio between ions and target atoms, ion irradiation on

the one hand and surface erosion on the other hand. The magnetic properties

can be adjusted by chemical disordering through the optimizing parameters,

such as concentration, defect type and distribution in target materials which in-

duced ferromagnetism. One of the method to generate disorder in the thin �lms

is to expose the chemically ordered alloy as a target to energetic ions. In this

case collision cascades are produced by the ions knock target atoms from their
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ordered sites and the associated vacancies are distributed randomly through the

atomic thermal di�usion at room temperature. As it is shown in Fig. 1.9 a

good example is irradiation of Fe60Al40 thin �lm which atomic displacements

can induced a large increase in the saturation magnetization. In this condition

the ordered structure thereby undergoes a transition into a metastable solid so-

lution [10]. Through the collision, the incident energetic ions transfer a part of

their energy to the target. The stopping force is given by:

S(E) =
dE

dr
(2.1)

E is the kinetic energy of the incident particle, and r is the path length. The

S(E) describes the average rate of the energy transferred to the target upon

each scattering process probabilities. S(E) can be employed to investigate the

target properties. Prior to ion implantation, the Stopping and Range of Ions in

Matter program (SRIM-2011) was used to simulate the distribution of Ne ions

inside the FeRh sample as well as overall damage created vacancies. SRIM-2011

is a Monte-Carlo code that provides theoretical projections of the energies and

depth pro�les [11].

Fast ions when it enter a solid may collide either with the atomic nuclei or the

electrons of the solid. The nuclear collisions are consider to be elastic, although

they might be accompanied by energy transfer in the system of electrons as it

will be shown below. The collision with electrons are often called inelastic are

responsible of ionization or excitation events. For both nuclear and electronic

collisions, the most basic method is the binary elastic interaction of two point

charges as sketched in Fig. 2.5. The target particle has zero velocity in the

laboratory system (LS) any thermal velocity is negligible compared to the ion

energy range of interest (� 1 eV).

In the collision process, the projectile and the recoil particle determined by

asymptotic scattering angles Θ and ϕ , respectively. Since the total momentum

of the system is conserved, the kinematics are characterized in the centre-of-mass

system (CMS) with the de�ection angle ϑ in the CMS. Thereby the two-body

system can be reduced to the kinematics in term of single particle with the
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Figure 2.5: Elastic scattering in the laboratory system (a) and the centre-of-
mass system (b). The moving charged particle is indexed by 1, the target
particle by 2 [24].

reduced mass

µ =
m1m2

m1 +m2

(2.2)

where m1 and m2 indicate the masses of the moving projectile and the target

particle, respectively and the reverse transformation is given by

ϑ = Θ + arcsin{m1

m2

sinΘ} (2.3)

Equation 2.3 shows the existence of a maximum LS scattering angle in case of

m1 ≥ m2.

With continuous irradiation, target atoms are constantly displaced, and repeat-

edly displaced at su�ciently high ion �uence. This theory was explained by

using reference [24]. In case of neglecting the crystalline e�ects, the total num-

ber of displacements per unit volume rises linearly with the ion �uence and the

displacements per atom of the irradiated volume can be written as:

dpa =
γΦ

ρ
(2.4)

Where γ is the total number of displacements per incident ion per unit penetra-

tion and ϕ is �uence and ρ is atomic density. The required �uence can be calcu-

lated from Equation 2.4 by assuming dpa=1 (which all sample atoms experience

at least one time displacement) and SRIM gives γ as shown in Fig. 3.29(b).

Some fundamental parameters about ion irradiation should be determined:
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� Lattice binding energy (LBE)

The energy that each atom of the recoiling target loses (LBE) while it

leaves its original lattice site and recoils in the target.

� Threshold displacement energy (TDE)

In a solid, TDE is the energy that is required to dislocate an atom from

its original site to generate a defect [12].

Upon ion irradiation, if the transfered energy to the target atoms is higher than

TDE, the target atoms can leave their lattice sites and therefore generate defects.

These knocked atoms can collide with other atoms in target and displace them.

This sequence of displacements and collision is called "collision cascade" which

generally produce damage during ion irradiation in target.

2.4 Compositional Characterization

2.4.1 Rutherford Backscattering Spectrometry

It has been known in FeRh systems that the magnetic phase transition de-

pends on the composition enormously [13, 14, 15]. Rutherford Backscattering

Spectrometry (RBS) uses a stream of high-energy ionized He particles for in-

vestigation the thin �lm composition and thickness. RBS in the channeling

geometry can provide complementary information on crystalline order in thin

�lms. The direction of the incident He+ beam alignment has a key role to inves-

tigate the disorder degree in the sample. The di�erence between the backscat-

tering signal while the incident beam is randomly oriented (Irandom) and when

it aligned along the high-index crystalline direction (Ichanneling), is calculated as:

χmin = Ichanneling/Irandom [16].

It can take advantage of RBS depth resolution to distinguish the disorder at the

�lm surface, substrate interface, �lm and bulk. Fig. 2.6 shows the schematic

diagram of RBS set up. The surface barrier detector, is normally mounted in

a back scattering angle θ of 170◦ from the incident beam. The probe particles

in this case are 1.7 MeV He+. As the incident charged particles enter the tar-

get matrix some of them will encountered the Coulomb force from target nuclei

which de�ects their origin path. These collisions are control via the Rutherford
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Figure 2.6: Schematic diagram of RBS set up [17].

cross section. During this process a small but adequate number of the de�ected

incident ions are backscattered toward the detector. The SIMNRA software is

used to simulate the experimental measurements. By �tting the experimental

and simulated curve the composition and thickness of samples can be extracted.

2.4.2 Auger Electron Spectroscopy

Auger Electron Spectroscopy (AES) is a technique which allows to identify the

quantitative elemental as well as chemical state information from surface in a

solid. In this study, AES was used to check characterize the thin �lm growth

FeRh deposited by MBE technique. The generation of Auger electron phenom-

ena is discussed by using reference [18]. In a typical AES measurement, the

target is irradiated with a high-energy electron beam (approximately 3 keV) by

an electron gun. For an AES measurement the average penetration depth of

analysis is about 5 nm.

As it is shown in Fig. 2.7 the electrons or x-rays with a kinetic energy of a few

keV bombard a sample surface which may collide with and electron in the inner

level (K level) and knock it outside of the atom (Fig. 2.7(a)). In this condition

an electron from L level occupied the vacancy in the K level to get the stable

state. During this process extra energy which is equal to the di�erent energy
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Figure 2.7: Schematic diagram of the processes associated with the Auger
process. An electron is ejected from the inner K-shell of the atom (a). The
resulting electron gap (b) is a�ected by an electron from a higher energy
level (L-shell) �lled and emission of Auger electron(c). Figure has been
modi�ed from reference [19].

between K and L level is produced. This energy can be emitted from the atom

either by forming X-ray and emitting energy (Fig. 2.7(b)) or an electron in the L

level gets the energy and is ejected (Fig. 2.7(c)). The ejected electron is called

Auger electron. The energy of an Auger electron is not exactly equal to the

di�erence energy between K and L, as some part is used to make the jump

outside the atom. Each kind of atom has unique value for Ager electron and

is about 10 to 3000 eV. Since by this energy an electron can only pass a few

nm through the solid without losing energy, Auger electron is emitted from a

region directly below the surface of a solid. Therefore Auger microprobe is an

appropriate instrument for surface analysis.

It is required to slowly remove material from the surface area to investigate

the variation of composition with depth below the surface region of a sample.

It can be ful�lled by simultaneously exposing the surface of the sample to a

�ux of an ion. This ion bombardment leads to sputtering of material from the

surface. During the measurement the Auger spectra is continuing recorded and
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monitored for analyzing. This technique that gives information about variation

of composition with depth below the surface is called Auger Depth Pro�ling.

2.5 Structural Characterization

2.5.1 X-ray di�raction

High resolution X-ray di�raction (XRD) is a powerful technique to investigate

crystallinity and orientation of thin �lm. This method involves the using X-rays

to identify the lattice parameters, lattice mis�t, �lm/substrate orientation. In

this research, the main geometry is a Bragg-Brentano geometry that employs

a planar sample with incident CuK X-rays. In this geometry di�raction is

from the out-of-plane oriented layers for thin �lm and substrate. The angel

between di�racted and incident beam is proportional to the layer spacing. In

principal, this geometry is used to gain rapid data with a small detector solid

angle. The approach to de�ne in-plane crystallographic for a thin �lm is more

complicated which can be produced by adding a number of one-dimensional

scans into a two-dimensional contour. The so-called �four circle geometry� is

shown in Fig. 2.8. These circles refer to the four angles (χ, Φ, 2θ and Ω)

that describe the relationship between the crystal lattice, the incident ray and

detector. X-ray in the atoms can interact with electrons through both elastic and

inelastic processes. If the sample has periodic atom arrangement and ordered

lattice the measurements show sharp peaks which indicates the crystal structure.

The condition for di�raction is given by Bragg's Law:

2d sin θ = nλ (2.5)

where: d = Interatomic spacing (nm)

λ = Wavelength of incoming radiation (nm)

θ = Angle of incident X-ray radiation (degrees)

n = Order of re�ection (taken as one)

The lattice constant can be calculated by using d obtained from the Equa-
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Figure 2.8: Schematic of 4-circle di�ractometer [20].

tion 2.5. The position of the oscillations also de�nes the lattice constant, while

the so-called 'Laue oscillations' and by following equation can be related to the

thickness:

I ∝ (sin(2πNd sin(θ)/λ))/(sin(2πd sin(θ)/λ)) (2.6)

where N is the number of di�racting thin �lm planes, and d is the spacing

between planes [21].This method is appropriate for thin �lms with smooth

surface while using a conventional lab di�ractometer. On the other hand, the

X-ray re�ectivity (XRR) measurement technique was carried out in this study

to analyze X-ray re�ection intensity curves from X-ray beam to determine thin

�lm thickness. By using Bragg equation for two peaks the sample thickness can

be calculated.

2.5.2 X-ray Re�ectivity

X-ray re�ectivity (XRR) is a technique often applied to thin �lm specimens

as a means to measure the growth of the sample. It is capable for obtaining

information such as layer thicknesses and interfacial roughness. By �ring a beam

of X-rays at a grazing angle onto the sample of interest, the re�ection of these

X-rays may be collected and then can calculate the scattering length density

(SLD). SLD rises with the intrinsic scattering power and the physical density.

For X-rays, the scattering arises from the electron density, whereas for neutrons,

the scattering arises from the nuclear scattering lengths. SLD can be computed
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from the scattering lengths and material densities. Speci�cally:

SLD =

∑N
i=1

bi

Vm
(2.7)

where b is the scattering length contributions, N number of atoms within the

unit cell, and Vm volume of the unit cell [22]. This equation can be used for

ordered atom (crystalline) and also random arranged atoms (amorphous mate-

rial) whereas Vm is the molecular volume.

Fig. 2.9 shows an example of a typical XRR curve (blue). Visible are Kiessig

fringes, interference of the X-rays that re�ect from the thin �lm interfaces in

the sample. It displays as a decaying wave. From this it may be inferred that

the interfaces are smooth, but otherwise quantitative analysis required �tting

of the curve (red). By assigning values for layer roughness and thickness, a �t

may be created [23].

Figure 2.9: Example of a typical X-ray re�ectivity curve with a �t applied
[23].
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2.6 Magnetic characterization

The following section determines the techniques which used in this study to

measure static and dynamic magnetic properties of FeRh samples.

2.6.1 SQUID-magnetometer

Two di�erent types of magnetometers have been employed to study volume-

averaged magnetization: 1) a Superconducting Quantum Interference Device

(SQUID - MPMS) magnetometer and 2) a Vibrating Sample Magnetometer

(SQUID - VSM). These tools are di�erent in measurements methods as well as

the magnetic moment detection sensitivity, but both of them supply analogous

information. Overall, a MPMS magnetometer is sensitive to small magnetic

moments as (1×10−8 emu at 2500 Oe) and a VSM can identify larger magnetic

moments more quickly (<10−6 emu with 1 second averaging capabilities) [24],

[25].

This segment begins by explaining the main properties of a MPMS magne-

tometer and it is followed by describing functions of a VSM set up. The MPMS

magnetometer carries out high sensitivity magnetization measurements through

a complete sample volume. It is mainly important especially for investigating

the magnetic properties of thin �lms which have less amount of material than

bulk samples. The measurement in MPMS can accomplish in the range of 5

to 300 K and from 300 to 850 K with a precision of approximately 0.01 K and

rates up to 10 K/min. Fig 2.10 illustrates a schematic diagram of MPMS set

up [24], [25]. The MPMS magnetometer employed in this thesis involves three

main components: superconducting detection coils, a superconducting magnet

and a SQUID connected to the detection coils.

During the course of this thesis the new SQUID-VSM set up has been added

to improve the magnetic measurements. In comparison SQUID-VSM has three

advantages with respect to SQUID-MPMS. The helium liquid consumption in

VSM is around 5 L per day that is much less than MPMS. On the other hand,

by keeping same sensitivity the measurement speed in VSM is 5-6 times quicker

than MPMS. In the end, cooling down in VSM from room temperature to 5 K

takes less than 30 mins. Fig. 2.11 shows a basic process of detection for SQUID-
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Figure 2.10: Schematic diagram of SQUID-MPMS set up [25].

Figure 2.11: Schematic diagram of Quantum Design SQUIC-VSM system.
The VSM measures the magnet moment by moving the sample between
two pick-up coils [26].
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VSM. In the VSM set up a second-order gradiometer has been located in the

superconducting detection coils. The counter wound outer loop in the setup

has main role to cancel the e�ect of linear magnetic �eld gradients. Thereby

only the current induced via disturbances of consistent uniform magnetic �eld

is measured. The position of the outer loop is in the center part of the de-

tecting coils. This measured current should be convert to voltage which can be

described by following equation:

V (t) = AB2 sin2(ω) (2.8)

In this equation A is a scaling factor relating to the magnetic moment, B is

the amplitude of vibration and ω is vibration frequency. A lock in ampli�er is

employed to separate the signal measuring at 2ω due to the sin2(ω) = 1/2 −
1/2(cos 2ωt) equation.

The data interpretation can be a�ected by some parameters such as vibration

amplitude and frequency, measuring time, sample holder and sample geometry

which are explained here. As a result of equation 2.8 the voltage depend on

the vibration amplitude quadratically. Therefore, if the measured signal is weak

the vibration amplitude must be increased. Concerning the vibration frequency,

the copper detection coil vibrating sample magnetometers can be compared with

SQUID-VSM. For VSM setup the variation of magnetic �ux does not directly

produce a signal. While it is employed to generate an input signal for the

lock in ampli�er to protect the signal from the tool artifacts. The frequency

of vibration does not have any in�uence on the modifying the signal to noise

ratio and also the signal strength. In case of presence a strong noise in the lab

such as: mechanical or electromagnetic resonances, frequency adjustment can

be useful to compensate the noise.

The time of measurement should be considered as an e�ective parameter when

the measurement is very sensitive. On condition that the measured signal is

less than 1×10−9 emu it is necessary to measure each data point over 100

seconds. While practically, the accuracy is about 1×10−8 emu. Therefore if

the signal is larger than 1×10−8 emu, only 0.25 seconds per point is needed to

have an accurate measurement [27]. Typical in this study it took 4 seconds to

detect one data point. To have a precise measurement it is better to calibrate
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the set up by measuring the sample holder which sometime makes an error in

the measurement. There are two di�erent kinds of sample holder, brass and

quartz. In spite of the brass sample holder is easier to use, the quartz sample

holder has more e�cient for the sensitivity measurements. Another parameter

which should be checked is sample geometry. In order to detect the correct

data, geometry of the sample should be point-like. The size of sample bigger

than reference sample causes more magnetic �ux which is generated from the

ends of sample. On the other hand, the sample which is smaller than reference

makes higher response curve and produces a stronger magnetic moment. In this

condition the counterwound detection coils remove the extra �ux to decrease

the magnetic moment.

2.6.2 Ferromagnetic Resonance

Ferromagnetic resonance (FMR) is a powerful technique to study the magnetiza-

tion dynamics properties of an ensemble of atoms through the energy absorption

of electromagnetic wave in the range of microwave frequency [28]. The essen-

tial di�erence between the static and dynamic of magnetization is the time scale

while by applying an external magnetic �eld the magnetic system is perturbed.

The equation of motion determines which precession occurs during the pertur-

bation and it is depend on the sample properties.

To introduce the theoretical concept of magnetic dynamic it has worth to start

with a simple model. All magnetic materials have magnetic moments µ. For a

free atom µ is related to the total angular momentum J. It is add of the orbital

and spin angular momentum:

J = L + S (2.9)

According to the Pauli's exclusion principle, for two electrons which have over-

lapping wave functions, the lowest energy achieved while they have asymmetric

wave functions. The exchange energy in the Heisenberg model with nearest

neighbor spin Si and Sj for two electrons can be expressed by:

E = −1

2

∑
i<j

JijSiSj (2.10)
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Here Jij is exchange integral. For ferromagnetic ordered Jij > 0 which spin

interactions lead parallel alignment. Due to the torque on the magnetic moment,

applying an external magnetic �eld H leads to Zeeman splitting of the atomic

energy levels. These di�erences between energy levels can be given by:

∆Eij = gµB∆mijµ0H (2.11)

In this equation, g is the Lande g-factor which the z-component of the total

angular momentum can be declare in terms of g- factor [29, 30]. The required

energy to transfer from state i to j is equal to ∆Eij = ~ωij. ~ is the reduced

Planck constant. This energy can be supplied by resonant absorption of mi-

crowave energy. Because of the strict selection rules the transitions between

states which ∆mij 6= ±1 are fobidden. The torque induced by applied external

magnetic �eld leadsM to precess around localH so that the rate of changingM

is perpendicular to the plane crossed by M and H. Hence resonance condition

can be ful�l by:

ω = γµ0H (2.12)

Where γ = g | e | /(2me−) which contains the electron mass me− and charge

e. In a ferromagnetic ensemble, by substituting the external magnetic �eld by

the e�ective �eld (H) in Equation 2.12 the intrinsic ferromagnetic interactions

which taking place during resonance can be explained [30, 31]. H includes the

internal �eld due to the anisotropy energy as well as the applied magnetic �eld.

In this system the magnetization can change and start to precess by resonant

excitation of transitions in the Zeeman multiplets or by tilting the e�ective

�eld from the magnetization direction. This motion can be explained by the

Landau-Lifschitz equation:

dM

dt
= −γµ0M×Heff (2.13)

This equation shows the time dependency of changing M induced by applied

external magnetic �eld. As it is shown in Fig. 2.12(a) the precession of the
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Figure 2.12: Precessional motion of magnetization around an e�ective �eld
Heff . (a) an undamped motion, (b) the magnetization pursues a helical
pass described by Equation 2.15 .

angular moment and the magnetic moment are clockwise and counterclockwise,

respectively. It is because of the electron charge negative sign.

In this circumstance the magnetic moment precesses for i�nity around the ap-

plied magnetic �eld at the constant angle which contradicts the reality. Landau

and Lifschitz solved the problem by adding a damping component to Equation

2.13 which is pointing toward the equilibrium position (e�ective �eld). Since the

length of M is conservative the combination of [M×Heff ] and [M×(M×Heff )]

vectors can describe the trajectory of the magnetic moment tip. Therefore Equa-

tion 2.13 can be written by new formulation [31]:

dM

dt
= −γµ0M×Heff −

λLL

M2
s

M× (M×Heff ) (2.14)

In this equation λLL = 1/T which T is relaxation time. In this formula

for large damping, precession is very fast. Therefore, Gilbert in 1955 [32]

introduced a phenomenological as well as dimensionless damping term (α) to

avoid of this problem:

dM

dt
= −γµ0M×Heff −

α

Ms

M× dM

dt
(2.15)
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Which is known as the Landau-Lifschitz-Gilbert (LLG) equation. By apply-

ing the damping term the magnetic moment tip purses a helical motion (see

Fig. 2.12(b)). Under resonant excitation the damping term can be compensated

by applying the microwave�eld which leads to a precession of the magnetic

moment at the eigenfrequency of the system. Usually the derivative of the

microwave absorption is measured in the FMR set up. Lorentzian lineshape

function is an appropriate model to determine the resonance position (Hres) as

well as linewidth (∆Hres) from the measured curve. As it is depicted in the

Fig. 2.13 Hres and ∆Hres are de�ned at half maximum and peak-to-peak of

the measured curve, respectively. Here Hres can be a�ected by some parameters

such as: g-factor, anisotropy parameters, angles and magnetization while ∆Hres

is proportional to the damping term.

In practical two techniques exist to ful�l the resonance condition: �eld and

frequency swept techniques. In the �eld sweep technique a constant frequency

is used while the external magnetic �eld is sweeping. In another technique, the

microwave frequency is sweeping in the �xed external magnetic �eld. Fig. 2.14

illustrate the schematic diagram of the conventional X-band FMR experimental

Figure 2.13: The measured curve has Lorentzian lineshape (insets) and the
derivative of the microwave absorption. The magnetic �eld is swept [33].
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Figure 2.14: The conventional X-band FMR set-up. The sample is located in
the center of an external magnetic �eld which sweeps from 0 up to 2.1 T.
A typical FMR line-shape is shown in the inset.

set up which is in combination with a N2-based cryostat/heater. In this set up a

sinusoidal wave of certain frequency frf is produced by a gun diode and spreads

in a waveguide. The electromagnet generates the external magnetic �eld H and

the end of waveguide is located between the electromagnet and yoke. The mag-

netic �eld is swept from 0 to maximum available value through the resonance

condition while the rf-�eld is responsible to excite the sample magnetization. In

this approach the diode detector probes the change of the wave energy which is

re�ected by the magnetic system via external magnetic �eld. Since the Signal-

to-Noise ratio (SNR) in this technique is not su�cient to detect the sample

signal, to allow a lock-in ampli�cation the magnetic �eld is modulated. In prin-

cipal the resonance condition is de�ne by the relative direction of the sample

magnetization and applied magnetic �eld H.

For the high-frequency description of the magnetic system especially g-factor

and damping mechanism, the frequency dependent technique for measuring

FMR can be used under UHV conditions [32, 34]. By this method the e�ects of

exchange coupling and also inhomogeneous magnetization of a substance can be
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characterized [35]. The scheme of frequency depend setup is depict in Fig. 2.15.

�Thick (green) line: digital communication, dashed (red) line: analog signal, thin

(orange) line: mw signal. A glass-to-metal adapter (G) is mounted to the main

UHV chamber, while an electromagnet (B) can be positioned around it. A pair

of coils (M) is mounted to modulate the external �eld. A mw synthesizer is

connected via a circulator (C) to a mw feedthrough. The re�ected mw power

can be measured at the Schottky diode (SD) connected to a lock-in ampli�er.

The optimum measurement position is marked by the black square (P). The

sample is �xed on the sample holder (S) � [36]. Practically, the �eld swept

technique is easier to use but it is limited to a thin frequency range. For a

broad band microwave method in combinatrion with the Vector Network An-

alyzer (VNA): VNA-FMR approach can be used for both �eld and frequency

sweep measurements.

Figure 2.15: Schematic diagram of FMR set up in combination with a UHV
system [36].
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Chapter 3

Results and discussion

3.1 FeRh phase transition

An interesting feature of the FeRh system is that its magnetic and structural

phase transition can be tuned in a variety of ways. In this section the param-

eters in�uenced the magnetic and structural properties of the FeRh alloy are

discussed. The FeRh thin �lms prepared in the present work grew by means

of MBE with thickness range of 5-40 nm. The �rst step to study the phase

transition is to determine the phase transition temperature Ttr which is ob-

tained by measuring the magnetization or the magnetic moment as a function

of temperature. The result of this measurement is called the M-T curve, where

the temperature is raised up to a value greater than Ttr (heating branch) and

then lowered back to the initial temperature (cooling branch). Two phase tran-

sition occur during the heating of FeRh sample AFM-FM transition at Ttr and

FM-PM transition at Curie temperature Tc.

3.1.1 In�uence of annealing temperature

In this section, the magnetic phase transition dependence on the annealing pro-

cess in Fe50Rh50 thin �lm with 35 nm thickness is investigated. RBS measure-

ment was carried out with 1.7 MeV He+ ions using to investigate the sample

composition as shown in Fig. 3.1. The structure of the FeR thin �lm annealed

at 873 K, 973 K and 1123 K temperatures was determined by using XRD mea-

surements and is depicted in Fig. 3.2. Since the sample annealed at 873 K was

measured in a di�erent XRD setup, its reference curves do not overlap with
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Chapter 3 Results and discussion

Figure 3.1: RBS measurement data and simulation of a 35 nm FeRh thin �lm.
The composition is Fe50Rh50 .

Figure 3.2: XRD patterns of Fe50Rh50 thin �lm on MgO substrate annealed
at di�erent temperatures.
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3.1 FeRh phase transition

the samples annealed at 973 K and 1123 K . Strong (001) and (002) FeRh

peaks indicate that well oriented samples were obtained onto MgO(100) sub-

strate after annealing above 873 K. These results indicate that a narrow ori-

entation distribution of FeRh lattice and also better ordered growth of FeRh

on MgO substrate can be obtained for samples annealed at 1123 K. Fig. 3.3

shows the measurement temperature dependence of magnetization at 150 Oe of

FeRh thin �lm annealed at di�erent temperatures. The as-grown sample does

not reveal phase transition in temperature range 5-400 K because it has fcc

structure, as reported by Lommel and Kouvel [1]. The in�uence of annealing

temperature on the phase transition broadening is shown in Fig. 3.4 for samples

annealed at 873, 973 and 1123 K. The magnetization measurements determine

that the transition hysteresis becomes narrower, by increasing annealing tem-

perature. This is likely because of improving the compositional inhomogeneity,

chemical-order and reduced crystalline defects due to annealing the samples at

higher temperature.

It is found that the AFM-FM phase transition temperature increases with

increasing annealing temperature. The FeRh thin �lm annealed at 973 K and

Figure 3.3: Temperature dependence of magnetization at 150 Oe of Fe50Rh50
thin �lms annealed at di�erent temperatures.
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Figure 3.4: ∆T dependent annealing temperature for equiatomic FeRh thin
�lm measurede at an applied magnetic �eld of 150 Oe.

1123 K displays a sharp AFM-FM transition and small thermal hysteresis, which

is similar to that in bulk FeRh ordered alloy crystals. Minor M(T) loops were

measured for 973 K and 1123 K annealed sample because of temperature lim-

itation up to 400 K. Fig. 3.5 shows in-plane measured M-H loops of the FeRh

thin �lm at (a) 5 K and (b) 400 K. The hysteresis loops at 5 K show the ex-

istence of residual magnetization at low temperature. Note that M-H loops

measured at 400 K shows the lower Ms for the sample annealed at 1123 K than

the sample annealed at 973 K, probably because the measurement temperature

was limited to 400 K and the Ttr is higher for 1123 K annealed sample. The

hysteresis loops during transition show an obvious opening at a higher magnetic

�eld, although a slight asymmetry is found at an opposite �eld in the loops.

The opening in the M-H loops occurs likely because of the combination of the

weak magnetic anisotropy of AFM phase and the soft FM phase and also the

magnetic-�eld-induced AFM-FM phase transition in FeRh thin �lm.

In summary, with increasing annealing temperature the AFM-FM transition

temperature increases, while the thermal hysteresis width decreases. This may

be because a high-temperature annealing process reduces the compositional �uc-
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3.1 FeRh phase transition

Figure 3.5: M-H loops measured in the plane of Fe50Rh50 thin �lm (a) at 5
K and (b) at 400 K. The samples were annealed at di�erent temperatures.

tuation in the �lms.The M-H loops of the FeRh thin �lm annealed at 973 K and

1123 K display an opening at high magnetic �elds which is indicative of the

presence of both AFM and FM states during the phase transition.
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3.1.2 Thickness-dependence

In the following section the in�uence of the �lm thickness on the magnetic

properties and the magnetic con�guration will be investigated. For this pur-

pose Fe50Rh50 thin �lms with di�erent thickness were grown on MgO sub-

strate annealed at 600/800/850 ◦ for 2/2/4 h by means of MBE. Fig. 3.6 shows

temperature-dependent magnetization (M-T) for 5, 9, 26 and 35 nm thick FeRh

thin �lm in the presence of a magnetic �eld of 150 Oe. Note that 9 and 26 nm

thick samples were measured by SQUID-MPMS that the measurement temper-

ature was limited to 380 K. All of thin �lms clearly display the phase transition

from AFM to FM phase. As visible in Fig. 3.6 by decreasing thickness Ttr de-

creases particularly for samples with thickness below 10 nm. The more sharp

AFM to FM transition is observed for thicker �lms, which is in agreement with

work [2] where the sharp phase transition was reported only for FeRh thin �lms

with thickness above 14 nm. On the other hand the transition becomes much

broader for the FeRh thinner �lms. This broadening is associated to the grain

size reduction in the thinner �lms [3].

Figure 3.6: Temperature dependent magnetization of thin �lms with various
thickness measured at an applied �eld of 150 Oe.
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When the thickness decreases from 9 nm to 5 nm, the grain size decreases

signi�cantly, which corresponds to the signi�cant increase in the transition width

and residual magnetization (Mrs) as shown in Fig. 3.6. This can be understood

from the surface/interface e�ect as the surface area increases with decrease of

the grain size. For ultrathin �lms with a thickness of 10 nm or below, a large Mrs

is generally observed which the origin has not yet been completely understood

[4]. The instability of the AFM structure when the amount of the site-exchange

defect density exceeds a threshold of 0.8%/f.u. (f.u.: formula unit) [5] and also a

formation of the FM Fe-rich α′-phase and the paramagnetic Rh-rich γ-phase due

to slow di�usion rate of Rh in the thin �lms are suggested [3]. In particular, Mrs

is more visible for thin FeRh sample with thickness below 10 nm because of the

small di�erence between Mrs and amplitude of the magnetization transition.

From Fig. 3.7 one can extract another piece of useful information from the

M-T measurements by plotting the thickness dependence the phase transition

temperature. It is visible that the phase transition temperature decreases with

decreaseing FeRh thin �lm.

Figure 3.7: FeRh thin �lm thickness dependent phase transition temperature
measured at an applied magnetic �eld of 150 Oe.
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Fig. 3.8 shows the magnetization curves of the same samples measured at

5 K. It is noticeable that the coercivity decreases with decreasing �lm thick-

ness. Magnetization saturates at a �eld of less than 1500 Oe. Fig. 3.9 gives

the saturation magnetization of the �lms obtained at 5 K. It is obvious that Ms

increases as the thickness decreases from 9 nm to 5 nm. This implies that in

FeRh thin �lms, the lattice mismatching induced stress should not be a main

factor for formation of the FM phase, since the strees must delay the onset of

AFM-FM transition, i.e., there should be an increase in the Ttr instead of the

decrease observed here. This magnetization reduction is ascribed to the grain

size induced FM instability and the magnetic moment reduction of Fe and Rh

spins at the interface. When the thickness decreases the grain size decreases sig-

ni�cantly which corresponds to the signi�cant increase in the transition width

and Mrs [3]. The AFM-FM transition is observed at a thickness as low as 5 nm.

Figure 3.8: Magnetization curves measured at 5 K for various thicknesses,
showing large residual magnetization increase when the thickness of �lm is
reduced to less than 9 nm.
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Figure 3.9: Saturation magnetization Ms obtained at 5 K, showing di�erent
Ms variations when the �lm thickness is reduced from 26 to 9-5 nm .

Fig. 3.10 depicts XRR measurement (blue) and �tted (red) for an FeRh �lm,

with expected thickness of 35 nm. Fig. 3.11 shows Scattering Length Density

(SLD) through XRR �tting by using GenX software package. SLD calculation

shows a gradient near the interface of the FeRh thin �lm and MgO substrate

which shows more Rh concentration in this region and low Rh concentration

in the inner layers. The evaluation of the low energy AES measurement for

34 nm thick Fe50Rh50 with 4 nm Rh capped layer is shwon in Fig. 3.12 . The

ratio between the AES signal of Fe and Rh as a function of depth is shown in

Fig. 3.13. It shows a drop of the Fe/Rh ratio by 5% at the interface between MgO

and �lm with about 3-4 nm thick Rh-rich region. The bulk part of the �lm has

almost homogeneous composition. Above of the Rh-rich region there is very thin

Fe-oxide region. Both measurements con�rm the formation of mixture of the

equiatomic region and Rh-rich region at the interface of two di�erent samples.

Therefore can be suggested that the Rh-enrichment in the interface between

sample and substrate is a general property of the FeRh system. Altogether, it

can be said that the magnetization measurements show the AFM phase becomes

more and more unstable as the thickness decreases and Ttr shifts to lower
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Figure 3.10: Experimental and simulated �t for an X-ray re�ectivity curve
for an FeRh �lm with 35 nm thickness.

Figure 3.11: Scattering length density (SLD) pro�le of Rh concentration in
Fe50Rh50 with 35 nm thickness and by using XRR data was calculated by
Dr. E. Josten.
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Figure 3.12: Evaluation of the low energy AES measurement for 34 nm thick
Fe50Rh50 with 4 nm Rh capped layer measured by Dr. S. Facsko.

Figure 3.13: The ratio between the AES signals of Fe and Rh as a function
of depth for 34 nm thick Fe50Rh50 with 4 nm Rh capped layer.
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temperatures. The FM phase could be stabilized by a magnetic �eld when the

FeRh �lm thickness is reduced below 10 nm. Moreover, the lattice mismatching

and grain size have dominant roles to shift the Ttr and also formation of Mrs

below the phase transition.

3.1.3 E�ect of chemical composition

The magnetic properties of FexRh100−x with 44 ≤ x ≤ 55 grown on MgO (100)

substrates as a function of composition and annealing temperature were sys-

tematically studied in this section. The samples studied in this section were the

thin �lms of FeRh with nominally 40 nm thickness. The list of samples and

magnetic properties are summarized in table. 3.1

To determine how the phase transition depends on iron and rhodium content,

FeRh thin �lms were grown by di�erent composition under the same conditions.

Fig. 3.14 depicts the temperature dependence of magnetization for (a) as-grown

samples, (b) annealed at 873 K and (c) annealed at 973 K under an applied

magnetic �eld of 150 Oe at the temperature range from 5 to 400 K. The as grown

thin �lms with 44 ≤ x ≤ 53 composition are nonmagnetic because of their fcc

structure, as discussed in the previous section. However for x=55 composition,

thin �lm behaves ferromagnetic. For annealing temperature at 873 K, thin �lm

with 44 <x< 50 compositions, show only poor signal of AFM-FM transition

while sample with x=50 shows phase transition at about 300 K. The samples

with x>50 behave as ferromagnetic across in the temperature range from 5 to

400 K (Fig. 3.14(b)). For annealing temperature at 973 K similarly thin �lms

Table 3.1: List of the FeRh thin �lms with 40 nm thickness and di�erent
composition annealed at 973 K.

Sample No Fe % Rh % Ttr(K) Ms (at 5K) Ms (at 400K)

1 44 56 � 220 470
2 46 54 � 240 525
3 50 50 385 155 945
4 51 49 � 845 955
5 52 48 � 890 965
6 53 47 � 1010 968
7 55 45 � 1130 985
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with 44 <x< 50 composition, show partial phase transition. As visible from

Fig. 3.14(c) the Fe50Rh50 thin �lm annealed at 973 K shows AFM-FM phase

transition at 375 K. For samples with 51≤ x ≤ 52 a clear sign of AF phase is

already observed at lower temperatures. For samples with x > 52 there is no

evidence of phase transition and thin �lm behaves as ferromagnetic.

The magnetic phase diagram of the FexRh100−x system in Fig. 3.14 showed

that slight di�erences in the Fe concentration lead to drastic changes of the

magnetic behavior, in particular for Fe concentrations around x ∼ 52.

Fig. 3.15 (a) and (b) shows the saturation magnetization of the same samples

measured at 5 K and 400 K, respectively. Magnetization saturates at a �eld of

less than 5000 Oe. For as-grown samples Ms increases monotonously as the Fe

composition increases from 44 to 55 %. For for samples annealed at temperature

873 K, Ms increases as Fe concentration increases up to 50 percentage in FeRh

thin �lm, while for x > 50, there is a slight decrease in Ms for both temperatures

5 and 400 K. Similarly to the as-grown samples, for samples annealed at 973

K Ms increases as the Fe composition increases. At 5 K the magnetization

(Ms) increases sharply with increasing Fe concentration x > 50, while for 400

K the growth of Ms is not such signi�cant. In conclusion, the �rst-order phase

transition occurs over the range of 44 ≤ x ≤ 50 of FexRh100−x thin �lms .

The phase transition from AFM to FM takes place for samples annealed at

873 K and at 973 K. The composition range of thin �lms which exhibit the

transition is wider, as compared to bulk [6] and will be discussed later. Note

that Ttr decreases with increasing Fe concentration for heating as well as cooling

processes.
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Chapter 3 Results and discussion

Figure 3.14: Temperature-dependent magnetization of FexRh100−x thin �lms
in the composition range of 44 ≤ x ≤ 55 under the magnetic �elds of 150
Oe (a) as-grown, (b) annealed at 873 K and (c) annealed at 973 K.
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3.1 FeRh phase transition

Figure 3.15: Saturation magnetization of as-grown, 873 K and 973 K annealed
FeRh thin �lms measured at (a) 5 K and (b) 400 K.

3.1.4 Magnetic �eld dependence

Since the �rst-order magnetic phase transition is expected to be sensitive to

magnetic �eld applied during the course of transition a careful experiment was

performed in present study. The magnetic �eld was being applied during heating

and cooling, the magnitude of which was changed from 150 Oe to 60 kOe.

For the Fe50Rh50 thin �lm with 35 nm thickness magnetization-temperature

curves with di�erent applied magnetic �elds, 150 Oe, 10, 20, 40 and 60 kOe

are shown in Fig. 3.16. The external magnetic �eld is applied along the �lm

plane. It is found that the magnetization-temperature curves are shifted to a

lower temperature as the applied �eld is increased. The evaluation of the Ttr

with increasing an applied magnetic �eld shows a similar trend as compared to

reference [6]. This suggests that the external magnetic �eld favors the alignment

of magnetization and stabilization of FM phase. Therefore AFM-FM Ttr shifts

to lower temperature.

The magnetic behavior of virgin MgO substrate is shown in Fig. 3.17 which

demonstrates that the negative slope in the FeRh M-T curve is a result of a
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Chapter 3 Results and discussion

Figure 3.16: Temperature-dependent magnetization of Fe50Rh50 thin �lms
under the applied in-plane magnetic �elds of 150 Oe, 10, 20, 40, and 60
kOe, respectively.

Figure 3.17: Temperature-dependent magnetization of virgin MgO substrate
under the applied magnetic �elds of 150 Oe and 50 kOe.
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3.2 Ferromagnetic resonance

strong diamagnetic background from the MgO substrate impurities. Note

that by increasing the applied magnetic �eld the contribution of the background

signal increases dramatically.

3.2 Ferromagnetic resonance

As mentioned already, the �rst order magneto-structural phase transition for

FeRh system evolves via nucleation and growth of both, FM and AFM phase

across the transition. To get insight to details of the transition process, it is

desirable to investigate the nucleation and growth of both phases within the

�rst order phase transition. This, however, requires methods that are capable

of separating the responses from the di�erent regions or that are susceptible to

di�erent local magnetic environments. Conventional magnetometry su�ers in

this context from not being able to resolve such di�erences, especially for ultra-

thin �lms which exhibit a much broader phase transition with a huge o�set

in the AFM phase [3]. Experimental methods that are based on exciting the

magnetic system are advantageous in this aspect, since the dynamic response

between AFM and FM regions (or FM regions in contact to AFM ones and vice

versa) can lead to signi�cant di�erences in the signal. A method well suited to

investigate magnetic thin �lms with di�erent local magnetic properties is FMR.

It is interesting to note that in spite of the recent extensive interest on the FeRh

alloy system, up to now very few studies have been carried out by means of

FMR through a narrow interval temperature [7].

In this section the width and position of the FMR resonance line as a function

of temperature dependent across the phase transition in ordered polycrystalline

FeRh thin �lms, which were grown on MgO substrates by MBE and magnetron

sputtering are study. In addition frequency dependent-resonance �eld is probed

in the FM phase at a constant temperature. In particular, the nucleation and

growth of AFM and FM phases in the matrix of the FeRh thin �lms is probed

during heating and cooling and compared to magnetometry data obtained from

the same samples up to the Tc. It is interesting to investigated the magnetic

response of thin �lms with thickness below 10 nm add of �lms with thickness of

about 33 nm. Since a requirement for implementing the FeRh system into the
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�eld of nanomagnetism is that meso- or nano-structures of FeRh retain their

properties with respect to the �rst order phase transition. Investigating the

thin �lm limit is one step towards this aim and has been assumed to rather

less extend in literature [3]. As it is visible in Fig. 3.18 temperature-dependent

magnetization for non-capped Fe50 Rh50 shows an opening during heating and

cooling. It is likely due to the oxidation in the course of magnetization mea-

surement at high temperature. Therefore, to study the FMR in FeRh system

capped thin �lms were grown.

Figure 3.18: Temperature-dependent magnetization of non capped Fe50Rh50
thin �lms at H=0.08 T upon heating and cooling.
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3.2.1 FMR study of FeRh thin �lm

In the following chapter static and dynamic magnetic properties of FeRh thin

�lms with di�erent thicknesses, prepared by MBE and sputtering methods are

investigated as resulting from SQUID and FMR measurements. In the �rst a 33

nm thick thin �lm, which magnetically exhibits bulk-like properties is discussed.

It was chosen for easy comparison to already known results, as this thickness

regime is a commonly used in studies of sputtered FeRh �lm. For that 33 nm

thick Fe50Rh50 (001) thin �lm was grown by means of MBE on MgO (001)

single-crystal substrates. After annealing up to 1123 K the sample was capped

with 4 nm Rh to avoid of oxidation. The composition of the thin �lms were

determined via RBS and the crystal structure was studied by using XRD in a

θ-2θ scan as discussed already in the section 3.1.1.

In Fig. 3.19 (a) the saturation magnetization Ms as function of T curve for

the 33 nm thick �lm in a temperature interval of 300-700 K is presented. In this

wide temperature range all magnetic phases can be distinguished. Below the

Curie temperature of Tc = 670 K the system becomes ferromagnetically coupled,

until the antiferromagnetic phase transition starts at about Ts = 435 K. The

hysteretic transition is completed at Te = 345 K. For lower temperatures a small

residual ferromagnetic response is left, which does not vanish even well below

the transition temperature. As known from literature [8], atomic distances are

crucial for magnetic coupling in FeRh, so the remaining ferromagnetism may

be induced by interlayer strain origination from the interface to the substrate.

The thin �lm exhibits a hysteretic variation of Ms as function of temperature,

indicating the existence of the �rst order phase transition.

Due to the fact that SQUID magnetometry provides only access to the static

integral saturation magnetization of the system the same sample pieces were

used by means of FMR setup which described in chapter 2. In the following it

will be explained the results from measurement performed on the 33 nm �lm and

in the next section compare those with the 8 nm one. To start the measurements

in a well-de�ned FM state, a high temperature of 602 K was chosen, as indicated

by the pink dot in Fig. 3.19 (a). The corresponding FMR spectrum in Fig. 3.19

(b) shows a resonance signal at around 100 mT. It should be noted that due to

modulating the external �eld the derivative of the absorption line is detected.
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With increasing temperature the resonance �elds approach the paramagnetic

resonance �eld, being the resonance �eld for zero magnetization and anisotropy,

while by reducing the temperature the linewidth extend and �nally FMR signal

disappears below the phase transition. Although the system according to the

magnetometry results is in a FM phase at 602 K, the resonance line clearly

exhibits an asymmetry in the signal shape. Comparing the signal shape to

the high temperature measurement done on the 8 nm �lm (Fig. 3.23 (b)), this

asymmetry can be attributed to a superposition of two independent FMR-signals

at slightly di�erent resonance �elds. In fact, due to the much smaller linewidth in

the thinner �lm (see Fig. 3.19 (b)), it is possible to unambiguously identify these

two resonance lines. A �tting routine including two signals to the experimental

data of the 33 nm �lm, a good agreement is observed (insets in Fig. 3.19(b)).

Note that in principle asymmetric resonance signals might also result from

intrinsic deviations of the symmetric Lorentzian pro�le expected in ultrathin

�lms. In case that the �lm thickness becomes larger than the penetration depth

(skin depth) of the microwave in resonance deviations from a symmetric line-

shape are obtained [9].

This penetration depth depends on microwave frequency, the conductivity

of the material and-in our case even more importantly-on the magnetic per-

meability. The latter is proportional to the magnetic susceptibility which is

the quantity actually probed by FMR. Thus, at constant frequency it strongly

depends on the external magnetic �eld and on-resonance obtains much larger

values than o�-resonance. The strong absorption of microwaves on-resonance

results in a signi�cant reduction of the skin depth at FMR. For a bcc Fe �lm

excited at a microwave frequency of 9 GHz the skin depth at FMR is about

40 nm [10]. Considering that our �lm are irradiated from both sides (the MgO

substrate being practically transparent for microwaves) within the microwave

cavity, and taking into account that two lines are obtained also for the 8 nm

thick sample, an asymmetry due to inhomogeneous microwave distribution is

rather ruled out. In turn the observation of two signals suggests that there are

two areas of slightly di�erent magnetic properties inside the �lm. For verify-

ing this hypothesis, AES and XRR measurements were performed, which were

shown in section 3.1.1. Both measurements consistently indicate the presence of

a Rh-rich (% 5) region near the substrate interface having a thickness of about
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3.2 Ferromagnetic resonance

Figure 3.19: Static and dynamic magnetization measurement upon heating
and cooling for Fe50Rh50 thin �lms with 33 nm thickness prepared by MBE.
(a) SQUID measurement at 0.08T applied magnetic �eld in a temperature
range from 300 to 700 K. (b) FMR spectrum as a function of temperature
in AFM phase (violet) in phase transition region (green) and in FM phase
(pink), inset: selected FMR spectra of the measurement (blue curve) and
simulation (red curve) of the sample, (c) color-map for full phase diagram.
(d) evolution of the position of the resonance line.
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3-4 nm. As the magnetization in the FeRh system decreases by increasing Rh

concentration [11], it can be identi�ed the resonance at higher external �elds

to result from the interface mode. Assuming that the thickness of this Rh-

enriched layer is the same for all samples, naturally explain the drastic change

of the relative intensities of both signals as function of the �lm thickness (due

to the smaller bulk contribution in the thinner �lms, the volume mode has more

e�ect). The FMR measurements were continued by reducing the temperature

stepwise to �nally end up in the AFM phase as revealed from the magnetometry

data. An overview is given by the color plot of Fig. 3.19 (c). Every vertical line

in this �gure corresponds to a FMR-spectrum measured at the respective tem-

perature. The amplitude of the FMR-signal is displayed by the color code. A

huge temperature (60 K) di�erence for the beginning of phase transition respect

to the static measurement is clearly visible in this graph. It demonstrates that

the dynamic properties probed by FMR react more sensitively to the presence

of the AFM state by reducing temperature. The resonance �elds which were de-

termined by a �tting routine to the individual spectra at di�erent temperatures

are plotted in Fig. 3.19 (d).

For the 33 nm �lm at �rst it was focused on the mode that results from volume

mode part and appears at lower external �eld values. It is obvious, that the

resonance �eld shifts towards lower values by decreasing the temperature, until

the amplitude of the signal vanishes completely around the phase transition

region. By analyzing the temperature dependence with the help of the so-

called Kittel-equation, for which in thin �lm geometry the resonance �eld only

dependents on the magnetization [9]

F =
ω

2π
=

γ

2π

√
B(B +Meff ) (3.1)

where F is frequency, B is applied external magnetic �eld, γ is gyromagentic

ratio and Meff is e�ective magnetization. With ω being microwave frequency

and the constant gamma (equation) the gyromagnetic ratio, obtain that for

the 33 nm �lm the magnetization of the FM phase increases with decreasing

temperature, as expected for an ordinary ferromagnet [12]. Even during the

phase transition the value of the remaining magnetization probed by FMR is
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not a�ected by the presence of the nucleating antiferromagnetic regions. The

magnetization within the FM regions increases further for decreasing tempera-

ture which results in the continuous decrease in resonance �eld. This behavior is

in good agreement with a model of the phase transition established in reference

[7]. There, the phase transition is described as nucleation and growth of grains

in a matrix. Corresponding to these experiment, i.e. decreasing the temperature

from high towards lower values, growing AFM grains generated within a FM

matrix. Assuming that the AFM regions cannot be excited at the microwave

frequency and external �eld values available, the detectable FM volume shrinks

drastically and as a consequence the FMR-signal amplitude decreases, until be-

ing below the detection limit of the setup.

In contrast, the mode having its origin at the interface region (and occurring

at higher external �eld values) behaves in a di�erent way. After reaching a

minimum in resonance �eld the mode does not disappear, rather an increase in

resonance �eld can be observed. As already discussed, the interface mode has

its origin in the Rh-rich region, where an increased strain exists. This strain

distorts the cubic B2 structure and in�uences the isotropic lattice expansion

during phase transition. As shown already by magnetometry measurements a

residual FM phase is left in the AFM regime. It has also been demonstrated in

[13], where it was shown that the phase transition may completely suppressed

in the region close to the substrate interface. Considering an ongoing phase

transition (volume change) in the unstrained �lm areas, this will introduce ad-

ditional strain to the FM part, which in turn in�uences its magnetization [14].

In continue a further indication of this scenario will provided. In case of the 8

nm �lm, even the volume mode shows a slight increase in the resonance �eld be-

fore disappearing. This is consistent with the results from magnetometry, which

revealed an increased strain of the whole �lm showing up as residual magneti-

zation. Due to this the volume mode does not behave like a genuine bulk mode

anymore. The resonance �eld of the volume mode being a measure of the FM

regions thus is not a good quantity to locate the phase transition.

By having a closer look to the color plot in Fig. 3.19 (c) an additional FMR-

signal appears in a certain temperature range (390-490 K) at very small external

�elds. After appearing the amplitude of this signal increases, until both signals

have a similar intensity (Fig. 3.19 (b) green line). The additional signal cab
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Figure 3.20: The schematic diagram of AFM-FM interaction through the
phase transition. (a) the interface coupling is FM (uncompensated in-
terface) and (b) the interface coupling is AFM (compensated interface).
Figure has been modi�ed from reference [15].

be ascribed to the result from an exchange bias e�ect, which arises after nu-

cleation of AFM grains within the FM matrix [16]. As sketched in Fig. 3.20

there are two fundamentally di�erent coupling con�gurations at the AFM-FM

interface. In the case of compensated interfaces, there should be almost no ef-

fect on the resonance �eld position, because in sum no additional anisotropy

is created (Fig. 3.20(b)). However, for uncompensated interfaces an unidirec-

tional anisotropy is introduced to the system which changes the local �eld at

the boundaries between FM and AFM regions (Fig. 3.20(a)).

The exchange bias phenomena can be discussed by intuitive model that is the

most important model, relevant for the results of this study. In the FM phase

above TN all spins are completely aligned with the external magnetic �eld and

the AFM is in a disordered state. Due to the no AFM e�ect on the FM, ex-

change bias is not observed in this state for hysteresis loop measurement. By

reducing temperature below TN in presence an external magnetic �eld, i.e. �eld

cooling a ferromagnetic coupling generate at AFM-FM interface. The ferromag-

netic coupling take place only in case of an uncompensated AFM-FM interface.

When the external magnetic �eld is reversed, the FM spins reorient to trace

the external magnetic �eld. Because of the strong AFM anisotropy, AFM spins

will not rotate in the external magnetic �eld. However, the coupling at the

interface creates a torque on the FM spins by the spins of AFM �rst monolayer.

Due to the AFM torque on the FM spins, a higher applied external magnetic
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�eld is needed to overcome the coupling between FM and AFM interface to

saturate the FM spins in the opposite direction respect to the �eld cooling di-

rection. It leads a shift of the hysteresis loop in the �eld axis towards negative

�elds. When the external magnetic �elds reversed to the initial �eld cooling

direction, the FM spins will rotate with the assistance of the extra �eld due

to the FM-AFM internal �eld coupling. This internal �eld coupling leads the

FM spins alignment with the external magnetic �eld at a smaller �eld. In turn

adding this extra anisotropy �eld to the external �eld will shift the resonance

position of the AFM-FM interface region towards lower �eld values. Therefore,

the additional signal is a signature for the presence of the AFM phase. Com-

pared to results from magnetometry the phase transition starts already at 490

K in FMR. This stems from the nucleation and grows of the AFM phase during

cooling, letting the amount of uncompensated AFM-FM boundaries increase.

Consequently, the signal intensity increases up to a certain point, where the

fraction of the AFM phase becomes larger than the FM one. Beyond this point

both signal intensities begin to decrease, before they disappear. Shortly after

the appearance of the �rst AFM grains, they in�uence is also manifested by an

increase of the resonance �eld of the interface mode. As discussed already some

grains will nucleate near the interface layers and alter the strain. By further

decreasing the temperature a larger area is a�ected by this additional strain,

which results in a continuous change in resonance �eld.

The frequency dependence of the resonance �eld was used in order to investi-

gate the magnetization behavior of the sample in the high temperature wherease

system is completely in the FM phase. A broad band FMR set up was used to

measure the resonance �eld in a frequency range from 7.8 up to 26.2 GHz. These

frequency dependent measurements were performed at two �xed temperatures

at T=520 K and T=570 K under UHV conditions and are shown in Fig. 3.21

and Fig. 3.22, respectively. The experiment results have been �tted with equa-

tion 3.1 to determine the g-factor. For the �tting, the magnetization was taken

from SQUID measurement and therefore only g-factor was variable parameter.

It was found that at 520 K g-factor is equal to 2.35 while at T= 570 K g-factor

is equal to 2.37. The di�erent value of g-factor at 520 and 570 K is because of

the error during the measurements as well as the �tting process.

In Fig. 3.22 the �tting curve with g=2.3 has been compared with the �tting
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Figure 3.21: In-plane resonance linewidth dependence of the frequency mea-
sured at 520 K, �tting curve show g=2.35.

curve with g=2.1 which is for Fe atoms. Comparison of the curves reveals that

g-factor for FeRh thin �lm at FM phase has higher value than Fe atoms. Since

the frequency dependence of the resonance �eld has been measured in the FM

phase, higher value of g-factor than Fe atoms re�ects a strong orbital moment

contribution µL/µS in the FeRh thin �lm which can be written as:

µL
µS

=
g − 2

2
(3.2)

Where µL and µS are orbital and spin magnetic moments, respectively [18].
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Figure 3.22: In-plane resonance linewidth dependence of the frequency mea-
sured at 570 K, �tting curve show g=2.37 and compared by g=2.1 curve.

3.2.2 In�uence of thickness

For investigation of in�uence of thin �lm thickness on the static and dynamic

response of FeRh system, 8 nm thick Fe50Rh50 thin �lm was grown on MgO

single-crystal and capped by 5 nm Cr by means of MBE.

As same as thicker �lm the equivalent measurements on the 8 nm thin �lm

were performed, shown in Fig. 3.23. The saturation magnetization Ms as func-

tion of T curve in a temperature interval of 160-700 K under an in plane oriented

external magnetic �eld of 0.08 T is presented in Fig. 3.23(a). Note that di�erent

setups dedicated for temperatures either above or below ambient temperature

were used. Qualitatively, both �lms, 33 nm thick and 8 nm thick exhibit a

similar behavior. Similar to the thick �lm the thin �lm exhibits a hysteretic

variation of Ms as function of temperature, indicating the existence of the �rst

order phase transition.

Magnetization measurements were accomplished in a vibration sample mag-

netometere (VSM) under an applied external magnetic �eld up to 0.08T in a

temperature range from 5 to 400 K and in a superconducting quantum inter-
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ference device (SQUID) magnetometer under a same applied external magnetic

�eld in a temperature range from 750 to 300 K. Since the direction of tempera-

ture sweep was not the same in the VSM and SQUID set ups, the magnetization

curves do not overlap completely.

The most obvious di�erence between the thick and thin �lms is the tempera-

ture where the AFM-FM transition occurs is wider for the thin system. This

e�ect has been already observed and explained in literature [3] as a not com-

plete relaxation of the FeRh layer at the interface to the substrate. Another

peculiarity of the 8 nm �lm as compared to the 33 nm one is the large residual

magnetization (Ms = 200 kA/m) that remains at low temperatures after the

phase transition. This observation provides an additional indication that the

thin �lm di�ers from the expected behavior of the bulk phase diagram [3] for

which in thermal equilibrium the whole system is expected to order antiferro-

magnetically for temperatures below the phase transition. The derivative of the

absorption line in a temperature range from 177 up to 550 K measured, shown

in Fig. 3.23(b) and indicated by the dots in Fig. 3.23(a). The interface model

has more contribution because of the smaller bulk contribution of the 8 nm

thin �lm. Fig. 3.23(c) shows the color-map of FMR spectrum for all temper-

ature range measurement. Since the magnitude of the FM phase signals from

the bulk contribution of the �lm and the interface mode are in the same order,

both signals are clearly visible. On the other hand, volume mode is not visible

because of the small saturation magnetization. The position of the resonance

�eld as a function of temperature is displayed in Fig. 3.23(d). In agreement

with the color-map plot, by increasing temperature where the FM phase nucle-

ates, the resonance �eld decreases up to Ttr. In the magnetization saturation

the resonance �eld has the lowest value. By further increasing temperature to-

ward the second order phase transition leads to reduce the magnetization and

consequently, resonance �eld increases (see equation 3.1) .
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Figure 3.23: Static and dynamic magnetization measurements upon heating
and cooling for Fe50Rh50 thin �lms with 8 nm thickness prepared by MBE.
(a) SQUID measurement at 0.08T applied magnetic �eld in a temperature
range from 160 to 700 K. (b) FMR spectrum as a function of temperature
in AFM phase (violet) in phase transition region (green) and in FM phase
(pink). (c) color-map for full phase diagram. (d) evolution of the position
of the resonance line.
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3.2.3 Comparison of the growth techniques

To study the in�uence of growth condition on the static and dynamic response

of FeRh system the equiatomic FeRh thin �lms with 33 and 8 nm thickness

prepared by sputtering technique as well. Sputtered samples were capped by

2 nm Pd to avoid oxidation and are compared to MBE samples which have

been discussed already, in magnetic point of view. MBE 33 nm and 8 nm

thick samples capped by 4 nm Rh and and 5 nm Cr layers respectively. The

static magnetization of the samples was measured with a SQUID for an in-plane

orientation of the magnetic �eld during heating and cooling. M-T curves for 33

nm equiatomic FeRh samples prepared by MBE and sputtered measured under

an external magnetic �eld of 0.08 T are shown in Fig. 3.24. As is visible from

Fig. 3.24 in the temperature range from 300 to 750 K both samples show a

complete �rst order phase transition from AFM-FM at 382 K and 374 K and a

second order phase transition from FM-PM at 670 K and 680 K for MBE and

sputtered samples, respectively.

The sputtered samples show lower Ttr and higher Tc which can be ascribed to

a slight deviation from the exact equiatomic stoichiometry lying within the error

of RBS measurements. In Fig. 3.25 the typical FMR spectrum measured for the

33 nm thick is shown for MBE �lm and is compared to the spectra observed for

the sputtered FeRh thin �lms. The spectrum is shown at T=595 K while the

magnetic �eld H is oriented parallel to the �lm plane. Note that no variation

of the resonance �eld for di�erent in-plane orientations of the external dc-�eld

H was observed. In Fig. 3.25 for all temperatures below Tc, the FMR spectrum

is superposition of signals of typically 0.03 T peak-to-peak width. Since the

extrinsic contribution of linewidth is associated with magnetic inhomogeneities

within the sample and the anisotropy dispersion in the �lm, smaller linewidth

for MBE sample shows higher magnetic ordering as well as the higher structural

quality. Note that MgO substrate signals (signal from paramagnetic impurities)

are visible at higher magnetic �elds.
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Figure 3.24: Comparison of the static magnetization curves at 0.08 T mag-
netic �eld for 33 nm thick MBE and sputtered Fe50Rh50 thin �lms.

Figure 3.25: FMR spectra for 33 nm thick MBE and sputtered samples mea-
sured at 9.4 GHz and at 595 K which samples are in the FM phase.
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The same approach has been pursed for the 8 nm thin �lms prepared by MBE

and sputtering and are shown in Fig. 3.26. Both thin �lms clearly display the

phase transition from AFM-FM phase. The phase transition for 8 nm thick sam-

ple has not been completed down to 300 K and show a minor thermal hysteresis

loop (the complete range of magnetization properties was discussed in the pre-

vious section). In comparison with the 33 nm FeRh thin �lms (Fig. 3.24) a large

thermal hysteresis loop is obvious. Fig. 3.27 shows FMR spectrum measured

for Fe50Rh50 thin �lms with 8 nm thickness at 460 K where both samples are

in FM phase. Two clear signals are detected for MBE sample while a di�erent

behavior is observed for sputtered sample. The di�erent and almost �at signal

indicate the structural defects, disorder and smaller grain size in the lattice of

the sputtered thin �lm. In contrast, the MBE method by means of its lower

growth rate and high purity leads to an increase of the magnetic homogeneity,

structural quality and higher coverage rate of the substrate surface (coating).

It has been known that FMR linewidth is very sensitive to the homogeneity

of the anisotropy �elds which is changed by crystal defects such as incomplete

crystallization, twinning and stacking faults [19]. This can be explained by the

surface/interface e�ect as the grain size decrease surface area increases.
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Figure 3.26: Comparison of the static magnetization curves at 0.08 T mag-
netic �eld for 8 nm thick MBE and sputtered Fe50Rh50 thin �lms.

Figure 3.27: FMR spectra for 8 nm thick MBE and sputter samples measured
at 9.4 GHz and at 460 K which samples are in the FM phase.
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3.3 Ion irradiation

It has been known that magnetic properties of binary metallic alloy can depend

sensitively on the arrangement of atoms in alloys, typically consisting of a 3d

ferromagnetic metal with a non-magnetic metal [20]. Ion-beams are highly

e�ective tools for randomizing the atomic arrangement in alloys, in a control-

lable way, and varying the nearest neighbour interactions between the magnetic

atoms. Enormous changes in the saturation magnetization of certain alloys can

be observed by varying the atomic arrangement. Recently, it has been reported

that high-energy ion-beam irradiation induced a FM state in FeRh bulk sample

(50 at.%) and in thin �lms at low temperatures at which the samples are nor-

mally AFM phase [21]. In order to investigate tuning the shape and transition

temperature of the AF to FM phase transition in FeRh thin �lms by ion irradi-

ation, equiatomic FeRh thin �lms were grown on MgO single crystal substrates

and irradiated by low-energy/low �uence Ne+ ion.

3.3.1 Sample preparation and characterization

In this section, the sample preparation method for growing FeRh thin �lms on

MgO(100), characterization and stepwise implanted with Ne+ at an energy of

20 keV are determined. Equiatomic FeRh thin �lms with a thickness of 35 nm

have been deposited on MgO(001) single crystals from CRYSTEC/Berlin by

means of MBE in UHV at a base pressure below 1×10−10 mbar.

The commercial MgO(100) substrates were prepared as same as discussed in

the chapter 2. Aiming at polycrystalline �lms, deposition of FeRh was performed

at room temperature followed by post annealing. Two separate sources were

used to evaporate Fe and Rh and �ux calibration has been applied using a

quartz microbalance. Post annealing was performed up to 1123 K for 4h. The

FeRh thin �lms composition was controlled by ex-situ RBS since composition

has critical e�ect on the FeRh alloys magnetic response. Fig. 3.28 shows the RBS

results obtained after annealing. The data is �t using a software (SIMNRA) for

precise composition determination [22] and the it was found to be Fe50Rh50

with an uncertainty of around 1%.
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Figure 3.28: RBS of the as-prepared FeRh �lm. The composition was found
to be Fe50Rh50 [23].

3.3.2 Tailoring the magnetism of FeRh thin �lms

In the �rst step a low-energy ion-beam irradiation process for the magnetic

modi�cation of FeRh thin �lm was investigated by using a focused ion beam

system. The most convenient way to investigate the mass displacement after

the collision cascade is to use computer simulation such as SRIM code. Prior to

ion implantation, the Stopping and Range of Ions in Matter program (SRIM)

was used to simulate the distribution of Ne ions inside the FeRh thin �lm lattice

as well as overall damage created in terms of Iron, Rhodium and also vacancies.

SRIM is a Monte-Carlo code that provides theoretical projections of the energies

and depth pro�les [22]. Implanted Ne pro�les in FeRh sample for the incident

energy of 20 keV are presented in Fig. 3.29 (a). The concentration pro�le inside

the FeRh sample is shown to decrease gradually with thickness and to stop at

a depth of ∼ 400 Å. One quantitative parameter to characterize the amount of

defect is the displacement per atom (dpa). The de�nition of dpa is the number

of times that an atom in the target is displaced at a constant �uence. After

magnetic and structural characterization, irradiation with 20 keV Ne+ ions was
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Figure 3.29: SRIM predictions [22] on the ion penetration and collision events
with the present experimental conditions: Ne+ at 20 keV on FeRh/MgO (35
nm) with an incidence angle of 0◦. Left: distribution of the ion penetration.
Right: distribution of atom displacement in the sample. As is visible, only
a very small fraction of ions is deposited in the MgO substrate.

performed at room temperature with di�erent total ion �uencies of 5×1012,
7.5×1012, 1×1013, 2.5×1013, 7.5×1013 ions/cm2. Aiming to eliminate the AFM

to FM phase transition, a control sample (with sam thickness and composition)

was irradiated with 3×1014 ions/cm2. Using the SRIM calculation, 20 keV Ne+

ion applied to locate the projected range of the implanted ions as well as the

maximum dpa at 20 nm below the surface of the sample.

The magnetic properties of the samples were measured using a SQUID magne-

tometer for the as-grown sample as well as after each implantation step. For

magnetization measurement sample was cooled down to 5 K at zero magnetic

�eld. The magnetization-temperature loops were measured during heating from

5 K to 400 K under the applied magnetic �elds of 150 Oe and cool down again

under the same condition Because of the thermomagnetic irreversibility made by

deblocking of ferromagnetic domains or superparamagnetic clusters, curve split.

The AFM to FM phase transition for as-grown �lm is located at about 375 K

(Fig. 3.30). It is higher than 350 K the phase transition for equi-atomic FeRh

thin �lm likely due to the deviation from the exact equi-atomic stoichiometry

lying within the error of RBS measurements. Since the maximum accessible
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Figure 3.30: ZFC/FC thermomagnetic measurements recorded at a �eld of
150 Oe. The Ne+ ion �uence applied at an ion energy of 20 keV is indicated
in ions/cm2 [23].

temperature in the SQUID setup was 400 K, minor thermal loops were mea-

sured. The temperature dependence of the magnetization of each sample is

shown in Fig. 3.30. It is obvious that Ne + irradiation by �uence of 5×1012

ions/cm2 leads to shift about 45 K in Ttr toward the lower temperature. De-

creasing temperature again, however, leads to strong overlap of the phase tran-

sition loops. On the other hand, the splitting between the ZFC and FC curves

in the low-temperature regime becomes more and more pronounced indicating

an increasing ferromagnetic background induced by the ongoing chemical disor-

dering, which is in agreement with other works [25, 21]. As Fig. 3.30 depicts

by irradiation FeRh thin �lm the AFM-FM phase transition shifts toward lower

temperature and completely eliminated at a �uence of 3×1014 ions/cm2. In

this case the FeRh thin �lm becomes ferromagnetic in the entire measured tem-

perature range. Fig. 3.31(a) depicts that the transition temperature decreases

almost linearly by increasing ion irradiation �uence while Fig. 3.31(b) shows

the ion �uence dependence of the saturation magnetization. A striking e�ect is

the fact that only a relatively low ion �uence of 3×1014 ions/cm2 is necessary
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in order to fully change the low-temperature magnetic properties from AFM

to FM phase. It means that irradiation by 3×1014 ions/cm2 �uence all sample

atoms at least one time experience a displacement. In Fig. 3.32 the saturation

magnetization as a function of dpa is shown. The SRIM calculation suggests

that the elastic collision play the dominant role in determining the magnetic

properties of the samples. It means that the irradiation-induced disorder of the

atomic arrangement or irradiation-induced lattice defect [30].

Figure 3.31: (a) The phase transition temperature as a function of �uence
and (b) the �uence-dependent saturation magnetization measured at 5 K
[23].
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Figure 3.32: Evolution of the saturation magnetization with increasing dpa
[23].

For our thin �lms, the increasing of the ferromagnetic signal by Ne+ ion ir-

radiation at 5 K is displayed in Fig. 3.33. As was expected by increasing ion

irradiation �uence ferromagnetic back ground increases. In order to investigate

the e�ect of irradiation on the �lm structure, the control sample was analyzed

by XRD before and after implantation. Therefore, by employing CuKα radia-

tion surce a θ-2θ di�ractometer, XRD pattern were measured in glancing angle

geometry.

The incidence angle was kept above the critical angle (αc = 0.42◦) at 1 degree.

Fig. 3.34 shows the XRD scans of both as-grown and irradiated samples (with

3×1014 ions/cm2 �uences). Because of the relative amount of the lattice de-

fects introduced in the B2 type phase by ion implantation the intensity of peaks

decreased. The lattice defects introduced by ion irradiation can stabilize the

ferromagnetic state in the B2 type FeRh compounds. It can be explained by

either the increase of the lattice parameter due to the disordering or the change

of the number of magnetic Fe atoms within their nearest neighborhood [26].

It is noticeable that the crystallite size (∼20 nm) of thin �lm and the lattice

constant (2.985 Å) value were not changed by the implantation. Changing in

the lattice parameter due to irradiation at higher �uencies (> 1×1015 cm−2)

and/or using other ions should be consider [27]. The intensity of the (001) B2
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Figure 3.33: M-H curves at 5 K for the unirradiated sample and samples
irradiated with a 20 keV Ne+ ion-beam.

superstructure peak is stronger in�uenced than the peaks that are not sensi-

tive to the chemical order. The order parameter can be qualitatively calculated

by comparing the integrated intensity of the superstructured (100) peaks with

that of the fundamental (200) peaks of the B2-type structure. This is normally

de�ned as the long-range order parameter S [28, 29]. The S parameter decreases

by more than 50%. The order parameter S reduced from about 90% toless than

50% by an error of about 10%. Since the implantation in�uenced the others

di�raction peaks, a static Debye-Waller factor (de�nes the disorder introduced

by the implantation in the complete unit cell) assess to about 0.2 Å.
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Figure 3.34: XRD di�raction pattern measured at an incidence angle of 1
degree of the control sample in the non-irradiated state (red), after Ne+

irradiation at a �uence of 3×1014 ions/cm2 (blue). The discrepancy at
the (200) peak, as grown sample, is probably due to an in�uence of the
substrate MgO (220) re�ection. Figure reproduced from reference [23].

3.3.3 E�ect of post irradiation annealing

Furthermore, the magnetic modi�cation of the Ne+ irradiated FeRh sample by

thermal annealing is also examined. Equiatomic FeRh thin �lm of about 37 nm

thickness was deposited on MgO substrate as same as explained before. For as

grown thin �lm the Fe50Rh50 composition was con�rmed by RBS measurement

and analyzing SIMNRA program simulation. To calculate the favorable ion

�uence �rst the atomic density of FeRh thin �lm was calculated by:

ρ(FeRh) =
ρ( g

cm3 )NA( 1
mol

)

(Feweight +Rhweight)
g
mol

(3.3)

ρ(FeRh) = 3.4× 1022number atoms

cm3
(3.4)

here the mass density for FeRh thin �lms is ρ = 9.1( g
cm3 ) and

Feweight = 55.84( g
mol

)
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Rhweight = 102.9( g
mol

)

By using Equation 2.4 for 20 keV Ne+ ion irradiation while dpa is equal to 1

the �uence can be calculated as:

Φ =
ρ(FeRh)

tota disp
=

3.4× 1022(number atoms
108 A◦ cm2 )

1.6(number atoms
A◦ ion

)
(3.5)

Φ = 2.1× 1014(
ion

cm2
) (3.6)

In this equation the total displacement per atom is SRIM simulation out-

put. The dpa equal to 1 guarantees at least one collision and subsequently a

movement for all atoms in the sample. After annealing, ion irradiation was

performed to produce defects at room temperature. The magnetic properties

were measured by VSM set up for the as prepared, irradiated sample and after

each annealing step. Fig. 3.35 shows the displacement pro�le for 35 nm thick

sample while Fig. 3.36 illustrates ZFC/FC curves. The �gure indicates that for

unirradiated �lm Ttr is 375 K. While the AFM to FM phase transition is al-

most removed at �uence 2.1×1014 ion/cm2, i.e. the �lm becomes ferromagnetic

in the complete temperature range. According to other studies, lattice defects

in B2-type FeRh introduced by the ion beam irradiation cause the change in

the magnetic state [29]. On the other hand, phase transition from AFM to

FM appears after annealing as a result of erasing defects. During the thermal

annealing, the irradiation-induced disorder B2 structure is thermally relaxed to

ordered B2 structure, causing the change in magnetic state from FM to AFM

state. It indicates that the number of lattice defects introduced by the excess

irradiation decreases owing to the annealing. Therefore, the irradiation-induced

magnetization can disappear through the annealing process. Further annealing

thin �lm leads to shift of the phase transition to lower temperature by ∼ 70 K.

Since the lattice defects introduced by the ion beam irradiation were gradually

removed by annealing, the magnetization was also signi�cantly modi�ed, which

resulted in the shift of phase transition. To summarize, the present result shows

that the combination of energetic ion irradiation and subsequent thermal an-

nealing can be used as a useful tool to systematically control the magnetic state

of FeRh �lms.
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3.3 Ion irradiation

Figure 3.35: The dpa would be equal to 1 if sample irradiated by 20 keV Ne+

ion irradiation with 2.1×1014 ion/cm2 �uence.

Figure 3.36: ZFC/FC thermomagnetic measurements for sample with 35 nm
thickness recorded at a �eld of 150 Oe.
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Chapter 4

Summary and outlook

The main objectives of this thesis are to understand and control the magnetic

and structural response of the FeRh system as a function of extrinsic and intrin-

sic parameter variation. From the perspective of applied science, it is interesting

to investigate correlations between the magnetic behavior and functional e�ects

observed in the FeRh system. To determine the in�uence of parameters mod-

i�cation on the magnetic response of FeRh thin �lms di�erent pathways were

explored to tune the magnetic and structure response of FeRh alloy which are

summarized below:

1. The correlation between annealing temperature and Ttr of FeRh thin �lms

was studied by measuring M-T curve. The results of the magnetization

measurements show that the annealing temperature has a signi�cant in-

�uence on:

� Ttr increases with increasing annealing temperature, while the ther-

mal hysteresis width decreases.

� High-temperature annealing process reduces the compositional �uc-

tuation in the thin �lms.

2. E�ect of thickness on the magnetic behavior was studied by growing

equiatomic FeRh thin �lms with di�erent thickness. The results show

that by decreasing �lm thickness the �rst order phase transition temper-

ature reduces and also the transition becomes much broader for the FeRh

thinner �lms. The AFM-FM phase transition was observed for samples

with thickness below 10 nm.
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3. E�ect of chemical composition on the magnetic response of FexRh100−x

thin �lms over the 44 ≤ x ≤ 52 composition range was investigated.

M-T curve measurements show that for the Fe-rich samples, the e�ect

of α'-phase impurities could dominate such that it cause Ttr to decrease

signi�cantly. The magnetization measurements provide additional infor-

mation such as: The FeRh thin �lms show the �rst-order phase transition

only at 44 ≤ x ≤ 50 composition interval.

To enhance the understanding of the dynamic and static of the �rst order

phase transformation in FeRh thin �lms, 33 nm and 8 nm thick equiatomic

FeRh thin �lms by means of MBE and sputtering techniques were prepared.

Our results show that the phase transition can be monitored through the FMR

measurements also AFM and FM contribution can be separated by it. The

comparison of magnetic moment, and the position of the resonance, allowed us

to describe qualitatively the nucleation and the growth of the magnetic domains

during the �rst-order phase transition. Results obtained by FMR measurements

demonstrate that AFM-FM phase interaction produces a signal even in high

temperature and, consequently, the AFM phase exists after phase transition

which cannot be detected by the static measurements. The FMR measure-

ments reveal that the two phases are formed in FeRh thin �lms, Rh-rich on the

substrate interface and Fe50Rh50 phases. The e�ect of two phases, which have

di�erent composition, is more visible for thinner sample due to the less bulk con-

tribution. Both phases in the sample generate FM signals in high temperature

and due to superposition of two closely positioned modes the FMR spectrum

is asymmetric. In the next step the static and dynamic response of 33 and 8

nm thick samples which prepared by MBE and sputtering were compared. For

thick samples, FMR spectrum shows that by using MBE can grow well ordered

FeRh thin �lms with small FMR linewidth. While for thinner samples, no signal

was detected for sputtered sample likely because of di�erent interface proper-

ties and high magnetic inhomogeneity which increase the linewidth. Finally, the

frequency dependence of the resonance position was measured for 33 nm thick

MBE sample. This measurement con�rms the strong orbital moment contribu-

tion for FeRh system.

It is well-known that the energetic ions can be used as a new tool for the quanti-
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tative control of the magnetic state of FeRh alloy. For the �nal part of this work,

tuning the shape and transition temperature of the AFM to FM phase transi-

tion in FeRh thin �lms were investigated by means of low-energy/low �uence

Ne+ ion irradiation. The application of 20 keV Ne+ ions at di�erent �uencies

leads to broadening of the AFM to FM phase transition as well as a shift in

the Ttr towards the lower temperatures with increasing ion �uence. Moreover,

the FM background at low temperatures generated by the ion irradiation leads

to pronounced saturation magnetization at 5 K. Complete erasure of the tran-

sition, i.e. FM ordering through the whole temperature regime, was achieved

at a Ne+ �uence of 3×1014 ions/cm2. It does not coincide with the complete

randomization of the chemical ordering of the lattice.

From the application point of view, equiatomic FeRh thin �lm can be used

for fabrication of nanostructural magnetic objects which is of essential impor-

tance for the functioning of devices such as patterned data storage media and

magnetoresistive random access memories. It could be studied by the pattern-

ing of nanostructural magnetic structures by using of the large increase in the

saturation magnetization of Fe50Rh50 thin �lms caused by precise atomic dis-

placements. Patterning of magnetic areas could be performed by using e-beam

lithography in the form of stripes which can be separated by some nanometer

wide spacers. In this state the magnet/non-magnet/magnet structure displays

a reprogrammable AFM and FM stats con�gurations in zero �eld.
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