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Abstract: Results of XRD and TEM studies of a metastable phase state in Fe73Ti5B19O3 and Fe55Ti16B27O2

films, which is formed upon magnetron deposition under preset conditions, and of the evolution of
the state in the course of subsequent annealing at 500 ◦C for 1, 5, and 9 h and experimental data on
the magnetic microstructure and magnetic properties are reported. The annealed films were found
to be characterized by a nanocrystalline structure, which is represented by two crystalline phases,
namely, the ferromagnetic solid solution αFe(Ti), and nonferromagnetic boride FenB. The Ti content
in the films determines the grain size of the αFe(Ti) phase, whereas the content of B localized within
the grain boundaries determines the ratio of the volume fractions of amorphous and nanocrystalline
phases in the structure. In contrast to the ferromagnetic Fe73Ti5B19O3 films, the Fe55Ti16B27O2 films
are superparamagnets both in the deposited state and after annealing at 500 ◦C for 1 and 5 h because
of the higher volume fraction of the amorphous phase in the structure. The 9 h annealing of the
Fe55Ti16B27O2 films transfers them into the ferromagnets owing to the development of the amorphous
phase crystallization, increase in the content of nanocrystalline ferromagnetic phase αFe(Ti) grains,
and realization of exchange interaction between them.

Keywords: Fe film; ferromagnetic; phase composition; nanostructure; magnetron deposition; metastability;
magnetic stochastic structure; exchange interaction; magnetic properties

1. Introduction

The development of contemporary microelectronics is largely determined by advances
in designing soft magnetic alloys characterized by a high saturation induction Bs and low
coercive field Hc. Such a combination of magnetic properties can be ensured in Fe-based
nanocrystalline alloys [1,2]. In this case, nanocrystalline Fe alloy-based films with the
two-phase Fe+MeX structure (where MeX is the most thermodynamically stable and hard
phase formed by a metal of the IVa Group of the periodic table and one of the light elements,
such as C, N, O, and B), which is formed in the course of the annealing of magnetron-
deposited films [3], deserve special attention. The low coercive field Hc of such films is
reached at the expense of refining grains to sizes of less than the exchange interaction
length [4]; the high Bs values are reached at the expense of the high Fe content.

Earlier, by an example of soft magnetic bulk alloys prepared by casting, we showed
that the two-phase Fe+MeIVX state ensuring the high level of functional characteristics
can be formed in alloys, the phase state of which is described by equilibrium quasi-binary
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Fe-MeIVX phase diagrams with eutectic solidification [5]. The development of the approach
for soft magnetic film alloys [6–9] prepared under conditions of rapid solidification from
vapor (magnetron deposition) should assume the formation of a metastable phase structural
state caused by (i) the formation of an amorphous phase, (ii) the shift of eutectic composition
toward the more refractory constituent MeX, (iii) changing the concentration range of
existence of the two-phase Fe+MeX equilibrium in the ternary Fe-Me-X system [10,11], and
a number of other factors. The adequate qualitative and quantitative estimations of the
formed metastable state and its “shift” toward the equilibrium in the course of subsequent
annealing are the important stage of the investigations aimed at finding the preparation
conditions of two-phase Fe+MeIVX film material ensuring the required level of properties.

To study the metastable phase state of film materials, experimental methods, such as
X-ray diffraction (XRD) analysis [12–14] and transmission electron microscopy (TEM) [15–17],
along with electron diffraction (ED), high-resolution TEM [15–17], synchrotron X-ray diffrac-
tion (SXRD) [18,19], neutron diffraction [20,21], nuclear magnetic resonance [22,23], and atomic
probe tomography [24,25], are used.

Taking into account the fact that the magnetic properties are most structure-sensitive [26],
in the present study, with respect to the Fe-TiB2 system films, which belong to the consid-
ered class of materials, results of investigations of the metastable phase state formed upon
magnetron deposition and its evolution in the course of subsequent annealing, which were
investigated using traditional structural methods (XRD, ED, and TEM), and experimental
data on the magnetic microstructure and magnetic properties of the Fe-Ti-B films are reported
for the first time.

2. Materials and Methods

Films Fe73Ti5B19O3 and Fe55Ti16B27O2 (hypereutectic compositions of the equilibrium
Fe-TiB2 system [27]) were prepared by magnetron sputtering of composite targets, which
consist of an Fe disk (110 cm2 in area) uniformly coated with TiB2 ceramic segments
21 cm2 (Fe73Ti5B19O3) and 37 cm2 (Fe55Ti16B27O2) in total area (the ceramic was manufac-
tured by self-propagation high-temperature synthesis, SHS). The preparation conditions
of the targets are described in detail in [27]. The films 1.0 µm (Fe73Ti5B19O3) and 0.6 µm
(Fe55Ti16B27O2) thick were deposited on glass and metallic (Ni-Cr alloy) substrates for
10 min in an Ar atmosphere at a pressure of 0.2 Pa, at a cathode voltage of 500 V, and a
current of 1.5 A. The films were annealed at 500 ◦C for 1 h (Fe73Ti5B19O3 films) and 1, 5,
and 9 h (Fe55Ti16B27O2 films) in a vacuum of 2·10−4 Pa. For this class of film materials, an
annealing temperature equal to 500 ◦C ensures the lowest values of the coercive field [7].

The chemical composition of the films on glass substrates was determined by energy
dispersive X-ray spectroscopy using a Hitachi S-3400N (Hitachi High-Technologies, Tokyo,
Japan) scanning electron microscope equipped with a Noran 7 Thermo attachment. The
film thickness was estimated using cross-sectional electron micrographs. An accurate
assessment of the content of light elements (B, O) was carried out for the films deposited
on metallic (Ni-Cr) substrates by glow discharge optical emission spectroscopy (GDOES)
using a Horiba Jobin Yvon Profiler 2 (Horiba Jobin Yvon, Longjumeau, France). The Ni-Cr
substrates were used exclusively for GDOES measurements on the as-deposited films. The
rest of the measurements were performed on the glass substrates.

The phase-structural state of the films was studied by XRD analysis, TEM, and ED.
XRD patterns were taken in Bragg–Brentano geometry in a 2θ angular range of 20 to 90◦ at
a step of 0.04◦ using a Rigaku Ultima IV diffractometer (Rigaku Corporation, Tokyo, Japan)
equipped with a graphite monochromator and CuKα radiation; a scintillation detector
was used to record radiation. To exclude the contribution of the substrate material to the
diffraction patterns, the diffraction pattern of substrate was subtracted from experimental
patterns. The obtained difference patterns were approximated by Voigt (crystalline phases)
and Lorentz (amorphous phase) functions. Qualitative phase analysis was performed
using the PHAN program [28] and JCPDS (ICDD) data. Quantitative phase analysis and
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determination of the grain size were performed using the full-profile Rietveld refinement
method and PHAN% program [28].

The structure of the films was studied by TEM and ED using Tecnai G2 30ST and
FEI Osiris electron microscopes (FEI Company, Hillsboro, OR, USA). Samples for the
electron-microscopic studies were prepared in the form of cross sections and in-plane
samples. The thinning was performed with specific pasts, sprays, and argon ions with an
energy of 3–5 keV and an incident angle of 3–5◦ using a Gatan PIPS 691 system (Gatan
Inc., Pleasanton, CA, USA). The processing and analysis of TEM images was fulfilled
using Digital Micrograph and TEM Imaging & Analysis ver. 4.15 software. The grain-size
distribution was estimated using ImageScope 2002 software.

The magnetic properties (ferromagnetic hysteresis, saturation magnetization Ms, and
coercive field Hc) of the films in the initial (as-deposited) and annealed states were studied
by vibrating-sample magnetometry using a LakeShore 7407 magnetometer (Lake Shore
Cryotronics Inc., Woburn, MA, USA). The error of determination of Ms, which is related
to the accuracy of the measurements of the shape and sizes of Ni standard ball and film
samples, did not exceed 10%.

3. Results and Discussion
3.1. Phase Composition and Structure of As-Deposited Films

Figure 1 shows experimental XRD patterns taken for the films under study. The XRD
patterns demonstrate wide, in particular for the Fe55Ti16B27O2 films, diffuse reflections,
which are centered in the angular range corresponding to the most intense reflections of the
αFe-based phase (I(110) = 100%, 2θ(110) = 44.71◦) with the bcc crystal lattice and the phases
with the FenB stoichiometry (reflections of the Fe2B phase are I(211) = 100%, 2θ(211) = 45.13◦

and those of the Fe3B phase are I(321) = 100%, 2θ(321) = 43.27◦) with the bct lattice (Table 1).
As is known [29,30], the substantial (more than 10◦) broadening of an XRD reflection can
mean the formation of an amorphous or mixed (nanocrystalline + amorphous) structure.
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Table 1. Reflection parameters obtained by approximation of difference XRD patterns and average
grain size determined by XRD analysis (DXRD) and TEM (DTEM).

Chemical
Composition

of Films

Heat Treatment
Conditions

No.
Refl. 2θi, ◦ βi, ◦ R1, nm R2, nm DXRD,

nm
DTEM,

nm

Fe73Ti5B19O3
As-deposited

I 38 ± 1 11 ± 2 0.29 ± 0.09 – –

1.2
II 45 ± 1 13 ± 1 0.25 ± 0.01 – 1.5
III 65 ± 2 27 ± 14 0.18 ± 0.26 0.32 ± 0.48 –
IV 78 ± 1 14 ± 3 0.15 ± 0.03 0.28 ± 0.06 –

500 ◦C, 1 h III 59 ± 1 14 ± 3 0.19 ± 0.10 – – –

Fe55Ti16B27O2

As-deposited

I 36 ± 1 15 ± 3 0.30 ± 0.14 – –

0.7
II 45 ± 1 21 ± 2 0.25 ± 0.07 – 0.9
III 64 ± 1 18 ± 10 0.18 ± 0.17 0.32 ± 0.32 –
IV 74 ± 1 15 ± 5 0.16 ± 0.07 0.29 ± 0.13 –

500 ◦C, 1 h
II 48 ± 1 25 ± 2 0.23 ± 0.04 – 0.8

0.7III 63 ± 1 39 ± 2 0.18 ± 0.06 0.33 ± 0.10 –

500 ◦C, 5 h
II 45 ± 1 18 ± 1 0.25 ± 0.04 – 1.1 –
III 61 ± 1 36 ± 1 0.19 ± 0.03 0.34 ± 0.06 –

500 ◦C, 9 h
II 44 ± 1 28 ± 1 0.25 ± 0.05 – 0.7

0.7III 62 ± 1 29 ± 2 0.19 ± 0.04 0.34 ± 0.08 –

The XRD patterns observed for the films under study indicate the formation of a mixed
structure comprising crystallites (from here on, grains) of the bcc αFe-based phase and/or
one of bct FenB phases, and an amorphous phase. Assuming the formation of one of the
above crystalline phases and ignoring microstrains in the phase grains, the grain size can
be estimated using the physical broadening of XRD reflections and Scherrer formula:

D =
λ

βcosθ
, (1)

where D is the grain size, λ is the wavelength of CuKα-radiation (0.154059 nm), and β is
the integral angular width of reflection. The grain size calculated by Equation (1) for the
reflection corresponding to an angular position of ~45◦ is ~1.5 nm (for Fe73Ti5B19O3 films)
and ~0.9 nm (for Fe55Ti16B27O films, Table 1).

In order to exclude the effect of substrate on the formed XRD pattern of the films under
study, difference XRD patterns were obtained by subtracting XRD patterns of the substrate
from the experimental XRD patterns. The difference XRD patterns (shown in Figure 2a for
Fe73Ti5B19O3 films) exhibit several wide (the integral width is β > 10◦) diffuse reflections
corresponding to 2θ angular positions of ~37◦(I), ~45◦(II), ~64◦(III), and ~75◦(IV). Table 1
shows parameters of the reflections (2θi angular position and integral angular width βi)
obtained by approximation of the difference XRD patterns of the films under study.

In accordance with fundamental concepts [31], X-ray scattering at amorphous solids
having a topological order leads to the appearance of a diffuse halo, whose intensity is
determined by the Debye scattering equation:

I = ∑m ∑n fm fn
sin kRmn

kRmn
, (2)

where fm, fn are the atomic scattering factors of atoms m and n, respectively, k is the
scattering vector, and R is the nearest interatomic spacing in short-range order areas (the
first coordination sphere). The series of the scattering intensity I maxima is determined
by the series of the sinkRmn/kRmn function maxima. Analysis of this function shows that
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it takes maximum values for argument values of kRmn = 7.73, 14.06, 20.46. Taking into
account that k = 4πsinθ/λ, we obtain:

4π · sinθi
λ

· R = 7.73, 14.06, 20.46, (3)

where θi is the angular position of i-th diffuse maximum. Thus, when substituting the
angular position of corresponding reflections in the XRD pattern (Table 1) into Equation (3),
the radius of the first coordination sphere R, which characterizes the short-range order of
atoms making the maximum contribution to the scattering intensity, can be determined.

Coatings 2024, 14, 475 5 of 16 
 

 

‧
⋅ 𝑅 = 7.73, 14.06, 20.46, (3)

where θi is the angular position of i-th diffuse maximum. Thus, when substituting the 
angular position of corresponding reflections in the XRD pattern (Table 1) into Equation 
(3), the radius of the first coordination sphere R, which characterizes the short-range order 
of atoms making the maximum contribution to the scattering intensity, can be determined. 

  
(a) (b) 

Figure 2. Difference XRD patterns (symbols) of the Fe73Ti5B19O3 films as (a) deposited and (b) annealed 
at 500 °С for 1 h states and their approximation (red and green solid curves properly). 

When calculating the R value, we use two possible approaches to the interpretation 
of the XRD pattern of the films: 
 the parameter in the right-hand side of Equation (3) was taken to be equal to 14.06°, 

and for all reflections (I, II, III, IV), the R1 value was calculated; 
 for reflections III and IV, the parameter in the right-hand side of Equation (3) was 

taken to be equal to 14.06°and the R2 value was determined. 
The obtained R1 and R2 values (Table 1) indicate the formation of areas characterized 

by short-range order with an interatomic spacing of 0.28–0.30 nm (reflections I and IV), 0.25 
nm (II), and 0.18 nm (III). Taking into account the fact that the atomic radii of elements com-
prising the composition of the films under study are 0.128 nm (Fe), 0.147 nm (Ti), and 0.091 
nm (B) [31], the R values estimated from the positions of reflections I and IV, reflection II, 
and reflection III, can be interpreted as the sum of atomic radii of Fe and Ti (0.275 nm), the 
doubled radius of Fe (0.256 nm), and the doubled radius of B (0.182 nm), respectively (Table 
1). The data obtained testify to the formation of short-range order areas of bcc Fe (reflection 
II), a bcc phase formed by Fe and Ti atoms (I and IV), and a B-containing phase (III). 

It should be noted that previously, for magnetron-deposited Fe-ZrN films (belonging 
to the Fe-MeX class films considered in the present study) we also observed the formation 
of a heterogeneous amorphous structure [32]. 

The visualization of grains in dark-field TEM images of the structure and diffuse 
wide diffraction rings in the ED patterns, which correspond to the most intense reflections 
of the bcc αFe-based phase (Figure 3a,c), indicate the formation of a mixed (amorphous + 
nanocrystalline) structure with the αFe-based phase. Statistical analysis of the TEM im-
ages of the structure (the insets in Figure 3a,c) showed that the grain size of the crystalline 
phase formed upon deposition of the Fe73Ti5B19O3 films is 0.7–2.0 nm; the average size is 
~0.7 nm (Figure 3a,c). As is known, grain sizes determined using XRD patterns (Table 1) 
always slightly exceed the values obtained from the analysis of TEM images. The substan-
tially lower grain size (~0.7 nm) of the crystalline phase in Fe55Ti16B27O2 films characterized 

Figure 2. Difference XRD patterns (symbols) of the Fe73Ti5B19O3 films as (a) deposited and (b) an-
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When calculating the R value, we use two possible approaches to the interpretation of
the XRD pattern of the films:

• the parameter in the right-hand side of Equation (3) was taken to be equal to 14.06◦,
and for all reflections (I, II, III, IV), the R1 value was calculated;

• for reflections III and IV, the parameter in the right-hand side of Equation (3) was
taken to be equal to 14.06◦and the R2 value was determined.

The obtained R1 and R2 values (Table 1) indicate the formation of areas characterized
by short-range order with an interatomic spacing of 0.28–0.30 nm (reflections I and IV),
0.25 nm (II), and 0.18 nm (III). Taking into account the fact that the atomic radii of elements
comprising the composition of the films under study are 0.128 nm (Fe), 0.147 nm (Ti),
and 0.091 nm (B) [31], the R values estimated from the positions of reflections I and IV,
reflection II, and reflection III, can be interpreted as the sum of atomic radii of Fe and Ti
(0.275 nm), the doubled radius of Fe (0.256 nm), and the doubled radius of B (0.182 nm),
respectively (Table 1). The data obtained testify to the formation of short-range order
areas of bcc Fe (reflection II), a bcc phase formed by Fe and Ti atoms (I and IV), and a
B-containing phase (III).

It should be noted that previously, for magnetron-deposited Fe-ZrN films (belonging
to the Fe-MeX class films considered in the present study) we also observed the formation
of a heterogeneous amorphous structure [32].

The visualization of grains in dark-field TEM images of the structure and diffuse
wide diffraction rings in the ED patterns, which correspond to the most intense reflec-
tions of the bcc αFe-based phase (Figure 3a,c), indicate the formation of a mixed (amor-
phous + nanocrystalline) structure with the αFe-based phase. Statistical analysis of the
TEM images of the structure (the insets in Figure 3a,c) showed that the grain size of the
crystalline phase formed upon deposition of the Fe73Ti5B19O3 films is 0.7–2.0 nm; the aver-
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age size is ~0.7 nm (Figure 3a,c). As is known, grain sizes determined using XRD patterns
(Table 1) always slightly exceed the values obtained from the analysis of TEM images. The
substantially lower grain size (~0.7 nm) of the crystalline phase in Fe55Ti16B27O2 films
characterized by the higher Ti content as compared to grain size in Fe73Ti5B19O3 (~1.3 nm)
indirectly indicates the formation of Ti solid solutions in αFe. The higher the Ti content
in the films and the higher the enrichment of the bcc phase (αFe(Ti) solid solution) in this
element, the more difficult the diffusion determining the grain growth of the phase in the
course of the film deposition. TEM and ED data on the formation of the αFe(Ti) solid
solution in the films under study agree with those previously obtained for FeTiB films with
similar compositions [27].
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deposited and (b) after 1 h annealing at 500 ◦C and Fe55Ti16B27O2 films (c) as-deposited and after
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As for boron, its high content in the films under study and absence of solubility in αFe
even under rapid melt-quenching conditions [22,25,33–47] predetermine the localization of B
in the amorphous structural constituent of the films. In this case, as was shown by analysis
of XRD data, B-enriched areas with a short-range order, characterized by an interatomic
distance of 0.18 nm (Figure 2a, reflection III), formed in the amorphous structural constituent.
The obtained result agrees well with experimental data [25] and NMR and Moessbauer
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studies [22,41–46], which indicate the presence of clusters with the Fe3B short-range order in
the amorphous phase of rapidly quenched Fe- and B-containing alloys.

It should be noted that all films contain the impurity oxygen (no more than 3 at %),
which may originate from either the residual gas in the vacuum chamber (residual pres-
sure is ~10–3 Pa), the working gas (Ar 99.9995% purity), or the cathode materials (SHS-
prepared ceramic plates). Considering a high oxygen solubility in Ti (up to 33 at %
in αTi) and a very high affinity of O to Ti (the heat of formation of titanium oxides is
−Hf

298 = 543–3405 kJ/mol), the influence of oxygen on the phase composition of the stud-
ied films cannot be neglected. Indeed, a small amount of the oxygen solid solution in
titanium, αTi(O), was identified by us previously in the FeTiB film containing a small
amount of Ti (2–3 at %) and O (1.1–3.8 at %) [27]. In the present study there are the films
with the sufficiently higher Ti content (5 and 16 at %) and the higher volume fraction of the
αFe(Ti) phase, and in this case it is likely that small amounts of the formed αTi(O) phase
cannot be determined by XRD.

3.2. Phase Composition and Structure of the Annealed Films

XRD patterns taken for the Fe73Ti5B19O3 films annealed at 500 ◦C for 1 h demonstrate
the (110), (200), and (211) reflections at angular positions of ~45◦, ~65◦, and ~82◦, which are
centered near angular positions of αFe, and a number of reflections corresponding to the bct
Fe3B phase (Figures 1 and 2b). The lattice parameters of the phases, which were calculated
from the angular positions of the reflections, are abcc = 2.878 Å and a/cFe3B = 8.620/4.304 Å,
respectively. The fact that the lattice parameter of the bcc phase (2.878 Å) is higher than the
tabulated parameter for αFe (2.866 Å) indicates the formation of bcc Ti solid solution in αFe in
the films already in the deposited state, the volume fraction of which increases after annealing.
The grain sizes of the bcc and bct phases are 16.1 and 18.6 nm, respectively; their volume ratio
is ~1:1.

The XRD pattern, taken for these films, exhibits a halo having a weak intensity, which
is centered near ~59◦ (Figure 2b). The calculation of the radius of the first coordination
sphere R1 for the halo by Equation (1) gives a value of 0.19 nm (0.182 nm is the doubled
radius of B atom, Table 1). This means that the halo (Figure 2b) corresponds to the diffuse
scattering from the amorphous phase containing B-enriched short-range order regions.

The ED data obtained for the Fe73Ti5B19O3 films agree well with XRD data. The
ED pattern (Figure 3b) demonstrates rings corresponding to the bcc phase (d112 = 1.17 Å,
d200 = 1.43 Å, d110 = 2.02 Å) and the Fe3B phase (d = 1.11–1.17 Å, d = 1.85–2.09 Å), and wide
diffuse rings indicating the presence of the amorphous phase. The following fact is note-
worthy. In all rings corresponding to the crystalline phases, areas with increased brightness
indicating the preferred orientation of the grains of both phases in the corresponding plane
along the film surface (texture) are observed.

According to TEM data, columnar agglomerates oriented along the film growth
direction are observed in the annealed Fe73Ti5B19O3 films (Figure 3b,f). The columns,
as is known [47,48], are not structural constituents but are agglomerates of nanocrystalline
grains with the same orientation.

XRD patterns taken for the Fe55Ti16B27O2 films annealed at 500 ◦C for 1, 5, and 9 h
(Figure 1) exhibit two wide diffuse reflections, one of which is more intense and centered in
an angular range of ~44–48◦ (II, Table 1); the other reflection is less intense and centered in
an angular range of ~61–63◦ (III, Table 1). Such reflection is usually due to scattering from
an amorphous material or from a material in which the main phase is amorphous.

According to ED and TEM data (Figure 3d,e), the mixed structure (amorphous + nanocrys-
talline) is found in the Fe55Ti16B27O2 films subjected to annealing at 500 ◦C for all holdings.
In this relation, assuming that the XRD reflection centered at an angular range of ~44–48◦

corresponds to the bcc αFe-based phase, the grain size of the phase was calculated by
Equation (1) as 0.7–1.1 nm (Table 1). For the diffuse reflection corresponding to an angular
range of ~61–63◦, the radius of the first coordination sphere R1 (the nearest interatomic dis-
tance in short-range order areas in the amorphous material) was calculated by Equation (3).
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The obtained value is R1 = 0.18–0.19 nm and corresponds to the doubled atomic radius of B
(Table 1).

3.3. Magnetic Properties of the Fe73Ti5B19O3 Films

The as-deposited Fe73Ti5B19O3 films are strong ferromagnets (Figure 4a) and charac-
terized by high saturation magnetization Ms = 1390 ± 80 G (1.75 ± 0.1 T) and coercive
field Hc = 25 ± 2 Oe (Table 2). These data agree well with the XRD, ED, and TEM data,
which shows that the structure of the as-deposited films is characterized by the presence of
a ferromagnetic bcc αFe-based phase, an amorphous phase containing short-range order
areas of the bcc αFe-based, and ferromagnetic Fe3B phases. The shape of the hysteresis
loop of these films (low relative remanence Mr/Ms = 0.15 and almost linear portion of
hysteresis loop in the fields above the coercive field, Figure 4a) indicates the existence of
strong uniaxial magnetic anisotropy, which is likely to be related to the columnar structure
found by TEM after annealing at 500 ◦C for 1 h (Figure 3b,f).
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Figure 4. Magnetic hysteresis loops of the (a) Fe73Ti5B19O3 and (b) Fe55Ti16B27O2 films in the
as-deposited and annealed at 500 ◦C states.

Table 2. Static magnetic properties of the Fe73Ti5B19O3 and Fe55Ti16B27O2 films.

Chemical Composition
of Films

Heat Treatment
Conditions

Ms, G Hc, Oe
Parameters in Equation (4)
Mw, G 2Rc, nm

Fe73Ti5B19O3
As-deposited 1390 ± 80 25 ± 2 – –

500 ◦C, 1 h 1540 ± 90 63 ± 3 – –

Fe55Ti16B27O2

As-deposited – 0.3 ± 0.3 80 ± 10 4 ± 2.6
500 ◦C, 1 h – – 120 ± 20 4 ± 0.4
500 ◦C, 5 h – – 490 ± 90 4.2 ± 0.1
500 ◦C, 9 h 380 ± 70 12 ± 1 – –

Annealing at 500 ◦C of the Fe73Ti5B19O3 films leads to Ms and Hc increasing to
1540 ± 90 G (1.93 ± 0.11 T) and 63 ± 3 Oe, respectively (Table 2); in this case, the shape
of the hysteresis loop has not undergone qualitative changes (Figure 4a). The substantial
increase in the magnetization of the annealed films indicates an increase in the content of
ferromagnetic phases and a decrease in the content of the amorphous phase because of
the development of the crystallization process. This result agrees well with the above data
on the formation of a heterogeneous amorphous phase upon deposition, which comprises
clusters with the short-range order of the ferromagnetic bcc αFe-based phase and ferromag-
netic bct Fe3B phase. The decrease in the content of the amorphous phase after annealing
leads to the increase in the coercive field of these films.
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3.4. Superparamagnetic Structure of the Fe55Ti16B27O2 Films

The magnetization curves of the Fe55Ti16B27O2 films in the deposited state and after
annealing at 500 ◦C for 1 and 5 h (Figure 4b) are typical of superparamagnets [49]. Such
magnetization curves mean that the films have a nonferromagnetic matrix (either para-
or diamagnetic), in which the ferromagnetic grains, isolated from each other by a matrix
phase, are distributed. There is no exchange interaction between ferromagnetic grains,
i.e., their volume fraction is below the percolation barrier; the grain size is below the single-
domain range (i.e., the ambient thermal energy exceeds the effective energy of magnetic
anisotropy of an individual ferromagnetic grain). The magnetization curves of these films
were described by the Langevin function [50]:

M(H) = Mw

[
tanh−1

(
π
(
2Rc)3MsH

6kBT

)
− 6kBT

π(2Rc)3Ms H

]
+ χH (4)

where Mw is the magnetization of an entire film represented as the ratio of the magnetic
moment of the film to its volume (it should be noted that, based on the definition of a
superparamagnet, the magnetization Ms of ferromagnetic grains in size 2Rc should be sub-
stantially higher than that of the entire film Mw because of the substantial volume fraction
of the amorphous phase); kB is the Boltzmann constant; χ is the magnetic susceptibility of
the matrix phase and substrate; H is the external field; and T is the temperature (300 K).

It should be noted that Equation (4) allows us to reliably determine only the average
magnetic moment of ferromagnetic grain π(2Rc)3Ms/6, from which the grain size 2Rc can
be estimated in assuming the spherical shape of grain in volume π(2Rc)3/6 and specifying
the Ms value. In terms of the present experiment, it is impossible to accurately determine
the Ms value since no data on the quantitative composition of the bcc phase are available
(the composition can vary from αFe to αFe(Ti) solid solution with different Ti contents).
We used Ms = 1000 ± 500 G as the reasonable value for the bcc phase, which makes a weak
contribution to the accuracy of approximation by Equation (4). Thus, the description of
magnetization curves by Equation (4) allowed us to determine the Mw and 2Rc values
(Table 2). In this case, the term χH describes the magnetization process of both the matrix
phase in the film and diamagnetic substrate; therefore, the χ value used in Equation (4) as a
fitting parameter is the sum of two components.

The magnetization of the deposited Fe55Ti16B27O2 films is only Mw = 80 ± 10 G
(0.1 ± 0.01 T). Such low values of Mw are due to the presence of the main amorphous
phase. The ordering of atoms in amorphous material holding a short-range order does not
have a long-range order typical of crystalline structures [51]. This allows one to consider
the amorphous structure as inhomogeneous and a thermodynamically nonequilibrium
state relative to a crystalline structure. The appearance of disorder leads to a weakening
exchange interaction and, therefore, to a decrease in the magnetic moment. Moreover,
as was shown in [52], the topological disorder significantly affects the magnetic moment
of Fe atoms, decreasing it by 6 times (from 2.2 to 0.35 µB for “pure” coarse-grained and
amorphous Fe, respectively). Besides the features of the amorphous state, the low Mw
value of the Fe55Ti16B27O2 films is affected by the high content of nonferromagnetic atoms
Ti and B (>45 at %). The increase in the annealing time at 500 ◦C from 1 to 5 h insignif-
icantly affects the structure of the films; this is indicated by the notable increase in the
magnetization Mw from 120 ± 20 G (0.15 ± 0.03 T) to 490 ± 90 G (0.62 ± 0.11 T). The
volume fraction of the ferromagnetic phase can be estimated as the Mw/Ms ratio. Thus, the
as-deposited Fe55Ti16B27O2 films and as-annealed at 500 ◦C for 1 and 5 h are characterized
by the structure containing a slight amount (≈10–30 vol.%) of ferromagnetic grains in size
2Rc ≈ 4 nm surrounded by a nonferromagnetic amorphous matrix. It should be reminded
that 2Rc is the area of structural homogeneity of effective magnetic anisotropy, the size of
which is comparable with the ferromagnetic grain size; 2Rc slightly exceeds the grain size
determined by XRD and TEM.
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3.5. Stochastic Domain Structure of the Fe55Ti16B27O2 Films

Note the fact that the 9 h annealing at 500 ◦C of the Fe55Ti16B27O2 film leads to
crystallization of the amorphous phase with the higher ferromagnetic phase volume fraction
as compared to that formed after annealing for 1 and 5 h. As a result, the exchange
interaction between grains becomes possible (i.e., the volume fraction of the ferromagnetic
phase exceeds the percolation barrier); this is indicated by the shape of hysteresis loop and
Hc = 12 ± 1 Oe (inset in Figure 4b).

The physical origin of the exchange interaction between grains in nanocrystalline
ferromagnets is explained by the random anisotropy model (RAM) [4,53]. According to
RAM, under conditions when the grain size 2Rc (or an area in amorphous phase, which
is characterized by uniform magnetic anisotropy) is less than the exchange interaction
length (A/K)1/2 (where A is exchange stiffness, K is magnetic anisotropy constant), the
randomly oriented local magnetic anisotropy (on a grain scale 2Rc) is suppressed by
exchange interaction on a scale of so-called stochastic domain 2RL. A stochastic domain is
a magnetization autocorrelation area, the size of which 2RL is determined by competition
of the local magnetic anisotropy field D1/2Ha (K = HaMs/2) and exchange stiffness A. The
D value, easy-axis magnetic anisotropy dispersion, depends on the symmetry of the local
(within a grain) magnetic anisotropy; for the uniaxial magnetic anisotropy, D = 1/15.

For the experimental measurement of the above-mentioned parameters of magnetic
microstructure, there is a method for analyzing magnetization curves in high fields, so-
called correlation magnetometry. This method was arrived at through the theoretical
consideration of the autocorrelation function in the magnetic microstructure of amorphous
and nanocrystalline ferromagnets [54]. In relation to measurements of the parameters of the
magnetic microstructure from the laws of approach to saturation magnetization, the foun-
dations were laid in [55]. A theoretical consideration of the influence of such a magnetic
microstructure on the behavior of various properties was initiated in [56]. Note that during
magnetization in high magnetic fields, the structural features of amorphous and nanocrys-
talline ferromagnets are reflected not only in the behavior of magnetization (on which the
method of correlation magnetometry is based), but also in the optical properties [57], mag-
netoresistance [58,59], magnetocaloric properties [60], and other properties. The current
state of the correlation magnetometry method for analyzing magnetic microstructure is
given in [53,61]. To date, this method has become quite widespread [62–64].

To assess whether there is an exchange interaction between ferromagnetic grains in the
Fe55Ti16B27O2 film annealed at 500 ◦C for 9 h, parameters of the magnetic microstructure,
such as the root-mean square fluctuation of the effective local magnetic anisotropy field
(at ferromagnetic grain scale) D1/2Ha, exchange field HR, and relative size of stochastic
domains RL/Rc, were quantitatively estimated. For this purpose, according to correlation
magnetometry theory [56], the experimental magnetization curve measure in high magnetic
fields (Figure 4b) was approximated by the equation:

M(H) = Ms [1 − (1/2)(D1/2Ha)2/(H 2 + H 1/2 HR
3/2)]. (5)

Using the equation, the saturation magnetization Ms = 380 ± 70 G (0.48 ± 0.09 T), Table 2,
D1/2Ha = 6200 ± 2400 Oe, and HR = 15,900 ± 8000 Oe were determined (HR = 2A/MsRc

2,
where Rc is the ferromagnetic grain radius). According to [53], the exchange interaction is
realized and the stochastic domains are formed in the case of D1/2Ha < HR.

While the saturation magnetization was determined by Equation (5) to high accu-
racy (Table 2), the correlation magnetometry method [53] allows us to graphically check
the correctness of the determination of D1/2Ha and HR values. For this purpose, the
dependence of magnetization dispersion dm = 1 − M/Ms as a function of the external
field H should be plotted on the log–log coordinates (Figure 5). In Figure 5, the solid
black curve (obtained from Equation (5)) has two asymptotes: the red line obtained
from the relation dm = (1/2)(D1/2Ha/H)2, which is known as Akulov’s law and allows
us to determine the D1/2Ha field value, and the green line obtained from the relation
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dm = (1/2)(D1/2Ha)2/(H1/2HR
3/2). The last relation indicates the decrease in the stochastic

domain size with increasing H (up to the disappearance of exchange interaction between
grains at H > HR). The HR value is the field value corresponding to the intersection of
the asymptotes.
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The value of local magnetic anisotropy field at the grain scale, D1/2Ha, depends on the
ferromagnetic grain composition, grain imperfection, and surrounding [65]. The measured
value D1/2Ha is 6200 ± 2400 Oe and exceeds the value for pure αFe, 155 Oe [66], by two
orders of magnitude. This fact indicates that, even after 9 h annealing at 500 ◦C, the
nonequilibrium state of the film material remains.

The relative size of the stochastic domains RL/Rc = 7 ± 6 was determined from the
relation RL/Rc = (HR/D1/2Ha)2. For these films, D1/2Ha < HR; therefore, RL/Rc > 1, which
indicates the existence of an exchange interaction between ferromagnetic grains. Thus, the
magnetic microstructure can reflect structural peculiarities that cannot be detected by XRD
and TEM.

3.6. The Coercive Field of the Studied Films

The coercive field Hc of all the studied films in the deposited and annealed states
retains values typical of soft magnetic materials (Table 2 and Figure 4a,b). In the deposited
state, the films with the high Ti and B contents, Fe55Ti16B27O2, have the minimum coercive
field Hc = 0.3 ± 0.3 Oe (this value is of the order of measurement error of coercive field,
which is typical of superparamagnets). The hysteresis loops of the Fe73Ti5B19O3 films
(Figure 4a) demonstrate a substantially higher value equal to Hc = 25 ± 2 Oe. According
to the random anisotropy model [4], the Hc value depends on the relationship of values
determining the competition of the effective local magnetic anisotropy and exchange
interaction between ferromagnetic grains in the film. For the majority of the films under
study (Fe73Ti5B19O3 and Fe55Ti16B27O2 in the deposited state and Fe55Ti16B27O2 annealed
(for 1 and 5 h), which have a mixed structure (very small grain sizes of the bcc αFe-base
phase and bct Fe3B located in the Fe-enriched amorphous phase), the weakening of the
local anisotropy field is caused by the small sizes of ferromagnetic grains, which determine
the low contribution of the magnetic anisotropy to the Hc value.

In the Fe73Ti5B19O3 films annealed for 1 h (with the remarkable ferromagnetic grain
growth) and Fe55Ti16B27O2 films annealed for 9 h (retaining the ferromagnetic-phase grain
size), the increase in Hc to 63 ± 3 and 12 ± 1 Oe is observed, respectively (Table 2 and inset
in Figure 4b). This can be related to (i) the increase in the ferromagnetic grain size (Table 1);
(ii) a possible increase in the microstrain in ferromagnetic grains; (iii) the appearance in the
films, at least, of two ferromagnetic phases (bcc phase and Fe3B) differing in the saturation
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magnetization and, therefore, the appearance of additional magnetostatic anisotropy [67];
and (iv) the formation of columnar structure (Figure 3b,f).

4. Conclusions

The Fe73Ti5B19O3 and Fe55Ti16B27O2 films were prepared by magnetron deposition on
glass substrates. The XRD, ED, and TEM studies allowed us to find that, upon deposition,
the structure represented by amorphous and crystalline phases is formed in the films. The
heterogeneous amorphous structure comprises short-range order areas of two combinations:
(i) enriched in B and Fe or (ii) B and Fe + Ti. The crystalline structural constituent is
represented by nano-sized (0.7–1.5 nm) grains of the bcc solid solution of Ti in αFe, αFe(Ti),
and one of the bct borides with the FenB stoichiometry. The ratio of volume fractions of
amorphous and nanocrystalline phases in the structure is determined by the content of B,
which is located within grain boundaries, whereas the grain size of the αFe(Ti) phase is
determined by the Ti content in the films.

The XRD, ED, and TEM data revealed the following:

• The annealing of the Fe73Ti5B19O3 films at 500 ◦C for 1 h leads to the development of
the crystallization of the amorphous phase and an increase in the volume fraction of
crystalline phases and grain sizes of these phases (16–19 nm);

• The Fe55Ti16B27O2 films annealed at 500 ◦C for 1, 5, and 9 h demonstrate the thermal
stability of the amorphous structural constituent and absence of remarkable grain
growth of crystalline phases.

The data on the measured static magnetic properties and quantitative estimation of
the magnetic microstructure of the films revealed the following:

• The Fe73Ti5B19O3 films already in the deposited state are strong ferromagnets (the high
saturation magnetization is Ms = 1.75 ± 0.1 T and the coercive field is Hc = 25 ± 2 Oe);
this is explained by the existence of an exchange interaction between grains of the
ferromagnetic phase. The annealing of the films at 500 ◦C for 1 h leads to the increase
in Ms and Hc to 1.93 ± 0.11 T and 63 ± 3 Oe, respectively;

• The Fe55Ti16B27O2 films in the deposited state are superparamagnets with the coercive
field Hc = 0.3 ± 0.3 Oe, the structure of which is represented by a main (according
to the volume fraction) nonferromagnetic amorphous phase with fine ferromagnetic
phase grains without any exchange interaction between them, which are located in the
amorphous phase. After 9 h annealing at 500 ◦C, the films become ferromagnets (Hc
increases to 12 ± 1 Oe); this indicates the development of the crystallization process of
the amorphous phase, an increase in the number of ferromagnetic phase grains, and
the realization of exchange interaction between them.
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