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Investigation and quantifying of the parameters of the phase and structure state, static magnetic properties,
magnetic microstructure formed over the entire volume of the film and in the near-surface layer, the surface
roughness of Feyy 4Tis 4B19 2030 film were carried out using the combination of the methods such as x-ray
diffraction, magnetic force microscopy, atomic force microscopy, vibrating-sample magnetometry, and the
correlation magnetometry. The Feys 4Tis54B192030 films on glass substrates were produced by magnetron
deposition followed by the vacuum annealing at 200 °C for 1 h. The interrelation between the investigated
parameters was highlighted.

1. Introduction

The magnetic properties of nanocrystalline soft magnetic films are
determined by many material characteristics, including the phase
composition and structure, the magnetic microstructure formed over the
entire volume of the film (volume magnetic microstructure), the
macroscopic magnetic anisotropy [1-3] and in the near-surface layer
[4], the roughness [5] and phase composition of the film surface [6].
Therefore, the investigations aimed at the study and quantification of
the specified characteristics formed in the conditions of obtaining films,
finding their interrelation with each other and with the magnetic
properties of films are of scientific and practical importance for targeted
designing of films, which provide the properties required for modern
magnetoelectronics [1,2].

There are various methods of the study of above mentioned char-
acteristics of the nanocrystalline ferromagnetic films: (i) microscopic
techniques, such as the Lorentz microscopy, Kerr microscopy, magnetic
force microscopy (MFM), and magnetic small-angle neutron scattering,
which are suitable for the observation of near-surface magnetic micro-
structure [4], (ii) correlation magnetometry, based on the analysis of
approach to saturation magnetization [3], which allows one to describe
the volume magnetic microstructure and (iii) X-ray diffraction (XRD)
analysis, which allows one to determine the grain size of material,
microstrain within a grain, and macrostresses in films. The data obtained
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by a combination of these methods on the same material provides a
possibility to identify various sources determining the value of the film
coercive field H, and the saturation magnetization M;, as the most
important applied properties of the soft magnetic films.

The macroscopic magnetic anisotropy of nanocrystalline ferromag-
nets is considered in terms of random anisotropy model (RAM) [7].
According to RAM, when the grain size 2R, is less than the exchange
interaction length R;, the randomly oriented local magnetic anisotropy
(at the scale 2R,) is suppressed by exchange interaction at the stochastic
domain scale 2R;; the stochastic domain size is determined by the
competition between the rms fluctuation of local magnetic anisotropy
field D/?H, and exchange interaction. It should be noted that, in the
case of absence of other magnetic anisotropy sources in addition to
DY/ 2Ha in the magnetic structure (such as macrostresses [8], exchange
stiffness inhomogeneities [9], etc.) the equality of the coercive field and
the rms fluctuation of effective magnetic anisotropy of stochastic
domain DY/?(H,) at the 2R; scale can be satisfied [3]: H. ~ DV%(H,).

According to the scientifically substantiated approach, developed by
us for choosing the compositions of nanocrystalline films being able to
meet the properties required for modern magnetoelectronics [10], the
films of the Fe-Ti-B alloys are promising [11,12]. This fact determines
the use of the Fe-Ti-B films for achieving the goal of the study.

In this regard, the goal of this work was to study and quantify the
phase and structural state of the Fe-Ti-B films, obtained under certain
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conditions of magnetron deposition with subsequent annealing, its
volume and near-surface magnetic microstructure, as well the roughness
of the film surface. The goal of the work was also to establish the rela-
tionship of these characteristics with each other and with the static
magnetic properties of the films.

2. Material and methods

The Fe-Ti-B films were prepared by magnetron sputtering of com-
posite target (5-inch diameter), which comprise a Fe disk (110 cm? in
area) uniformly coated with TiB, ceramic segments 21 cm? in total area
(the ceramics was prepared by self-propagating high-temperature syn-
thesis). The films were deposited on heat-proof silica glass substrates 50
x 50 mm in size and 1 mm in thickness for 10 min in an Ar atmosphere at
a pressure of 0.3 Pa, a cathode voltage of 500 V, and a current of 1.5 A.
The substrate temperature was measured using a resistance temperature
detector (Pt100) mounted on the substrate holder. During the deposition
process, the substrate-holder was heated from room temperature to 205
°C under the influence of plasma. No separate heater was used for the
substrates. The deposition conditions are given in detail in [12]. The
films were annealed at 200 °C for 1 h at a residual gas pressure of 2 x
107* Pa. It was shown in the previous our work [11] that the combina-
tion of the highest M; and the lowest H, values is achieved after
annealing at 200 °C for 1 h in Fe-Ti-B films of compositions similar to
those studied in this work.

The chemical composition (Fe 72.4, Ti 5.4, B 19.2, O 3.0 at.%) and
the thickness (d = 0.52 4+ 0.03 pum) of the films were determined using a
Hitachi S3400N scanning electron microscope equipped with a Noran 7
Thermo Scientific system, applying an acceleration voltage of 20 kV and
a vacuum of 7 x 10~ Pa. Atomic fractions of elements were calculated
using Hall’s continuum method with an error of determination no more
than 1.6 at.%. Such thick films were chosen for three reasons: (i) the
presence of out-of-plane magnetization increases the contrast in mag-
netic force microscopy (Section 3.3); (ii) the film thickness is much
larger than the grain size, which allows observing the law of approach to
saturation in its pure form (Section 3.4), without low-dimensional and
fractal asymptotes intermediate between H/? and H? and a noticeable
influence of surface anisotropy; (iii) the “transcritical” shape of the
hysteresis loop (Section 3.2) allows analytical calculation of the width of
the stripe domains based on indirect measurements (Section 3.5), which
width was compared with measurements from the MFM and from the
approach to saturation magnetization.

The phase analysis and the fine structure of the studied films were
performed by XRD, transmission electron microscopy (TEM) and elec-
tron diffraction (ED). XRD patterns were taken in Bragg-Brentano ge-
ometry in a 260 angular range of 30 to 90° at a step of 0.04° using a
Rigaku Ultima IV diffractometer equipped with a graphite mono-
chromator and CuK, radiation; a scintillation detector was used to re-
cord radiation. The obtained patterns were approximated by Lorentz
function. The grain thickness (grain size) was calculated using the
Scherrer equation. It is known that the XRD method allows one to es-
timate the coherent-scattering domain size by the magnitude of the
broadening of diffraction reflections [13]. For nanocrystalline alloys, the
grain thickness (grain size) estimation by the XRD method is widely used
and gives good agreement with the data of “direct” methods [14-16]
including the papers of the authors of the present article, devoted to the
film alloys with similar nanostructure [17].

The structure of films was also studied by TEM and ED using Tecnai
G2 30ST and FEI Osiris electron microscopes. 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. The processing and analysis of
TEM images was fulfilled using Digital Micrograph and TIA software.
The grain-size distribution was estimated using ImageScope software.

MFM was carried out in two-pass mode using a NT-MDT Smena
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atomic force microscope (AFM) in semi-contact mode using a Co-coated
cantilever with resonant frequencies 47-90 kHz and force constants 1-5
N/m; the second pass was fulfilled at a height of 100 nm above the
surface; the sampling rate was 256 pixels/line. AFM and MFM images
were processed in the NOVA program using the Image Analysis P9 image
processing module.

Magnetic hysteresis loops were measured at room temperature in
magnetic fields of up to 1280 kA/m (16 kOe) using a LakeShore 7407
vibrating-sample magnetometer. Magnetic field was applied in the film
plane and along the normal to the surface (out-of-plane). The volume
magnetic microstructure was studied by correlation magnetometry
method [3].

3. Results and discussion
3.1. Phase composition and structure

Fig. 1 shows experimental XRD patterns taken for the films under
study. There is a single very wide reflection centered near 44°, locating
near the position of the (110) reflection of aFe (26(110) = 44.72°) on the
XRD patterns taken for the as-deposited film. The lattice parameter of
the phase calculated using the angular position of the wide reflection is
2.873 + 0.003 A and is significantly exceed that of aFe (2.866 A). It
means that a mixed (nanocrystalline + amorphous) structure containing
the Fe-based phase is formed in the as-deposited films. Considering that
Ti dissolves in aFe (3 at.% at 25 °C and 10 at.% at 1289 °C) to form the
solid solution oFe(Ti) in equilibrium systems [18], as well that the
concentration range of solid solution existence expands in metastable
systems obtained by high-energy synthesis [19], it is natural to believe
that the solid solution oFe(Ti) is formed in the as-deposited films. The
annealing leads to a decrease in the integral width of the wide reflection
located near 44° (from 6.65 to 5.96°), a shift in the angular position of
this reflection towards that for oFe (from 44.57 to 44.61°), as well as the
appearance of the second very weak wide reflection centered near
20~55°. It means that the annealing at 200 °C for 1 h leads to the
following transformations:

(i) the partial crystallization of the amorphous phase;
(ii) the appearance of new grains of the Fe based phase;

(iii) the partial depletion of the Fe-based phase with Ti as evidenced
by the decrease in the parameter value of the aFe-based phase
from 2.873 + 0.003 A to 2.870 + 0.003 A; the latter is consistent
with increasing grain thickness (grain size) from 7 + 1 to 11 + 2
nm in the annealed films;

(iv) the appearance of the additional Fe3B phase (the reflex near
260~55° corresponds to the position of the reflex from the FesB
phase) instead of the TiB; phase which is expected according to
the equilibrium phase diagram Fe-Ti-B [18]. It is known that the
phase composition of films obtained by high energy synthesis
(including magnetron deposition) is metastable and may not
correspond to that predicted by the equilibrium phase diagram
due to the predominance of kinetic factors over thermodynamic
ones.

According to TEM and ED data, columnar agglomerates oriented
along the film growth direction with nanosized grains of the oFe-based
phase located in columns are observed in the annealed films (Fig. 2b).
The aoFe-based phase is evidenced by the strongly diffused rings corre-
sponding to this phase on the ED (Fig. 1¢). The columns as is known [20,
21] are agglomerates of nanocrystalline grains of the same orientation.

3.2. Magnetic hysteresis loops
The shape of magnetic hysteresis loops of the studied films (the low

relative remanence about 0.14 and almost linear portion of hysteresis
loop in fields above H,, Fig. 2a) indicates the existence of high uniaxial
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Fig. 1. (a) XRD patterns of the studied films in the as-deposited state and annealed at 200 °C; (b) dark-field image and (c) associated ED pattern obtained for the films

after annealing.

magnetic anisotropy, which is likely to be related to the columnar
structure (Fig. 1b). The columnar structure is usually formed in such
films under magnetron sputtering [22]. The annealing leads to the
substantial changes in the hysteresis loop shape, that are observed in the
region of approach to saturation (above 80 kA/m) and near the origin of
coordinates (the inset in Fig. 2a). The changes in the region of approach
to saturation are described in Section 3.4.

The annealing leads to the increase (within the measurement accu-
racy) of H. and M; from 2 + 0.16 to 2.4 & 0.16 kA/m (from 25 + 2 to 30
4+ 2 Oe) and from 1.8 + 0.1 to 2.00 £ 0.14 T (from 1400 =+ 80 to 1600 +
110 G), respectively. The hysteresis loop of the annealed film near the
origin of coordinates is characterized by an anomaly in the form of a
bend corresponding to a field about 800 A/m (10 Oe). This fact indicates
the presence of two magnetic phases differing in the coercive field (the
inset in Fig. 2a) which is consistent with the data obtained by XRD
(Section 3.1) on the formation of two ferromagnetic phases, aFe(Ti) and
FegB.

To determine the coercive field of each of the magnetic anisotropies

(H.; and Hgy), the loops (open circles in the inset in Fig. 2a) were
described by the empirical function which can be considered as the
modification of classical Langevin formula [23] for magnetization
process:

M(H) = M;, Vy (coth(P; (H £ H.y)) — (Py(H+ H,,)) )
+ M, Vo (coth(Po(H £ Hep)) — (P2(H+ Hey)) ') + 1H,

where coth is hyperbolic cotangent, Py, Py, Ms1V1, M3V5 and y are the
adjustable parameters. Note that the hysteresis loop is the magnetic
moment of the sample divided by its volume. If there are two phases in a
film with different saturation magnetizations, they are summed in pro-
portion to their volume fractions V; and V». Since XRD gave us infor-
mation about two ferromagnetic phases (aFe(Ti) and FesB) with close
saturation magnetization values (differing by less than 20 %: 2.0 4+ 0.14
and 1.6 T [24], respectively), it is impossible to distinguish their satu-
ration magnetizations, i.e. Ms; and M, cannot be identified with specific
quantities. Considering the closeness of the saturation magnetization
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Fig. 3. (a) AFM image of the film surface; (b) the statistical treatment of the data of surface heterogeneity and the average profile along x-axis on AFM image; (c) and
MFM image of the studied film annealed at 200 °C.
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observed. For the studied films in the as-deposited state 4zM; = 1400 +
80 kA/m (17.6 + 1.0 kOe). However, out-of-plane magnetization mea-
surements (Fig. 2b) showed a saturation field about 760 kA/m (9.5 kOe),
which is significantly less than 4zM;. The possible reason could be
related to the measurement artefacts related to centering procedure for
out-of-plane measurement in the films.

3.3. Near-surface magnetic microstructure

The film annealed at 200 °C was studied by AFM (Fig. 3a) and MFM
(Fig. 3c). The statistical treatment (Fig. 3b) of the data of surface het-
erogeneity showed the rms roughness of about 2 nm, the peak-to-peak
(about 22 nm), and the average roughness (p = 6 nm). The average
size of in-plane surface heterogeneity is equal to 60 + 10 nm (Fig. 3b
shows the average profile along x-axis), being greater than the rough-
ness height by an order of magnitude. This indicates the existence of a
columnar structure reaching the film surface (see Section 3.1). As was
noted in Section 3.2, columnar structure affects the shape of hysteresis
loops (Fig. 2). The film surface heterogeneity formed by the columns
(Fig. 1b) creates an additional demagnetizing with the anisotropy field
[25] (in cgs units) H, = 4712M5p2/(ld), where 1 is the dominate wave-
length of roughness (doubled size of the in-plane surface heterogeneity)
and d is the film thickness. The H, value, calculated using the M; p, 4,
d values measured in the work, is 2.6 4+ 1.8 kKA/m (32 & 22 Oe), which is
close to the value of the measured H, = 2.4 + 0.16 kA/m (Fig. 2a). It
means that H, value is mainly determined by the contribution to the
magnetic anisotropy of the columns consisting of nanosized grains of the
aFe (Ti) phase. Apparently, the contribution from the Fe3B phase formed
during annealing at 200 °C is too insignificant due to its small amount.

The contrast in the MFM image (Fig. 3c) indicates magnetic field
gradient above the film surface. This magnetic field gradient reflects the
projection of relative magnetization distribution along the normal to the
film surface in the absence of external field. Therefore, the clear contrast
observed in Fig. 3c means the presence of out-of-plane magnetization
component, which can manifest itself in the hysteresis loops as almost
linear portion of hysteresis loop in fields above H, (Fig. 2a). The statis-
tical treatment of the image given in Fig. 3c allowed us to determine the
stripe domain width that is equal to 420 + 20 nm.

3.4. Volume magnetic microstructure

The correlation magnetometry method makes it possible to deter-
mine the parameters of the magnetic microstructure (D*/%(Hy), D*/?H,,
and 2R;) of amorphous and nanocrystalline films, averaged over the
entire volume, using the magnetization curves in the region of approach
to saturation (the inset in Fig. 4). According to the correlation magne-
tometry method [3], the experimentally measured magnetization curve
in high magnetic fields (the inset in Fig. 4) was fitted by

M(H) = M [1 -1 /2)(D1/2Ha)2 / (12 +H1/2HR3/2)} &)

Using Eq. (1) and setting the field H equal to infinity, we quantify the
M, value that allowed us to find the values of D/?H, and exchange field
Hpg, before annealing (D?H, = 200 + 16 kA/m and Hg = 448 + 64 KA/
m) and after it (DV/2H, = 96 + 10 kA/m and Hg = 592 + 74 kA/m,
respectively). According to data of [3], the field Hg (in cgs units) Hg =
A/(MSRCZ), where A is the effective exchange stiffness) is the threshold
value of field D'/?H,: at D'/?H, < Hp, the exchange interaction between
grains leads to the formation of stochastic domains. The D value, which
is the easy-axis magnetic anisotropy dispersion, depends on the local
magnetic anisotropy symmetry, and for the uniaxial anisotropy is 1/15.

The correctness of determination of DV?H, and Hg values was
checked by the graphical correlation magnetometry method. For this
purpose, the dependence of magnetization dispersion d,, = 1-M/M; (the
M value was determined to a high accuracy by Eq. (1)) on the external
field H, was plotted on log-log scale (Fig. 4). The red curve (Fig. 4),
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Fig. 4. Magnetization dispersion d,, = 1-M/M; of the film annealed at 200 °C.
Solid red line corresponds to fitting of experimental data (circles) by Eq. (1) and
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(HY ZHRs/ 2), respectively. The inset shows magnetization curves measured
before and after annealing.

corresponding to Eq. (1), has two asymptotes, namely, a black line is dp,
= (1/2)(DV 2Ha/H)2 known as the Akulov’s law, which was used to
determine the field D/ 2Ha, and a green line is d,, = (1/ 2)(D1/ 2Ha)z/ (Hl/
ZHR3/ 2), which indicates the decrease in the stochastic domain size with
increasing field H (up to the disappearance of exchange interaction
between grains at H > Hg). The Hg field corresponds to the field of
intersection of these asymptotes.

Knowing the DY?H, and Hg, values, the field D'/ 2(Ha) = (DY2Hp)*/
HR3 = 400 £+ 240 A/m (5 £ 3 Oe) was estimated for the annealed film.
The observed bend on the hysteresis loop of the annealed film (Fig. 2a)
reflects the coercive field of the softer magnetic phase, and this coercive
field is close to the value of D/?(H,).

The relative stochastic domain size is R;/R. = (HR/Dl/ 2Ha)2 =39+
14 for the annealed film. For this film D'/?H, < Hg and therefore R;/R. >
1; this indicates the existence of exchange interaction between ferro-
magnetic grains. Allowing the grain thickness (grain size) of annealed
film equal to 2R, = 11 + 2 nm (see Section 3.1), the stochastic domain
size is 2Ry, = 430 + 30 nm. This value is quite close to the stripe domain
width determined by MFM (see Section 3.3).

3.5. Out-of-plane magnetic anisotropy

The columnar structure directed normal to the film surface (see
Section 3.1) creates magnetic anisotropy in which the easy axis of
magnetization is directed along the length of the columns. This
perpendicular magnetic anisotropy is in competition with the demag-
netizing field, which tends to hold the magnetization in the film plane.
Therefore, the out-of-plane magnetization strongly depends on the
perpendicular magnetic anisotropy and may occur for quite thick films
depending on their microstructure. In the case of soft magnetic films
(similar to permalloy), the out-of-plane magnetization component oc-
curs at a film thickness of 100-1000 nm [26-32].

Along with the stripe domain structure (Fig. 3), the close to linear
portion of hysteresis loops in fields above H, observed after annealing
(Fig. 2a) and characterized by the saturation field H; = 88 + 8 kA/m
(1100 £ 100 Oe) indicates the fact that the film is in “transcritical” state,
i.e., its thickness d is higher than L. The critical thickness L. = 27(A/
Kp)l/ 2, where K, is the out-of-plane magnetic anisotropy constant (in this
case, the easy axis is perpendicular to the film plane) [26]. In a film with
the thickness being less than L, the demagnetizing field holds whole
magnetization in the film plane. Knowing the H; value from the hys-
teresis loop, K}, is determined from the expression (in cgs units) Hy =
(Kp/M[1-(22(A/K) Y2/ D)1 +K,/(22M2) /2] [27,28], where A =
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10 J/m (10°® erg/cm). At this Hy value, K, is equal to (1 £ 0.1)e10°
J/m® (10° erg/cm®). Then L, is equal to 63 + 3 nm at this K, value. The
calculated value L < d confirms that the film is in “transcritical” state.

Knowing the calculated K}, value, the out-of-plane magnetic anisot-
ropy field H, is determined from the expression H, = 2K,/M; = 100 +
9.6 kA/m (1250 + 120 Oe). This value is close to local anisotropy field
determined by correlation magnetometry method (see Section 3.4).

Knowing the K}, value, the stripe domain width can be determined by
the expression (in cgs units) D, = dv? [nA(Kp+27rM32)/ (2KpM32)]1/ 4 [27,
29]. It is equal to Dp, = 130 + 3 nm and is lower than that determined by
MFM and correlation magnetometry methods (Sections 3.3 and 3.4).
This is related to three simultaneous facts: (i) the out-of-plane magnetic
anisotropy observed experimentally is not ideally perpendicular [26],
(ii) the near-surface magnetic microstructure differs from the volume
one, and (iii) the possible existence of in-plane magnetic anisotropy,
since according to MFM data the orientation of stripe domains changes
over the film surface at the scale of several pm.

4. Conclusions

The Fe;; 4Tis 4B19.203,0 films on glass substrates were obtained by
magnetron deposition. The mixed (nanocrystalline + amorphous)
structure containing oFe(Ti) phase is formed in the as-deposited film.
The vacuum annealing at 200 °C for 1 h leads to partial crystallization of
the amorphous phase accompanied by the appearance of new grains of
the aFe(Ti) phase and additional FegB phase. The aFe(Ti)-phase grain
thickness (7-11 nm) is determined by XRD. The saturation magnetiza-
tion M; and the coercive field H, of the as-deposited films are 1.8 0.1 T
(1400 + 80 G) and 2 + 0.16 kA/m (25 + 2 Oe), respectively. Annealing
leads to the increase of M to 2.00 +0.14 T (1600 + 110 G) and H, to 2.4
+ 0.16 kA/m (30 + 2 Oe). The existence of extensive linear portion in
the hysteresis loops and stripe domain structure observed by MFM tes-
tifies the formation of columnar structure in the films. Wherein the
average size of the in-plane surface heterogeneity (60 + 10 nm) corre-
sponds to the column thickness reaching the film surface. The stochastic
domain size (430 + 30 mn) determined by correlation magnetometry is
close to the width of stripe domain structure observed by MFM. The
correctness of quantifying the volume magnetic microstructure by in-
direct correlation magnetometry method is demonstrated. The role of
magnetic microstructure parameters in the formation mechanism of
coercive field, which is the main characteristic of the magnetic softness
of alloys, was estimated.
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