Current Applied Physics 20 (2020) 1429-1434

Current
7 Applied

Contents lists available at ScienceDirect
Physics

Current Applied Physics

FI. SEVIER

journal homepage: www.elsevier.com/locate/cap

Check for

Phase composition and magnetic structure in nanocrystalline ferromagnetic [ %&s
Fe-N-O films

E.N. Sheftel, V.A. Tedzhetov, E.V. Harin , G.Sh Usmanova

Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences, Leninsky Prospect 49, Moscow, 119334, Russia

ARTICLE INFO ABSTRACT

Keywords:

Magnetic measurements

Phase diagrams

Magnetic films and multilayers
X-ray diffraction
Nanostructured materials
Vapor deposition

The chemical and phase compositions and structure of the Fe-N-O films produced by reactive dc magnetron
sputtering (in Ar or Ar + Ny gas mixture atmospheres) under different conditions (energy parameters of
magnetron, residual pressure in the magnetron chamber after preliminary pumping, operating pressure in gas
mixture) have been investigated by energy-dispersive X-ray spectroscopy, X-ray diffraction analysis, and
vibrating sample magnetometry. Impurity of nitrogen and oxygen, which are present in the sputtered films,
participate in the formation of their phase composition and determine its features. Some phenomena inherent in
the nanocrystalline films in the metastable state were found. These are the formation of supersaturated bcc
interstitial oFe-based solid solution and precipitation of o’ nitrous martensite with bct crystal lattice. The
magnetic structure of the Fe-N-O films, which is characterized by the existence of stochastic domains discovered
by correlation magnetometry method, is discussed in terms of the random anisotropy model. It was found that
two modes of the magnetic anisotropy field of stochastic domains are formed, which determine the existence of

two modes of the coercive field found in the magnetic hysteresis loops.

1. Introduction

High-induction Fe-based ferromagnets with the nanocomposite
structure are promising materials for miniature high-performance de-
vices for weak magnetic fields in a wide range of applications [1]. In
particular, in the Fe-N system there are aFe and Fe;gNy phases [2] with
the highest saturation induction at room temperature [3]. Given the
trend towards device miniaturization, films and foils exhibit the unique
combination of properties, such as the high saturation induction, high
hardness, and thermal stability of properties [4].

The preparation of the films by reactive magnetron sputtering of a Fe
target in an Ar + N gas mixture can lead to uncontrolled contamination
of films with oxygen and nitrogen. As a result, the chemical composition
of films and the concentration range of the existence of phases can vary.

The magnetic hysteresis properties of such alloys can be most fully
explained using the random anisotropy model (RAM) [5]. This model
assumes that the easy magnetization axes of individual grains of radius
R, (or local magnetically homogeneous regions of radius R, in the
amorphous phase) are randomly oriented and the distribution of local
magnetization can be described by some autocorrelation function. An
important parameter of this function is the magnetic autocorrelation
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radius Ry, which is the size of the region in which the magnetization is
relatively uniform. In nano- and amorphous alloys, an extreme decrease
in the coercive field relative to the local magnetic anisotropy field is
realized under the condition Ry > R.. This condition exists in RAM in the
case when the length of the ferromagnetic exchange interaction exceeds
the size R., which causes averaging of the local magnetic anisotropy in
the volume of radius Ry; (stochastic magnetic domain). Note that under
certain conditions, the material may additionally implement other rea-
sons for the existence of a second magnetic autocorrelation radius of size
Ry (second stochastic magnetic domain).

In this regards, investigations of the chemical and phase composi-
tions, structure, and magnetic structure of Fe-N-O films produced by
magnetron sputtering under different conditions (energy parameters of
magnetron, residual pressure in the magnetron chamber after pre-
liminary pumping, operating pressure in gas mixture) are of importance
from the viewpoint of academic interest and practical recommendations
and are the subject of the presented work.

2. Experimental

The Fe-N-O films on glass substrates (1.5 mm thick) were prepared
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by dc reactive magnetron sputtering using an installation equipped with
an oil diffusion pump. The introduction of nitrogen to the films was
realized by sputtering of a Fe target in an Ar + N5 gas mixture with a
variable No/(Ar + N3) volume ratio. Sputtering conditions were: voltage
390 V, current 1.5 A, deposition time 10 min. Table 1 shows other
preparation conditions. The thickness of deposited films was determined
using a Fischerscope X-ray fluorescence spectrometer (Table 1).

The chemical composition of the films was determined by energy-
dispersive X-ray (EDX) spectroscopy using a Hitachi TM3000 scanning
electron microscope equipped with an EDX Bruker Quantax 70 attach-
ment (the accuracy of determination is £2.5 at.%).

The phase and structural states of the films were studied by X-ray
diffraction (XRD) using a Rigaku Ultima IV diffractometer equipped
with a graphite monochromator, the Bragg-Brentano geometry, and Cu-
Ko radiation. The radiation was recorded using scintillation and semi-
conductor detectors. The primary processing of XRD patterns was per-
formed using an original software [6] and full-profile Rietveld analysis.
For a qualitative phase analysis, a database of International Centre for
Diffraction Data (ICDD) was used. Using the XRD patterns, the phase
composition and the grain size 2R, were determined.

Hysteresis loops were measured on a LakeShore 7407 vibrating
sample magnetometer in fields up to 16 kOe. The parameters of the
magnetic structure were determined by the method of correlation
magnetometry [7].

3. Results and discussion
3.1. Chemical composition of the films under study

The films were found to be characterized by the high oxygen content
(~20 at.%) and the low nitrogen content (from 4.8 to 8.3 at.%, Table 1).
Under conditions of the present experiment, the films contain impurity
oxygen, the content of which decreases as the residual pressure P (in the
magnetron chamber after preliminary pumping) decreases (Table 1,
Fig. 1). Note that in addition to the residual pressure Py, the pressure of
the working mixture Pp, N2 (Table 1) also affects the nitrogen and ox-
ygen content in the films.

This means that during deposition the conditions for the absorption
of residual (in the magnetron chamber) gas atoms on the growing film
are realized. Thus, under conditions of the present experiment actually
the multicomponent films of the Fe-N-O system are prepared.

3.2. Phase composition and structure of the films under study

According to the XRD data, during condensation the nanocrystalline
structure forms in the films, which is two-phase (aFe + Fe30y) if the
nitrogen content is relatively low (Fig. 2a). As the nitrogen content in-
creases, the three-phase structure («Fe/Fe(N) + Fe304 + o) forms: aFe
ferromagnetic phase transforms into bce Fe(N) solid solution (the bec
phase lattice parameter increases, Fig. 2b), ferromagnetic o nitrous
martensite with body-centered tetragonal (bct) lattice appears (Fig. 2a),
and Fe304 oxide phase with fcc lattice forms. It should be noted that the
content of o’ phase rises with increasing the nitrogen content, whereas
the Fe304 oxide phase content is unchanged and is ~8-16 vol% in all

Table 1

Magnetron sputtering conditions, thickness, and chemical composition.
No/(Ar + Ny), vol Po,Pa  Parin2,Pa  Thickness, Chemical
% pm composition, at.%

Fe N )

0 0.128 1.42 0.69 £+ 0.02 72.4 4.8 22.8
10 0.085 1.23 0.55 £+ 0.01 76.9 4.8 18.3
13 0.112 1.20 0.49 £+ 0.03 76.2 4.9 189
17 0.120 1.20 0.43 £ 0.03 72.0 6.6 21.4
32 0.125 0.82 0.48 + 0.03 71.8 8.3 19.9
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Fig. 1. Dependence of the oxygen content in the films under study on the re-
sidual pressure Py in the magnetron chamber after preliminary pumping.

films.

Bct o nitrous martensite is rarely found in films [8], therefore we
consider it in more detail. Bet of is an ordered solid solution of nitrogen
in aFe [9], and it is sometimes referred to as the Fe;oN phase [10-12].
Bcet of is formed at temperatures of 380-635 °C [11] and remains stable
above 600 °C [12]. According to the data from the ICDD database, the
phase has the space group I4/mmm, the most intense diffraction peak is
(101) at an angle of 20 43.2° (Cu-Ka radiation). However, in the studied
films the peaks (112) and (211) are the most intense, which indicates the
presence of texture (Figs. 2a and 3). In the studied films the o *phase has
a lattice parameters a of 2.848-2.856 A and ¢ 3.075-3.090 A (Table 2),
which according to the data [9] correspond to the content of 7-9 at.% N
in this phase. Considering that the volume fraction of o' phase in the
films does not exceed 51%, about a half of the nitrogen is in this phase
(Table 1). This leads us to the idea of the need for more careful con-
trolling of the introduction of nitrogen into films in the future. Note that
according to Ref. [9], an increase in the lattice parameter a and a
decrease in ¢ (as we see from Table 2 with an increase in the Ny per-
centage) means a decrease in the nitrogen concentration in this phase.
Thus, with an increase in the concentration of the Ny percentage, an
increase in the volume fraction of o’ phase and a simultaneous decrease
in the nitrogen concentration in it occur.

The nitrogen solubility in aFe in the equilibrium Fe-N system is only
0.4 at.% at 592 °C [9]. The obtained lattice parameter data (Fig. 2b)
indicate the increase in the nitrogen solubility in aFe up to 4 at.% (as
well as our data of [13]) and formation of supersaturated solid solutions
of nitrogen in oFe.

It should be noted, that the lattice parameter of the aFe phase in the
films under study is found to be less than the tabulated value for aFe
(2.8664 ;\, Fig. 2b). Such an effect is observed also for a number of
nanocrystalline films and coatings of different compositions [14,15].
There is still no reliable explanation of this phenomenon. At the same
time, according to the data [14], internal compressive stresses formed in
nanocrystalline TiN coatings cause a decrease in the lattice parameter of
TiN.

All prepared films are nanocrystalline. The grain size of the bcc aFe-
based phase in the films decreases from ~12 to ~6 nm as the nitrogen
content in the film and, therefore, in the bcc solid solution increases
(Fig. 2b). This is explained by the lower diffusion mobility of atoms in
the aFe(N) solid solution, which determines the grain growth and grain
size, as compared to that in aFe.

The grain size of the fcc Fe3O4 phase precipitated in all films remains
unchanged (9.4 + 0.3 nm). The o’ phase in the films is characterized by
the lowest grain size (5-7 nm), which is unchanged for all compositions.

3.3. Magnetic structure of the films under study

The saturation magnetization Ms of the studied films is 1450 + 150 G
(Fig. 4a, gauss = emu/cm®). If it is hypothetically assumed that such a
saturation magnetization is associated only with a solid solution of ni-
trogen in oFe, then according to our earlier data [13], the films should
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Fig. 2. XRD patterns of the films under study (a) and the dependences of the crystal lattice parameter and the grain size of bce phase in the films under study on the
concentration of Ny in gas mixture during magnetron deposition (b). Solid lines on (b) are guides for the eyes.

contain no more than 3 at.% N. Actually (Table 1) the nitrogen content is
2-3 times higher, which means the saturation magnetization of the o’
phase is greater than or equal to aFe.

To evaluate the saturation magnetization of the o' phase, we were
guided by the following considerations. We assume that the saturation
magnetization of Fe3Oj, is the same in all films and is equal to Mfe304 =
480 G [16]. Then the saturation magnetization of the films not con-
taining the a ’ phase (Fig. 2a) is

M, = M Vegos + MFM-(100 — Vesou), m
where Vge304 is volume fraction of Fe3O4 phase, vol%. Taking into ac-
count that we do not know the exact nitrogen content in the aFe(N)
phase, we cannot use at this step the dependence M ™ = f(N, at.%)
obtained in Ref. [13]. But we can substitute the parameters of the films
that do not contain the o phase (0 and 10 vol% N2, Table 2) in Eq. (1) to

obtain the dependence of M; on vol% N3 in gas mixture during magne-
tron deposition:

M™(%N,) = 1679 — 13.3-(%N,) 2)

Using Eq. (2) the values of MgFe(%Nz) were calculated for films with
13, 17 and 32% Ny (Table 2), which were then substituted into the
equation for the saturation magnetization of these films:

M, = M™% Vi, + Mf/'Va/ + MM .(100 — Veesos — Vi), 3)
where V- is volume fraction of o phase, vol% (Fig. 2a). From Eq. (3) the
saturation magnetization of the o/ phase MY = 1837 + 384 G (2.31 +
0.48 T, Table 2) was determined. Note that such a large error of MY is
caused by two factors: the accuracy of determining the saturation
magnetization of the films (Fig. 4a), which in turn strongly depends on
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Fig. 3. Phase separation of oFe and o in the film with 32 vol% N, in gas
mixture during magnetron deposition: dots are the experimental XRD data and
the solid lines are fitting.

Table 2
The o lattice parameters (a and c) and the saturation magnetization of a and o’
phases.

No/(Ar +Np),vol%  aw, A ¢, A MT G MY, G (T)

0 - - 1679 + 52 -

10 - - 1546 + 30 -

13 2.848 3.090 1520 +93 1981 + 240 (2.49 + 0.30)
17 2.852  3.075 1444 +101 1771 + 318 (2.23 + 0.40)
32 2856 3.081 1253 +33 1747 + 191 (2.20 + 0.24)

the accuracy of determining the thickness of the films (Table 1), and the
dependence of MY on the nitrogen concentration in this phase (Table 2).
It can be seen that with an increase in the No%, MY decreases, which is
consistent with a change in the lattice parameter (a and c, Table 2), i.e.
with a decrease in the concentration of nitrogen in o’ (see section 3.2).
Thus, we cannot definitely compare MY with the values of pure oFe
(2.15 T) [13] and ordered Fe;gN5 (2.9 T) [17].

The coercive field H. monotonically rises with increasing nitrogen
content from 68 + 3 to 225 + 10 Oe (Fig. 4b). Note that a decrease in the
coercive field with increasing grain size of aFe (Fig. 4b) is uncharac-
teristic for nanocrystalline ferromagnets in which an inverse depen-
dence H. ~ 2R® is observed with a grain size of 2R, less than the
ferromagnetic exchange length [5]. The data of Fig. 4b we can only
explain by the increase in the amount of o’ phase (with a constant grain
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1400
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size, section 3.2) on Ny increase in gas mixture during magnetron
deposition, the magnetic anisotropy of which is unknown to us.

Further, we show that the coercive field H, (Figs. 4b and 5a), visible
on the hysteresis loop, does not always correspond to the actual ferro-
magnetic phase. The shapes of hysteresis loops of the studied films
indicate the presence of two modes of magnetic anisotropy in them. This
fact is indicated by a “step” in a field about H, (Fig. 5a). To determine the
coercive field of each of the magnetic anisotropies (H.; and H,p), the
loops were described by the empirical function (4) which can be
considered as the modification of classical Langevin formula for
magnetization process [18]. The experimentally determined magneti-
zation (open symbols in Fig. 5a) is the algebraic sum of magnetization
values corresponding to two hysteresis loops (Ms; and Msy) and the
fictive paramagnetism (yH), which describes here the approximately
linear beginning of approach to saturation:

M(H) =M Vi(cth(P\(H+ Ha)) — (Py(H+He)) — 1)
4 Mo Va(cth(Ps(H £ Hop)) — (Pa(H % He)) — 1) + 7H, 4)

where Pj, Py, M1 V1, MoV 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 proportion to their volume frac-
tions V7 and V. Since XRD gave us information about three ferromag-
netic phases (the films with o phase, Fig. 2a), it is impossible to
distinguish saturation magnetizations, i.e. Ms; and M, cannot be iden-
tified with specific quantities.

The magnetization curves of the studied films in the strong fields are
fitted by the law of approaching to saturation magnetization [7,18].

M(H) = M, [1 —(1/2) (D‘/ZH,,)Z/(HZ + H'2 ) ] , (5)

from which the saturation magnetization M (Fig. 4a), the rms fluctua-
tion of the local (on the ferromagnetic grain scale) magnetic anisotropy
field DV zHa (D is dispersion of local anisotropy axes [7,19], which is
unknown in this study) and exchange field Hg (Hg = 2A/M,R2, where A
is exchange stiffness and R, is grain radius, Fig. 2b) are determined
(Table 3).

DY2H, values for all studied films are equal to or lower than the
exchange field Hg. According to Ref. [19], the exchange field is a
threshold value of D'/?H,, below which (D/?H, < Hg) the exchange
interaction results in the formation of stochastic domains. Thus, the
magnetic structure formed in the studied films consists of stochastic
domains.

Using estimated DY 2Ha and Hp values, the value of the 1st mode of
anisotropy field of stochastic domains pY 2<Ha>1 [20,21] and their

250
200 - 1
aFe(N) + Fe304+ o I
O 150
- I
ol aFe(N) +
T Fe O
100 A . . ) 374
N increase in gas mixture
during magnetron deposition
50 T T T
6 8 10 12
grain size,nm
b

Fig. 4. The dependences of the saturation magnetization in the films under study on the concentration of N in gas mixture during magnetron deposition (a) and the

coercive field on the grain size of aFe(N) (b). Solid lines are guides for the eyes.
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Fig. 5. The hysteresis loop (a) and the magnetization dispersion (b) of the film with 13% of N in gas mixture during magnetron deposition.

Table 3
The parameters of stochastic domains in the films under study.
No/(Ar + Ny), vol% DY?H,, Oe Hg, Oe Rp1/R. Rp2/R¢
0 714 + 8 1816 + 51 6.5+ 0.5 45+ 0.7
10 690 £ 6 1463 + 40 45+0.3 3.0+0.3
13 708 +7 1817 + 40 6.6 £ 0.4 3.2+0.1
17 886 + 34 784 + 349 2.7 +£0.9 0.8 +£0.9
32 1139 + 28 1492 + 150 3.0+04 1.7+ 0.4
relative size Ry1/R. [21] were determined (Table 3) by
4
D2 < Hy> = (D'PH,)" [He and 6
2
R /R.= (He/D'H,)". @)

It should be noted that the obtained inequality Ry /R, > 1 for the
studied films indicates the correctness of the consideration of their
magnetic structure in terms of RAM [5,19].

The correlation magnetometry method [5,22] provides an opportu-
nity to determine the DY/?H, and Hg parameters also by the graphical
analysis of the magnetization dispersion d,, = 1-M/M; dependence on
the external field H, which is plotted on log-log scale (Fig. 5b). Here, line
I, described by Equation (5), has two asymptotes: II is described by
dn=(1/2) (DY*H,/H)? (Akulov’s law); III is described by dp=(1/2)
(014 ZHH)Z/(H;S{ 2H?) (the decrease in the stochastic domain size with
increasing field), from which the DY zHa and Hpy values can be deter-
mined. Hp, is a field of intersection of the asymptotes II and III. Asymp-
tote IV corresponding to a field range below few hundreds of oersteds is
described by Ref. [22].

dn = (1/2) (D]/z < H“>2/H)2' (8)

Hj is a field of intersection of the asymptotes III and IV.

Using Eq. (8), the 2nd mode of anisotropy field of stochastic domains
DY2<H,>, was determined. As it is seen from Fig. 6, the DY2<Hg >,
values exceed DY2<H,>; by one order of magnitude. The fields D'/
2<Hgz>1 and D2<H,>, correlate well with coercive fields H,q and H,
(Fig. 6).

When assuming that the field DY2<H,>, is determined for an area
with the relative size [23]

Riz [Re = (Hi /D' < Hy>2)', ©

it follows that Ry3/R. > Rpa/R. > 1 (Table 3). The correlation magne-
tometry method assumes that average effective parameters 2R., M, and
DY2H, remain unchanged over the entire film volume, i.e. two modes of

stochastic domains have the same 2R., M, and DV/?H,, which follows
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from the fitting of magnetization curves by Eq. (5) and is approximately
true for the structure from XRD (section 3.2).

Table 3 shows that in the films with the highest o’ phase content (17
and 32% Ny, Fig. 2a), one of the modes of stochastic domains has a size
close to the grain size, Rj2/R. = 1, therefore H.o ~ DY2<H,>, ~ D'H,.
Thus the high coercive field (Fig. 4b) of these two films can be associated
with the magnetic anisotropy of o’ phase.

Thus, the o’ phase can be characterized not only by the ordinary
saturation magnetization relative to the o phase, but also by increased
magnetic anisotropy.

4. Summary

The Fe-N-O films, which were deposited on glass substrates by
reactive magnetron sputtering under different energy and gaseous at-
mosphere conditions, are studied.

All films contain impurity oxygen and nitrogen, which participate in
the formation of the phase composition of the films.

The phase composition of the films under study, in accordance with
the chemical composition, is various combinations of nanocrystalline
phases (the grain sizes vary in a range of 5-12 nm in accordance with the
chemical and phase composition of the films), such as aFe(N) solid so-
lutions, o nitrous martensite, fcc Fe3O4 oxide. Some phenomena
inherent for the non-equilibrium state of the films were found: the
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formation of supersaturated interstitial aFe-based solid solution, pre-
cipitation of o’ nitrous martensite with the bct crystal lattice.

The shapes of magnetic hysteresis loops indicate the presence of two
main modes of coercive field in the studied Fe-N-O films. The magnetic
structure of the films, is discussed in terms of RAM. The correlation
magnetometry method was used to determine the parameters of the
local (the magnetic anisotropy field within a grain D*/?H,) and macro-
scopic magnetic structure (the magnetic anisotropy field within a sto-
chastic domain D'/?2<H,> and the stochastic domain radius R;). It was
found that two modes of the magnetic anisotropy field of stochastic
domains DV 2<Ha>1 and DV 2<Ha>2 are formed, which determine the
existence of two coercive fields.

The attempts have been made to determine the saturation magneti-
zation of o’ phase and the effect of its magnetic anisotropy on the co-
ercive field and the magnetic structure of the Fe-N-O films.
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