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The rf oblique-angle magnetron sputtering was used to prepare nanocrystalline Fe;;Zr;N;¢ (at.%) films (with
grain size of 2-7 nm); the phase composition of the films is the a-Fe-based solid solution supersaturated with
nitrogen and zirconium. The magnetic structure of the films is represented by stochastic domains. Using the
correlation magnetometry method, two modes of stochastic domains were found, which correlate with two
modes of the coercive force found in the magnetic hysteresis loops. Both modes of the coercive force are con-
sidered in terms of the random anisotropy model.

1. Introduction

Soft magnetic films are an important functional material used in the
manufacture of modern and advanced microelectronics devices [1]. The
basic requirements for such devices are miniaturization, performance
and high sensitivity to weak magnetic fields.

Ferromagnetic nanocrystalline Fe-Me/X films (where Meyy is IVA
Group metals of the Periodic Table and X is nitrogen, carbon, or boron)
produced by magnetron sputtering, the compositions of which are eu-
tectic in metastable quasi-binary systems Fe-Mep /X, are able to meet
these requirements. This class of films ensures the unique combination
of properties, namely, M; up to 2 T [2], the coercive force less than 1 Oe
[3,4], and the thermal stability up to 600 °C [2-4].

The high-frequency magnetic characteristics of ferromagnetic films
applied in microelectronics devices are very important ones. One of the
ways to obtain high magnetic permeability at high frequencies (MHz,
GHz) is to increase the frequency of ferromagnetic resonance [5-7] by,
in particular, creating the in-plane magnetic anisotropy [8-10]. As we
know, the available literature data on the high-frequency magnetic
properties of the Fe-Mer X nanocrystalline films are limited by single
work [11].

In previously published work [3] the authors had studied nano-
crystalline films of composition Fe;;Zr;N;4 belonging to the above-
mentioned class of Fe-MenX films and prepared by oblique-angle
magnetron sputtering, subjected to subsequent annealing. The corre-
lation between static magnetic properties and phase composition as
well material structure (grain size) was studied in [3].

The aim of the present work is study of the correlation between a
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coercive force and magnetic structure (local magnetic anisotropy in
grain, macroscopic magnetic anisotropy in stochastic domain and do-
main size) of the same Fe;,Zr;N;¢ films.

2. Material and methods

The Fe;;Zr,N;¢ films 0.5 um in thickness were prepared by rf re-
active magnetron sputtering of a FegsZrs target; the films were de-
posited on amorphous SiO, and multilayer Si/SiO./SizN, substrates,
used in microelectronics, and which consist of single-crystal Si (with the
001 orientation), amorphous SiO, layer 0.4 um thick, and SizNy4 layer
(upper layer) 0.16 um thick. The films were prepared by oblique-angle
sputtering, i.e., the atomic flux makes an angle 0°, 10°, 20°, or 30°, with
the normal to the substrate plane. Subsequent 1-h annealings were
performed at 400 and 500 °C in a vacuum 10~ ®mmHg. The specific
composition of studied films and annealing conditions provide the best
combination of saturation magnetization M; and coercive force H,
[2-4]. The results of investigation of the structure by X-ray diffraction
(XRD) analysis and induced magnetic anisotropy are available in detail
in our previous study [3].

The chemical composition of the films was determined in a vacuum
of 10"°mmHg using a Quanta 200 scanning electron microscope
equipped with an EDXRMA energy-dispersion X-ray attachment.

The nature of coercivity and magnetic permeability of nanocrys-
talline ferromagnets is considered in terms of the random anisotropy
model [12]. When the grain size 2R, is less than the exchange inter-
action length R;, rms fluctuation of the local effective magnetic aniso-
tropy field on the grain scale D'/?H, is suppressed (D is the dispersion of

Received 11 November 2018; Received in revised form 27 January 2019; Accepted 6 February 2019

Available online 06 February 2019
0304-8853/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03048853
https://www.elsevier.com/locate/jmmm
https://doi.org/10.1016/j.jmmm.2019.02.027
https://doi.org/10.1016/j.jmmm.2019.02.027
mailto:harin-eugene@ya.ru
https://doi.org/10.1016/j.jmmm.2019.02.027
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmmm.2019.02.027&domain=pdf

E.N. Sheftel, E.V. Harin

-100 0
H,Oe

a

100 200

- 0.0

Journal of Magnetism and Magnetic Materials 479 (2019) 84-87

1.0

0.5

-0.54

0 100 200

H, Oe

b

-300 -200 -100 300

Fig. 1. Hysteresis loops of the Fe;;Zr;N;¢ film deposited on the Si/SiO,/Si3N,4 substrate: (a) as-sputtered at the deposition angle 0° (bold line), 10° (dashed line), 20°
(dotted line), and 30° (thin line); (b) 20° annealed at 500 °C: experimental loop (open symbols) is fitted by sum of two loops (blue and green) characterized by relative

magnetic moments M, V;/M; and M;,V»/M;, respectively.

magnetic anisotropy axes [12]). The magnetic hysteresis in low fields is
determined by the macroscopic anisotropy field on the stochastic-do-
main scale D2 < H, >, i.e., on the scale of uniform-magnetization
area. This area, considered as a stochastic domain radius R;, is an en-
semble of N grains coupled with exchange interaction. Using the cor-
relation magnetometry method [12] and the experimental magnetiza-
tion curves measured at room temperature in fields up to 16 kOe, the
parameters of local (D'/?H,) and macroscopic (D'? < H, > ) mag-
netic anisotropy fields and stochastic domain radius R; were quantita-
tively estimated.

3. Results and discussion

According to XRD data [3], a nanocrystalline structure with grain
size of 2-7 nm (depending on the deposition conditions) is formed in
the films; the phase composition of the films is the a-Fe-based solid
solution of nitrogen and zirconium.

The behavior of magnetic hysteresis loops measured for the studied
films points to the existence of two magnetic anisotropies. This fact is
indicated by a “step” in a field about 100 Oe (Fig. 1). To determine
values of coercive forces (H,; and H,, in Fig. 1b) the hysteresis loops
were approximated by the empirical Eq. (1) which can be considered as
the modification of classical Langevin formula for magnetization pro-
cess [13]. It follows from Eq. (1) that the experimentally determined
magnetization (open symbols in Fig. 1b) is the algebraic sum of mag-
netization values corresponding to two hysteresis loops:

M(H) = Mg Vi(cth(Py(H + Hn)) — (P(H £ Hq))™)

+ M, Vs (cth(Py(H + Hpp)) — (P (H + Hpp))™) + xH, (@)

where Py, P5, M; V1, M, V5 and y are the adjustable parameters. If there
are two phases in a film with different saturation magnetizations, they
are summed in proportion to their volume fractions V; and V. Since it
is impossible to define V; and V, in the framework of our approach we
consider only the parameters My;V; and M, V.

The correlation magnetometry method [12] was used to quantita-
tively estimate parameters of local and macroscopic magnetic struc-
tures of the studied films. The existence of two coercive forces means
the formation of stochastic domains characterized by the magnetic
anisotropy fields, which differ in value, D'* < H, > ; and DY
2 < H, > ,. Below they are shown as the 1st and 2nd modes of
magnetic anisotropy field of stochastic domains, respectively.

To determine the parameters of the local and the macroscopic
magnetic structures, the experimental magnetization curves of the films
(Fig. 2a) were fitted by Eq. (2) in accordance with the method [12]:

M(H) = M1 — (1/2)(D'?H, */(H*HY* + H?)), 2
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where H is the external magnetic field; D'/?H, is the local anisotropy
field; M; is the saturation magnetization; and Hy is the exchange field
(Hg = 2A/M,R.2, where A is the exchange stiffness and R, is grain ra-
dius).

D'2H, values for all studied films are lower than the exchange field
Hpg (Table 1). According to [14], the exchange field is a threshold value
of DY2H,, below which (D'/?H, < Hp) the exchange interaction results
in the stochastic domains formation. Thus, the magnetic structure
formed in the studied films consists of stochastic domains.

Using estimated D'/?H, and Hy, values, the value of the 1st mode of
anisotropy field of stochastic domains D2 < H, > ; and their size
(Table 1) were determined by Eq. D? < H, > ; = (DY?H,)*/Hg® and
2R;1 = 2R(Hp/D"V?H,)?, where 2R, ~ 2 + 7nm is grain size de-
termined from XRD data [3].

It should be noted that the obtained inequality 2R;; > > 2R,
(Table 1) for the studied films indicates the correctness of the con-
sideration of their magnetic structure in terms of the random anisotropy
model [14,15].

Correlation magnetometry method [14,16] provides an opportunity
to determine the D'/?H, and Hy parameters also by the graphical ana-
lysis of the magnetization dispersion d,, = 1-M/M; dependence on the
external field H, which is plotted on log-log scale (Fig. 2b). Here, line I,
described by Eq. (2), has two asymptotes: II is described by d,, = (D
2H./H)? (Akulov’s law); III is described by d, = (D'/?H,)*/(Hg>*H?)
(the decrease in the stochastic domain size with increasing field), from
which the DY?H, and Hy values can be determined. Asymptote IV
corresponding to a field range below few hundreds of oersteds is de-
scribed by d,, = (D2 < H, > ,/H)* [16]. Using the latter depen-
dence, the 2nd mode of anisotropy field of stochastic domains DY/
2 < H, > , was determined. As is seen from Table 1, the DV
2 < H, > , values exceed D'? < H, > ; by one or two orders of
magnitude. When assuming that the field D'/ < H, > , is determined
for an area with the characteristic size 2R;, = 2R.(Hg/DY
2 < H, > »)'? it follows that 2R;; > 2R;, > 2R, (Table 1). It is
assumed that the average effective parameters A, M;, 2R, and D'/?H,
remain unchanged over the entire film volume.

The appearance of two modes of magnetic anisotropy field of sto-
chastic domains (D% < H, > ; and DV? < H, > ,) in nanocrystal-
line ferromagnet previously was noted in the literature; however, this
phenomenon was related to the use of two different methods for esti-
mating the same anisotropy field [14,16].

Although, we found that, as the deposition angle increases, the in-
plane anisotropy field Hy increases and the lattice parameter of the a-Fe
phase [3] decreases, however, it should be noted we failed to find the
effect of the deposition angle on the magnetic structure parameters
(Table 1). The absence of the effect of the deposition angle on the
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Fig. 2. Magnetization curves of the Fe;;Zr;N;¢ films in high magnetic fields: (a) magnetization curve for the film deposited on the SiO, substrate (deposition angle is
10°) and annealed at 500 °C, open symbols correspond to experimental data and solid line is fitting by Eq. (1); (b) field dependence of the magnetization dispersion
dn = 1 - M/M; plotted on log-log scale for the as-sputtered film deposited on the Si/SiO,/SizN,4 substrate (deposition angle is 20°).

magnetic structure parameters can be explained by the fact that they
were determined in sufficiently high magnetic fields (above 100 Oe,
Fig. 2b, correlation magnetometry method), in which the induced
magnetic anisotropy Hy (less than 40 Oe [3]) is suppressed by the ex-
ternal magnetic field.

It was found that D2 < H, > ; adequately correlates with the H,,
values (Fig. 3a). The decrease in the coercive force H,; after annealing
(the grain size almost is unchanged [3]) is resulted from changes of the
magnetic structure described within the random anisotropy model
[14,15]. The coercive force value H., (Fig. 1b) adequately correlates
with D2 < H, > , (Fig. 3a).

The values H. and D2 < H, > can be affected by different fac-
tors, in particular, the magnetic anisotropy oriented perpendicular to
the film surface. Such a magnetic anisotropy is formed in the studied as-
sputtered films. This is indicated by the linear portion in the hysteresis
loop of the films, which is observed in a field range above the H, field
(Fig. 1a).

Our previous electron-microscopic studies of these films [17]
showed that during deposition and growth of the films the nano-sized
grains form columnar-like aggregates growing perpendicular to the
substrate surface. Such structure determines the formation of the per-
pendicular magnetic anisotropy in the as-sputtered films. As is seen
from the magnetic hysteresis loops, the D'/ < H, > , values for the
as-sputtered films correlate with the values of the perpendicular mag-
netic anisotropy field (Fig. 1a). It should be noted that the perpendi-
cular magnetic anisotropy in as-sputtered films can be formed also by

the negative magnetoelastic anisotropy caused by internal macros-
tresses [18].

The in-plane magnetic anisotropy can be related to the surface
roughness [19,20], presence of nonferromagnetic inclusions [21], pre-
sence of two phases, which cannot be detected by XRD and are char-
acterized by different saturation magnetizations [22], and also to po-
sitive magnetoelastic anisotropy [18].

In terms of the random anisotropy model when the coercive force is
determined only by the exchange interaction between grains (the
magnetization process is realized via the stochastic-domain magneti-
zation rotation, H, = D2 < H, > ), the value of coercive force is
described by the expression H, ~ Keff4(2RC)6/(MSA3) [15]. For con-
venience, this relation can be transformed to the form H,/D'/?H,, = (R./
8)®, where § = (A/K)'/?, K = H,M,/2 [16]. The R./§ ratio can be de-
termined directly from results obtained by Eq. (2): R./§ = (RL/R) V4,
The dependence H./D'/?H, = (R./8)°® was successfully checked by an
example of nine different alloys [16].

For the studied films Fe,,Zr,Nj,, the correlation between H./D'/?H,
and R./8 in shown in Fig. 3b (solid line is H./D'/?H, = (R./8)%, which is
identical to H, = D¥2 < H, > ). The found correlations both H.;/D'/
°H, ~ R./8, and H.,/DY?H, ~ R./8, mean that both coercive forces
(H,; and H,,) satisfy the random anisotropy model, i.e., the both modes
of the stochastic domain anisotropy field result from the exchange in-
teraction between grains.

Taking into account the fact that the M;, D'?H,, and R, magnitudes
are identical for both stochastic domain modes, different magnitudes of

Table 1

Magnetic structure parameters of the studied Fe;;Zr;N¢ films.
Deposition angle Substrate DY? < H, > ;, Oe DY? < H, > ,, Oe D'?H,, Oe Hp, Oe 2R;;, nm 2R;,, nm
As-sputtered films
0° Si/Si05/SisNy 0.25 = 0.15 60 * 10 210 = 20 1980 = 340 210 = 150 4.8 = 0.9
10° 0.19 = 0.13 100 + 30 200 = 25 2100 =+ 440 340 = 170 5.0 = 1.2
20° 0.8 = 0.5 8 = 5 700 = 90 6610 + 1050 260 = 100 10.2 = 1.3
30° 0.6 = 0.5 45 * 20 1100 * 210 13700 + 3200 490 = 280 223 £ 6
Annealed at 400°C for 1h
0° Si0, 51 = 2.6 11 = 400 = 30 1710 = 220 94 + 50 25.4 *+ 3.2
10° 0.94 = 0.9 70 £ 10 200 = 15 1200 = 150 110 + 40 6.0 = 0.8
20° 1.3 = 0.9 72 370 = 60 2500 * 540 92 + 50 30.1 = 7.8
30° 0.99 = 0.5 30 £ 5 270 += 13 1760 = 120 170 = 40 17.7 + 2.6
Annealed at 500 °C for 1 h
10° Si0, 11 = 4 130 = 20 860 = 40 3600 + 250 150 + 40 20.2 = 25
20° 58 =15 105 + 15 490 = 20 2150 = 110 180 += 30 19.7 = 2.0
20° Si/Si05/SisNy 0.8 £ 0.7 90 + 30 340 = 100 2540 + 990 1960 + 1500 55.7 = 19.3
30° 1.5 = 0.4 90 + 30 780 = 580 6280 + 5900 620 = 580 50.3 + 38.8
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Fig. 3. (a) Correlation of two modes of magnetic anisotropy field (D'/? < H, > ; and D2 < H, > ,) and two coercive forces (H; and H,) for the studied films
Fe;7Zr;N16: [1-Hep ~ D2 < H, > 1; @ —Hey ~ D2 < H, > ,. (b) Correlation of ratios H./D*/*H, and R./8: @ — Ho;/D/?H, ~ R./81; O — Heo/DY?H, ~ R./85;

solid line is Ho/D'/?H, = (R./8)°.

exchange stiffness A (in § = (A/K)Y?) are the cause for the formation of
both domain modes. It should be noted that exchange stiffness in-
homogenities in areas greater than the nano-sized grain were observed
by spin-wave resonance technique [23]. The theoretical consideration
of a similar structure is given in [24]. The results obtained by us, allow
us to assume that a magnetic structure formed in the films is related to
the presence of two ferromagnetic phases differing in the solid solution
composition (and therefore in A values), which cannot be distinguished
by XRD.

4. Conclusions

The rf oblique-angle magnetron sputtering was used to obtain na-
nocrystalline Fe;,;Zr;N¢ films (with grain size of 2-7 nm); the phase
composition of the films is the a-Fe-based solid solution supersaturated
with nitrogen and zirconium. The magnetic structure of the films,
which is characterized by the existence of stochastic domains, is dis-
cussed in terms of the random anisotropy model. The correlation
magnetometry method was used to determine the parameters of the
magnetic structure: the local magnetic anisotropy field within a grain
D'?H,, the macroscopic magnetic anisotropy field within a stochastic
domain volume D2 < H, >, and stochastic domain radius R;. It was
found that two modes of the magnetic anisotropy field of stochastic
domains DY? < H, > ; and D'? < H, > , are formed, which differ
in the exchange stiffness magnitude and determine the existence of two
coercive forces.

The authors are grateful to Dr. N.B. Kolchugina for a useful dis-
cussion of the work.
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