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INTRODUCTION

Films of soft magnetic Fe–Zr–N alloys (with the
high iron content equal to ~80–95 at %), which have
nanocrystalline structure, assure a unique combina�
tion of magnetic and mechanical properties [1], which
is required for their application in miniature devices of
advanced microelectronics.

Depending on the zirconium and nitrogen con�
tents in the films, their phase composition can com�
prise the main ferromagnetic α�Fe�based phase, fer�
romagnetic iron nitrides, Fe–Zr intermetallics, and
one or several nonferromagnetic phases, the formation
of which is possible for the ternary Fe–Zr–N system.
It is known [2] that the magnetization process in fer�
romagnets is determined by the effective magnetic
anisotropy. In the case of uniaxial anisotropy, it is
characterized by the Keff anisotropy constant; in the
total case, the anisotropy includes the magnetocrystal�
line (the К1 constant), magnetoelastic (the KME con�
stant), surface (the Ks constant), and magnetostatic
(the KMS constant) components. The possibility of
quantitativly estimating the components assures con�
ditions for reasonably controlling the level of magnetic
properties. Generally, in the literature, the effect of
grain size (magnetocrystalline energy) on the mag�
netic properties of nanocrystalline ferromagnets is
considered [3]. There are a few works devoted to the
cooperative effect of magnetocrystalline and magne�
toelastic energies in the literature [3]. The surface
anisotropy is usually considered individually [4].
Studies related to the role of magnetostatic energy,

which were performed in 30th and 40th of the last cen�
tury, deal with bulk materials [5]. No data related to
the investigation and quantitative estimation of all the
aforementioned contributions to the Keff constant of
Fe–Zr–N films are available.

The aim of the present study is to quantitatively
estimate specific energies of the magnetocrystalline,
magnetoelastic, surface, and magnetostatic anisot�
ropy and their effect on the coercive force (Нc) of Fe
and Fe�based (alloyed with N and Zr) films.

THEORETICAL BASES

The magnetocrystalline energy is determined by
crystallographic anisotropy of a material and is a con�
stant (К1) for an associated chemical composition of
phase (substance, solid solution, alloy, compound,
etc.) and temperature. The magnetoelastic energy (KME)
is determined by the saturation magnetostriction (λs)
of a material and mechanical stresses (σ) that exist in
the material, i.e., KME = (3/2)λsσ. The surface anisot�
ropy (Ks) is caused by the violation of atomic arrange�
ment symmetry at the surface of ferromagnetic grains.
The magnetostatic energy (KMS) is caused by magnetic
poles formed at surfaces of nonmagnetic grains within
the magnetic matrix. Each of the energies corresponds
to its own anisotropy field, the general form of which
is НК = 2К/Мs, where Ms is the saturation magnetiza�
tion of ferromagnetic phase. The Нc coercive force of
ferromagnetic materials, which is related to the
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anisotropy field Нc ≈ НК/2, is usually used to charac�
terize the magnetic properties of ferromagnets.

The feature of nanocrystalline ferromagnets (with a
grain size of less than ~50 nm) consists in the fact that
their grain size is less than the length of the exchange
interaction [3]. This causes the relatively uniform par�
allel alignment of magnetization over distances higher
than the grain size, which forms so�called stochastic
domains [6]. Within stochastic domains, the effective
local anisotropy (Keff) of randomly oriented grains is
partially suppressed by the exchange interaction. The
grain size of these ferromagnets determines the auto�
correlation radius Rc, and the exchange–interaction
length determines the stochastic–domain radius RL.
Local (within the grain) components of Keff corre�
spond to radius Rc, and the components of macro�
scopic anisotropy (〈Keff〉) correspond to radius RL. The
effect of local energy on the properties of area of radius
RL is given analytically by equation 〈Keff〉 = Keff
(Rc/RL)3/2 [6].

It should be noted that the magnetic structure of
these ferromagnets can have several characteristic
radii RL (characteristic lengths of magnetic orientation
coherency), in particular the exchange–interaction
length for an ensemble of grains, wavelength of mac�
rostresses, etc. In the case of comparable volumes
occupied by magnetic elements with different charac�
teristic radii RL (and, therefore, with different density
of magnetic–anisotropy energy), the coercive force of
a nanocrystalline ferromagnet is determined by the
anisotropy field HK of an element of magnetic struc�
ture (RL) having the maximum size and, therefore, the
minimum magnetic anisotropy energy.

EXPERIMENTAL

The films to be studied were deposited on cover
glass substrates by magnetron sputtering of cast Fe and
Fe–5 at % Zr targets. The residual gas pressure in the
sputtering chamber was ~2 × 10–6 Torr. The argon
pressure is ~ 3.5 × 10–3 Torr. The nitrogen pressure
during preparation of nitrogen�containing films was
~2.5 × 10–4 Torr. The film thicknesses were deter�
mined using an interference microscope. The chemi�
cal composition of films was determined using an FEI
Quanta 200 scanning electron microscope equipped
with an attachment for energy dispersion X�ray
microanalysis (EDAX). Table 1 shows the chemical
composition and thickness of the films. The structure
of films was studied by X�ray diffraction analysis using
a DRON�3 diffractometer and Cu Kα radiation. X�ray
diffraction patterns were processed using special soft�
ware [7]. The grain size 2Rc and true microstrains ε of
phases present in the films were estimated using the
physical broadening of X�ray diffraction reflections.
Macrostresses (σ) in the films were calculated using
lattice parameters from two reflections from planes
differing in elastic properties [8]. Static magnetic
properties were measured in fields up to 20 kOe using
a vibrating�sample magnetometer. Parameters of mag�
netic structure (effective local�anisotropy field Ha and
exchange field HR) were estimated by correlation mag�
netometry [6]. The field dependence of magnetostric�
tion of films was measured in fields up to 80 Oe using
an atomic force microscope and an original cantilever
technique [9]. All measurements were performed at
room temperature.

RESULTS AND DISCUSSION

Phase Composition, Structure, and Macrostresses

According to X�ray diffraction data, all studied
films are nanocrystalline. Their phase composition
includes the ferromagnetic α�Fe�based phase and a
small amount of nonferromagnetic Fe2N nitride that is
presented additionally in nitrogen�containing films
(Table 2).

The X�ray diffraction patterns of all films contain
reflections from the (110) and (200) planes. This

Table 1. Chemical composition and thicknesses of studied
films

Chemical compo�
sition, at % Fe Fe90N10 Fe95Zr5 Fe85Zr5N10

Film thickness, nm 370 300 370 500

Table 2. Phase composition and structural characteristics of the studied films

Film Phase composition, vol % Lattice parameter, Å Grain size 
2Rc, nm

Microstrain 
ε, %

Fe bcc α�Fe 2.824 ± 0. 003 39 ± 11 0.56 ± 0.04

Fe90N10 bcc α�Fe(N) ~ 95 2.873 15 0.53

Fe2N ~ 5 a = 2.759; c = 4.429 78 0.07

Fe95Zr5 bcc α�Fe(Zr) a = 2.857 ± 0.008 34 ± 3 0.23 ± 0.02

Fe85Zr5N10 bcc α�Fe(N,Zr) ~ 93 a = 2.899 ± 0.007 11 ± 1 0.24 ± 0.09

Fe2N ~ 7 a = 2.738; c = 4.560 35 1.05
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allows us to estimate macrostresses (σ) in the films by
the equation

(1)

where  and  are the lattice parameters of

the α�Fe phase, which were determined using the
(110) and (200) reflections, respectively;  and

 are the elastic constants for the (110) and (200)

crystallographic planes; Khkl = (ν/E)hkl; and ν and E
are the Poisson’s ratio and Young modulus for the
associated crystallographic planes (we take the magni�
tudes equal to those for pure iron) [8]. Table 3 shows
the used literature data on the  and  con�

stants [8] and macrostresses σ in the film plane, which
were calculated by Eq. (1).

Static Magnetic Properties and Parameters 
of Magnetic Structure

To determine the saturation magnetization (Ms) of
each samples, the experimental magnetization curve
М(Н) measured in fields of more than 2 kOe was plot�
ted on coordinates М–H–2 (Fig. 1a). The obtained
linear portion of the curve was described by the Aku�
lov’s law as follows [5]:

(2)

where D1/2Ha is the root�mean�square fluctuation
(within the Rc radius) of the effective local–anisotropy
field and D is the dispersion of anisotropy axes, which
is equal to 1/15 for randomly oriented uniaxial–
anisotropy axes. The uniaxial symmetry was taken
based on the following two assumptions: (1) the exist�
ence of contributions of specific energy of the magne�
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toelastic KME, surface Ks, and magnetostatic KMS
anisotropy to the effective local anisotropy, which on
default have a uniaxial symmetry, and (2) these contri�
butions and magnetocrystalline anisotropy are of the
same order of magnitude. The factor of 1/2 (Hol�
stein–Primakoff correction) in Eq. (2) is necessary if
measurements are performed in fields H � 4πMs (that
for iron is about 20 kOe). This correction is necessary
due to the internal magnetic field, which is caused by
the magnetization misorientation in grains [5]. The
extrapolation of the linear dependence (Eq. (2)) plot�
ted on coordinates М–H–2 (Eq. (2)) to H–2 = 0, i.e., to
H = ∞ gives the saturation magnetization value. In the
used magnetic fields (up to 10 kOe), the contributions
from diamagnetic substrate and film magnetization
paraprocess (Holstein–Primakoff paraprocess) to the
magnetization curve are negligible and, therefore,
were not taken into account.

Table 4 shows the saturation magnetization (Ms),
coercive force (Hc), and relative remanence (MR/Ms)
for all films under study. Hereinafter, errors of mea�
surements were determined using the spread of exper�
imental points in hysteresis loops. It can be seen that
the saturation magnetization of the Fe film is close to
that of iron single crystal and equals 1707 G [10]. The
alloying of Fe films with zirconium and nitrogen leads
to a decrease in their saturation magnetization.

Table 3. Lattice parameters (a110 and a200) of the α�Fe�
based phase, elastic constants Khkl, and macrostresses (σ)
for studied films

Film Fe Fe90N10 Fe95Zr5 Fe85Zr5N10

a110, Å 2.8527 2.8679 2.8893 2.8986

K110, 10–4 GPa–1 –13.7

a200, Å 2.8401 2.8911 2.8712 2.9032

K200, 10–4 GPa–1 –28.7

σ, MPa 1466 –2717 –2076 –530
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Fig. 1. (a) Magnetization as a function of Н–2 and (b) field dependence of magnetization dispersion for the Fe90N10 film.
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According to [6], the field dependence of magneti�
zation dispersion dm = 1 – M/Ms in the region of
approach to the saturation contains information about
effective parameters of the magnetic structure. In accor�
dance with the theory of correlation magnetometry [6],
for all studied samples, the dependence of magnetization
dispersion dm(H) plotted on the log–log scale is
described in high fields by two power functions intersect�
ing at field HR. Figure 1b shows an example of processing
of the magnetization curve M(H) by the correlation mag�
netometry method. In fields H > HR, exchange correla�
tion between the magnetization vectors in neighboring
grains is not exist; in this case, the magnetization process
occurs via the magnetization rotation within the areas
2Rc. In fields H >HR, the magnetization dispersion in the
samples obeys the Akulov’s law

(3)

where На is the effective (observed in the magnetiza�
tion curve) local�anisotropy field acting within the
radius Rc (that is taken to be equal to the grain radius).
In fields H < HR, the magnetization curve is described
by the function

(4)

which indicates the existence of stochastic domains in
samples. In fields H < HR, the exchange interaction
causes the formation of stochastic domains, the radius
of which progressively increases from Rc to RL as the
field decreases from HR to Н → 0. Thus, two parame�
ters, such as D1/2Ha and HR can be determined directly
from the magnetization curve. The effective local�
anisotropy field На (Table 4) can be estimated assum�
ing the uniaxial symmetry of randomly oriented easy
axes of local anisotropy (D = 1/15).

In accordance with the theory of correlation mag�
netometry [6], the contribution of effective local�
anisotropy field to the root�mean�square fluctuation
of anisotropy field of a stochastic domain D1/2〈Ha〉 can
be estimated, using the experimentally determined
D1/2Ha and HR value, as

(5)
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The relative radius of a stochastic domain RL/Rc can be
estimated by the equation

(6)

Table 4 shows the obtained characteristics.
It follows from the random magnetic anisotropy

model [3, 6] that, in the case of random distribution of
easy magnetization axes of stochastic domains, the
coercive force of the material is Hc ≈ D1/2〈На〉. When
the easy magnetization axes of the stochastic domains
are parallel, the hysteretic properties are determined
by field 〈На〉. It can be seen from a comparison of 〈На〉,
D1/2〈На〉, and Hc magnitudes (Table 4) that the
D1/2〈На〉 field makes the main contribution to the
coercive force of the Fe95Zr5 and Fe85Zr5N10 films. For
the Fe and Fe90N10 films, the 〈На〉 field makes the main
contribution to the coercive force (Mr/Ms > 0.5 indi�
cates the orientational coherence of magnetizations in
the majority of stochastic domains in the absence of
external magnetic field).

Saturation Magnetostriction

The magnetostriction curves λ(Н) of the studied
films were measured in fields up to 80 Oe (the curves
are given in [9]). To estimate the magnetoelastic
anisotropy by equation KME = (3/2)λsσ, the saturation
magnetostriction λs must be available.

The dependence λ(Н) is a function of the М(Н)
curve due to the similarity of the autocorrelation prop�
erties of the magnetostriction and magnetization. It is
known for microcrystalline ferromagnets [11] that the
saturation magnetostriction λs, like the saturation
magnetization Ms, can be determined by the Akulov’s
saturation approach law, by the extrapolation of the
λ(Н) dependence to field H= ∞ (H–2 = 0). We suggest
describing magnetostriction in fields H < HR (for the
studied films, HR exceeds fields used in [9], which are
less than 80 Oe) by the equation

(7)

Here, 2/35 is the dispersion of magnetostriction–
anisotropy axes [11]. The experimental magnetostric�
tion curves [9] were measured under reversible demag�
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Table 4. Magnetic properties and parameters of local (within grain) and macroscopic magnetic structures of studied films

Film Ms, G Ha, Oe HR, Oe 〈Ha〉, Oe D1/2〈Ha〉, Oe Hc, Oe MR/Ms RL/Rc

Fe 1683 ± 8 1200 ± 400 1700 ± 700 7.27 ± 0.89 1.88 ± 0.23 13 ± 2 0.75 29.74

Fe90N10 1332 ± 20 1800 ± 400 1500 ± 400 54 ± 5 14 ± 1.3 90 ± 5 0.75 10.67

Fe95Zr5 1598 ± 9 800 ± 100 280 ± 40 320 ± 100 83 ± 26 45 ± 5 0.34 1.82

Fe85Zr5N10 1310 ± 7 1600 ± 100 800 ± 50 220 ± 36 57 ± 9 40 ± 5 0.37 3.64
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netization conditions; therefore, the theoretical
dependence (Eq. (7)) can be applied for them. Note
that the suggested Eq. (7) was not derived theoretically
strictly in terms of perturbation theory [6]. Because of
this, coefficients in the dependence λ ~ Н –1/2 can be
different. Figure 2 shows experimental data of Fe film
and their fitting (solid line) by Eq. (7). Table 5 shows
the saturation magnetostriction λs estimated by this
procedure. The magnetostriction of the studied films
is discussed in [9].

Components of Local Magnetic Anisotropy

The experimentally determined constants of the
effective local magnetic anisotropy Keff = НaМs/2
(Table 6) substantially exceed the magnetocrystalline
anisotropy constant (К1) for Fe single crystal (~4.8 ×
105 erg/cm3 [10]), which comprises the natural mag�
netoelastic anisotropy (λs

2E, where E is the Young
modulus). This difference between the Keff and К1 con�
stants can be related to additional contributions of the
magnetoelastic (КМЕ), surface (Кa, s), and magneto�
static (КМS) anisotropies. To confirm the assumption,
we quantitatively estimated the contributions from
local magnetoelastic, surface, and magnetostatic
energies.

The contribution of the magnetoelastic anisotropy
to the local anisotropy was estimated by equation

(8)

where ε is the microstrain of ferromagnetic phase
(Table 2); Ef is the Young modulus of film (it is taken
to be equal to 1.42 × 1012 erg/cm3 [12]); and νf is the
Poisson’s ratio (is taken to be equal to 0.3). Table 6
shows the obtained КМЕ magnitudes.

X�ray diffraction analysis showed the presence of
the Fe2N phase in the nitrogen�containing films.
According to the Kersten’s inclusion theory [5], mag�
netic poles must arise on the surface of Fe2N grains
located in the ferromagnetic matrix, which cause the

local magnetostatic anisotropy KMS = (3/2)
where  is the volume fraction of the Fe2N phase

(Table 2). Table 6 shows the obtained КMS quantities.
The assumption about the existence of the magneto�
static anisotropy is substantiated by the fact that the
Fe2N�phase grain size (that is 78 and 35 nm for the
Fe90N10 and Fe85Zr5N10 films, respectively) is higher

than the critical size Dcr = 2(A/2π )1/2 [13] (where A
~ 10⎯6 erg/cm is the exchange interaction stiffness),
which is ~6 nm for the studied films. When the grain
size is less than the critical size, the exchange interac�
tion almost completely suppresses magnetization
inhomogeneities, in particular caused by demagnetiz�
ing fields.
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Grain boundaries of the Fe2N and α�Fe phases are
areas characterized by a broken symmetry of atomic
arrangement on the surface of ferromagnetic α�Fe
grains. The surface magnetic anisotropy [4] of the
films is estimated by the equation

(9)

where a is the lattice parameter of the α�Fe phase
(Table 2). The contribution of the surface anisotropy
to the local anisotropy field is

(10)

where 2  is the Fe2N�phase grain size (Table 2).

Table 6 shows the obtained Кs and Кa, s quantities. Note
that Eq. (10) was derived based on the assumption that
surfaces characterized by the surface anisotropy Ks are
spherical; for this surface, the Кa, s anisotropy is zero
due to the equivalence of all axes of the sphere. The
consideration of spherical grains with Eq. (10) is pos�
sible since the model, which is used to process the X�
ray diffraction pattern, determines the grain size
assuming their spherical shape.

After subtracting the КME, КMS, and Кa, s contribu�
tions from the Keff quantity (Table 6), it becomes close
to the magnetocrystalline anisotropy costant for bcc
iron, which is ~ 4.8 × 105 erg/cm3. Thus, it can be seen
that the high constants of the effective local magnetic
anisotropy for the studied Fe�based films most likely
comprise the КME, КMS, and Кa, s contributions.
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Fig. 2. Magnetostriction of Fe film as a function of Н–1/2.

Table 5. Saturation magnetostriction (λs) of the studied
films

Film Fe Fe90N10 Fe95Zr5 Fe85Zr5N10

λs, 10–6 17 ± 3 –8 ± 2 7.5 ± 0.5 21 ± 2
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Components of Macroscopic Magnetic Anisotropy

We assume that, in the case of partial suppression of
effective local anisotropy by exchange interaction, it is
the magnetoelastic anisotropy that makes the main
contribution to the coercive force. In this case, we can
estimate the coercive force of films by equation 

σ
Hc =

(3/2)λsσ/Ms using measured values of macrostresses
(σ from Table 3) and saturation magnetostrictions (λs
from Table 5). The obtained 

σ
Hc vquantities (Table 7)

substantially exceed the coercive force Нc determined
from the hysteresis loops (Tables 4 and 7). This fact
confirms indirectly the above statement that the Нc
magnitudes for the studied films are determined by the
properties of stochastic domains.

It is known [14] that, in the case of two main
sources of the macroscopic magnetic�anisotropy
energy with comparable volume fractions, the dM/dH

differential susceptibility curve exhibits two peaks. The
dM/dH curve for the studied films is described ade�
quately by the sum of two Lorentz functions with
peaks corresponding to the magnetic fields Hc and 

σ
Hc

as follows (Fig. 3):

(11)

where ω1 and ω2 are the integral widths of the peaks
and V1 and V2 are the peak areas. The V1 and V2 frac�
tions in the film volume (Table 7) have substantially
different magnetic anisotropy energies (associated
with Hc and 

σ
Hc, respectively). The fairly adequate

coincidence of the estimated 
σ
Hc quantities (Table 7)

with the position of second peak in the dM/dH curve
(Fig. 3) indirectly confirms the magnetoelastic nature
of magnetic anisotropy of the V2 volume fraction. The
V2 volume fraction with the magnetic anisotropy that
determines the 

σ
Hc quantity has the smaller autocorre�

lation radius in the film plane compared to that of the
V1 volume fraction with the magnetic anisotropy
determining the Hc magnitude. This follows from
equation RL = Rc(HR/D1/2〈Ha〉)

1/2, which, for the V1
and V2 volumes, differs only in the D1/2〈Ha〉 quantity
that is proportional to Hc or 

σ
Hc for the corresponding

volumes V1 or V2, respectively.
Based on the aforesaid, we can conclude that the

magnetic anisotropy in volume V1, which determines
the coercive force, is caused by the suppression of local
anisotropy by exchange interaction (that couples
grains in stochastic domains), whereas the magnetic
anisotropy for volume V2, which affects the hysteresis
loop shape, is determined by magnetoelastic energy
from macrostresses.

The magnitudes of relative remanence Mr/Ms
(Table 4, Fig. 4) can be explained as follows. The mag�
netostriction (λs) and macrostresses (σ) in the Fe and
Fe90N10 films have the same sign. This increases the
squareness of hysteresis loops (easy magnetization
axes of magnetoelastic anisotropy are in the film
plane). The magnetostriction (λs) and macrostresses
(σ) in the Fe95Zr5 and Fe85Zr5N10 films are opposite in
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Table 6. Components of effective local magnetic anisotropy Keff

Sample Fe Fe90N10 Fe95Zr5 Fe85Zr5N10

Keff, 105 erg/cm3 10.1 ± 3.4 12 ± 2.9 6.4 ± 0.8 10.5 ± 0.7

KME, 105 erg/cm3 1.6 ± 0.3 0.7 ± 0.2 0.28 ± 0.03 0.83 ± 0.32

KMS, 105 erg/cm3 3.5 ± 0.5 4.2 ± 0.4

KS, erg/cm2 0.139 ± 0.025 0.067 ± 0.017 0.062 ± 0.004 0.18 ± 0.02

Ka, S, 105 erg/cm3 0.13 ± 0.04 0.67 ± 0.08

K1, 105 erg/cm3 4.8 (magnetocrystalline anisotropy constant of bcc Fe [10])

Table 7. Parameters of macroscopic magnetic anisotropy

Film Hc Oe
σ
Hc, Oe V1, % V2, %

Fe 13 ± 2 220 87 13

Fe90N10 90 ± 5 245 92 8

Fe95Zr5 45 ± 5 146 66 34

Fe85Zr5N10 40 ± 5 127 65 35
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Fig. 3. Field dependence of differential susceptibility
dM/dH of the Fe85Zr5N10 film.
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sign. This fact results in the substantial volume frac�
tion of the perpendicular anisotropy (magnetic anisot�
ropy of V2) and Mr/Ms < 0.5. It is important to note
that, in contrast to the saturation magnetization and
coercive force, the relative remanence Mr/Ms is
affected by the demagnetizing factor of a sample. The
demagnetizing factor in the film plane is N ≤ 7hf /l,
where hf is the film thickness and l is the film length
along the magnetic measurement direction [15]. The
maximum demagnetizing field for the studied films is
HN = –NMs and does not exceed –0.6 Oe, which is
several times lower than the error of measurements for
points in the hysteresis loop.

CONCLUSIONS

The nanocrystalline Fe, Fe95Zr5, Fe90N10, and
Fe85Zr5N10 films prepared by magnetron sputtering
have been studied. The experimentally determined
effective local magnetic anisotropy of the films is con�
sidered to be the sum of contributions from the mag�
netocrystalline, magnetoelastic, magnetostatic, and
surface anisotropies. It is shown that the shape of hys�
teresis loops of the studied films is determined by the
existence of two main components of macroscopic
magnetic anisotropy; one of them is caused by sto�
chastic domains determining the coercive force, while
the other is related to the magnetoelastic anisotropy
due to internal residual macro stresses and magneto�
striction, which affect the shape of the hysteresis loop.
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Fig. 4. Hysteresis loops for the Fe90N10 and Fe85Zr5N10
films.


