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A B S T R A C T

The Fe100-xZrx (with x = 6–13 at%) films are formed on glass-ceramic substrates by ion-beam deposition. The 
structural and magnetic states of the films were analyzed using X-ray diffraction, Mössbauer and magneto-optical 
(based on transverse Kerr effect) spectroscopy, and magnetometry. All measurements were performed at room 
temperature for as-deposited films and the films annealed at 300 and 500◦С. Analysis of the whole set of ob
tained data shows that a mixed (nanocrystalline + amorphous) structure forms in the films. The nanocrystalline 
phase is the Zr solid solution in α-Fe, α-Fe(Zr). The as-deposited films with the high Zr content (х > 8.3 at%) are 
characterized by dominant amorphous constituent, whereas the films with х ≤ 7.1 at.% are nanocrystalline and 
characterized by a very low content of the amorphous constituent. Since, at room temperature, the α-Fe(Zr) 
phase is ferromagnetic and the amorphous one is paramagnetic, the magnetic properties of the films in the as- 
deposited and annealed states are determined by relative content of these structural constituents and by Zr 
content in the α-Fe(Zr) phase. This fact explains abrupt changes in the magnetic properties of the as-deposited 
films when x changes from 7.1 to 8.3 at% and an increase in the magnetization of the films with x > 8.3 at% 
after the annealing at 500◦С leading to an increase in the nanocrystalline phase content.

1. Introduction

Nanocrystalline and amorphous ferromagnetic alloys are rather 
promising as soft magnetic materials for applications in modern mag
netic microelectronics [1]. Iron-containing alloys are important in the 
design of such materials and form the basis for a new family of soft 
magnetic Fe-MeIV-X films (where MeIV are IVa Group metals and Х is C, 
N, O, and B) with the nanocrystalline precipitation-strengthened struc
ture [2]. In particular, Fе-Zr-N [3] and Fe-Ti-B-based [4,5] films with the 
nanocrystalline precipitation-strengthened structure formed in the 
course of magnetron deposition followed by the annealing can exhibit 
the high saturation magnetization, low coercive field, and high magnetic 
permeability at up to gigahertz frequencies and are characterized by the 
thermal stability of the structure, which make them competitive with 
amorphous and nanocrystalline soft magnetic materials prepared by the 
melt spinning [6–10].

As is known, materials prepared by melt spinning and sputtering are 
usually characterized by the so-called mixed structure that comprises 
the coexisting amorphous and nanocrystalline phases; in this case, the 
relationship between volume fractions of these phases affecting the main 
magnetic characteristics depends on the preparation method of material 
and technological parameters [6–8]. The control of the magnetic prop
erties of such alloys requires a detailed understanding of their phase and 
structural states at the nanoscale [8–11].

A lot of publications on Fe-Zr alloys with Zr content of about 10 at% 
appeared 40 years ago in connection with the study of amorphous alloys, 
which are prepared by various methods, in particular, by melt spinning, 
sputtering, and mechanical alloying [9–12 and references therein]. In 
the studies of their magnetic properties using neutron diffraction, 
Mössbauer spectroscopy, and magnetometry [9–12], it was assumed 
that the alloys would be in an amorphous state. The revealed features of 
the magnetic properties were related to the inhomogeneous iron 
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distribution, which is intrinsic to the amorphous state. At room tem
perature, the studied amorphous Fe100-xZrx alloys were paramagnetic 
(the maximum Curie temperature does not exceed 226 K); as the tem
perature decreases, either uniform ferromagnetic state, or non-uniform 
ferromagnetic state with unidirectional anisotropy, or spin-glass state 
was formed depending on the Zr concentration [9–12]. The widespread 
interest in Fe-Zr alloys is related to the anomalous and abrupt change in 
their magnetic properties at certain Zr content. In addition, Fe-Zr alloys 
are spectacular representatives of a wide range of soft magnetic Fe-based 
alloys. In the course of our long-term studies of soft magnetic alloys 
based on Fe, in particular Fe-Zr-N, we realized that a complete under
standing of the structural and magnetic properties of Fe-Zr alloys has not 
been achieved yet.

Taking into account the modern concept on the formation of mixed 
(amorphous + nanocrystalline) structure [6–8] in nanocrystalline al
loys, it is of interest to study the structure of the Fe100-xZrx films with a 
wide Zr composition range using various mutually complementary 
methods.

In the present study, the structure at both macro and micro levels and 
magnetic properties of the Fe100-xZrx films with x = 6.0–13.0 аt.% 
formed by the ion-beam deposition followed by annealing at 300 and 
500⁰C are investigated using magneto-optical and Mössbauer spectros
copy, X-ray diffraction, and magnetometry. The analysis of the whole set 
of obtained experimental data allowed us to identify the complicated 
phase-structural and magnetic states of the films both in the bulk of the 
material and in its near-surface area.

2. Materials and methods

The Fe100-xZrx films with х = 6.0, 7.1, 8.3, 11, and 13 at% were 
obtained on glass-ceramic substrates (270 ×60 ×0.5 mm3 in size, ST- 
50–0.6 grade) by ion-beam deposition using a Fe-Zr composite target. 
The target is a Zr sheet (280 ×80 mm2 in size) coated with Fe stripes, the 
spacing between which increases from one end of target to the other, 
owing to the fact, the Fe-to-Zr ratio in the as-deposited films was varied. 
The films were deposited in an Ar atmosphere at U = 20 V and I 

= 80 mA. The film thickness values are listed in Table 1. A nano
crystalline Fe film was formed for comparison. Samples were annealed 
at 300 and 500◦С for 1 h in a vacuum of no worse than 4⋅10− 4 Pa.

The quantitative and qualitative phase analysis of the structure of the 
formed films was performed by X-ray diffraction technique. The studies 
were carried out using an Ultima IV (Rigaku, Japan) diffractometer 
equipped with a graphite monochromator, with the use of Bragg- 
Brentano geometry and CuKα radiation. The diffraction patterns were 
taken in the 2θ angular range from 20◦ to 120◦ at a step of 0.2◦.

To eliminate the contribution of substrate material to diffraction 
patterns, the diffraction pattern of glass-ceramic substrate was sub
tracted from all experimental diffraction patterns. The phase composi
tion and volume fractions of crystalline phases and their lattice 
parameters a were determined by the Rietveld method [13]. The anal
ysis of fine structure of the films (grain size D and the Gaussian 
root-mean square microstrain at the grain scale) was fulfilled by sepa
ration of block and strain broadening effects [14,15]; in this case, PHAN 
and PHAN% [16] software was used. Note that we determined the 
broadening associated with microstrain only to separate it from the 
broadening associated with grain size, and we do not discuss it further. 
Additionally, the lattice parameter a was calculated, and wide peaks 
were resolved into components, using positions of center of gravity 
(2θmax) of high-angle (211) and (220) reflections of α-Fe, via the fitting 
of patterns with the pseudo-Voigt function. The coherent domain, CD 
(short-range ordered area) or very fine grain size in the amorphous (in 
terms of X-ray diffraction) phase was determined by the Scherrer 
formula 

D =
λ

βcosθ
, (1) 

where D is the coherent domain size and β is the integral angular width 
of the peak.

Static magnetic properties of the films were studied at magnetic 
fields up to 15 kOe using a LakeShore 7407 vibrating-sample magne
tometer (VSM). The error of measuring of saturation magnetization did 
not exceed 10 %.

Magneto-optical (MO) properties of the films were studied in the 
transverse Kerr effect geometry. The transverse Kerr effect (TKE) is the 
relative intensity change of p-polarized light reflected from a sample 
upon its magnetization. Therefore, the field dependences of the TKE 
characterizes the magnetization process of near-surface layers, whereas 
the spectral dependences of TKE reveal specific features of the electron 
structure of films, which are related to their structural state [17]. This 
fact determines the possibilities of MO spectroscopy for the study of 
peculiarities of amorphous and nanocrystalline states, in particularly, of 
Fe-Zr films. Field dependences of the TKE were measured at different 
wavelengths at a magnetic field of up to 3 kOe and the spectral de
pendences of the TKE were measured in the range of 0.5–3.85 eV.

Mössbauer spectra from 57Fe nuclei were taken using a MS-2020 
spectrometer operating in a constant acceleration mode with a trian
gular shape of the time dependence of the source velocity relative to the 
absorber, namely, the film under study. As a source of γ quanta, 57Co 
nuclei in Rh matrix with a radioactivity of 9 mCu were used. Mössbauer 
spectra were calibrated at room temperature with a standard α-Fe 
absorber. The processing and analysis of spectra were performed using 
methods for the model interpretation and determining the hyperfine 
parameter distributions by SpectrRelax software [18]. All measurements 
were carried out at room temperature.

3. Results and discussion

3.1. X-ray diffraction analysis

X-ray diffraction (XRD) patterns taken for the films under study are 
shown in Fig. 1; Table 1 gives the determined structure parameters. Full- 

Table 1 
Structural parameters obtained by XRD analysis of the Fe100-xZrx films.

x, at% Thickness, 
µm

Тan, ◦С Phase Grain size 
D, nm

a, Å (using 
2θmax)

6.0 0.99 As- 
deposited

α-Fe(Zr) 20.0 2.898
amorphous ​

300 α-Fe(Zr) 25.1 2.896
amorphous ​ ​

500 α-Fe(Zr) 19.9 2.878
amorphous ​ ​

7.1 1.27 As- 
deposited

α-Fe(Zr) 15.6 2.926
amorphous ​

300 α-Fe(Zr) 12.2 2.917
amorphous ​ ​

500 α-Fe(Zr) 15.7 2.896
amorphous ​ ​

8.3 1.40 As- 
deposited

α-Fe(Zr) 7.2 2.929
amorphous 2.4*

300 α-Fe(Zr) 9.2 2.923
amorphous 2.4* ​

500 α-Fe(Zr) 10.7 2.871
11.0 1.52 As- 

deposited
amorphous 2.0*

300 amorphous 2.0*
500 α-Fe(Zr) 3.1 2.875

amorphous 2.0* ​
13.0 1.43 As- 

deposited
amorphous 1.9*

300 amorphous 1.9*
500 α-Fe(Zr) 2.4 2.879

amorphous 1.8* ​

* Fe-based amorphous phase in terms of XRD with ferromagnetic CDs/grains
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Fig. 1. XRD patterns of the as-deposited films with x = 6.0 (a), 7.1 (b), 8.3 (c), 11 (d), and 13 (e) and the films annealed at 300 and 500◦С; the experimental X-ray 
reflection (grey symbol) near 2θ ≈ 44◦ and its approximation (red curve) are shown. Insets demonstrate distinguishing the contributions of amorphous and crystalline 
constituents to the experimental X-ray reflection, which was performed using the Lorentzian function (wide black peaks, corresponding to the amorphous phase) and 
pseudo-Voigt function (narrow black peaks, corresponding to crystalline phase).
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profile XRD patterns (Fig. 1a-c) taken for the films with x = 6.0, 7.1, and 
8.3 demonstrate the intense reflection corresponding to 2θ ≈ 44◦, weak 
reflection corresponding to ≈ 82◦, and even a weaker reflection corre
sponding to ≈ 64◦; the angular positions of the reflections are close to 
those of the (110), (200), and (211) reflections related to pure iron. This 
fact allows us to identify the crystalline state of the films characterized 
by a pronounced (110) axial texture along the normal to the film plane. 
The angular positions of the reflections are shifted to the 2θ low-angle 
range relative to the positions of the (110), (200) and (211) re
flections of pure α-Fe; in this case, as the Zr content increases, the shift 
becomes more substantial. This fact suggests the formation of a phase 
with the body-centered cubic (bcc) structure with lattice parameters of 
2.898, 2.926, and 2.929 Å for the films with x = 6.0, 7.1, and 8.3, 
respectively (Table 1), which exceed that of α-Fe (2.866 Å). The ob
tained data reveal the formation of the α-Fe(Zr) supersaturated solid 
solution, the degree of supersaturation of which increases with the Zr 
content in the film. Herein, the grain size D of this phase decreases from 
20 nm (for the film with x = 6.0) to 7.2 nm (for the film with x = 8.3, 
Table 1) according to the mechanism of the solid solution strengthening.

In the case of the equilibrium Fe-Zr system [19], the Zr solubility in 
α-Fe is insignificant; it does not exceed 0.1 at%. Physical mechanisms 
underlying the formation of α-Fe(Zr) supersaturated solid solution under 
non-equilibrium conditions are considered in [20].

The nanocrystalline structure always contains an amorphous phase 
located within grain boundary areas. As the grain size decreases and 
grain boundaries become wider, the content of amorphous phase in
creases [6–8,21,22]. The formation of intergranular regions by the 
amorphous phase in nanocrystalline materials is the well-known fact 
established in numerous works [6–8,21,22]. This is confirmed by our 
transmission electron microscopy (TEM) studies on other Fe-based 
nanocrystalline films [5,23,24]. An amorphous structure of FeZr films 
of compositions close to x ≥ 11 has been demonstrated by TEM in some 
publications [21,22].

We were not able to reveal the presence of the amorphous phase in 
the films with x = 6.0 and 7.1 by XRD. Mössbauer spectroscopy data 
(subSection 3.2) suggest the presence of the amorphous phase in the 
films.

X-ray diffraction patterns taken for the films with x ≥ 8.3 demon
strate wide reflections localized in an angular range of 2θ ≈ 43–45◦

(Fig. 1c-e), which are pronounced for the films with х = 11 and 13 
(Fig. 1d, e). This fact allows us to conclude that the films with x = 11 and 
13 are amorphous in terms of X-ray diffraction and to consider zirco
nium as an amorphizer for iron; the higher the Zr content, the higher the 
degree of amorphization of iron. The phase-structural state of the film 
with x = 8.3 is intermediate between the films with the lower and higher 
Zr content.

The experimental X-ray reflections near 2θ ≈ 43–45◦ for the films 
with x ≥ 8.3 (Fig. 1c-e, grey dots) were fitted (Fig. 1c-e, red line) and 
separated into (1) a wide peak corresponding to the amorphous phase 
using the Lorentzian function and (2) a narrow peak corresponding to 
crystalline phase using the pseudo-Voigt function (Fig. 1c-e, black 
curve). Note that the crystalline phase in these films is formed in the 
form of short-range ordered areas (CDs) or very fine grains which size, 
estimated by the Scherrer Eq. (1), is 2.4, 2.0, and 1.9 nm for the films 
with х = 8.3, 11, and 13, respectively (Table 1).

The obtained results agree well with fundamental knowledge on 
eutectic alloys. According to the equilibrium Fe-Zr phase diagram [19], 
the alloys with 8–10 аt.% Zr correspond to the eutectic. The eutectic 
alloys have the constant low solidification temperature, and, therefore, 
prone to the supercooling during rapid cooling (quenching from the melt 
or vapor) and to the formation of amorphous structure. At a cooling rate 
of 1014 K (solidification from the vapor), in Fe-based films, the so-called 
amorphous structure in terms of X-ray diffraction forms, which is the 
Fe-rich amorphous matrix containing CDs or very fine grains enriched in 
Fe; the quantity of CDs/grains and their sizes depend on the preparation 
conditions and film composition [5,25–27].

The annealing of the films at 300 and 500◦С leads to a modification 
of the XRD pattern observed for the as-deposited films (Fig. 1); the 
changes are clearer pronounced after annealing at 500◦С. Positions of 
reflections of the bcc phase in the films with x ≤ 8.3 become shifted 
toward high 2θ angles and approach positions for pure Fe; in this case, 
the intensity of (110) reflection increases. XRD patters of the films with 
x = 11 and 13 exhibit additional narrow reflections alongside with the 
wide reflection, which are observed at 2θ ≈ 44◦ and 2θ ≈ 82◦ and 
correspond to the (110) and (211) planes of the bcc lattice of the α-Fe- 
based phase. This demonstrates that the annealing of the films leads to a 
decrease in the amorphous phase content (crystallization process) and, 
therefore, to the increase in the crystalline phase content and decrease in 
the Zr content in the α-Fe(Zr) solid solution.

3.2. Mössbauer spectroscopy

In general, experimental Mössbauer spectra of the films are the 
combination of two subspectra, namely, magnetically ordered sub
spectrum (in the form of a sextet) and paramagnetic-type subspectrum 
(Fig. 2). According to the data given in Fig. 2, the as-deposited films with 
x = 6.0 and 7.1 comprise a considerable amount of magnetically or
dered phase in contrast to the films with x = 8.3, 11, and 13, for which 
the Mössbauer spectra visually exhibit almost only paramagnetic-type 
subspectrum. After annealing at 500◦C, the spectra of the films of the 
latter compositions exhibit the formation of magnetically ordered 
subspectra.

To choose the optimum fitting model for the Mössbauer spectra, 
using as an example the Fe100-xZrx film with x = 7.1, the hyperfine 
magnetic field distribution p(Hn) at a 57Fe

nucleus and quadrupole splitting distribution p(Δ) were recon
structed if there are possible linear correlations with the other hyperfine 
parameters of spectra. Fig. 3 shows the reconstruction result. The ob
tained hyperfine magnetic field distribution p(Hn) and, therefore, the 
isomer shift distribution p(δ) for the spectrum (assuming the linear 
correlation between the isomer shift δ and hyperfine magnetic field Hn) 
allow us to conclude that the magnetically ordered subspectrum corre
sponds to the crystalline phase with the bcc structure (space group 
Im3m), which, according XRD data (subsection 3.1), was identified as a 
metastable phase, namely, the supersaturated α-Fe(Zr) solid solution. 
The existence of almost equidistant local maxima in the p(Hn) (p(δ)) 
distribution, which can be assumed corresponding to different numbers 
of Zr atoms in the nearest environment of Fe atoms, attracts the atten
tion. Note that the substitution of Fe atom for Zr atom in the nearest 
environment of Fe atoms leads to the decrease in both hyperfine field (in 
average by ≈ 30 kOe) and isomer shift of spectrum by ≈ 0.02 mm/s; in 
this case, the main peak (the most intense one) corresponds to a field of 
≈ 330 kOe which almost coincides with that of pure α-Fe.

In the case of the film with x = 7.1, the paramagnetic-type sub
spectrum is described by a wide asymmetrical single-mode quadrupole 
splitting distribution p(Δ) with the average value Δaver = 0.448 
± 0.028 mm/s and the value Δmax = 0.372 ± 0.070 mm/s correspond
ing to the distribution maximum (Fig. 3). The significant width of the 
distribution, namely ≈ 0.6 mm/s, is due to the local inhomogeneity of 
Fe atom environment in the regions being in the para- and super
paramagnetic states.

When fitting all spectra of the Fe100-xZrx films, the method for 
reconstructing the distribution of quadrupole splitting p(Δ) was used for 
the reconstruction of the paramagnetic-type subspectrum, assuming the 
linear correlation of isomer shift δ with the quadrupole splitting Δ.

At the next stage of processing of Mössbauer spectrum for the film 
with x = 7.1, we used the model fitting for the magnetically ordered 
subspectrum (Fig. 4). The model is a combination of four Zeeman sextets 
differing in intensities I and hyperfine magnetic fields Hn. In this case, it 
was assumed that the δ isomer shifts and quadrupole shift ε of resonance 
lines for these sextets linearly depend on the number of Zr atoms in the 
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Fig. 2. Mössbauer transmission (%) spectra of the studied Fe100-xZrx films with different Zr content in the (a) as-deposited state and (b) after annealing at 500◦C.
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nearest environment of Fe atoms.
It was found that the relative intensities of Zeeman sextets 

comprising the magnetically ordered subspectrum for the films with 
x = 7.1 correspond to the binomial distribution (Fig. 5), which means 
the almost random (equally probable) Zr atom distribution over Fe atom 
sites in the bcc lattice of α-Fe. Subsequently, the random (equally 
probable) Zr atom distribution over Fe atom sites was used in fitting all 
magnetically ordered subspectra. This allowed us to estimate the Zr 
atom concentration cZr in the α-Fe(Zr) crystalline phase formed in the 
films with x ≤ 7.1 in the course of deposition and in the films with 
x > 7.1 after the annealing.

The model fitting of the magnetically ordered subspectrum for the 
film with x = 7.1 allowed us to obtain values of the hyperfine magnetic 
field Hn(m) for each of Zeeman sextets. These values confirmed almost 
linear decrease in the field as the number m of Zr atoms in the nearest 
environment of Fe atom increases (Fig. 6): Hn(m) = Hn(0) + ΔHn⋅m, with 
parameters Hn(0) = 327.9 ± 1.2 kOe and ΔHn = –30.3 ± 1.7 kOe.

In assuming the linear dependences of the spectral shift δ(m) and 

quadrupole shift ε(m) of resonance lines of Zeeman sextets on the 
number m of Zr atoms in the nearest environment of Fe atom: δ(m) 
= δ(0) + Δδ⋅m, ε(m) = ε(0) + Δε⋅m, the following parameters were ob
tained: δ(0) = 0.017 ± 0.006 mm/s, Δδ = –0.023 ± 0.012 mm/s and 
ε(0) = 0.012 ± 0.006 mm/s, and Δε = 0.008 ± 0.012 mm/s.

When processing the experimental spectra for the as-deposited (with 
x = 8.3, 11, and 13) and annealed (with x = 11 and 13) films, in which 
the relative contribution of magnetically ordered subspectrum was very 
low and almost not observed visually, it was assumed that, as the 
number m of Zr atoms in the nearest environment of Fe atom increases, 
the isomer shift decreases linearly from Δδ = –0.02 mm/s, whereas the 
quadrupole shift remains unchanged (Δε = 0 mm/s).

Fig. 7 shows the results of processing of the Mössbauer spectra for all 
films under study by model fitting of magnetically ordered subspectrum 
and the reconstruction of quadrupole splitting distribution for 
paramagnetic-type subspectrum. We can see that the description of 
spectra in terms of the used model fitting is quite successful.

To some extent, the magnetically ordered subspectrum 

Fig. 3. (a) Mössbauer spectrum of the film with x = 7.1 and the result of its processing via reconstruction of distribution of hyperfine parameters of subspectra (the 
difference between the experimental and calculated spectra is shown under the experimental spectrum); reconstructed (b) hyperfine magnetic field p(Hn) and (c) 
quadrupole splitting p(Δ) distributions.
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corresponding to α-Fe(Zr)-phase crystallites is observed in the spectra of 
all as-deposited films; the relative intensity of the subspectrum (Imagn) 
decreases as the Zr concentration in the film increases (Fig. 8a). The 
abrupt decrease in the intensity Imagn is observed in passing from the film 
with x = 7.1 (Imagn = 75.4 ± 1.2 %) to the film with x = 8.3 (Imagn =

17.0 ± 1.6 %). The further increase in the Zr concentration leads to the 
decrease in the relative intensity Imagn down to 0 – 2 %. This is in a good 
agreement with the XRD data (subsection 3.1), which exhibit a decrease 
in the volume fraction of the crystalline phase and an increase in the 
volume fraction of the amorphous phase with increasing Zr content. The 
relative content of the α-Fe(Zr) phase largely determines the magnetic 
properties of the films (subsection 3.3).

The relative intensity Imagn for all films increases after annealing at 
500ºC and decreases as the Zr concentration increases (Fig. 8a). The 
intensity for the films with x = 6.0 and 7.1 increases only by 3 – 10 %, 
whereas for the films with x = 8.3, it abruptly increases from 17.0 
± 1.6 % to 76.2 ± 1.0 %. For the films with x = 11 and 13, which, in the 
as-deposited state, are characterized by very low content of the 
magnetically ordered α-Fe(Zr) phase, the increase in the intensity Imagn 
is ≈ 29 % and ≈ 10 %, respectively.

The Zr concentration cZr in the magnetically ordered α-Fe(Zr) phase 
in the as-deposited films with x = 6.0 and 7.1, which was determined by 
Mössbauer spectroscopy, turned out to be close to the Zr content in the 
film (black dots in Fig. 8b). For all films annealed at 500ºC, an increase 
in the content of the magnetically ordered α-Fe(Zr) phase with the 
substantially lower Zr concentration cZr, as compared to the nominal Zr 
concentration in the film (Fig. 8b), is observed. The data on the decrease 
in the Zr concentration in the α-Fe(Zr) phase and increase in the content 
of the phase agree well with XRD data (subsection 3.1), according to 
which the annealing leads to the depletion of the supersaturated α-Fe 
(Zr) solid solution with Zr. The data obtained by both methods suggest 
that the annealing leads to the partial transformation of the metastable 
structure formed in the course of deposition toward the equilibrium 
state.

Fig. 4. (a) Mössbauer spectrum of the film with x = 7.1 and the result of its processing with model fitting of magnetically ordered subspectrum and (b) recon
struction of quadrupole splitting distribution p(Δ) for paramagnetic-type subspectrum.

Fig. 5. Relative intensities I(m) of Zeeman sextets comprising the magnetically 
ordered subspectrum vs. number of Zr atoms in the nearest environment of Fe 
atoms in the α-Fe(Zr) phase for the film with x = 7.1 (open circles) and bino
mial distribution for the same Zr concentration in the film (dots and solid lines).

Fig. 6. Dependence of hyperfine magnetic field Hn on the number m of Zr 
atoms in the nearest environment of Fe atom in the α-Fe(Zr) phase for the film 
with x = 7.1.
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Fig. 7. Results of the processing of Mössbauer transmission (%) spectra of all studied (a) as-deposited films and (b) films annealed at 500 ⁰C with the model fitting of 
magnetically ordered subspectrum and the reconstruction of quadrupole splitting distribution for paramagnetic-type subspectrum.
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Fig. 9 shows the concentration dependences of the average isomer 
shift and linear correlation coefficient Δ(δ)/Δ(Δ) between the shift δ and 
quadrupole splitting Δ for paramagnet-type subspectra in the spectra of 
as-deposited and annealed at 500ºC films.

The data presented in Fig. 9 indicate that the average values of the 
isomer shift for the as-deposited films with x = 6.0 and 7.1 and annealed 
films with x = 6.0, 7.1, and 8.3 are positive, whereas the linear corre
lation coefficients are almost zero (the corresponding data in Fig. 9 are 
shown with blue dashed rectangles). The paramagnetic-type subspectra 
with such parameters can be related to iron-containing phases being in 
paramagnetic and superparamagnetic states. Based on the spectrum 
intensities, the corresponding regions occupy a small part of film vol
ume; it is likely that they correspond to amorphous interlayers between 
magnetically ordered regions characterized by the high Fe concentration 
(subsection 3.1). At the same time, the average isomer shift for the as- 
deposited films with x = 8.3, 11, and 13 and annealed films with с 
x = 11 and 13 is negative and equal to –0.05 mm/s, whereas the linear 
correlation coefficients Δ(δ)/Δ(Δ) are positive and equal to ~ + 0.15 
(the corresponding data in Fig. 9 are shown with green dashed rectan
gles). Such values of the parameters allow us to definitely relate the 
corresponding subspectra to the amorphous phase (see for example, [11, 
28]). The existence of the positive correlation Δ(δ)/Δ(Δ) > 0 for these 
subspectra reveals the local inhomogeneity of nearest environment of Fe 
atoms, i.e., demonstrates the existence of amorphous state of Fe atoms. 
In this case, a correlated increase or decrease in the isomer shift (Fig. 9a) 
and in the quadrupole splitting (Fig. 9b) takes place at passing between 
Fe atomic sites. The former occurs due to a change in the electron 

density, and the latter occurs due to a change in the gradient of electric 
field resulting from the spatially nonuniform charge distribution of both 
itinerant electrons and ions in the vicinity of 57Fe.

3.3. Magnetometry

All studied films are ferromagnets characterized by well-defined 

Fig. 8. (a) Relative intensity Imagn of subspectrum of magnetically ordered α-Fe(Zr)-phase crystallites and (b) Zr concentration cZr in the α-Fe(Zr) phase in the Fe100- 

xZrx films in (black circles) as-deposited films and (red circles) films annealed at 500ºC vs. Zr content x; black points correspond to cZr = x.

Fig. 9. (a) Average isomer shift δ and (b) linear correlation coefficient Δ(δ)/Δ(Δ) between the isomer shift δ and quadrupole splitting Δ for paramagnetic-type 
subspectra in the spectra of (black circles) as-deposited and (red circles) annealed at 500ºC films vs. Zr concentration x (at%).

Fig. 10. Hysteresis loops of as-deposited Fe100-xZrx films with x = 6.0 and 8.3.
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hysteresis loops measured by VSM (Fig. 10). The abrupt changes in the 
magnetic properties of the as-deposited films are observed for the films 
with x = 7.1–8.3, for which the saturation magnetization Ms undergoes 
a several-fold decrease, the coercive field Hc has the maximum, whereas 
the relative remanence Mr/Ms is less than 0.5 (Тable 2). All the values 
imply the changes in the phase state of films with x = 7.1–8.3, which 
were demonstrated by XRD and Mössbauer spectroscopy data (sub
sections 3.1 and 3.2).

The films with x = 6.0 and 7.1 at% Zr are strong ferromagnets 
(Fig. 10) with the saturation magnetization Ms equal to 1420 and 
1277 G, respectively; the hysteresis loops are closing at ~150 Oe, and 
the magnetization is saturated in relatively low fields (the approaching 
to saturation begins at less than 400 Oe). The films with x = 8.3, 11, and 
13 are characterized by substantial fraction of paramagnetic phase, 
which manifests itself in the form of linear part of contribution to the 
magnetization curve (the effective susceptibility of entire sample, i.e., 
the film and substrate, is χ = (240− 480)•10− 5). Note that, here and 
further on, it is impossible to distinguish the paramagnetic susceptibility 
of the film and that of diamagnetic substrate; because of this, all data on 
the measured magnetic parameters for the films are given after sub
traction of paramagnetic contribution from the magnetization curve.

The saturation magnetization Ms of the films with x = 8.3, 11, and 13 
decreases from 390 to 26 G. This is related to the formation of an 
increasing quantity of paramagnetic amorphous phase and decrease in 
the content of the ferromagnetic crystalline phase with increasing Zr 
concentration in the films. The values of the coercive field Hc (the 
maximum of which corresponds to x = 8.3) also reflect changes in the 
quantitative relationship between the crystalline and amorphous phases 
in these films.

Note that, for the films with x = 8.3, 11, and 13, the ferromagnetic 
hysteresis (Table 2) and the exchange interaction between CDs do not 
vanish (this is supported by the low coercive field Hc). This is evidence of 
the inhomogeneity of amorphous phase formed in the films, which is 
characterized by the presence of ferromagnetic regions in it. Such re
gions, as mentioned above, can have the form of relatively small ag
gregates of CDs or very fine grains (less than 1–2 nm in size), which are 
distributed over the amorphous Fe-based phase so that the possibility of 
exchange interaction between them is ensured, predetermining a low 
coercive field (Table 2) according to the random anisotropy model [8].

The annealing leads to a change in the magnetic properties of the 
films (Table 2) owing to the crystallization of the amorphous phase and 
depletion of the α-Fe(Zr) solid solution with respect to Zr (subsections 
3.1 and 3.2). The saturation magnetization of the film with х = 6.0 
changes slightly. The coercive field Hc increases about two times.

After annealing, a change in the shape of hysteresis loops of the films 
with х = 7.1 is qualitatively differs from that of the films with х = 6.0, 
namely, the uniaxial anisotropy field decreases, whereas the coercive 
field remains unchanged within the measurement error. The as- 

deposited films with х = 8.3 are characterized by the other crystalline- 
to-amorphous phase ratio as compared to that of the films with the 
lower Zr content; because of this, after annealing, they exhibit the other 
behavior, namely, the threefold increase in the saturation magnetization 
(Table 2) and the twofold decrease in the coercive field due to the in
crease in exchange interaction between grains of the crystalline phase.

The increase in the uniaxial anisotropy field after annealing, which is 
related to the crystallization arising in the amorphous phase, manifests 
itself also in the shape of hysteresis loops. Note that the low remanence 
Mr/Ms of the films can be related to, in particular, the existence of 
uniaxial anisotropy formed in the course of deposition.

The films with х = 11 and 13 exhibit the similar behavior. They 
demonstrate the abrupt changes in the magnetic properties after 
annealing (subsections 3.1 and 3.2). The saturation magnetization Ms of 
the as-deposited film with х = 11 is 39 G, which corresponds to a volume 
fraction of the α-Fe ferromagnetic phase of ~3 % (since the α-Fe(Zr) 
solid solution forms, and there is a possibility of presence of structural 
defects, the volume fraction of the ferromagnetic phase can be slightly 
higher). Ferromagnetic grains in these films are grouped to form sto
chastic domains [8]; this feature is supported by the low value of the 
coercive field Hc = 26 ± 5 Oe.

Note that the annealing at 300⁰С does not lead to substantial changes 
in the saturation magnetization Ms and coercive field Hc of the ferro
magnetic phase; this means that, at this temperature, the crystallization 
of the amorphous phase is rather faint, whereas after annealing at 
500⁰С, the saturation magnetization Ms of the films with х = 11 and х 
= 13 increases by an order of magnitude and by several times, respec
tively; in this case, the values of these parameters remain moderate, 
namely, 513 ± 16 and 229 ± 13 G, respectively. The increase in the 
magnetization of the amorphous phase related to the exchange inter
action between ferromagnetic CDs or between very fine grains, formed 
as a result of crystallization of the amorphous phase under corre
sponding time and temperature conditions of annealing, was considered 
in our previous study [5].

3.4. Magneto-optical spectroscopy

For metallic alloys, the magneto-optical (MO) response in the visible 
and near-infrared range is formed at a depth of 20–30 nm [29]; this fact 
allows one to study the magnetic properties of near-surface regions.

Fig. 11 shows MO spectra and field dependences of TKE of the films 
before and after annealing. Fig. 11a, in accordance with the structural 
studies (subsection 3.1, Table 1) and magnetic measurements (subsec
tion 3.3, Table 2), shows abrupt changes in the magnetic properties of 
the as-deposited films with increasing x from 7.1 to 8.3. As is seen in 
Fig. 11a, the shape of MO spectra of the films with х = 6.0 and 7.1 is 
almost identical to that of nanocrystalline α-Fe, but differs only in the 
amplitude. This means that the magnetic constituent, which is respon
sible for MO signal, is the ferromagnetic nanocrystalline α-Fe(Zr) phase. 
However, already for the film with x = 8.3, i.e., as the Zr concentration 
increases only by 1.3 at%, the MO signal not only decreases by an order 
of magnitude but also changes its spectral profile; in this case, the wide 
peak typical of α-Fе and α-Fe(Zr) phases in a range near 2.0 eV disap
pears. Thus, the MO spectroscopy data definitely indicate a change in 
the magnetic and structural state of the films, namely, from typical 
ferromagnetic state of the nanocrystalline structure for the film with 
x = 7.1 to the paramagnetic state for the film with x = 8.3 with amor
phous structure comprising ferromagnetic inclusions.

The magnetic field dependences of TKE for the films with x = 6.0 and 
7.1 exhibit the saturation in low fields (Fig. 11c); this fact implies a 
slight amount of the paramagnetic phase or superparamagnetic parti
cles, whereas the magnetization of the film with x = 8.3 increases lin
early at high magnetic fields (inset in Fig. 11c). This fact means that in 
the structure of the film, alongside with easily magnetized nano
crystalline ferromagnetic Fe-based phase, a phase having the same or 
close composition exists, which is located within the paramagnetic 

Table 2 
Static magnetic properties of the Fe100-xZrx films.

x, at% Тan, ⁰С Ms, G Hc, Oe MR/Ms

6.0 as-dep. 1420 ± 40 16 ± 7 0.39
300 1498 ± 90 23 ± 7 0.42
500 1400 ± 10 32 ± 5 0.29

7.1 as-dep. 1277 ± 60 41 ± 5 0.37
300 1464 ± 20 37 ± 5 0.27
500 1440 ± 25 36 ± 5 0.38

8.3 as-dep. 392 ± 10 80 ± 4 0.49
300 671 ± 20 58 ± 5 0.37
500 1260 ± 20 39 ± 5 0.22

11 as-dep. 39 ± 4 26 ± 5 0.41
300 41 ± 2 24 ± 5 0.66
500 513 ± 16 58 ± 5 0.23

13 as-dep. 26 ± 1 14 ± 5 0.42
300 39 ± 4 26 ± 5 0.66
500 229 ± 13 49 ± 5 0.33
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amorphous phase in the form of very fine grains and exhibits the 
superparamagnetic behavior. Therefore, the measured MO spectra and 
field dependences of TKE suggest the same transformation of the phase- 
structural state and magnetic properties near the surface and in the bulk 
(subsections 3.1–3.3). However, the differences also exist, which are 
considered below.

First, the comparison of field dependences of TKE in Fig. 11c and 
hysteresis loops measured with a vibrating-sample magnetometer 
(subsection 3.3 and Fig. 10) allows us to see that the saturation fields are 
different. In particular, the saturation field of TKE for the near-surface 
region of the film with x = 6.0 does not exceed 100–150 Oe 
(Fig. 11c), whereas for the entire film volume, it is 300–400 Oe (Fig. 10). 
This fact demonstrates the difference in the magnetic anisotropy fields 
for the near-surface region and the film bulk.

Second, according to the MO spectroscopy data, the maximum signal 
for the film with x = 8.3 at a field of 3.0 kOe at 2.0 eV is by about of 
eight times lower than that for the films with x = 6.0 and slightly differs 
from the maximum MO signal for the films with x = 11.0 (Fig. 11a). At 
the same time, the ratio of saturation magnetizations for the films with 
x = 6.0 and 8.3 is about 3 (see Table 2) and for the films with x = 8.3 
and 11, is about 10. It is generally accepted that the MO signal is pro
portional to the magnetization [17]; therefore, such an unusual 
contradiction with the magnetic data calls for an explanation. The 
observed effect can be related to the fact that the content of the ferro
magnetic phase in the near-surface layer in the film with x = 8.3 is lower 
than that far from the surface. In particular, this can be related to fact 
that a large amount of α-Fe-based phase fine grains is formed near the 
surface; these grains or their aggregates manifest themselves as super
paramagnets. These regions are not saturated at a field of 3.0 kOe, in 

which the MO spectra were measured, and decrease the recorded MO 
signal (Fig. 11a). The existence of such superparamagnetic regions is 
seen just for the film with x = 8.3 rather than for the film with x = 6.0 
both from the field dependences (inset of Fig. 11c) and Mössbauer 
spectroscopy data (Section 3.2). It is likely that the magnetic states of the 
near-surface region of the films with x = 8.3 and 11 are similar; this 
leads to insignificant differences in the MO signal for these composi
tions, whereas the resulting magnetizations differ by an order of 
magnitude. Note that the magnetically non-uniform state of the films, 
which is related to the formation of ferromagnetic regions differing in 
size and composition, leads to the fact that the MO signal can be not 
proportional to the magnetization. Recently, this fact was demonstrated 
in [17]. Indeed, the MO signal is determined by not only the magneti
zation but also the size, shape, and chemical composition of ferromag
netic regions (CDs, grains, or their aggregates) and their environment 
[17]. Because of this, the sum of MO signals of such ferromagnetic ob
jects is not proportional to the total magnetization.

After annealing at 300⁰С, the MO spectra of the films with х < 7.1 are 
unchanged as compared to those for as-deposited state; however, the 
MO spectra for the films with x > 7.1 become similar to those for 
nanocrystalline films but exhibit a shift of the peak position (Fig. 12). As 
the Zr concentration in the film increases, the peak position shifts from 
1.97 eV for α-Fe to 2.41 eV for the film with x = 13 (Fig. 12). Such a 
behavior of spectrum (Fig. 12) results from a superposition of the spectra 
for the film with x < 7 and the as-deposited film with х > 8 (see 
Fig. 11a), i.e., it follows from the shape of the MO spectrum for the films 
with х > 8 that, after annealing at 300⁰С, they comprise both the 
nanocrystalline ferromagnetic phase and small ferromagnetic regions 
located within the paramagnetic amorphous structural constituent. The 

Fig. 11. (a, b) Spectral and (c, d) field dependences of TKE for the Fe100-xZrx films differing in the Zr concentration in (a, c) as-deposited state and (b, d) after 
annealing at 500⁰С; inset in (c) shows the magnetic field dependence of ТКЕ(Н)/ТКЕ(Нmax) for the film with х = 8.3.
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annealing at 500⁰С leads to the further development of the crystalliza
tion of amorphous phase and disappearance of the shift of spectral peaks 
(Fig. 11b); the spectral profiles become similar to those of nano
crystalline α-Fe and α-Fe(Zr).

Note that, after annealing at 500⁰С, the maximum MO signal for the 
film with х = 13 becomes even higher than that for the nanocrystalline 
films with the low Zr content; for the films with х = 11 it is almost equal 
to that for nanocrystalline α-Fe (Fig. 11b). This suggests that Zr leaves 
the solid solution α-Fe(Zr); this is confirmed by XRD and Mössbauer 
spectroscopy data (subsections 3.1 and 3.2).

4. Conclusions

The comprehensive study of the phase and structural states, and 
magnetic properties of the Fe100-xZrx (х = 6–13 at%) films prepared by 
ion-beam deposition demonstrated that, at х < 7, the mixed (nano
crystalline + amorphous) structure forms, which consists of the domi
nant (in content) ferromagnetic nanocrystalline α-Fe(Zr) phase and 
paramagnetic amorphous areas; at x > 8, it transforms to the structure, 
which is presented by the main (in content) amorphous phase with 
ferromagnetic α-Fe(Zr)-phase regions (CDs, grains or their aggregates) 
≤ 2 nm in size located within the amorphous phase. This change of the 
phase and structural states with increasing x from 7.1 to 8.3 leads to a 
several-fold decrease in the saturation magnetization and the MO 
response amplitude and to the change of the MO spectral profile as well. 
As х increases to 11 and further to 13, the relative amount of the 
amorphous phase increases. The annealing of the films leads to the 
decrease in content of paramagnetic constituent, increase in content of 
ferromagnetic constituent, and a change in its composition from α-Fe 
(Zr) to α-Fe. The combination of the data obtained by XRD, magne
tometry, and by Mössbauer and magneto-optical spectroscopy allowed 
us to show that the ratio of amounts of the crystalline (ferromagnetic) 
and amorphous (paramagnetic) phases in the structure is determined by 
the Zr content in the films and its redistribution between phases in the 
course of annealing.

The difference of the magnetic properties in the near-surface region 
of films and in their bulk was discussed.

The obtained results suggest the possibility to purposefully control at 
the nanoscale the structural state of the Fe-Zr films with the nano
crystalline and/or amorphous structure in order to ensure the required 
level of magnetic properties.
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