
 

 

Chapter 6 

The induced uniaxial anisotropy in nitrogen 
containing soft magnetic iron alloys 

 
 

6.1. Introduction 

Films with vanishing magnetocrystalline anisotropy show very low values of the 
coercive field [Her96]. If one wants to use such films in applications at ultra-
high frequencies (UHF), in addition a well-defined uniaxial anisotropy must be 
present. If these two conditions are fulfilled the magnetization of the film 
perpendicular to the easy axis takes place by spin rotation. When an external AC 
field is applied perpendicular to the easy axis the magnetization oscillates with 
the field. The relative permeability in this case is given by the ratio between the 
saturation magnetization (MS) and the anisotropy field (HK). For thin films, 
where the eddy current losses can be neglected, this value can be maintained up 
to the ferromagnetic resonance (FMR) frequency which is proportional to 
(MSHK)1/2. In order to push this limit into the GHz range, films with saturation 
induction larger than 15 kG and a uniaxial anisotropy field in the range 10-50 Oe 
are desired. Extremely low values of the magnetocrystalline anisotropy can be 
obtained in materials composed of nanocrystalline grains coupled by magnetic 
exchange interaction [Her95]. 

Uniaxial anisotropy was observed in Fe-based materials containing 
interstitial atoms (like N or C) produced by sputtering under the influence of a 
magnetic field [Wan90]. Such a method is fully compatible with thin film 
technology. Anisotropic films can be obtained in the as-deposited state. No high-
temperature treatment is required. Moreover, it turns out that this type of 
anisotropy can be tuned to meet the requirements of the specific UHF 
application [Che02a, Che02c]. 
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In this chapter we discuss the microscopic origin and the structural 
effects of the uniaxial induced magnetic anisotropy in the Fe-Zr-N system. 

6.2. Experimental 

Fe–Zr–N films with a thickness between 50 and 200 nm were grown in a 
nanocrystalline structural state on Si wafers by dc magnetron reactive sputtering. 
Fe sheets, partially covered with Zr wires, were used as targets, giving a ratio 
Fe/Zr in the films of 99/1 or 97.5/2.5. The nitriding was controlled by varying 
the substrate temperature during deposition and/or the Ar/N2 gas mixture (7 or 
18 vol% N2). The combinations of target composition and sputtering mixture 
used are indicated in the legend of the figures. An 800 Oe magnetic field was 
applied in the plane of the samples during production. The thickness and 
composition of the films were measured by Rutherford back-scattering 
spectrometry (RBS) and elastic recoil detection (ERD). The phases, lattice 
spacing and nitrogen content were determined by standard X-ray diffraction 
(XRD). Nitrogen atoms randomly dissolved in the octahedral interstices of the α-
Fe phase produce lattice expansion. This expansion is proportional to the N 
content [Fer83]. Consequently, the N content can be estimated from the value of 
the lattice parameter of planes parallel to the surface of the sample. Two-
dimensional (2-D) XRD measurements were used for texture characterization. 
Transmission electron microscopy (TEM) was used for structure analysis. 
Hysteresis loops were recorded using a vibrating sample magnetometer (VSM). 
For samples with well-defined uniaxial anisotropy the anisotropy field was 
considered to be equal to the saturation field in the hard axis direction (Fig. 6.1). 
In the other cases, like in Fig. 6.2, the anisotropy field was obtained using the 
distribution function of the anisotropy determined by the method described in 
[Bar89]. 

6.3. Induced uniaxial magnetic anisotropy 

The Fe-Z-N films deposited in the presence of a magnetic field present a clear 
magnetic anisotropy (Fig. 6.1 and 6.2). There is an unambiguous difference in 
the magnetization behavior of the films when the magnetizing external field 
during the measurement is applied parallel (//) and respectively perpendicular 
(⊥) to a certain direction of the sample. The sample is easily magnetized i.e. low 
values of the field are required for the magnetization when the field is parallel to 
this direction. The direction is called easy axis and it is established during the 
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Fig. 6.1. Magnetic hysteresis cycles for a Fe91Zr2N7 film with 20 nm average grain size 
deposited at 200 °C. 
 

 
Fig. 6.2. Magnetic hysteresis cycles for a Fe83Zr2N15 film with 2 nm average grain size 
deposited at -50 °C. 
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Fig. 6.3. Magnetic hysteresis cycles for the sample in Fig. 6.2 after perpendicular 
magnetic annealing for 1h at 200 °C in pure H2 under a uniaxial magnetic field of 1 kOe. 
Here the new easy axis is rotated with 90º with respect to the initial direction. 

 
synthesis of the sample as being parallel to the applied magnetic field. In most 
cases the uniaxial induced anisotropy is well defined and has the same 
magnitude in any point of the sample. This gives as hysteresis loop in the hard 
axis direction a straight line (Fig. 6.1). Sometimes the samples present a 
distribution of the anisotropy (in magnitude and/or direction) and the hard axis 
loop is curved Fig. 6.2). Such an undesired effect can be remedied by 
perpendicular magnetic annealing at low temperature (< 250 ºC) as seen in Fig. 
6.3. By perpendicular magnetic annealing means annealing with the magnetic 
field perpendicular to the initial direction of the easy axis. In this way, the easy 
axis is rotated with 90° with respect to the initial direction. The fact that changes 
in the direction of the induced anisotropy take place at such low temperatures 
suggests that N atoms are responsible for this effect. At this temperatures the 
mobility of Fe and Zr atoms is practically negligible and only the interstitial N 
atoms can diffuse in the lattice. 

If the samples are produced in pure Ar, no N is present in the material 
and the films are isotropic. This observation also supports the assumption that 
the anisotropy is caused by N atoms. When the N content is varied the 
anisotropy field (HK) increases linearly with the N concentration [Che02c] (Fig.  
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Fig. 6.4. Variation of the induced uniaxial anisotropy as a function of interstitial N. 

 
6.4). Due to the high affinity between Zr and N, Zr-N pairs are formed in the 
sputtered films [Sal76]. In Fig. 6.4 one can observe a systematically lower value 
of the induced anisotropy for films containing 2.5 at% Zr as compared to films 
containing 1 at% Zr for the same amount of total N content. This suggests that 
Zr atoms trap useful N atoms and annihilate their contribution to the induced 
anisotropy. The conclusion is then that in Fe-Zr-N materials the free N is the 
main source of induced uniaxial anisotropy. There must exist different 
arrangements of these atoms, which results in different directions of the uniaxial 
anisotropy. 

6.4. The microscopic origin of the induced anisotropy 

The nitrogen atoms occupy interstitial octahedral positions in the bcc Fe matrix 
(Fig. 6.5). In such a position the N atom is coordinated by six Fe atoms. Four Fe  
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Fig. 6.5. Schematic representation two unit cells of the bcc Fe lattice with a N-filled 
octahedron in the [001] direction. 
 
atoms are situated in a {100} plane at a distance a/√2 from the center of the 
octahedron and two Fe atoms at a distance a/2 on an <001> axis perpendicular to 
the {100} plane, the octahedron axis.  

It has been known for a long time that the tetragonal symmetry of the N-
containing octahedron is the microscopic source of uniaxial magnetic anisotropy 
[Née51], [Vri59]. The easy axis direction is parallel to the axis of the 
octahedron. Experimental studies [Née51, Koh97] show that the anisotropy 
energy per N atom (E) is practically independent of the N concentration in Fe. 
The reported values for E are 0.37 meV/atom (for an Fe-N alloy with less than 1 
at% N) and 0.48 meV/atom (for an epitaxial Fe-N material with 10 at% N). 

Within a grain, the N atoms can occupy octahedral interstices oriented in 
one of the three <100> crystallographic directions. The occupancy probability is 
given by a Boltzmann distribution. It is considered that an equal distribution 
over the three directions is obtained at temperatures higher than 400 °C [Rie97]. 
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Below this temperature and in the absence of an external field an anisotropic 
distribution of N atoms is frozen. The N atoms occupy planes perpendicular to 
the direction of the induced anisotropy [Rie97]. In a polycrystalline layer, the 
induced magnetic anisotropy is obtained by adding the contributions from each 
individual grain. With E << kT (which is the case for our samples) the magnetic 
anisotropy energy KU can be written as: 
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where δ is a constant depending the texture of the layer, N is the nitrogen 
concentration in atoms/m3, E is the anisotropy energy per N atom, k and T are 
the Boltzmann constant and the absolute temperature respectively. 

The anisotropy field HK can be written as: 
 

SS

U
K MTk

EN
M
KH

222 δ
==  

 
where MS is the saturation magnetization. Taking into account that to first 
approximation MS and E are practically independent of the N concentration, this 
formula explains the approximately linear variation of the HK with N (Fig. 6.4). 
Then, HK can be written as: 

 
NHK ζ≈  

 
where ζ is a proportionality coefficient. 

There must be a relation between the direction of the anisotropy in the 
grains and the overall direction of the anisotropy. If this would not be the case 
the overall induced anisotropy would be practically zero. Our assumption is that 
the local direction of the anisotropy is in the <100> direction that makes the 
smallest angle with the overall direction of the anisotropy. For a material with 
(001) texture, the crystallites are oriented with the [001] axis perpendicular to 
the plane of the sample and with the [100] and [010] axes in the plane. In this 
case, the anisotropy direction in a crystallite will always be confined within an 
angle of 90° centered on the overall direction of the anisotropy and δ ≈ 0.15. 
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Fig. 6.6. Schematic representation of the possible grain orientations of a (110) textured 
material. The in-plane [001] direction can make any angle α with the HK direction as 
indicated by the dashed circle. The [100] and [010] directions are at 45º with respect to 
the surface and make an angle β with the HK direction. 

 
For a layer with (110) texture, the crystallites are oriented with the [001] 

axis in the plane of the film and the [100] and [010] directions at 45º with 
respect to the surface [Fig. 6.6]. For a grain having the [001] direction at an 
angle α with respect to the HK the angle between [100] or [010] and HK is given 
by: 

 







 −+= απβ
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Therefore, if α < 59.47º the local direction of the induced anisotropy is along 
[001]. If 59.47º < α < 90º the local anisotropy direction will be along one of the 
[010] or [100] directions. Using this integration limits one can calculate that δ ≈ 
0.08. 

From Fig. 6.4 we have determined that ζ ≈ 2 Oe/at% N and then the 
anisotropy energy per N atom in these films is E = 40 meV/atom. Such a value 
for E, remarkable close to that found in epitaxial martensite, suggests that in the 
Fe-Zr-N films all N atoms within a grain contribute to the induced anisotropy. In 
each grain, the N filled octahedra are oriented in the same crystallographic 
direction, the one closest to the direction of the induced anisotropy. 
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6.5. Structural effects 

The solubility limit of N in Fe is 0.24 at% at room temperature (RT). When N is 
present in Fe in a concentration above this value the compound is called 
martensite. At about 11 at% a stoichiometric compound with the bct structure is 
formed with the formula Fe16N2 and it is called α″ [Jac54]. The 11 at% is 
practically the concentration limit at which the lattice is still bct. Above this 
limit a more profound structure transformation takes place and the Fe atoms 
rearrange in a fcc structure with an N atom in the center of the unit cell. The 
stoichiometric phase is called γ′ and has the formula Fe4N.  

As can be concluded from the previous paragraph the presence of N 
interstitial atoms in Fe has a strong influence on the crystalline structure of the 
matrix. In material composed from large micrometer sized grains at an N 
concentration lower than 2.7 at% the extra volume required for the 
accommodation of N interstitial atoms is obtained by an overall lattice dilation 
[Bel67]. Above this value of the N content, the extra volume is obtained by 
tetragonal lattice dilation. Both structural effects are large, a few percent of 
volume increase at 10 at% N, and can be easily observed in XRD as shifts and/or 
splittings of the XRD lines [Fer83]. The 2.7 at% boundary between the cubically 
dilated and tetragonally distorted structures can be shifted to lower values if one 
uses annealing under uniaxial stress fields as reported in [Fer83], or annealing in 
a magnetic field. In the same time, it is expected that the limit can be shifted to 
higher values if additional energy terms for the structure of the films must be 
taken into consideration [Zen48] like for instance the influence of the surface 
anisotropy. 

The magnetic measurements of the sputtered films predict an almost 
complete distribution of interstitial N atoms on one out of the three possible 
orientations of the octahedral sites. We have used XRD in order to investigate 
the influence of these particular N distributions on the structure of Fe-Zr-N 
films. 

For several samples with grain size larger than 10 nm and N 
concentrations in the 5 to 8 at% range, we have performed texture 
measurements. All these samples present the same (110) texture as illustrated in 
Fig. 6.7. The intensity at ψ = 60º appears to be due to {110} planes (like (101), 
(110) or ( 011 )) at 60º with the (011) plane parallel to the surface of the sample 
(Fig. 6.8). Psi scans for in-plane orientations parallel and perpendicular to the 
magnetic anisotropy direction are identical (Fig. 6.9). Also they are not 
influenced by changes of the direction of the induced anisotropy obtained by 
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Fig. 6.7. Pole figure of the {110} reflection for a FeZrN film with 20 nm average grain 
size. 
 
 

 
 

Fig. 6.8. The geometry of the XRD experiments. N represents the normal to the surface 
of the sample and N60 represents the normal to (110) planes inclined at 60°. In the figure 
the structure is represented with the inclined planes in the diffraction position. 
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Fig. 6.9. Psi scan of the {110} reflection for two different in-plane orientations of the 
sample from Fig. 6.7. 
 

 
 
Fig. 6.10. XRD scans for (110) planes parallel to the surface of the sample (ψ = φ = 0º) 
and for (110) planes with different φ orientation and inclined at ψ = 60º with respect to 
the surface. 
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 magnetic annealing. We have measured θ-2θ scans for (110) planes parallel to 
the surface of the sample (ψ = φ = 0º) and for (110) planes with different φ 
orientation and inclined at ψ = 60º with respect to the surface (Fig. 6.10). The 
small shift (< 0.1°) and the extra broadening detected in the case of the inclined 
planes are instrumental effects. The conclusion of these measurements is that the 
interplanar distance between the crystallographic planes parallel to, and inclined 
from, the surface is the same. The grains in the sputtered films are overall dilated 
at concentrations of N as high as 8 at%. 

At higher N content, the strong broadening of the diffraction lines due to 
the reduced size of the grains (~2 nm) prevents such detailed observations. 
However, in these materials normal θ-2θ measurements and SAD patterns 
measured with TEM demonstrate that the films are (110) textured and present a 
bcc structure. This information combined with the values of the induced uniaxial 
anisotropy measured in these samples suggests that the conclusions for the 
samples with grain sizes larger than 10 nm can be extrapolated to samples with a 
finer structure. This remarkable material contains N in an unusual large 
concentration in the Fe bcc phase, up to 18 at%, and has high values of the 
induced anisotropy (28 Oe). At the same time, the saturation magnetization has a 
relatively high value, 16 kG [Cra02], and consequently a ferromagnetic 
resonance frequency at 1.8 GHz. 

Due to the small size of the grains in nanocrystalline alloys the driving 
force for the cubic to tetragonal transition must be too small to produce the 
phase transformation. The surface energy term, which in nanocrystalline 
materials is much more important than in large-grained materials, contributes to 
this effect (Fig. 6.11). Thus, in nanocrystalline materials preferred distributions 
of N atoms can be realized without producing a tetragonal lattice distortion. The 
extra space required for accommodation of interstitial N atoms is realized by an 
overall lattice dilation. 

In this way it is also explained why redirection of the induced uniaxial 
anisotropy can be easily obtained at relatively low temperatures (< 200 ºC). At 
these low temperatures only the N atoms are mobile. If the induced magnetic 
anisotropy were caused by, or accompanied by, a large tetragonal distortion, 
then large strains in the film should be present. It is not to be expected that a 
redirection of a significant tetragonal distortion could take place at this low 
temperature. 
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Fig. 6.11. Schematic representation of structural and magnetic aspects in a 
nanocrystalline material.  

 

6.6. Conclusions 

It has been shown that induced uniaxial magnetic anisotropy can be obtained in 
Fe-Zr-N films by deposition in the presence of a magnetic field or by magnetic 
annealing. The induced anisotropy originates from particular arrangements of 
the majority of the interstitial N atoms. The N atoms are distributed in {001} 
planes perpendicular to an orientation that is nearest to the induced anisotropy 
direction. Zr–N pairs do not contribute significantly to the induced anisotropy. It 
was experimentally demonstrated that such arrangements are realized without 
producing a tetragonal distortion of the bcc Fe lattice at values of the N content 
as high as 8 at%. These conclusions can be extrapolated to higher N 
concentrations where the structural observations are prevented by the 
experimental effects due to the ultra-fine grain structure. 
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