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ABSTRACT

High saturation magnetization soft magnetic materials are required for future high-density
recording heads as well as high frequency inductors. In this work, (Fep7Co03)1.«N, (or in short
FeCoN) alloy films were synthesized with a high saturation magnetization of 24.5 kG, a hard
axis coercivity of 5 Oe, an easy axis coercivity of 18 Oe, and a resistivity of 55 pQ-cm. The
FeCoN film sandwiched between two permalloy layers (5 nm) shows very good magnetic
softness, a low hard axis coercivity of 0.6 Oe, an easy axis coercivity of 7.8 Oe, an excellent in-
plane uniaxial anisotropy with an anisotropy of about 20 Oe, an initial permeability of 1000, and
a roll-off frequency of 1.5 GHz. In order to understand the effect of the permalloy layers on the
FeCoN layer, we fabricated four film structures: single layer FeCoN film; FeCoN film
sandwiched between two permalloy layers on both sides; FeCoN film with one permalloy layer
as the underlayer; and FeCoN film with one permalloy layer as caplayer. All these film structures
were both magnetically and structurally characterized and compared. Structural characterization
shows that there is no significant difference in the grain size of the FeCoN single layer and the
FeCoN layer sandwiched between two permalloy layers. The four film structures have almost the
same amount of compressive stress, about -300 MPa; and their saturation magnetostriction
constants are also very close, in the range of 39.6x10° to 44.3x10°. Difference in the
crystallographic textures was observed in the pole figures for the FeCoN single layer and FeCoN
film with permalloy underlayer.

INTRODUCTION

Soft magnetic thin films with high saturation magnetization are highly desired in a wide
range of applications from magnetic write heads to high frequency inductors. However, soft
magnetic thin-film materials with a saturation magnetization of > 21 kG and a low coercivity of
less than 1 Oe are still not available, although magnetic materials with saturation magnetization
higher than 21 kG are readily obtainable in the binary Fe;Co, alloys [1]. Discovering new soft
magnetic materials with very high saturation magnetization remains to be a major challenge.

Magnetic softness of polycrystalline thin films is an extrinsic property of the magnetic
materials, and is closely related to the structural and compositional characteristics in the thin
films, such as grain size [2], crystallographic texture [3], strain and stress state [4]. These
characteristics can also affect anisotropy and magnetostriction, which are in turn correlated with
the magnetic softness. However, it is still not well established how these structural characteristics
affect the magnetic softness.
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In the last decade, huge amount of research was carried out on the soft magnetic FeMN alloy
thin films, with the typical M being Al [5], Ta [6], Cr [7], etc., and the M composition being in
the range of 0 ~ 10 at%. Enormous efforts are being spent on optimizing the microstructure and
composition of these FeMN thin films materials, trying to get optimal soft magnetic properties.
These FeMN thin films have a typical saturation magnetization of 18 to 20 kG, a coercivity of ~
1 Oe, an electrical resistivity of ~ 40 uQ-cm, and an anisotropy field of 5 ~ 10 Oe [2-4].
However, the saturation magnetization of these FeMN thin films is apparently limited by that of
pure iron which is 21.5 kG [1].

It is well known that the binary Fe-Co alloys have a very high saturation magnetization of
24.5 kG in the composition range of Fe; . Co, (0.3<x<0.4) [1]. It would be of great scientific as
well as technological interests to make this alloy soft while keeping its high saturation
magnetization at the same time. However, the extremely high saturation magnetostriction in the
Fe-Co alloys, being about 40 ~ 65 x 10 in the composition range of 30 ~ 40 at% of cobalt,
makes it very difficult to achieve low coercivity or in-plane uniaxial anisotropy [8-10].

In this work we successfully fabricated the Fe-Co alloy based films soft, while keeping the
high saturation magnetization by introducing an appropriate amount of N into the binary Fe-Co
alloys first, and then sandwiching the obtained FeCoN films with two very thin layers of
permalloy film. The various magnetic and structural characteristics have been studied to
understand how the structural characteristics are related to the soft magnetic properties of the
FeCoN films.

EXPERIMENT

FeCoN films were deposited onto (100) Si wafer through reactive RF diode sputtering in an
argon and nitrogen atmosphere. The target composition was Fe;oCos (at%) with a purity of
99.95%. The base pressure of the sputtering chamber was ~ 2x107 Torr. The gas flow rate of
argon was set constant; while the flow rate of nitrogen was adjusted to get samples with different
N contents. Permalloy layer was deposited in a pure argon atmosphere by RF sputtering. A
magnetic field of about 50 Oe was applied during deposition.

For the saturation magnetization measurements, FeCoN films with different N contents were
deposited onto Si substrates with an area of 10x10 mm?. FeCoN Film thickness, ranging from
0.8 to 1.2 um for all saturation magnetization measurements, is measured by both a Dektak II
Surface Profilometer and a Tencor Alpha-step Profiler for each deposition batch. Magnetic
properties of the obtained films were characterized by a vibrating sample magnetometer (VSM).
The magnetic moment was carefully calibrated by a nickel film standard with a purity of
99.999% and a film volume of 10x10x0.002 mm’. The moment calibration was done at a field of
5000 Oe and a temperature of ~ 20 °C. The hard-axis magnetic permeability was measured by a
custom-built permeameter with a frequency range up to 3 GHz on samples with an area of 5 X 5
mm”. The details of the permeameter are available in reference [11]. The resistivities of these
FeCoN films were measured with a four-point probe station. The compositions of the FeCoN
films were analyzed by X-ray photoelectron spectroscopy (XPS). A Philips transmission electron
microscope (CM20 FEG-TEM) operated at a voltage of 200 kV was used for microstructure
analysis.

A four-circle diffractometer operated at 45 kV / 30 mA was utilized for pole figure analysis.
In this diffractometer, three rotations, namely, @, ¥ and @ change specimen orientation relative to
the incident X-ray beam; the fourth rotation, 26, positions the detector relative to the incident

F9.2.2



beam. The pole figures were generated by doing the ¢ scans at different y angles at a fixed 260
value, which corresponds to a specific Bragg peak of the thin films. In this analysis, we fixed the
20 at the (110) Bragg peak of the BCC Fe(Co, N) phase. The range of ¢ and y are 0 ~ 360° and 0
~ 90°, respectively, with a step of 1° for both ¢ and y. The pole figures were shown in a
stereographic projection.

The film stress was measured by using a wafer-curvature method. The wafer curvature
measurement relies on the fact that when a thin film is under stress, it imposes a bending moment
on the substrate. The curvature change of the substrate before and after deposition can be related
to the biaxial stress of the thin film by [12]:

Mz

o AK, (1)
= e

;
where oy is the biaxial stress, # is the thickness of the substrate, # is the thickness of the film, M;
is the biaxial modulus of the substrate, and AK is the curvature change of the substrate before and
after film deposition. The curvature is obtained by scanning a laser beam across the wafer and
measuring the deflection of the reflected beam. By assuming that the film is much thinner than
the substrate, the biaxial modulus can be expressed by: M, = E;/ (1-v,), where E; and v; are the
Young’s modulus and the Poission ratio of Si substrate, respectively. Here, M;= 200 GPa is used
for the (100) Si wafer. Standard mirrors with known radius of curvature of 20, 30, 60 meters, and
infinity (flat mirror) were used for calibration.

Saturation Magnetostriction constant of these FeCoN thin films was measured with an
automated magnetostriction tester manufactured by Lafouda Solution. This is a direct method of
measuring saturation magnetostriction constant with a high precision of <10®. During the
measurement, an applied in-plane rotating magnetic field changes the magnetization direction of
the film, and the magnetic thin film on Si substrate beam will bend due to the length change of
the magnetic thin film. The magnitude of the rotational field is 50 Oe. A laser beam shining on
the film is utilized to measure the small bending of the film and substrate. The deflection angle
of the bending beam at the measuring point, ¢, can be expressed as [13]:

2
s

0=2Ex(t, ), @
where #rand ¢, are the thickness of the film and substrate, respectively, / is the distance between
the clamping edge to the measuring point, A4 is the magnetostriction constant at the applied field,
and € = Er(1- vy)/E(1+ vy), where E;; E; and vy, vy are the Young’s modulus and Poisson’s ratio
of the film and substrate, respectively. Here, £ = 0.71 is used for all measurements.
RESULTS AND DISCUSSION
I. MAGNETIC PROPERTIES

The saturation magnetization (47M;) of the as-deposited FeCoN films is shown in Fig. 1 as a
function of the Ny/Ar gas flow rate ratio. It is clear that the saturation magnetization values
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scatters between 25t1 kG in a wide range of Ny/Ar flow rate ratio of 0% ~ 7%, indicating that
the saturation magnetization of the FeCoN films are almost identical to that of the pure Fe;,Cosy
alloy film. Since the widely accepted highest moment for the FeCo binary alloy is 24.5 kG in the
composition range of Fe;.Co, (0.3<x<0.4) [1], the measured saturation magnetization for the
FeCo alloy film, of which the composition was determined by XPS to be around Feg;Coss, is
conservatively taken as 24.5 kG. Therefore, the FeCoN films at N,/Ar flow rate ratios less than
7% should also have a high saturation magnetization of 24.5 kG. At higher N,/Ar flow rate
ratios, the saturation magnetization values of the FeCoN alloys drop gradually. Admittedly, one
of our initial purposes of choosing the FeCoN alloy system was to find out whether we could
possibly find the allusive high moment (Fe ; \Coy);6N, phase. Unfortunately, we did not find any
sign of this phase in the as deposited FeCoN films.
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Figure 1: 47M; vs. No/Ar gas flow rate Figure 2: Hard axis (H.A.) and easy axis (H.A.)
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Figure 3: Resistivity of FeCoN films versus N,/Ar gas flow rate ratios.
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The coercivity (H,.) of these FeCoN films is shown in Fig. 2 as a function of the N,/Ar gas
flow rate ratio. The hard-axis coercivity first decreases quickly from about 100 Oe at a gas flow
rate ratio of 2% to around 5 Oe at a N,/Ar gas flow rate ratio of 5 ~ 6%, then the coercivity
increases with the increment of the gas flow rate ratio. The easy axis coercivity has the same
trend as the hard axis coercivity, but it is higher than that of the hard axis, with a minimum of
about 20 Oe. Nitrogen content in the FeCoN films was determined by XPS to be about 5 at%,
and the Fe/Co atomic ratio is 2/1 at the N,/Ar gas flow rate ratio of 5.6 %. At different N,/Ar gas
flow rate ratios, the Fe/Co atomic ratio is almost constant, being within (2+0.1)/1.

The resistivity increases as the increment of the N,/Ar gas flow rate ratio, as shown in Fig. 3.
For the FeCo films, the resistivity is around 12 pu€-cm; while the resistivity increases almost
linearly with the gas flow rate, reaching 55 pu€-cm at a N,/Ar gas flow rate ratio of 5.6%, where
the lowest coercivity is obtained.

Combining Figs. 1 to 3, we can see that the high saturation magnetization of around 24.5 kG
and low coercivity of around 5 Oe can be realized at a N»/Ar gas flow rate ratio of 5 ~ 6%.
However, the FeCoN single layer is not magnetically soft enough for such applications as write
head materials. Making artificial magnetic structures have been proven to be an effective way to
fabricate magnetically soft thin films. For example, laminating magnetic thin films with
dielectric thin layers leads to much better magnetic softness [14]. For the purpose of lowering the
coercivity further, four magnetic structures were fabricated and their magnetic properties
compared. The schematic graphs of the four film structures are indicated in Figure 4, they are the
FeCoN single layer (in short: FeCoN), the FeCoN layer with a very thin permalloy underlayer
(P\FeCoN), the FeCoN layer sandwiched into two thin permalloy layers (P\FeCoN\P), and the
FeCoN layer with a permalloy caplayer (FeCoN\P). All the permalloy layers in these four
structures are 5 nm thick, and all the FeCoN layer thickness is 100 nm.

FeCoN layer, 100 nm FeCoN layer, 100 nm
Permalloy layer, 5 nm
C _ d _

Figure 4: Schematic of the four film structures, a: FeCoN; b: P\FeCoN;, c: FeCoN\P; d: P\FeCoN\P.

The hysteresis loops of the four film structures are shown in Figs. 5(a) to 5(d). The coercivity
of the FeCoN single layer is about 5 and 18 Oe in the hard and easy axis, respectively. The hard
and easy axis coercivity of the P\FeCoN film structure drops to 2 Oe and 10 Oe, respectively.
Also, hard axis loop becomes more linear, indicating that the P\FeCoN structure has a better
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uniaxial anisotropy than the FeCoN single layer. What is striking is that for the sandwiched
P\FeCoN\P film structure, the hard and easy axis coercivity is further reduced to 0.6 and 7.8 Oe,
respectively. Furthermore, the square easy axis loop, and an almost linear hard axis loop of the
sandwiched FeCoN film indicate an excellent in-plane uniaxial anisotropy. The anisotropy field
is determined to be 20 Oe. However, the FeCoN\P structure has similar hysterisis loops as the
FeCoN single layer.
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Figure 5 Typical easy axis loops (square loops) and hard axis loops (slender loops) for the four film
structures shown in Figure 4, a: FeCoN; b: P\FeCoN, c: FeCoN\P; d: P\FeCoN\P.

High frequency permeability measurement shows the P\FeCoN\P film structure has an
initial relative permeability of 1000, and a 3 dB roll-off frequency of 1.5 GHz [15]. The
combination of the high initial permeability and high roll-off frequency makes this film structure
a very promising candidate for applications in the future high frequency inductors and inductive
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write heads. The saturation magnetization of representative soft magnetic materials versus the
year when they were reportedly incorporated into magnetic recording heads (except the FeCoN
in this work) is shown in Fig. 6 as a comparison. It is very clear that the saturation magnetization
for the soft magnetic materials incorporated for write heads are increasing steadly, and that the
saturation magnetization for the FeCoN is much higher than 20 kG, the widely accepted
saturation magnetization limit for the write head materials.
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Figure 6: Saturation magnetization of soft magnetic materials for magnetic write heads, plotted
against the year of first use in magnetic recording heads (except FeCoN). The dashed line
indicates the perceived maximum saturation for magnetic write heads. This figure is meant to be
representative rather than exhaustive.

II. STRESS AND MAGNETOSTRICTION ANALYSIS

The permalloy underlayer for the P\FeCoN\P and P\FeCoN structures might act as a buffer
layer and relieve the stress of the whole film structure, this can be one of the reasons for the soft
magnetic properties observed for the P\FeCoN and the P\FeCoN\P structures. Here, the stress
values of the four film structures are measured by the wafer curvature method, and shown in
Table 1. All the four film structures have almost identical compressive stress within
measurement error, about -300 MPa. Therefore, variation in stress can be ruled out as a cause for
the change in soft magnetism for the four film structures.

Since the FeCo materials are highly magnetostrictive, it is reasonable to deduce that the
FeCoN materials might also have a very high saturation magnetostriction from the former work
on the FeMN systems [5,6]. Therefore, we measured the saturation magnetostriction constants,
As.s, Tor the four films structures, and the measured results were also shown in Table 1. The A is
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the average magnetostriction constant for the whole film structure by using the whole structure
thickness during the measurement. We can see that all the saturation magnetostriction values are
very high, just as the FeCo alloys [1]. However, we can still see a trend that the P\FeCoN\P
structure has the lowest A, value, and the P\FeCoN structure has the second lowest A, value,
although the differences are small. This trend in A coincides with the trend in coercivity.

Table 1: Measured stress (0), measured saturation magnetostriction constant for the whole
structure (As), and calculated saturation magnetostriction constant for the FeCoN layer (A fecon),
for the various film structures. Each stress value is an average of three measurements.

Film structures FeCoN FeCoN/P P/FeCoN P/FeCoN/P

o (MPa) 307440 -300440  -322440  -337+40
Aes (10°) 443 43.9 414 39.6
Ay recon (10°) 443 46.1 435 43.6

It would be interesting to look at the saturation magnetostriction constants of the FeCoN
layer in the four films structures. If we assume that: (a) film thickness is much thinner than the
substrate; (b) € is the same for all layers in a film, then the total deflection angle ¢ for a multi-
layer film structure can expressed as:

¢ =6tl—28X(it[ %), (3)

where #; and /; are the thickness and magnetostriction constants for the ith layer of the whole film
structure, and # is the total number of layers for a whole film structure (for nonmagnetic layer, A;
=0). Combining equations 2 and 3, we get:

tihss = tpApTtreCoNAFeCoN, 4)

where £ is the total thickness of the film structure, #,, A, and frecon, Arecon are the thickness and
magnetostriction constant for the permalloy layer and the FeCoN layer, respectively. Compared
with the measured A, values, the saturation magnetostriction constant for permalloy layer is
very small (<10®), and can be neglected. Therefore, by assuming A, = 0 for all the four film
structures, we can calculate the saturation magnetostriction constant, Apecon, for the FeCoN layer
for all the film structures. As indicated in Table 1, the Apecon for the two film structures,
P\FeCoN\P and P\FeCoN, is almost the same. This is what we expected, as the FeCoN layer in
the two film structures has the same permalloy underlayer, and the very thin permalloy caplayer
would not change the FeCoN layer grain size much in the P\FeCoN\P film structure. While the
higher calculated Apecon value in the FeCoN\P film structure indicates that the permalloy
caplayer layer may have a higher magnetostriction that the permalloy underlayers in the other
film structures.

The coupling between the stress o and the magnetostriction strain A results in the
magnetoelastic energy term £, = 3/2 * A*o, which contributes to the total anisotropy of the

F9.2.8



polycrystalline magnetic thin films and can have significant effects on the magnetic softness. In
the FeCoN films, however, the nearly identical stress and magnetostriction constants imply that
the drastic magnetic softness difference observed in Fig. 5(a) and 5(d) does not result from the
magnetoelastic effects.

ITII. STRUCTURAL CHARACTERIZATION

In the last section, dramatic changes have been observed in the soft magnetic properties of
the FeCoN films after being sandwiched between two permalloy layers. In this section, we will
analyze the grain size, film texture, coupling between the magnetostriction and the mechanical
properties, trying to understand why these changes occur.

BCC (110) Si (004)

P\FeCoN

Fe,N (111) 12.5%

Intensity (arb. unit)

BCC (211)

40 50 60 70 80 90 100
Two theta (degree)

Figure 7: XRD patterns for the FeCoN single layers at different N»/Ar gas flow rate ratios, 0%,
5.6% and 12.5%, and the XRD pattern of the P\FeCoN film structure as indicated in Figure 4.

Symmetrical 6-20 XRD patterns of the FeCoN films deposited at three N,/Ar gas flow rate
ratios, 0%, 5.6%, and 12.5% are shown in Fig. 7. The pure FeCo alloy film has a strong BCC «-
Fe(Co, N) (110) and a weak BCC (211) Bragg peak; while at a No/Ar gas flow rate ratios of
5.6%, the FeCoN layer has a BCC structure with only a strong (110) diffraction peak, indicating
a change of texture in the FeCoN films with a higher N content. At a No/Ar gas flow rate ratios
of 12.5%, the FesN phase appears. The P\FeCoN film shows a comparable XRD pattern to that
of the FeCoN single layer with an identical No/Ar gas flow rate ratios of 5.6%. In addition, the o-
Fe(Co, N) (110) diffraction peak is shifted to lower angles and is broader at a higher N,/Ar gas
flow rate ratio. Shifting of the BCC (110) peak to lower angle implies that a higher N content is
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incorporated in the FeCoN films at a higher N»/Ar flow rate ratio; while a broader (110) peak
indicates a smaller grain size and/or a higher micro-strain in the FeCoN films.

When the ferromagnetic exchange length is larger than the grain size, the magneto-crystalline
anisotropy of the nanometer sized polycrystalline materials can be suppressed, which results in
an improvement in magnetic softness [2]. Measurements of the full width at half maximum
(FWHM) for the (110) diffraction peak in the symmetrical XRD patterns for the four film
structures indicate the FWHM values are very close, indicating that the mean grain size for these
four film structures may not be very much different. Therefore, grain size difference can not
explain the different soft magnetic behaviors for the four film structures in Fig. 4.

Pole figure analysis provides a complete view of the 3-dimensional distribution of certain
pole of the specimen. The Fe(Co,N) BCC (110) pole figures for the FeCoN single layer and the
FeCoN layer with the permalloy underlayer are shown in Figs. 8(a) and 8(b), respectively. The
two pole figures all have the same (110) ring at y = 60°, corresponding to the strong (110) fiber
texture for the BCC FeCoN layer. In the pole figure of the FeCoN layer with a permalloy
underlayer, there are two additional (110) diffraction rings at y = 30° and 45°, respectively.
These two rings corresponding to the (211) and (100) fiber texture, respectively, as the plane
normal of (211) and (100) are 30° and 45° apart from that of (110), respectively. Changes in
pole figures can bring changes in material properties for the highly anisotropic BCC FeCoN
material, such as the distribution of magnetic easy axis of the individual crystals, the biaxial
modulus, the magnetostriction constants, etc., eventually leading to the changes to the soft
magnetic properties of thin films [3]. However, more work need to be done to clarify this
because of the complexity of the pole figures observed.

CONCLUSIONS

We successfully deposited soft FeCoN single layers with a high saturation magnetization of
24.5 kG and a coercivity of 5 Oe. A low coercivity of 0.6 Oe, and an excellent in-plane uniaxial
anisotropy with an anisotropy field of 20 Oe were achieved in the FeCoN films sandwiched
between two very thin Permalloy layers. This film structure has an initial permeability of 1000
and a high roll-off frequency of 1.5 GHz. Four film structures: FeCoN, P\FeCoN, P\FeCoN\P,
and FeCoN\P, have been fabricated and their magnetic and structural properties compared in
order to determine why soft magnetic properties are achieved in the FeCoN layer sandwiched
between two permalloy layers. The stresses for the different film structures are —300 MPa,
almost the same for the four film structures; and the saturation magnetostriction constants are
only slightly different for different film structures. There are differences in the fiber texture of
the FeCoN single layer and the P\FeCoN film structure.
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Figure 8 Typical Pole figure for the BCC FeCoN (110) diffration of the FeCoN structure (up);
and the P\FeCoN structure (down).
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