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Nitrogen-induced local magnetic and structural properties of sputtered
FeAlN thin films
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Conversion electron Mo¨ssbauer spectroscopy~CEMS! and x-ray diffraction were used to study a
series of rf-reactively sputtered FeAlN thin films with the goal of gaining insight into the origins of
their uniaxial magnetic anisotropy~UMA ! and the effect of sputtering conditions on its thermal
stability. At N/Fe54.6%~60.5%!, N goes into interstitial vacancies without significant reductions in
the hyperfine field (Bhf) of the Fe but causing lattice expansions, leading to an increased linewidth
in the CEMS spectra of the film while the sample has an in-plane UMA. Reducing the
target-to-substrate spacing used in the deposition process does not affect the nitrogen content of the
films but yields an increased CEMS linewidth reflecting larger disorder in the local Fe environment.
Heavy N doping causes the phase transform intog8-Fe4N, e-Fe3N, andz-Fe2N phases. A well
defined UMA exists in mildly doped FeAlN films when doped N atoms mostly occupy the
interstitial sites while FeAl and heavily doped FeAlN films are either isotropic or weakly
anisotropic. UMA and its thermal stability are therefore concluded to have a correlation with the
local environment of the Fe structure induced by N doping. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1557348#
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I. INTRODUCTION

Uniaxial magnetic anisotropy~UMA ! is an important
property in FeXN~X5Al, Ta, etc...! thin films for magnetic
recording applications. UMA in the transverse field anne
ing process~TFA! was reported unstable.1 It was shown
later2 that reducing the target-to-substrate spacing (dts) im-
proved the thermal stability of UMA and the unstable FeT
films have larger Fe lattice expansions. It was suggested
the diffusion of interstitial atoms could be the cause of
thermal instability of UMA in the FeXN films2 and N in-
duced atomic arrangement could affect the diffusion bar
of the interstitial N or C in FeN or FeC materials.3 However,
x-ray diffraction ~XRD! spectra and x-ray photoelectro
spectra could not differentiate between the films deposite
dts538 mm anddts567 mm.

Conversion electron Mo¨ssbauer microscopy~CEMS!
was used to investigate the local structural and magn
properties in various Fe–N materials and several iron nitr
phases were identified using this method in addition to X
analysis.4,5

II. EXPERIMENTAL TECHNIQUES

A series of FeAlN films were deposited on Si~100! sub-
strates using the rf sputtering method on a Perkin Elm
sputtering system. A 99.95% pure FeAl target with 2%a/o
Al was used. The power density was'10 W/in.2. N2 /Ar
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partial pressures during the deposition processes were va
from 0% to 100%. A FeAlN film was deposited atdts

538 mm for comparison with the one deposited atdts

567 mm while other conditions were kept the same betw
these two samples. The background vacuum is below
31027 Torr. A field '25 Oe was applied during the depos
tion process. The film thickness is 20065 nm with the ex-
ception that the FeAlN with 99.5% nitrogen to iron atom
ratio in the film~N/Fe! is 13565 nm thick. N/Fe is measured
using x-ray photoelectron spectroscopy~XPS! and Ruther-
ford backscattering spectrometry~RBS! and the error is
60.5%. The film thickness was determined using a Ten
profilometer and a timer linked to the target power of t
sputtering system. XRD was performed using a Rigaku d
fractometer and CuKa line ~1.540 56 Å! was used for these
x-ray 2u~°! diffraction measurements. CEMS spectra we
collected using a He110% CH4 gas-flow proportional
counter at room temperature~RT! and fitted using a nonlin-
ear least squares fitting routine using Lorentzian lines
Lorentzian lines with a Gaussian distribution of hyperfi
fields. The spectrometer was operated in constant acce
tion mode and calibrated using ana-Fe foil at RT.

III. RESULTS AND DISCUSSION

N/Fe and XRD spectra of the FeAl~N! samples are
shown in Fig. 1. It was found that N/Fe in the films increas
from 0% to 99.5%. In the sample with N/Fe50%, an XRD
peak representing purea-Fe was observed. In the samp
with N/Fe54.6%, it is alsoa-Fe but the peak position wa
il:
1 © 2003 American Institute of Physics
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shifted slightly due to the lattice expansion caused by
doping. In the sample with N/Fe523.9%, the peak is broa
and hard to differentiate different phases in the films. In
sample with N/Fe544.9%, the observed peak represents
presence ofe-Fe3N. In samples with N/Fe553.3%, 69.3%,
and 99.4%, a peak represents thez-Fe2N and another peak
gradually appeared around 2u'34°, a signature of Si3N4 .

CEMS spectra of FeAlN films with N/Fe54.6%, 23.9%,
44.9%, and 53.3% are shown in Fig. 2. CEMS spectra of
FeAl film with N/Fe50% and the FeAlN film with N/Fe
54.0% (dts538 mm) resemble one of the FeAlN films wit
N/Fe54.6% (dts567 mm), while the spectra of FeAlN
samples with N/Fe569.3% and 99.4% are similar to the on
of N/Fe553.3%. Major parameters used in the fitted CEM
spectra, including the area percentage@A(%)# of each com-
ponent and its local magnetic and structural properties
summarized in Table I. It is noted that these CEMS a
ratios do not come from direct measurements of N atoms
their contents in the films since only Fe CEMS spectra w
obtained. The N/Fe ratios were accurately measured u
XPS or RBS within60.5% by directly measuring the N an
Fe spectra in these two measurements.

In FeAlN samples with N/Fe50%, 4.6% (dts567 mm)
and 4.0% (dts538 mm), the magnetic hyperfine field (Bhf) is
around 33 T, indicating that the only phase isa-Fe. The
slight deviations fromBhf533 T in these three samples ind
cate that doped Al and N atoms are in the Fe local envir
ment and cause slight reduction ofBhf . XRD spectra also
support the observation thata-Fe is the only phase in thes
three films.

It is noted that the linewidth in the CEMS spectrum
the FeAlN sample deposited atdts538 mm with N/Fe54.0%
is larger than the one of the FeAlN sample deposited atdts

567 mm with N/Fe54.6% and the latter is larger than th
one of Fe standard. A larger linewidth indicates a larger
viation from the local atomic order from the bcca-Fe. The
increase of linewidth, the reduction ofBhf , and the peak shift
in XRD spectra from pure Fe standard to these two mil
doped FeAlN films all indicate that doped N atoms are d
tributed in the Fe local environment and change slightly

FIG. 1. XRD spectra and N/Fe of FeAlN samples with various N dopin
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atomic order of the Fe lattice. It is noted that the linewidth
the FeAl film~N/Fe50%! is comparable to that of the FeAlN
film with N/Fe54.6%, indicating that the doped Al coul
also disrupt the Fe local environment. However, the fitting
CEMS data of the FeAl film could not be optimized due
some background component. Therefore, it is inconclus
whether this sample could be used for comparing subtle
ferences. In other samples, the fitting was optimized.

The larger CEMS linewidth of the FeAlN film deposite
at dts538 mm with N/Fe54.0%, compared with the one o
the FeAlN film deposited atdts567 mm with N/Fe54.6%,
could be caused by either some damage of the Fe lattice
different N distribution in the Fe local environment. N/Fe d
not differ greatly between these two samples. It was repo
that reduceddts of 38 mm from 67 mm improved the therma
stability of UMA in TFA.2 The correlation between the large
CEMS linewidth and the better thermal stability of UMA
suggested to be due to the higher energy barrier for the
fusion of N. The larger local atomic disorder could impe
the diffusion of N. A much larger lattice expansion is su
gested to cause a much lower energy barrier in FeTaN .1,2

CEMS spectrum of the FeAlN film with N/Fe523.9%
shows that there are three major Fe-N configurations pre
in the film. The one withBhf'34 T corresponds to the corne
Fe in theg8-Fe4N bcc unit cell. The one withBhf'23 T
could correspond to face center Fe ing8-Fe4N and/or the Fe
site ine-Fe3N. In addition, a small amount of the amorpho
component4 existed. These Fe sites are better distinguish
from CEMS spectrum than XRD spectrum. The relative ra
and other properties are listed in Table I. It is suggested
some excess N atoms are present around theg8-Fe4N and

.

FIG. 2. CEMS spectra of FeAlN samples with N/Fe54.6%, 23.9%, 44.9%,
and 53.3%. The vertical lines represent the data point with error bars an
curves with solid lines represent the best-fitted results using the major
rameters and components listed in Table I. It is noted that the sample
N/Fe553.3% is clearly nonmagnetic. The fitting was done using the qu
rupole splitting in order to estimate the isomer shift.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Major best-fitted parameters in CEMS spectra of FeAlN samples and a Fe standard. The isomer shift is relative toa-Fe at RT.

Sample
N/Fe ~%!
~60.5%! R

Identified
component Bhf~T)

Linewidth
~mm/s!

~Lorentzian!

Field
distribution
width ~T!
~Gaussian!

Isomer
shift

Area
ratio

A(%)

Fe
standard

0 ¯ a-Fe ~Fe! 33 0.13460.002 ¯ 0 100

FeAl 0 3.84 a-Fe ~FeAl! 32.8160.02 0.14360.004 ¯ 0 100
FeAlN 4.6 4 a-Fe1N 32.9760.01 0.14160.002 ¯ 0 100
FeAlN 23.9 4 g8-Fe4N

~corner Fe!
34.0060.05 0.29260.011 ¯ 0.03160.006 54.6

g8-Fe4N
~face center!,

22.9960.16 ¯ 3.4560.15 0.25660.012 39.6

e-Fe3N
amorphous 9.7760.95 ¯ 2.8361.06 0.20060.081 5.8

FeAlN 44.9 3.10 e-Fe3N 21.0060.06 ¯ 2.2560.07 0.32560.006 76.1
amorphous 9.0660.48 ¯ 3.0660.38 0.45260.033 23.9

FeAlN 53.3 ¯ z-Fe2N ¯ ¯ ¯ 0.45260.000 ¯

FeAlN 69.3 ¯ z-Fe2N ¯ ¯ ¯ 0.43460.001 ¯

FeAlN 99.4 ¯ z-Fe2N ¯ ¯ ¯ 0.38960.002 ¯

FeAlN 4.0 3.94 a-Fe1N 32.8760.01 0.17160.002 ¯ 0 100
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e-Fe3N, causing the chemical environment to change a
leading to the larger isomer shift and linewidth~Lorentzian
or Gaussian!. The ratio of the two Fe sites in pureg8-Fe4N
were reported to be 3~face center Fe! to 1 ~corner Fe!. The
ratio of these two components in the FeAlN sample w
N/Fe523.9% does not agree with this value, indicating th
the phase transformation is not complete. XRD spectra
this sample did not show clear phases, supporting the re
from CEMS analysis.

With further N doping in the FeAlN sample with N/F
544.9%, a clear peak appears as shown in Fig. 2 an
identified ase-Fe3N both from the peak position in the XRD
spectrum as shown in Fig. 1 and fromBhf'21 T as shown in
Table I.4 A small amount of amorphous Fe–N exists in th
film from CEMS spectra as shown in Table I.

In the FeAlN films with N/Fe553.3%, 69.3% and
99.4%, the N doping is much heavier. A clear peak in
XRD spectrum is identified as the signature ofz-Fe2N.
z-Fe2N is nonmagnetic, leading the disappearance of the
cal magnetic field that generates the splitting of the ene
level and therefore the degeneration of the sextet of CE
spectrum as shown in Fig. 2. There is an obvious shift of
peak from the center, indicating a large isomer shift cau
by the N-induced local chemical environment. These n
magnetic spectra were fitted with quadrupole doublets. I
noted that an XRD peak appears in FeAlN samples w
N/Fe569.3% and 99.4% at 2u'34°, indicating the presenc
of Si3N4 , which was generated by the interaction betwe
the excess N and Si substrates.

From the hysteresis loops reported previously,2 FeAl and
Fe films had isotropic loops. Mildly doped FeAlN films~N/
Fe54.6% and 4.0%! had well-defined UMA. Heavy N dop
ing lead to weak or isotropic loops. CEMS and XRD data
the FeAlN sample with N/Fe54.6% indicate that the dope
Downloaded 14 May 2003 to 132.206.9.182. Redistribution subject to A
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N atoms occupy the interstitial sites in the Fe local enviro
ment. It is suggested that a preferential N distribution co
generate a lattice strain field in a preferred direction defin
by the bias field during deposition and therefore give rise
the observed UMA.

It is shown in Table I thatBhf in the corresponding Fe–N
components are mostly much smaller than 33 T of thea-Fe,
giving rise to the reduction of the film saturation magnetiz
tion (Ms) and the related properties such as permeability
anisotropy constant. The corner Fe ing8-Fe4N has Bhf

'34 T but only a portion of the FeAlN film with N/Fe
523.9% is in this state. The lowerBhf'23 T of the face
center Fe site ing8-Fe4N, Bhf'21 T of the Fe site in
e-Fe3N, the nonmagneticz-Fe2N, and the small amount o
amorphous Fe–N state all contribute to the dilution ofMs at
heavy N doping.

By tilting the FeAlN sample with N/Fe54.6% at 54.7°
to the incidence direction of the unpolarizedg-ray beam dur-
ing the CEMS measurements, no significant differences w
observed when theg-ray beam was aligned along the ma
netic easy axis and hard axis, respectively. It was shown6 that
using an unpolarizedg-ray beam, the only information tha
could be extracted from this type of orientation measurem
is the peak intensity ratio~R! of the peaks 2 and 5 over peak
3 and 4 in the sextet, which gives the magnetic texture of
film ~how the spins are distributed!, but not the directional
differences of the local structural properties.

1K. M. Minor and J. A. Barnard, J. Appl. Phys.85, 4565~1999!.
2Y.-K. Liu and M. H. Kryder, Appl. Phys. Lett.77, 426 ~2000!.
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