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Magnetic and structural properties of epitaxially grown FeTaN thin films
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Epitaxial FeTaN films~;1500 Å! were grown as a function of nitrogen flow rate on epitaxial
Cu~001! buffer layers~;2000 Å! on Si~001! single crystal substrates to investigate the effect of Ta
and nitrogen on the magnetocrystalline anisotropy and magnetostriction. Detailed structural
investigation by transmission electron microscopy and x-ray diffraction showed that the FeTaN
films were epitaxial with the Pitsch orientation relationship of FeTaN~110!iCu~001! and
FeTaN̂111&iCû 110&, which allows four different in-plane variants to coexist in the film. It was
found that the saturation magnetization did not change with nitrogen addition~;1600 emu/cc! up
to 2% lattice dilation. The values ofK1 and l100 of Fe decreased slightly~20% and 10%,
respectively!, while l111 increased with increasing nitrogen content and eventually changed sign at
;2% normalized lattice dilation. These results qualitatively agree with our earlier findings on~001!
oriented FeTaN epitaxial films on MgO single crystal substrates. Also, our calculated saturation
magnetostriction for nanocrystalline samples agrees very well with published data on the same
FeTaN composition. Based on Hoffmann’s ripple theory the ripple constant is calculated for
nanocrystalline films using the Doyle–Finnegan model for the local average anisotropy and our
measured single crystal constants. It was found that the effect of nitrogen on reducing the average
anisotropy through the fundamental constants is not significant, and therefore the major factor in
achieving a low ripple constant~i.e., soft magnetic properties! is the grain size, the number of grains
across the thickness and the thin film stress. ©1998 American Institute of Physics.
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I. INTRODUCTION

The ever increasing density of stored information
magnetic recording systems is the result of a continuous
provement in media and heads. Densities larger t
5 Gbits/in.2 can be achieved only on high coercivity med
(HC.2000 Oe), which will require inductive record hea
with high saturation flux densities (BS.10 000 G).1 Until
recently, Ni81Fe19 has been used as the pole material in m
thin film inductive head applications, but its relatively lo
saturation flux density (BS'10 000 G) limits the choice o
media and therefore the recording density. One of the m
promising candidates for replacing permalloy is the sin
phase FeTaN,2,3 in which the saturation flux density is twic
as large as Ni81Fe19 and 30% larger than Ni45Fe55.

4 There
has been a great interest in this and other FeXN mate
during the last few years, and much information has b
accumulated on its nanocrystalline state. That work has
cused mostly on the optimization of the soft magnetic pr
erties, i.e., small coercivity, low magnetostriction, and hi
permeability.3,5–8However, the effect of nitrogen on the fun
damental magnetic properties, the magnetocrystalline an
ropy, and magnetostriction, has not been studied experim
tally. Cates and Alexander9 gave theoretical predictions fo
l100 andl111 in FeTaN based on De Vries’ earlier model10

for interstitials in bulk Fe. Assuming that the magnetoelas
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coupling constants depend on nitrogen content, and that t
is a significant amount of intergranular phase in FeT
films, Cates and Alexander could explain the observed lin
increase of the saturation magnetostriction,lS , as a function
of nitrogen concentration.

In this investigation we explored the fundamental phy
cal properties of FeTaN and their role in determining the s
magnetic properties of the nanocrystalline films. The und
lying theoretical model in our approach is Hoffmann’s ripp
theory11–14utilizing the Doyle–Finnegan15 calculation of the
local average anisotropy. Hoffmann’s model predicts t
soft magnetic properties can be improved by reducing gr
size and the local anisotropy energy. The average local
isotropy energy is governed by a combination of magne
crystalline and magnetoelastic energies, where the orde
magnitude is determined by the fundamental magnetic pr
erties: the magnetocrystalline anisotropy constant,K1 , and
the magnetostriction constants,l100 and l111. In order to
determine the local average anisotropy of FeTaN, and th
fore to understand the soft magnetic properties of nanoc
talline samples, a knowledge ofK1 , l100, and l111 is re-
quired. In this article we present experimental results on
structural and magnetic properties of epitaxially grown F
TaN films, and using these results the average local ani
ropy of nanocrystalline films is calculated.
5 © 1998 American Institute of Physics
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II. AVERAGE LOCAL ANISOTROPY

Since Hoffmann developed his analytical ripple theor11

relating structural and magnetic properties, it is well kno
that the influence of the film structure on soft magnetic pr
erties can be expressed by a single parameter, the so-c
structure or ripple parameter,S, which is given by

S5
KSD

An
, ~1!

where KS is the local average anisotropy,D is the mean
diameter of the crystallites, andn represents the number o
grains across the thickness. According to Hoffmann,12,14 S
reflects the effect of the nonideal structure on the soft m
netic properties, and for an ideal, homogeneous thin filmS
would be zero. The central parameter for nonideal films
this picture isKS , which forces the magnetization to defle
locally from the mean direction of the magnetization~ripple!.
This local average anisotropy for randomly oriented na
crystalline films including the effect of isotropic thin film
stress,s i , was calculated by Doyle and Finnegan15 by taking
an appropriate average of the magnetocrystalline~assuming
K250! and magnetoelastic energies to be

KS5S 8

105D
1/2

[ $K11 3
8~l1002l111!s i%

2

1 7
16$

3
2~l1002l111!s i%

2] 1/2. ~2!

Their model gave good agreement with the experiment
determined ripple parameter for plated permalloy wir
where S was obtained by measuring the transverse bia
permeability.13 Nanocrystalline FeTaN films are reported
have a ^110& fiber texture, which, following the
methodology16 of Doyle and Finnegan, leads to a value ofKS

of

KS
^110&5S 1

8A2
D [13$K11 12

13~l1002l111!s i%
2

1 144
13 $ 3

2~l1002l111!s i%
2] 1/2. ~3!

Since the energy is isotropic inK1 in the ~111! plane of a
cubic material, the smallest local average anisotropy ene
is expected in this plane andKS for a ^111& fiber texture is
calculated to be

KS
^111&5

A2p

3
@$ 3

2~l1002l111!s i%
2#1/2. ~4!

The comparison of the calculated average local anisotr
energies for the three different crystallographic textures a
function of isotropic thin film stress is shown in Fig. 1, a
suming the values17 for Fe of K154.83105 erg/cc, l100

5120.731026, andl1115221.231026. In order to prop-
erly understand the soft properties of FeTaN, it is clea
necessary to knowK1 , l100 andl111.

Another model for determining the local average anis
ropy in Hoffmann’s ripple theory for Fe based nitrides w
introduced by Takahashi and Shimatsu,18 in which they also
assumed thatK1 , l100, andl111 were the same in FeXN a
-
lled
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in Fe and that the contribution of the magnetoelastic ene
to the average local anisotropy could be obtained from
tetragonal deformation caused by the nitrogen incorpora
into the Fe lattice. Their model’s basic assumptions w
questioned,16 since the observed value oflS in Fe based
nanocrystalline nitrides is well known to be a linear functi
of nitrogen content,7–9,19 which is not consistent with con
stant values ofl100 and l111. Also, the contribution of the
isotropic thin film stress acting on each grain in the fi
cannot be ignored, and, above all, the equilibrium latt
constant of Fe–N is not an equivalent elastic strain of the
bcc lattice, as was assumed in their picture. Neverthel
both models, assumingK1 , l100, andl111 for Fe, gave good
agreement with the experimentally determined value ofS,
but only because it was found to be dominated by the gr
size and not the local anisotropy.16

III. EXPERIMENTAL METHOD AND RESULTS

Measurements ofK1 , l100, andl111 can be most accu
rately done on bulk single crystals, but the concentration
Ta and N in the FeTaN soft magnetic thin films7,8 ~1–5 at. %
and 2–6 at. %! are well above their solubility limits in bulk
Fe.20 The magnetic measurements therefore were carried
on epitaxial thin films as deposited by dc magnetron sput
ing ~without annealing!, which allowed the study of the sam
composition ranges used in nanocrystalline films with op
mized soft magnetic properties.3 The microstructure of the
epitaxial films was thoroughly analyzed to support the int
pretation of the magnetic measurements.

A. Epitaxial growth of FeTaN

The most suitable orientation for measuring crystalli
anisotropy and magnetostriction constants in magnetic
films of cubic materials is the~001! orientation, because in
this plane the anisotropy energy contains only the fourth
der magnetocrystalline anisotropy constant, and bothl100

and l111 are easily accessible.21 For a uniform stress the
magnetoelastic energy does not have a contribution to

FIG. 1. Calculated local average anisotropy,KS , for Fe as a function of
isotropic thin film stress,s i , for different crystallographic textures.
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anisotropy energy in this plane, if the two constant desc
tion is assumed.22 In our initial work23–25 we investigated
~001! oriented FeTaN films on MgO single crystal substrat
and obtained information regardingK1 , l100, andl111. To
obtain single phase epitaxial FeTaN films with nitrogen co
centrations and growth orientation comparable to nanoc
talline films,5,7,8 another substrate material, promoting t
growth of~110! orientation, was chosen for the current wor
The results of the~001! oriented films will be summarized
and compared to these films in Sec. IV.

The lattice parameters of FeTaN are relatively close
Fe. Consequently any single crystal substrate material w
promotes the epitaxial growth of Fe is a good candidate
FeTaN growth as well. The misfit for Fe@111# on Cu@110# is
approximately 3%. Therefore, according to the invariant l
criterion,26 Fe with ~110! orientation can be epitaxially
grown27 on Cu~001! single crystal with the Pitsch orientatio
relationship of Fê111&iCû 110&. It has also been shown tha
Cu with an~001! orientation epitaxially grows on hydroge
terminated Si~001! single crystal substrates with an in-plan
orientation of Cû100&iSî 110&.28,29 This suggested the pos
sibility of depositing a Cu buffer layerin situ before the
FeTaN deposition, providing a clean, fresh surface, whic
essential for epitaxial growth.

Si~001! substrates were dipped into diluted~10%! HF
solution for 1 min to form an H-terminated surface30 and
then mounted into the vacuum chamber immediately. T
base pressure was 2 – 331027 Torr after;10 h pump down
time. The purity of the 2 in. diameter Cu and Fe targets u
in the dc magnetron sputtering sources was 99.9% by we
The FeTa target was found to contain carbon contamina
which gave traces of C in the FeTaN films as shown
Auger and x-ray photoelectron spectroscopy~XPS! analysis.
Since the role and effect of nitrogen and carbon in the bcc
lattice is indistinguishable, and all the properties of FeT
films were measured as a function of lattice dilation w
nitrogen addition, the effect of carbon will be taken up by t
lattice dilation of the FeTa films prepared at zero nitrog
flow. The lattice parameter of bulk31 FeTa with 10 wt% Ta is
2.885 Å, and in our case it was 2.898 Å. The copper de
sition was done at an argon pressure of 0.4 mTorr at a fi
sputtering power of 100 W, which gave a growth rate
;8.8 Å/s. Immediately after the deposition of the;2000 Å
thick Cu buffer layer, the magnetic films were grown in
total argon–nitrogen pressure of 0.4 mTorr at a fixed to
Ar–N2 gas flow rate of 12 sccm and sputtering power of
W. The nitrogen content of the FeTaN films was varied
controlling the ratio of the Ar–N2 flow rates during deposi
tion. The growth rate for the;1500 Å thick magnetic films
was 1.2 Å/s. All depositions were carried out at ambie
temperature. The sputtering pressure and power for the d
sition of the magnetic layers were chosen to obtain the sl
est possible growth rate while maintaining a stable mag
tron plasma.

B. Structural characterization

X-ray diffraction analysis and conventional transmissi
electron microscopy~TEM! were used to obtain a thoroug
-
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understanding of the films’ structural characteristics. St
dard x-ray diffraction analysis was performed using a t
circle Rigaku D/Max-2BX diffractometer with CuKa radia-
tion and the pole figure measurements were carried out o
Scintag four circle diffractometer with Cr and CuKa radia-
tions using 5° steps in both rotation~F502360°! and tilt
~c50270°!. A Hitachi H-8000 TEM operating at 200 kV
was used for the electron microscopy.

A standard high angle x-ray diffraction spectrum of t
Fe/Cu/Si sample is shown in Fig. 2. According to the Brag
Brentano x-ray geometry, the observed peaks correspon
the allowed reflections of crystallographic planes paralle
the sample surface. Therefore it can be concluded
Fe~110!iCu~001!iSi~001!.

It is well known that in sputtered thin films of FeTaN th
tantalum and nitrogen form a solid solution with Fe,5,7,8

where the Ta acts substitutionally and the N occupies
octahedral interstitial positions. The atomic radius of Ta
16% larger than that of Fe, and hence it is above the Hum
Rothery size limit ~15%! allowed for substitutional solid
solutions.32 The N atom is approximately three times larg
than the octahedral site in the Fe lattice, and consequen
tetragonal distortion of the bcc Fe unit cell is expected w
nitrogen incorporation, although the predicted tetragona
is relatively small (c/a,1.10).33 As the nitrogen concentra
tion increased, there was no evidence from x-ray diffract
of the formation of nitrides~e.g., TaN,g-(FeTa!4N, etc.! or
other phases. The effect of Ta and N on the Fe~110! diffrac-
tion peak is shown in Fig. 3. It is observed that the pe
decreases in intensity, broadens and shifts to largerd values
~smaller 2u! with Ta and nitrogen addition. The broadenin
of the Fe~110! peak can be the result of two different contr
butions:~a! the nonuniform microstress caused by the re
tively large Ta atoms and the interstitial nitrogen atoms
the Fe lattice; and~2! a refinement of the grain size. The sh
of the peak is the result of an average expansion of the la
constant caused by these microstrains. The shifts and br
ening are characteristics of increasing nitrogen conten
FeTaN thin films7 and in this study the shift of the~110!
peak normalized to Fe,Dd110, will be used to quantify the
amount of incorporated interstitials in the FeTaN films

FIG. 2. High angle x-ray spectrum of epitaxial Fe~110! on Cu~001!/Si~001!.
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Dd110~%!5
d110

film2d110
Fe

d110
Fe 3100. ~5!

The accuracy of thed-spacing measurement is higher th
the accuracy of other available techniques XPS and Au
spectroscopy! for direct measurement of the nitrogen co
centration, although the obtained atomic concentration of
trogen depends on the unit cell volume, where the cell can
taken as body-centered-tetragonal~bct! or bcc,7 and the pre-
sumed position of the nitrogen atoms. It also neglects t
film stress effects. Our calculated atomic concentration
nitrogen for a film with 2% lattice dilation was;2 at. %—
assuming bct deformation with thec axis out of the sample
plane—which was the same order as determined by Au
spectroscopy~362 at. %!. Since one of our goals is to com
pare calculated properties from measured single crystal
stants with published experimental properties of nanocrys
line samples, the most reliable variable for the sake
comparison is the measured lattice dilation, which does
depend on the interpretation of the unit cell expansion.

Rocking curves were measured on the~110! peaks as a
function of lattice dilation caused by the nitrogen incorpo
tion, and are shown in Fig. 4. The intensities were norm
ized to the average intensity for each sample andv is defined
as the angle between the normals of the sample plane an
detected~110! planes. The full width at half maximum
~FWHM! of the rocking curves can be used to describe
tilt of the ~110! planes relative to the sample surface a
therefore provides a quantitative comparison between the
based thin films. It is observed that the FWHM is 2.7° f
pure Fe and increases to 3.9°, 4.3°, and 4.8° for the Fe
FeTaN ~Dd11051.6%, Dd11052%!, respectively. In addi-
tion to the strains produced in the Fe lattice, it can be
pected that small rotations of the crystallographic pla
would be produced in the vicinity of the solute atoms resu
ing in a larger skew of the~110!.

FIG. 3. The~110! peaks of Fe, FeTa, and FeTaN epitaxial films from t
high angle x-ray spectra.
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The structural results presented so far are not uniqu
epitaxial films, but could also be attributed to a strong^110&
fiber texture. To understand the orientation relationship
epitaxy between the substrate and films, pole figure anal
was utilized. A~220! pole figure for the Cu buffer layer is
shown in Fig. 5 with the horizontal and vertical lines bein
parallel to the Sî100& directions. The Cu~220! pole intensi-
ties are positioned at 45° tilt and at 45° to the vertical a
horizontal lines which corresponds to the orientation re
tionship of Cu~001!iSi~001! with Cû 010&iSî 110&. There
was no sign of secondary orientations in the Cu buffer lay
and the high pole intensities suggest high quality epitax
films.

FIG. 4. Comparison of normalized rocking curves of~110! planes of Fe,
FeTa, and FeTaN epitaxial films.

FIG. 5. The~220! pole figure of the 2000 Å epitaxial Cu~001! buffer layer
on Si~001!. The vertical and horizontal lines are parallel to Si^100&.
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The ~110!, ~200!, and ~112! pole figures of the pure Fe
film are shown in Figs. 6~a!–~c!, and they are positioned
with the vertical line parallel to Cu@ 1̄10# and the horizontal
parallel to Cu@110#. All the intensities can be indexed assum
ing four different in-plane variants of the orientation rel
tionship of Fe~110!iCu~001! with Fê 111&iCû 110& which
corresponds to the Pitsch relationship.26 The atomic configu-
ration of these variants which coexist on the Cu buffer la
is shown in Fig. 7 with A, B, C, and D depicting thes
different orientations. A~110! F scan~rotation! at 60° tilt for
the pure Fe sample is shown in Fig. 8 to demonstrate
contributions of the four variants on the pole figure. T
labels indicate the A, B, C, and D orientations contributing
the intensity of the peaks. Similarly, the intensities in t
other Fe pole figures correspond to these four inplane v
ants. The distinctly resolved peaks of the in-plane varia
~Fig. 8! evidences a narrow in-plane, rotational spread
within the pure Fe film, estimated from the FWHM of th
peaks to be;6°.

A comparison of the~110! pole figures for different ni-
trogen content films is shown in Figs. 9~a!–9~d!. Because the
d110 of nitrided FeTa and thed111 of Cu are very close to
each other, the strong Cu peaks which appeared at;55° tilt
were subtracted from the pole figures. This was justified
perimentally by showing that at 50° and 60° tilt the Cu~111!
was completely absent. Compared to the Fe, the FeTa
the FeTaN films have a broader in-plane distribution of
four variants by a few degrees. To demonstrate this, the
tensities of the~110! pole figures at 60° tilt were replotted a
a line scan for Fe, FeTa, and FeTaN samples and are sh
in Fig. 10. There is a clear increase in the in-plane sprea
the four variants for the FeTa films compared to the pure
however, there is little increase in spreading as the nitro
content increases. The spread was estimated for FeTa us

FIG. 6. The~a! ~110!, ~b! ~200!, and~c! ~211! pole figures of Fe epitaxial
film on Cu~001!/Si~001.
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F scan with a smaller step size to have a FWHM of;14°. It
would be expected that if the strains associated with the
ute atoms were distributed equally throughout the lattice,
lattice expansion would result in a better match, i.e., m
perfect epitaxy of the FeTaN films on Cu. However, the
distortions are localized in the vicinity of the solute atom
which tend to break up the perfection of the Fe lattice ca
ing a larger distribution of the planes. The high nitrog
content films were found to also have a few percent volu
fraction of a secondary orientation characterized by~110!

FIG. 7. The atomic configurations consistent with the Pitsch orienta
relationship between Fe and Cu, where A, B, C, and D denote the
possible in-plane orientations. The angle between Cu^010& and Fê110& is
d59.7°.

FIG. 8. F scan of Fe~110! at C560° tilt. The A, B, C, and D represent the
four in-plane variants contributing to the intensities of the peaks~high
resolution!.
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intensities located at 45° away from the vertical and horiz
tal lines and tilts;15° and 50°. These poles, together, can
indexed as resulting from an orientation relationship n
FeTaN~123!iCu~001! with FeTaN̂111̄&iCû 110&.

The pole figures were measured only up to 70° beca
of instrumental limitations. A way to get information at th
90° position and to confirm the results of the pole figu
analysis is by using in-plane TEM selected area diffract
~SAD!. The SAD for the pure Fe film is shown in Fig. 11~a!
with a diagram, illustrated in Fig. 11~b!, indexing the reflec-
tions from the four different variants. The relative positio

FIG. 9. Comparison of the~110! pole figures for~a! Fe,~b! FeTa, and~c–d!
FeTaN epitaxial films.

FIG. 10. Comparison of~110! F scans of Fe, FeTa, and FeTaN films~low
resolution!.
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of the ~110! reflections provide information at the 90° tilt o
the ~110! pole figure. The same is true with the~200! and
~112! reflections completing the~200! and~112! pole figures.
A comparison of the SAD patterns for the Fe based films
shown in Fig. 12 which confirms the presence of the fo
in-plane variants and the increase of the in-plane spread
the incorporation of Ta. There was no indication of nitrid
~e.g., TaN,g-(FeTa!4N, etc.! or other phases on the SAD
patterns, confirming the x-ray diffraction data, which is a le
reliable phase identification method in the pole figure geo
etry. The films with high nitrogen content were found
contain ~301! and ~123! reflections in the SAD pattern
~marked in the figure! which were not observed in the Fe an
FeTa samples. These reflections are not expected in a^110&
zone axis. However, they are in positions that coincide w
the projection of the~301! and ~123! poles which normally
could be at 77° and 79° to the sample normal, respectiv
The intensity distribution of these reflections cannot be
result of a well defined orientation near FeTaN~123!iCu~001!

FIG. 12. Comparison of SAD patterns of~a! Fe, ~b! FeTa, and~c! FeTaN
epitaxial films.
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with FeTaN̂111̄&iCû 110& which was observed in the pol
figure analysis, although this orientation does fall into t
distribution. It can be concluded that, in the high nitrog
films, the diffraction conditions of the four variants are r
laxed as the result of the increased slant of the~110! parallel
to the surface and the increased strain of the lattice.34

The epitaxial growth of the~110! Fe based films on the
~001! Cu results in a microstructure consisting of a mosaic
the four variants. The typical in-plane structure observed
dark field ~DF! TEM utilizing the ~110! reflections of two
variants which are;20° away from each other is shown
Fig. 13. The observed complex shapes of the different v
ants makes the grain size determination difficult and m
leading. However, the features of the mosaic microstruc
are on the order of;1000 Å. The evolution of this type o
microstructure is discussed in detail by Dahmen a
Westmacott35 for a bicrystal of~110! Al on ~001! Si, and can
be easily developed for a quadcrystal arrangement.

There is some speculation about the nature of the g
boundaries in the nanocrystalline FeTaN and its role in
soft magnetic properties.3 The grain boundaries produced
a result of the epitaxial growth of the four variants are si
plified versions of what would be found in randomly an
especially^110& fiber oriented nanocrystalline films. This
an added benefit of the~110! oriented films over the~001!
films studied previously.23,24 Because of the nature of th
deposition, most of the grain boundaries are nearly perp
dicular to the substrate surface resulting in boundaries
mostly tilt character. From the SAD analysis it can also
concluded that the misorientations across the boundaries
be classified as 20°, 90°, and 110°^110& tilt boundaries.
These boundaries in coincidence site lattice notation
close to (533a , 17b and 3, respectively.36 It should be
pointed out that the(53 misorientation is the well known
twin in cubic materials and is expected to be of low ene
when on specific crystallographic planes~e.g., ~112! in
bcc!.37 However, there is no clear faceting of the boundar
in these films, which is mainly the result of the nonequili
rium nature of the sputtering conditions. Annealing sho
cause a rearrangement of the boundary habit planes

FIG. 13. Dark field image of FeTa sample in planar view.
e

f
y

i-
-

re

d

in
e

-

n-
of
e
an

re

y

s

d
to

stable positions. A detailed investigation of the exact nat
of these boundaries would require high resolution TEM a
is beyond the scope of the current study.

C. Magnetic characterization

The saturation magnetization and the magnetocrystal
anisotropy of the samples were measured on 6 mm d
disks using a vibrating sample magnetometer and a tor
magnetometer. The samples were masked with wax, dip
into diluted HF~1:9! solution for few seconds to remove th
FeTaN, taking advantage of the negligible etching rate of
on this time scale. Then the thickness of the formed steps
the copper buffer layer were measured with a Dektak P
filometer, and the volumes calculated from the sample a

The magnetic properties of the mosaic structure can
calculated, based on the structural analysis, by taking
four in-plane variants into account and calculating the av
age properties. The anisotropy energy is obtained by s
ming the crystalline anisotropy energy and the magnetoe
tic energies

E5K1~a1
2a2

21a1
2a3

21a2
2a3

2!1K2~a1
2a2

2a3
2!

2 3
2l100s~a1

2g1
21a2

2g2
21a3

2g3
2!23l111

3s~a1a2g1g21a1a3g1g31a2a3g2g3!, ~6!

whereK1 and K2 are the fourth and sixth order crystallin
anisotropy constants,l100 andl111 are the magnetostriction
constants. Thea i and g i are the direction cosines of th
magnetization and the thin film stress,s, in the materials
coordinate system. Substituting the proper direction cosi
for the four in-plane variants into Eq.~6!, the angle depen-
dent part of the energy is calculated to be

E5S 3K1

16
1

K2

32D sin2 2u cos 4d, ~7!

whereu is the angle of the magnetization measured from
Si@110# in the sample plane, andd59.7°, defined by the
Pitsch orientation relationship~Fig. 7!. E is a biaxial energy,
which gives easy axes parallel to the^110& directions of the
Si substrate.

The hysteresis loops as a function of orientation in
sample plane~Fig. 14! and the fourfold symmetry of the
torque curves~Fig. 15! confirmed the calculated biaxial sym
metry. The symmetry is also in agreement with ferroma
netic resonance studies on Fe/Cu/Si by Naiket al.38

The expected torque per unit volume, calculated fro
Eq. ~7! is

L52S 3K1

8
1

K2

16D sin 4u cos 4d. ~8!

The torque contributions from each of the four orientatio
and their sum are shown in Fig. 16. The 2u and 6u parts of
the torque curves in the~110! planes are canceled due to th
fourfold symmetry of the in-plane structure. The value ofK1

was extracted from the experimental torque data by fittin
with Eq. ~8!, assuming thatK2 is negligible compared toK1

~Fig. 15!. The value of the magnetocrystalline anisotro
constant,K1 , and the saturation magnetization,MS , as a
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function of normalized lattice dilation are plotted in Fig. 1
The K1 andMS determined for the pure Fe film agrees wi
the bulk values within the experimental error. The fact th
the value ofK1 for Fe films agreed with bulk values suppor
the assumption that the anisotropy can be averaged ove
four orientations. The saturation magnetization, which d
not change significantly with nitrogen addition, is;1600
emu/cc which agrees with published values ofMS for this
composition.5,6,23 The value ofK1 decreases with increasin
nitrogen content, and at 2% lattice dilation is;20% smaller
than the value for pure Fe.

FIG. 14. Hysteresis loops along the easy and hard directions for Fe
FeTaN films.

FIG. 15. Measured and calculated torque curves for Fe and FeTaN epit
films.
t

the
s

The measurement of the saturation magnetostriction c
stants was carried out on a cantilever system,39 which mea-
sures the substrate bending under the anisotropic thin
stress of the magnetostrictive thin film, using a field of 1 kO
rotating at a frequency of 10 Hz in the sample plane. T
field was sufficient to saturate the samples which had a m
mum anisotropy field of;500 Oe. The interpretation of th
substrate deflection in this mosaic structure is somew
complicated.40 Because of the peculiar combination of th
four in-plane orientations, there is no direction in the sam
plane which would only contain the@100# or @111# direc-
tions. In order to accurately obtainl100 andl111, the mag-
netostriction was measured as a function of angle. T
samples were cut into cantilevers~12 mm32 mm! with a
long axis at different angles,q, from Si@110#. The substrate
bending due to the magnetostrictive strain was measu
relative to the pure Fe samples which were used to calib
the instrument.

The measurements were fitted with the calculated an
lar dependence of the magnetostriction, summarized bri
here. The magnetostrictive strain in a cubic material alo
the directionb1 , b2 , b3 when the crystal is magnetize
alonga1 , a2 , a3 is given by

nd

ial

FIG. 16. Calculated torque contributions of the four in-plane variants
their sum.

FIG. 17. Magnetocrystalline anisotropy constant,K1 and saturation magne
tization, MS as a function of the normalized lattice dilation.
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d l

l
5 3

2l100~a1
2b1

21a2
2b2

21a3
2b3

22 1
3!

13l111~a1a2b1b21a2a3b2b31a3a1b3b1!.

~9!

Assuming uniform stress the average magnetostrictive st
of the four variants can be calculated as

d l

l
5

1

4F S d l

l D
A

1S d l

l D
B

1S d l

l D
C

1S d l

l D
D
G . ~10!

Substituting the proper direction cosines for the four varia
and assuming the strain is measured along the directio
the magnetization we can calculate the magnetostriction
the sample plane along an arbitrary direction at an angu
degree from Si@110# as

l5
d l

l
5~ 9

32@l1002l111#cos 4d!cos 4u

1~ 11
32l1001

21
32l111!. ~11!

The calculated magnetostriction of the mosaic structure
has a fourfold symmetry~Fig. 18!.

In the cantilever measurement system the maximum
flection of the cantilever is measured as the magnetiza
rotates in the plane of the cantilever.40 Therefore the direc-
tion cosines ofMS and d l / l in Eq. ~9! are different. The
deflection of the cantilever is proportional to the magne
striction along the length of the cantilever, which can
obtained by substituting the direction cosines of the str
and the magnetization

l~q,u!5Aq1
21q2

212q1q2 cos 4q cos~2u1w!1q3 ,
~12!

whereq is the direction of the cantilever,u is the angle of
the magnetization in the sample plane; both are meas
from the Si@110#. Theq1 , q2 , q3 , andw are simple combi-
nations ofl100 andl111

FIG. 18. Calculated magnetostriction of the four in-plane variants assum
that the strain is measured along the direction of the magnetization.
in
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q15 9
32l1001

15
32l111

q25
9~l1002l111!

32
•cos 4d

~13!
q35 2

32l1001
6

32l111

w5q2~1/2!arctan@G tan 2q# with G56
q16q2

q17q2
.

The constantG in w, relation~13!, depends onq1 andq2 and
can be positive or negative depending on the signs and m
nitudes ofl100 and l111. Because of the lock-in-detectio
technique used, the amplitude of the cos~2u1w! term andw
in Eq. ~12! were measured as a function ofq. By fitting Eq.
~12! to the measured values of magnetostriction, the val
of l100 andl111 were obtained as a function of lattice dila
tion ~Fig. 19!. It can be seen thatl100 only decreases slightly
with nitrogen addition, whereasl111 increased, and actually
changes sign at;2% lattice dilation. This measured beha
ior of l100 andl111 of FeTaN is the exact opposite of othe
researchers’ theoretical predictions,9,10 where l100 was ex-
pected to increase linearly with increasing nitrogen cont
andl111 to remain constant. At this point we cannot offer a
explanation for the discrepancy between experiment
theory.

D. Comparison with results on „001… oriented
epitaxial FeTaN films

It is worthwhile to compare the results for~110! films
~10 wt% Ta! with those reported earlier on~001! films ~5
wt% Ta!. The deposition temperature was 200 °C for t
~001! oriented films on MgO, and the~110! oriented samples
were grown at ambient temperature, but the growth ra
were approximately the same. The structural analy
showed that a secondary~221! twin orientation is present in
the ~001! oriented films at high nitrogen contents, while th
~110! oriented films contained four in-plane variants of t
same orientations, along with a secondary orientation of n
~123!, as was mentioned earlier. The secondary orientati
were not included in the fitting of the crystalline anisotro
and magnetostriction measurements, since their amount
considered negligible based on the pole figure and T
analysis. It was found in both cases that the magnetocrys

g

FIG. 19. Magnetostriction constants,l100 andl111, as a function of lattice
dilation.
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line anisotropy decreased with nitrogen addition, althou
the change was larger for the~001! than for the~110! ori-
ented films, nevertheless the crystalline anisotropies
mained in the same order (105 erg/cc) as of Fe. The magn
tudes of the magnetostriction constants decreased for
the ~001! and~110! orientations, but the sign change inl111

was not observed in the~001! oriented samples.
One possible explanation for the differences in the m

sured constants in the two orientations is the underestima
of the secondary orientation in the~001! oriented films.
However, approximately 30%–40% volume fraction of t
~221! orientation combined with the principle~001! orienta-
tion would be required to explain the change inK1 and mag-
netostriction constants of the films on MgO, compared to
~110! oriented films on Cu/Si. This is not justified by th
structural analysis. It can be argued that the compariso
the results on the two orientations has no meaning, con
ering the differences in orientation, in Ta content, and in
bct deformation of the~001! and ~110! films. This discrep-
ancy is not unique in iron nitrides: measurements of~001!
and ~110! oriented Fe16N2 films grown by molecular beam
epitaxy ~MBE!41 showed completely different magnet
properties in the two orientations, regarding the magnitu
and sign of the anisotropy constants.

IV. RELATIONSHIP BETWEEN EPITAXIAL AND
NANOCRYSTALLINE PROPERTIES

From the measured values ofK1 , l100, and l111, we
can calculate the average magnetic properties expected
nanocrystalline samples. The average local anisotropy,KS ,
calculated from the measured fundamental constants
function of isotropic thin film stress is shown in Fig. 20.
can be seen that the change inKS with lattice dilation at the
optimum stress values is relatively small. Also, substitut
typical thickness~2000 Å! and grain size~200 Å! values for
nanocrystalline FeTaN samples into Eq.~1!, S can be calcu-
lated~Fig. 20!. The values for permalloy are also plotted f
comparison, assuming the same thickness and grain diam
as for the FeTaN films. The large difference in the minimu

FIG. 20. Calculated local average anisotropy energy for FeTaN with dif
ent lattice dilations as a function of stress, and calculated structure or r
constant,S assuming a thickness of 2000 Å and equiaxed grain size of
Å. The same curve is shown for Ni81Fe19 for comparison~lowest curve!.
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values ofKS for FeTaN and for NiFe is due to the larg
difference inK1 . The ripple parameter can also be plott
for different grain sizes as a function of nitrogen content
a typical thin film stress (243109 dyn/cm2) ~Fig. 21!. The
influence of the grain size and the stress is much more
nounced than the effect of the change in the fundame
constants with lattice dilation.

The saturation magnetostriction of nanocrystalli
samples can also be predicted, since the values ofl100 and
l111 are known. ThelS for ^110& fiber texture9 assuming
uniform stress in the averaging process~which is quite rea-
sonable for Fe alloys9! is given as

lS
^110&5 11

32l1001
21
32l111. ~14!

The calculated value oflS using the measured values ofl100

and l111 as a function of lattice dilation are in good agre
ment with published data8 on nanocrystalline films with the
same composition~Fig. 22! without any further assumption
about grain boundary materials. It is interesting to note t

r-
le
0

FIG. 21. Calculated structure constant of FeTaN as a function of lat
dilation for different equiaxed grain sizes assuming 2000 Å film thickne

FIG. 22. Comparison of saturation magnetostriction calculated for na
crystalline sample using the measured single crystal constant with the
sured values for nanocrystalline sample~see Ref. 8! ~courtesy of K. Minor
and J. A. Barnard!.
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the smallest coercivity for both the epitaxial and polycryst
line films42 occurs at the vicinity of 2% lattice dilation~Fig.
23!.

One might argue that it is natural to arrive at a go
agreement on calculated and measured average prope
because the measurement on epitaxial films gave ave
properties itself—averaged over four orientations—inste
of direct measurement of the fundamental constants.
strong argument in response is that the approach and ana
worked very well for the Fe films showing similar structur
properties as the FeTaN films. We obtained the correct
ues for the fourth order crystalline anisotropy constant a
for the ratio of the magnetostriction constants in the case
iron.

V. CONCLUSION

This research has focused on the fundamental magn
and structural properties of epitaxial FeTaN alloy, in order
understand the governing forces of soft magnetism in
nanocrystalline phase.

We successfully optimized deposition conditions for t
epitaxial growth of Fe and FeTaN thin films on Cu~001!/
Si~001! single crystal substrates using dc magnetron spu
ing. The growth of Fe was in agreement with earlier repo
while no investigation on the epitaxial growth of FeTaN h
been carried out so far.

On the basis of the structural characterization used
interpret the magnetic measurements, the magnetocrysta
anisotropy and the magnetostriction constants of Fe were
fact, influenced by the tantalum and nitrogen additions. T
observed values of the magnetostriction constants con
dicted the earlier theoretical predictions. This fact questi
the range of applicability of the model and urges rethink
the role of interstitials in thin films of Fe alloys. Furthe
more, the average saturation magnetostriction, calcul
from the measured values ofl100 andl111, showed a linear

FIG. 23. Comparison of coercivities measured on nanocrystalline~see Ref.
42! and epitaxial FeTaN~10 wt% Ta! samples as a function of lattice dila
tion ~courtesy of K. Minor and J. A. Barnard!.
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increase with nitrogen addition in a comforting agreem
with the experimental results of others on nanocrystall
films.

The central parameter of the ripple theory was det
mined for the alloy using the measured fundamental c
stants of epitaxial films, and it was found that soft magneti
is not achieved through the reduction of the local anisotro
energy, but through other structural means. This is in ag
ment with earlier findings on the nanocrystalline state of
material. Moreover, it implies, that unless the structu
properties are fully optimized, the magnetic dispersions w
be intrinsically more significant than that of permalloy.
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