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Magnetic properties and microstructures of Fe—Pt thin films sputter
deposited under partial nitrogen gas flow
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Continuous Feqo_,Pt, thin films (x=44, 50, 56, 60, and 65) with a thickness of around 80 nm were
prepared by dc magnetron sputtering under a mixture of argon and nitrogen gases. The maximum
coercivity was obtained at the FesPty, off-stoichiometric composition after postannealing for L1,
ordering. For the equiatomic and Pt-rich films, partial nitrogen flow during sputtering deteriorated
the in-plane coercivity of the postannealed samples due to conglomeration of smaller grains and the
presence of L1,FePt; phase. After postannealing for L1, ordering, the Fe-rich films grown in argon
and mixture of argon and nitrogen atmospheres are both composed of L1 fct phase only, and the
enhancement of the degree of order and strong preferential in-plane alignment of the ¢ axis in the
presence of nitrogen causes in-plane coercivity increase. By introducing nitrogen during sputtering,
an in-plane coercivity of 1303 kA/m (16.4 kOe) was obtained for the continuous FessPt,, thin film
annealed at 700 °C. © 2005 American Institute of Physics. [DOI: 10.1063/1.1943509]

I. INTRODUCTION

The magnetic properties of L1,-type FePt thin films have
been studied intensively, because they are considered to have
potential application as thin-film magnets for microelectronic
machine systems (MEMSs), high-performance magnets for
dental applications, and ultrahigh-density recording
media.'”’ Although the L1j-ordered FePt phase has a large
magnetocrystalline anisotropy of 7 X 107 ergs/ cc,! the coer-
civity varies in a wide range from a few hundreds to
3819 kA/m (48 kOe), depending largely on their microstruc-
tures. Yung et al.® obtained a coercivity of 955 kA/m (12
kOe) and an energy product of 120 kJ/m? from the FePt thin
films prepared by sputtering and postannealing above
400 °C. Liu er al’ reported coercive forces higher than
796 kA/m (10 kOe) by rapidly annealing an Fe/Pt multilay-
ered thin film, and achieved maximum-energy products of
higher than 320 kJ/m? (40 MGOe) at room temperature. Wa-
tanabe and Homma® reported a high coercivity of about
621 kA/m (7.8 kOe) for the FePt thin films deposited on a Pt
underlayer, and it was later shown that this high coercivity
was possibly linked with the multitwins that were introduced
from the Pt/FePt interfaces.” Goto er al. reported a large
coercivity of 3819 kA/m (48 kOe) in very thin islandlike
grown films, but its coercivity decreases when the film thick-
ness increases.'’ Shima e al.'' and Okamoto ez al.'* also
reported a very large coercivity for particulate films epitaxi-
ally grown on heated MgO single-crystal substrates, but their
coercivity drops drastically to about 160 kA/m (2 kOe)
when the film becomes continuous after growing to a thick-
ness of more than 40 nm, as originally reported by Goto
et al.'"’ This is because there are few domain-wall pinning
sites in the single crystalline films. To achieve high coerciv-
ity in continuous FePt thin films, Takahashi et al. introduced
a number of domain-wall pinning sites by fabricating nano-
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sized polycrystalline continuous films of about 100 nm in
thickness, and obtained an in-plane coercivity of 1035 kA/m
(13 kOe)."

As processing parameters for fabricating high coercive
FePt films, various gas atmospheres such as oxygen and ni-
trogen were also tested.'*1° Among these, a recent study by
Wang et al. reported that the in-plane hard magnetic proper-
ties of the Fes¢Pty, thin films can be improved by reactive rf
magnetron sputtering in an argon and nitrogen atmosphere,'6
in which the highest in-plane coercivity of 1154 kA/m (14.5
kOe) was reported. Although they speculated that the in-
crease of the coercivity was due to the formation of iron
nitride and enhanced chemical ordering, the mechanism of
the nitrogen effects was not revealed because of the limited
structural analysis investigation. It was also reported that the
incorporated N atoms in the as-deposited films had been re-
leased from the ordered fct phase during annealing.l()

In this work, we focused on the effect of nitrogen on the
microstructure and magnetic properties of Fe Pt;y,_, thin
films prepared by reactive dc magnetron sputtering under
argon gas or a mixture of argon and nitrogen gases. The
microstructure of the films was investigated by x-ray diffrac-
tion (XRD) and transmission electron microscopy (TEM).
The main purpose of this work was to understand the mecha-
nism of the coercivity increase by the nitrogen addition, and
to explore the possibility of developing high-performance
FePt thin-film magnets. By introducing nitrogen during sput-
tering, an in-plane coercivity of 1303 kA/m (~16.4 kOe)
was obtained for the continuous FesPty, thin film with a
thickness of around 80 nm, about 20% higher than in a simi-
lar film deposited under argon.

Il. EXPERIMENTS

Fe Pt go_, (x=44, 50, 56, 60, and 65) films were pre-
pared by codeposition of Fe and Pt on thermally oxidized Si
wafers using a multiple-target dc-sputtering system with
high-purity targets of 99.99% Fe and 99.9% Pt at room tem-

© 2005 American Institute of Physics

Downloaded 12 Jul 2005 to 144.213.253.14. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1943509

013902-2 You, Takahashi, and Hono

J. Appl. Phys. 98, 013902 (2005)

At 700 °C

900 -
600 -
300

.
-300 ]
-600

3
o

900
600 -
300 3

o]

Magnetization ( Gs)

-600 A———"'

-900-' Fe,Pt, [

FIG. 1. In-plane hysteresis loops of thin films annealed
at 700 °C.
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perature. The base pressure of the system was better than 2
X 1077 Pa. High-purity mixed gases of 0.1 Pa with different
N, ratios (0, 11%) were flown during sputtering. The sub-
strate was attached to a rotating table. The composition of
the thin films was modified by adjusting the target power.
The thicknesses of the thin films were controlled to be
around 80 nm. Postdeposition annealing was performed in
vacuum of better than 5X 107 Pa at various temperatures
for 15-60 min by sealing the samples in quartz tubes and
putting them into a preheated muffle furnace. The phase con-
stituents of the films were examined by (6-26) XRD using
Cu k, radiation. The microstructure of the films was exam-
ined by TEM, Philips CM200, and JEOL 2010F TEMs. The
compositions of the films were estimated by energy disper-
sive x-ray spectroscopy. A vibrating-sample magnetometer
(VSM) with a maximum applied field of 2 T and a supercon-
ducting quantum interface device (SQUID) magnetometer
with a maximum applied field of 5.5 T was used for measur-
ing magnetic properties along the in-plane direction. Some of
the samples were also measured along the out-of-plane di-
rection.

lll. RESULTS

A. Magnetic properties

By annealing above 600 °C, the ordering from the A2
structure to the L1 structure took place and the films became
magnetically hard. Figure 1 shows typical in-plane hysteresis
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loops of the Fe Pt;qo_, (x=44, 50, 56, 60, and 65) films an-
nealed at 700 °C for 30 min. The lines without the square
marks and with the square marks indicate the magnetization
curves for the films deposited under argon and mixed gases
with partial nitrogen flow, respectively. Although coercivity
was enhanced with the presence of nitrogen in the case of
Fe-rich compositions, nitrogen has an adverse effect in the
case of equiatomic and Fe-poor compositions. It was also
found that no magnetic hardening was achieved even by an-
nealing at 800 °C for the Fe,4Ptss film with a partial nitrogen
flow and the saturation magnetization was significantly lower
than the corresponding film grown in the argon atmosphere,
as shown in Fig. 1.

Figure 2 summarizes the in-plane coercivity of the films
of various compositions annealed for 30 min at three differ-
ent temperatures. At all temperatures, the same trends can be
seen in the coercivity, i.e., the coercivity was enhanced with
nitrogen only for the Fe-rich compositions. The highest co-
ercivity was obtained from the FessPty, film annealed at
700 °C: 1075 kA/m for the film sputtered under argon and
1207 kA/m for the film sputtered under 11% nitrogen flow.
By using SQUID with the maximum external applied field of
5.5 T, the highest coercivity of 1303 kA/m was recorded
from the FesqPty, film that was sputter deposited under 11%
nitrogen flow after annealing at 700 °C for 30 min [marked
in Fig. 2(b) by a circle]. The changes of coercivity with
composition are mainly attributed to the anisotropy varia-
tions due to the dependences of the degree of order on
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FIG. 2. In-plane coercivity of thin films annealed at various temperatures for
30 min.

cornpositions.17 Figure 3 shows the coercivity of the FegsPtss
and FesqPty, films as functions of annealing time at 700 °C.
The coercivity increases drastically after annealing for 15
min and the coercivity of the films grown in the partial ni-
trogen flow is higher than the ones grown in the argon atmo-
sphere. The coercivity of the Fes¢Pty, film slightly decreases
after annealing longer than 30 min, while that of FegsPtss
does not show much change within the range of annealing
time.

B. Preferred orientations and phase evolutions (XRD)

Figure 4(a) shows the XRD profiles of the as-deposited
films grown in the argon atmosphere, in which the preferred
orientation of {111} in the plane is predominant. It is well
known that the growth of films with preferred orientation is
closely related to surface energy, interface energy, and strain
energy.lg*zo The [111] preferential orientation observed in
Fig. 4(a) can be explained from the lowest surface energy of
the fec {111} plane. When nitrogen was introduced during
sputtering, the growth direction of the thin films changed.
The XRD profiles of the as-deposited films under an 11%
flow ratio of nitrogen are shown in Fig. 4(b). Unlike in a
previous report,16 the formation of iron nitride is not detected
here. Compared with Fig. 4(a), the {200} diffraction peak
appears and becomes stronger with increasing the Fe content
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FIG. 3. In-plane coercivity dependences on annealing time for the films
FegsPtys and FesgPtyy.

of the films. This indicates that the surface energy, interfacial
energy, or strain energy might have been altered by the ni-
trogen flow during sputtering.ls*zo Figure 4(c) shows the lat-
tice parameter a of the as-deposited films determined from
the {111} plane diffraction. It is apparent that the crystalline
lattice was expanded by nitrogen flow, so N atoms are
thought to be dissolved interstitially in the disordered fcc
phase. Since the interstitial dissolution of N expands the lat-
tice of FePt, the strain energy would be very different from
that for the N-free film, resulting in the development of a
different preferred orientation of the grains.

In order to investigate the effects of nitrogen interstitial
atoms on the microstructure of the annealed films, XRD (6
-26) scans of the films annealed at 800 °C are shown in Figs.
5(a) and 5(b) for the films grown in the argon atmosphere
and 11% partial flow of nitrogen, respectively. Based on the
magnetic hardening shown in Fig. 2, all diffraction peaks can
be indexed as the L1j-ordered FePt phase except for the ones
from the substrate. It is obvious that the annealed films in-
herit the preferred orientation of the as-deposited films. All
annealed films grown in the argon atmosphere show strong
[111] preferred orientation except for the FesyPts, film,
which means that films with both Fe-rich and Pt-rich com-
positions exhibit [111] preferred orientation. On the other
hand, the Fe-rich films grown in the partial nitrogen flow
exhibit preferred growth of the {200} planes as indicated by
the higher intensity of the {200} diffraction peak compared
with randomly orientated polycrystalline structures. The pre-
ferred orientation of {200} diffraction becomes stronger with
increasing Fe concentration. But the presence of other dif-
fraction peaks such as {001} and {111} indicates imperfect
texture in comparison with the Fe-rich films grown under
argon atmosphere. In order to investigate the behavior of
interstitial nitrogen during annealing, the lattice parameter a
of the thin films grown in the partial nitrogen was evaluated
before and after annealing, as shown in Fig. 5(c). It can be
seen that lattice parameter a was reduced after annealing.
The lattice parameter a should be expanded due to the dis-
tortion of the c-axis direction during the ordering process. So
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FIG. 4. XRD profiles of as-deposited thin films (a) in the argon atmosphere
and (b) in the partial nitrogen flow, and lattice parameter a (c).

the shrinking of lattice a is mainly attributed to the releasing
of N interstitial atoms from the ordered fct phase, in agree-
ment with the previous report.16

The presence of interstitial nitrogen is expected to give
some effects on the degree of order. Since L1, FePt has the
tetragonal structure, the c¢/a ratio will represent the degree of
order because the correct occupation of a higher fraction of
Pt atoms results in a bigger difference of lattice constants a
and ¢.*""** The c/a of fully ordered stoichiometric FePt is
0.9639,” and that for completely disordered fcc FePt or or-
dered L1,-type fcc structure is 1. Based on the XRD peaks of
the samples annealed at 800 °C, the approximate lattice ratio
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FIG. 5. XRD profiles of films annealed at 800 °C grown (a) in the argon
atmosphere and (b) in the partial nitrogen flow; (c) the changes of the lattice
parameter a of films grown in the partial nitrogen flow.

was evaluated as shown in Fig. 6. The c/a value of the
FeqoPtyy and FegsPtss thin films could not be evaluated from
the XRD patterns because of the strong texture. The inset of
Fig. 6 shows the consistent results evaluated from selected
area electron-diffraction (SAED) patterns taken from TEM
specimens, which show the lower value of c/a for the Fe-
rich FegoPty, and FescPty, films after introducing partial ni-
trogen flow. From Fig. 5(c), most N interstitial atoms would
be released from the ordered fct phase during annealing.
Even if some N interstitial atoms were still present, these
should result in an increase of the c¢/a ratio due to the drastic
expansion of the ¢ axis.”* So the decrease of the ¢/a ratio can
be reasonably attributed to the improved degree of order.
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FIG. 6. The changes of the c/a values of samples by partial nitrogen flow.

From the value of c¢/a, we can conclude that the degree of
order of the Fes¢Ptyy and Feq( Pty thin films was enhanced by
introducing nitrogen during sputtering. But the degree of or-
der was possibly deteriorated by the partial nitrogen flow for
the FesoPts, and Fe,,Pts¢ thin films, which will be discussed
in the Discussions section. The c¢/a value of the Fey,Ptsq thin
film with nitrogen flow is close to 1, which implies that the
formed phases change from the L1, phase to the antiferro-
magnetic L1,FePt; phase,25 in agreement with the observa-
tion of no magnetic hardening by annealing at 800 °C, as
shown in Fig. 2. This is also reflected from the magnetic
hysteresis in Fig. 1, in which the saturated magnetization of
the Fe,,Pts4 thin film significantly decreases after introducing
nitrogen flow.

C. TEM observations

Figures 7(a) and 7(b) show the bright field images of the
FesoPtsy films that were deposited in the argon atmosphere
and the partial nitrogen atmosphere, respectively, and subse-
quently annealed at 600 °C for 30 min. Note that the in-plane
coercivity of the film grown in nitrogen flow was lower by
about 200 kA/m than that grown in argon, as shown in Fig.
2(a). The insets are the corresponding SAED patterns. All
diffraction rings can be indexed as the L1 phase, in which
the superlattice reflection (001) is marked by an arrow. For
the Fes,Pts, film, nitrogen flow makes the microstructure less
homogeneous, in which some smaller grains aggregate in
some areas. The size of these smaller grains is approximately
15 nm, which is comparable to the exchange length of the
L1, FePt phase. This will cause averaging of magnetocrys-
talline anisotropy and will deteriorate the coercivity. % In or-
der to characterize these smaller grains, the compositions of
big and small grains were estimated by energy dispersive
x-ray spectroscopy (EDS). It was found that some of the
small grains possess much higher Pt content (around 60
at. %) than the equiatomic composition, while the composi-
tion of the big grains was close to the equiatomic composi-
tion. Considering the balance of the film composition, there
exist some grains with higher Fe content. On the other hand,
the compositions of all detected grains in the film grown in
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FIG. 7. The TEM bright field images of the FesyPts, thin films annealed at
600 °C grown (a) in the argon atmosphere and (b) in the partial nitrogen
flow.

the argon atmosphere are close to the equiatomic composi-
tion. So the composition fluctuation during annealing is con-
cluded to be the effects of the interstitial nitrogen in the
as-deposited film. By using a Gatan imaging filter, an inho-
mogeneous Fe map was observed (not shown here), in which
Fe-poor grains are observed in agreement with the EDS re-
sults. From the equilibrium phase diagram of the Fe—Pt bi-
nary system,25 a Pt content higher than 50 at. % Pt is benefi-
cial for the formation of the L1,FePt; phase. A large amount
of the L1,FePt; phase was also confirmed in the Fe,,Ptsq film
grown in the partial nitrogen flow. Since the FePt; phase is
antiferromagnetic, the formation of this phase would de-
crease the volume fraction of the L1j-ordered phase, deterio-
rating the coercivity of the film.

In contrast, the in-plane coercivity was enhanced for the
FesqPty, film by partial nitrogen flow during sputtering. The
bright field images of the samples annealed at 700 °C are
shown in Figs. 8(a) and 8(b), respectively, for the films
grown in the argon atmosphere and the partial nitrogen flow.
Grain-size distribution profiles for both samples are shown in
Fig. 8(c). The average grain size (around 58 nm) of the film
grown under nitrogen flow is slightly larger than that grown
in argon (around 54 nm), in agreement with previous
results.'® So the coercivity enhancement by nitrogen flow
cannot be attributed to the grain refinement. The TEM im-
ages of the FeqyPty, films, which also show coercivity en-
hancements by partial nitrogen flow, are consistent with the
results obtained for the other films (not shown here).
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FIG. 8. The TEM bright field images of the FessPty, thin films annealed at
700 °C grown (a) in the argon atmosphere and (b) in the partial nitrogen
flow, and (c) the grain size distribution of annealed samples.

IV. DISCUSSIONS

This work has shown that the nitrogen flow during sput-
tering has important effects on the coercivity of the postan-
nealed Fe g, Pt, thin films (x=44, 50, 56, 60, and 65) and
these effects depend on the compositions of the films. The
enhancement of coercivity by nitrogen flow during sputtering
was observed only in the films with Fe-rich composition. The
coercivity was deteriorated by nitrogen flow in the FesyPts,
and Fey Pts¢ films. The microstructural parameters such as
grain size, degree of order, phase constituents, and crystallo-
graphic texture are thought to influence the coercivity of the
films, so the question is which of these parameters are altered
by nitrogen flow.

As for the FesPty, film, no significant change in grain
size is observed by introducing nitrogen, as shown in Fig. 8.
However, the XRD profiles in Fig. 5 indicate that the films

J. Appl. Phys. 98, 013902 (2005)

&

=3

<@

1.
——m

Fe“Pt35
At700°C

] v T M M T v L

Magnetization ( Gs )

-300 4

'600'_ - —&—in plane
-900 out of plane

-15'00 -1(';00 -5|00 0 5(')0 10l00 ' 1500
Applied field ( kA/m )

FIG. 9. The comparison of hysteresis loops with the fields parallel and
perpendicular to the film plane for the FegsPtss film.

grown in the partial nitrogen flow has preferred orientation
lying in {200} planes in the film plane unlike the films grown
in the argon flow, which show a strong preferred orientation
of {111} in the film plane. Figure 9 shows magnetic hyster-
esis loops along the in-plane direction and out-of-plane di-
rection for the FegsPtss films without and with partial nitro-
gen flow annealed at 700 °C. For the FegsPtys film under
argon atmosphere, the hysteresis loops in both geometries
are similar, giving the same coercivity due to the c-axis tilt-
ing out of the film plane. The differences of loop shapes are
mainly from the different angle of the ¢ axis from the film
plane (~35°) and normal direction to the film plane
(~65°). For the FegsPtss film under the mixed atmosphere of
argon and nitrogen, the ¢ axis mainly lie in plane due to the
strong preferred orientation of {200} in the film plane, which
make it difficult to magnetize along the out-of-plane direc-
tion, resulting in a smaller out-of-plane coercivity. This indi-
cates that preferred orientation has an influence on the coeri-
civity. Moreover, the c axis along the film plane results in the
high in-plane coercivity. However, the preferential growth of
{200} plane is enhanced as Fe concentration increases and
the coercivity decreases with increasing Fe concentration. So
the preferential alignment alone cannot explain the high co-
ercivity in the FesgFey, film grown in nitrogen. Another pos-
sible explanation for the coercivity change in the films is the
degree of order. There are strong correlations between coer-
civity and chemical ordering, since the magnetocrystalline
anisotropy depends on chemical ordering.”"29 Higher chemi-
cal ordering results in higher anisotropy and
coerc:ivity.21’22’27729 Figure 6 shows that a smaller value of
c/a is achieved in the Fes¢Pty, film deposited with partial
nitrogen flow, indicating a higher degree of chemical long-
range order.

The initial magnetization curves in Fig. 1 suggest that
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the coercivity mechanism is dominantly domain-wall pin-
ning. With respect to the randomly orientated grains, the in-
tensity ratio of {111} to {200} diffractions is 100:38.” As
shown in Fig. 5, the Fe-rich samples grown in the argon
atmosphere show pure {111} texture. In comparison with the
films grown in the argon atmosphere, the Fe-rich samples
grown in the partial nitrogen show imperfect texture with
various orientations. Even for the FeqsPt;5 sample grown in
the partial nitrogen which show stronger {200} texture, the
diffractions of {001}, {111}, and {002} are present. For the
Fe-rich films grown in the partial nitrogen flow which show
both {001} and {200} diffraction peaks in the film plane, the
large misorientation of neighboring grains from a more ran-
dom structure would get a large-angle grain boundary, which
will act efficiently as pinning sites. This is also why the
coercivity drastically decreases for the continuous epitaxial
films because a stronger preferred orientation would weaken
the pinning effects of domain walls.""'> However, FesoPt5, in
both argon and nitrogen are nearly random. The different
effects of nitrogen flow on the Fes)Pts, and FeyyPtsq thin
films are discussed as follows.

It has been demonstrated that the coercivity of FePt films
increases with the volume fraction of the ordered phase with
respect to the disordered phase. The Fes,Pts, film grown in
nitrogen flow exhibits a heterogeneous structure, in which
some smaller grains aggregate. The random anisotropy
theory predicts that the aggregation of the small grains would
deteriorate the coercivity due to exchange averaging of mag-
netocrystalline anisotropy and easy formation of reverse
domains.”® From the above results, some L1,FePt; phase
would be obtained for the FesPts, film by the partial nitro-
gen flow and a large amount of L1,FePt; phase was formed
in the FeyPtsg film grown under the partial nitrogen flow.
The nitrogen flow is thought to result in a local composition
fluctuation to the Pt region, which was confirmed by energy
dispersive x-ray spectroscopy and energy filter element map
for the film FesyPts, grown in the partial nitrogen flow. By
using energy dispersive x-ray spectroscopy, it was found that
the nominal average compositions are similar for the films
grown in the argon atmosphere and the partial nitrogen flow.
So it can be deduced that the local compositional fluctuation
during annealing is mainly due to the releasing of N atoms.
Apparently the N atoms have stronger binding with Fe. It
was also reported that the frequency factor D,
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samples were investigated for the Fe oy Pt, thin films (x
=44, 50, 56, 60, and 65). An enhancement of coercivity was
achieved by introducing nitrogen during sputtering for the
thin films with Fe-rich compositions. But the coercivity of
the FesoPtsy and Fe, Ptsg thin films was deteriorated by ni-
trogen flow during sputtering. The following are the expla-
nations:

(1) For the FesyPtsy film, the nitrogen flow makes the mi-
crostructure less homogeneous, creating some regions
with smaller grain aggregation that is harmful for the
magnetic hardness due to the averaging effect of mag-
netocrystalline anisotropy.

(2) For the FesyPts, and FeyPtsq thin films grown in the
partial nitrogen, the formation of antiferromagnetic
L1,FePt; phases decreases the volume fraction of
Lly-ordered phases, which deteriorates the magnetic
properties of thin films.

(3) For the thin films with Fe-rich compositions, nitrogen
flow caused the enhancements of the degree of order and
strong preferential in-plane alignment of the ¢ axis, re-
sulting in the enhancement of in-plane coercivity.

(4) Compared with the Fe-rich films grown in the argon
atmosphere which show a strong preferred orientation of
{111} in the film plane, more randomly oriented nan-
ograin structure in the films with the nitrogen flow is
useful for coercivity enhancement due to the more effec-
tive pinning of the domain wall.

(5) Due to coarse structures, the coercivity of the stoichio-
metric FesyPts, sample is lower than the one of the
FesqPty, sample.

(6) By introducing nitrogen during sputtering, the highest
coercivity of 1303.0 kA/m was obtained in the FeszPtyy
sample, which suggests a promising method of reactive
sputtering to improve the magnetic properties of Fe—Pt
thin-film systems.
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