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1 Influence of the substrate choice on the L1, phase formation
of post-annealed Pt/Fe and Pt/Ag/Fe thin films
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Pt/Fe and Pt/Ag/Fe layered films were deposited by DC magnetron sputtering on MgO(001),
SrTiO5(001), and Al,O5(0001) single crystalline substrates at room temperature. The films were
post-annealed between 623K and 1173K for 30s in flowing N, atmosphere. The onset of the
L1y-FePt phase formation in films deposited on MgO(001) and SrTiO3(001) substrates was
observed after annealing between 773 and 873 K, while chemical L1, ordering sets in for Pt/Fe
bilayers on Al,O3(0001) at lower temperatures accompanied by strong (001)-texture. It is
concluded that elastic stress, arising from the difference in thermal expansion coefficients between
film and substrate, promotes ordering and texture formation. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891477]

I. INTRODUCTION

FePt thin films have attracted considerable attention as
potential ultra-high density magnetic recording material
because of the high magneto-crystalline anisotropy of the
chemically ordered L1o-FePt phase.' These films also show
high saturation magnetization and excellent corrosion resist-
ance.® Typically, the L1,-FePt phase forms from the disor-
dered Al-FePt phase after post-annealing or after deposition
onto heated substrates. However, industrial application of
FePt thin films requires chemical ordering at low temperatures
and the control of grain size and orientation.”*® The ordering
temperature can be reduced by Fe/Pt multilayer deposition
followed by post-annealing”'® or by introducing third ele-
ments such as Ag, Au, and Cull"1 A pronounced (001)-tex-
ture in L1y-FePt films can be achieved by epitaxial growth at
elevated temperatures on single crystalline substrates such as
MgO(OOl)”*19 or SrTiO3(001).20 Furthermore, elastic stress
during rapid thermal annealing of FePt films on suitable sub-
strates is the origin of strain favoring the growth of (001)-ori-
ented grains in L1, ordered films.**!*

In this study, the influence of various single crystalline
substrates (MgO(001), SrTiO5(001), and Al,O5(0001)) on the
structural properties of post-annealed Pt/Fe and Pt/Ag/Fe thin
films was investigated using various techniques, including
secondary neutral mass spectrometry (SNMS). It is expected
that differences in the structural properties of the films after
post-annealing arise from the stress created by the difference

YAuthor to whom correspondence should be addressed. Electronic mail:
vladymyrskyi@kpm.kpi.ua.
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116, 000000-1

in thermal expansion coefficients of the metallic film and the
substrates (AlL,O3(0001): 10 x 107® K !, SrTiO5(001): 9.4 x
107K ~', and MgO(001): 5 x 10 ® K" (Ref. 8)).

Il. EXPERIMENTAL

Layered films of Pt(15nm)/Ag(0; 10 nm)/Fe(15nm) were
deposited at room temperature on MgO(001), SrTiO5(001), and
Al,053(0001) single crystalline substrates by DC magnetron sput-
tering using individual Pt, Ag, and Fe targets. The Ar pressure in
the sputtering chamber was adjusted to 0.48 Pa for all deposi-
tions. The nominal thicknesses of the layers were evaluated
from the sputtering time (determined from the calibrated deposi-
tion rate of each target) and verified by profiler measurements.
Post-annealing of the films up to 1173 K was carried out in flow-
ing N, atmosphere (with 0.2 1/min flowing speed) for 30's, using
a constant heating rate of 10 K/s. The structure of the films was
analyzed with an x-ray diffractometer (XRD) equipped with 2-
dimensional (2D) and scintillation detectors using Cu K, radia-
tion. Composition-time (depth) profiles of post-annealed sam-
ples were determined by SNMS, using a low-pressure radio-
frequency Ar plasma both as source for ion bombardment and as
post-ionization medium.**** Furthermore, the magnetic proper-
ties were measured by superconductive quantum interference
device-vibrating sample magnetometry (SQUID-VSM).

lll. RESULTS
A. Pt/Fe and Pt/Ag/Fe films on MgO(001)

Fig. 1 shows 2D XRD images of Pt/Fe and Pt/Ag/Fe films
sputter-deposited on MgO(001) substrates after post-annealing

© 2014 AIP Publishing LLC
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FIG. 1. 2D-XRD images of (a) Pt/Fe and (b) Pt/Ag/Fe films on MgO(001)

substrates after post-annealing at different temperatures.
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texture.® However, in our case, the ordering mechanism is quite
different as bilayer Fe/Pt films were deposited at room tempera-
ture and then post-annealed. Thus, FePt ordering is initiated in
the Fe/Pt bilayer apart from the substrate.

SNMS composition profiles versus sputtering time of Pt/
Fe and Pt/Ag/Fe films after post-annealing at 773K and
873K are presented in Fig. 2. Please note that the composi-
tion profile was calculated assuming a linear dependence of
the measured intensities on the elemental concentration.”
Post-annealing of the Pt/Fe film at 773 K leads to an almost
homogeneous intermixing between the Pt and Fe layers.
Further increase of the temperature up to 873K does not
change significantly the concentration profile. Post-annealing
of the Pt/Ag/Fe film at 773 K also leads to the formation of a
homogeneous FePt layer and to a moderate penetration of
Ag into the FePt layer with an Ag rich layer on the top sur-
face. Please note that from the individual Fe and Pt layer
thicknesses, a composition of Fes;Pty3 is expected.

B. Pt/Fe and Pt/Ag/Fe films on SrTiO3(001)

Fig. 3 shows 2D XRD images of Pt/Fe and Pt/Ag/Fe films
sputter-deposited on SrTiO3(001) substrates after post-
annealing at temperatures up to 1173 K. Please note that the

at various temperatures. The appearance of the (001) super-  (100) reflection of the SrTiO5 substrate and the (001) reflection
structure peak for both Pt/Fe and Pt/Ag/Fe films was weakly  of L1,-FePt are superimposed and cannot be easily distin-
indicated after anneahng at 773K but Clearly observed after guished' However’ the onset of LL1 0 chemical Ordering was reg-
annealing at 873 K, indicating the onset of the L1o-FePt phase  istered after post-annealing between 773K and 873K in both
formation. With increasing annealing temperature, this reflec- Pt/Fe and Pt/Ag/Fe films. Intensity of superstructure reflection
tion increases in intensity and becomes sharper. However, the becomes stronger with higher annealing temperatures. It is
ntensity of the (111) peak is still much hlgher than the Intensity apparent that after post-annealing at 1073 K and 1173 K, a non-
of (001) reflection, indicating the presence of strong (111)-tex-  uniform distribution of the (001) peak intensity along the dif-
ture. Furthermore, the intensity of the (111) Ag reflection  fraction ring is observed, revealing that some part of the grains
observed for the Pt/Ag/Fe films also becomes more pronounced are preferentially oriented along the [001] direction. But the
with increasing temperature. Please note that it is well known strong (111) peak is still present in the XRD images.
that FePt films grown on MgO(001) substrates at elevated tem- The SNMS depth profiles of post-annealed films grown
peratures reveal high L1y ordering with pronounced (001) on SrTiO3(001) substrates (Fig. 4) are very similar to the
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FIG. 3. 2D-XRD images of (a) Pt/Fe and (b) Pt/Ag/Fe films on SrTiO5(001)
substrates after post-annealing at different temperatures.

profiles obtained on MgO(001) substrates. Also in this case,
annealing at 773 K leads to almost full intermixing between
the Fe and Pt layers. Increase of the annealing temperature
does not lead to significant changes in the composition distri-
bution. Annealing of films with Ag intermediate layer causes
again a moderate penetration of Ag into the FePt layer and
segregation towards the free surface.

C. Pt/Fe and Pt/Ag/Fe films on Al,03(0001)

Fig. 5 shows the 2D XRD images of Pt/Fe and Pt/Ag/Fe
films sputter-deposited on Al,03(0001) substrates after post-
annealing at various temperatures. It is apparent that the

Stage: Page: 3 Total Pages: 7
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(001) superstructure peak is present on the XRD images
even after annealing at 773 K for both the Pt/Fe and Pt/Ag/
Fe films. These peaks have low intensity as compared to the
fundamental (111) reflection, but the intensity is not uni-
formly distributed along the diffraction ring and has a well
defined maximum on the equatorial line, indicating the onset
of (001)-texture formation. Additional XRD measurements
showed the appearance of the low intensity (001) reflection
for the Pt/Fe film after post-annealing at 623 K and for the
Pt/Ag/Fe film after post-annealing at 673 K (Fig. 6). The in-
tensity of the (001) reflection increases drastically with
increasing annealing temperature, confirming the pro-
nounced (001)-texture for samples post-annealing at 1073 K,
which is slightly less pronounced in Pt/Ag/Fe films.
However, in Pt/Ag/Fe, a strong (111) reflection remains.

Fig. 7 shows the corresponding SNMS concentration
depth profiles of the Pt/Fe and Pt/Ag/Fe films after post-
annealing at 773 K and 873 K. The results are very similar to
those obtained for films deposited on MgO(001) and
SrTiO3(001) substrates. Even after annealing at 773 K, there
is an almost homogeneous distribution of Pt and Fe in the
Fe/Pt film. Increase of the annealing temperature does not
lead to a substantial modification of the concentration pro-
file. For the Pt/Ag/Fe film, full intermixing of the Fe and Pt
layers with pronounced Ag surface segregation after post-
annealing at 773 K was obtained.

The structural analysis of FePt films formed on
Al,O3(0001) after post-annealing revealed L1, ordering and
a pronounced (001)-texture, thus a strong perpendicular
magnetic anisotropy might be expected in these films. The
magnetic properties of the annealed films were investigated
by SQUID-VSM. M-H hysteresis loops were measured at
room temperature in two geometries: magnetic field is
applied in the film plane and out of the film plane. Figure 8
shows normalized M-H hysteresis loops obtained for Pt/Fe
and Pt/Ag/Fe films after post-annealing at high temperatures
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FIG. 5. 2D-XRD images of (a) Pt/Fe and (b) Pt/Ag/Fe films on Al,05(0001)
substrates after post-annealing at different temperatures.

(973 K-1073 K). The magnetization curves for all films are
quite similar and a more or less isotropic behavior in mag-
netization reversal for the in-plane and out-of-plane field
directions is observed. The coercivity of the Pt/Fe films after
post-annealing at 973K and 1073 K is 14.0 kOe and 15.8
kOe, respectively. For films with Ag intermediate layer,
these values were increased up to 17.7 kOe and 24.2 kOe,
respectively. This behavior can be explained by Ag diffusion
to the grain boundaries, which results in exchange decou-
pling of FePt grains, which in turn enhances the coercivity.
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Furthermore, the still present (111) and (200) orientations
are responsible for the isotropic magnetic properties due to
the rather randomly oriented FePt grains.

XRD results presented above indicate that the deposition
of Pt/Fe and Pt/Ag/Fe layered films onto single crystalline
Al,O3(0001) substrates with hexagonal structure leads to
decrease of the L1y-FePt phase formation temperature as
compared to MgO(001) and SrTiO5(001) substrates with
cubic lattice. Moreover, annealing of the films on
Al,O3(0001) substrate results in pronounced (001)-texture
formation. On the other hand, introduction of the Ag inter-
mediate layer leads to the slight deterioration of the (001)-
texture with the presence of a strong (111) reflection. Results
of the SNMS depth profiling were very similar for films sput-
tered onto the all investigated single crystalline substrates:
even after post-annealing at 773K almost homogeneous
intermixing of the Pt and Fe layers was observed. This fact
indicates that there is no noticeable effect of the substrate
type on the diffusion processes but its influence on the chem-
ical ordering and texture formation is more significant.

The Ag intermediate layer increases the coercivity of
the films after their post-annealing. This can be explained by
decreasing the magnetic interaction between the L1y-FePt
grains due to their isolation. Isolated grains were formed
because of the limited Ag solubility in FePt lattice and its
grain boundary and surface segregation tendency (as was
shown above). This conclusion is in agreement with the con-
clusions obtained in Ref. 26. Despite the pronounced (001)-
texture, films deposited onto Al,03(0001) substrates are
magnetically isotropic, indicating the presence of chemically
disordered Al grains and L1, ordered grains with (111) and
(200) orientations.

The observed differences in the texture formation in the
films deposited onto different substrates can be explained by
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stresses, created by the mismatch between crystal lattices
and by the difference of the thermal expansion coefficients
of metallic layers and the substrate. These stresses are the or-
igin of the strain favoring the growth of [001]-oriented
grains.?? Stresses arising due to the difference in thermal
expansion coefficients can be calculated from the equation®’

0 = AaATE/(1 — ),

where Aa is the difference in the thermal expansion coeffi-
cients between the substrate and the film, AT is the tempera-
ture difference between room and the post-annealing
temperatures, E is the elastic modulus of the film, and p is

Sputtering time (s)

Poisson’s ratio. As the elastic modulus is temperature de-
pendent, and in our case the Fe layer interacts with the Pt,
forming first A1-FePt and then L1,-FePt phases, we used the
elastic modulus (180 GPa), Poisson’s ratio (0.33), and ther-
mal expansion coefficient (10.5 x 107® K™') for bulk FePt
for the estimation of the difference in the stresses occurring
in the films deposited onto different substrates. Fig. 9 shows
the calculated stresses that arise from thermal expansion mis-
match as a function of temperature for the investigated sam-
ples. It is clear that the level of compressive stresses in the
films deposited onto Al,O3(0001) substrates is much higher
as compared to MgO(001) and SrTiO3(001) substrates.
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FIG. 8. SQUID-VSM M-H hysteresis

20 40 60 loops of films annealed at different

temperatures: (a) Pt/Fe at 973K; (b)
Pt/Fe at 1073 K; (c) Pt/Ag/Fe at 973 K;
and (d) Pt/Ag/Fe at 1073 K.
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FIG. 9. Calculated thermal stresses arising from differences in thermal
expansion coefficient between the substrate and the FePt film.

These stresses promote the chemical ordering and texture
formation in the films.

IV. CONCLUSION

In conclusion, sputtering of the Pt/Fe and Pt/Ag/Fe films
onto Al,O5(0001) single crystalline substrates and following
post-annealing leads to the formation of pronounced (001)-
texture. Furthermore, the onset temperature for chemical
ordering in these films is lower compared to films prepared
on MgO(001) and SrTiO3(001) substrates. It is important to
note that there is no noticeable effect of the substrate choice
on the diffusion process but its influence on the chemical
ordering and texture formation is significant. Differences in
the structural properties of the films deposited onto different
substrates can be explained by the stress state that occurs
during post-annealing. Also it was shown that introduction
of the Ag intermediate layer is an effective method to
increase the coercivity of the film.
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