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The effects of TiN-ZrO, intermediate layer on the microstructures and magnetic properties of FePt films
were investigated. The TiN-ZrO, intermediate layer was granular consisting of grains of solid solution of
Ti(Zr)ON segregated by amorphous ZrO,. By doping ZrO, into TiN intermediate layer, the FePt grains
became better isolated from each other and the FePt grain size was reduced. For 20 vol. % ZrO, doping into
TiN, the grain size decreased dramatically from 11.2 nm to 6.4 nm, and good perpendicular anisotropy was
achieved simultaneously. For the FePt 4nm-SiO, 35 vol. % -C 20 vol. % films grown on top of the TiN-ZrO,
20 vol. % intermediate layer, well isolated FePt (001) granular films with coercivity higher than 18. 1 kOe
and an average size as small as 6. 4 nm were achieved.

1o ordered FePt alloy with high magnetocrystalline anisotropy (K, ~ 7 X 107 erg/cc) has been intensively

investigated due to its potential application for ultra-high-density magnetic recording' . Great progress has

been made in the fabrication of granular FePt thin films using MgO underlayer/intermediate layers®™.
However, small FePt grains grown on MgO showed large opening-up in the in-plane hysteresis loop due to
the small surface energy of the MgO oxide intermediate layer, which caused non-wetting contact between FePt
and MgO and led to the wide c-axis dispersion’~. Recently, L1,-FePt (001) films with high magnetic anisotropy
and small opening-up of in-plane hysteresis loop were synthesized using conductive TiN intermediate layer that
has a larger surface energy'®'*. The conductive TiN intermediate can be fabricated by industry preferred direct-
current sputtering. However, the FePt grains were not well isolated, which may cause undesirable large lateral
exchange coupling and thus large transition noise.

In order to solve these problems, nanogranular TiN-ZrO, intermediate layer that is formed by doping ZrO,
into TiN intermediate layer is proposed. It is known that the standard Gibb’s energy of formation (-AG®) at 300 K
of ZrN (152 Kcal/gfw) is larger than that of TiN (145 Kcal/gfw), and (-AG®) of ZrO, (248 Kcal/gfw) is larger than
that of TiO (235 Kcal/gfw)'*. Therefore, when ZrO, is doped into TiN intermediate layer, it is expected that ZrO,
will remain stable and segregate from the TiN grains, thus forming the nanogranular TiN-ZrO, intermediate
layer. Similar to the grain size and isolation control used in current perpendicular recording media', this
nanogranular TiN-ZrO, intermediate layer is expected to be able to control the grain size and improve the grain
isolation of FePt films. In this paper, the effects of TiN-ZrO, intermediate layer on the microstructure and
magnetic properties of FePt films were investigated.

Results

Figure 1 shows XRD 20-scans of FePt (4 nm)-SiO, 35 vol. %-C 20 vol. %/TiN- ZrO,/TiN/CrRu/glass with
various ZrO, doping concentrations. All FePt films exhibited good L1, (001) texture. Only TiN (200) peak
was observed and no peaks from any other TiN-ZrO, phases were found for all the samples, indicating a single
fcc lattice structure. Meanwhile, with increasing ZrO, doping concentration, TiN (200) peak shifted towards a
lower angle, suggesting the increase of the lattice constant a of TiN. Moreover, FePt (001) peak shifted to a higher
angle with increasing ZrO, doping concentration from 0 vol. % to 20 vol. %. Further increasing ZrO, doping
concentration to 30 vol. % caused the position of FePt (001) and (002) peak to a lower angle. As shown in
Fig. 1(b), the lattice constant aryy increased from 4. 246A to 4. 266A, and crp; first decreased and then increased
with increasing ZrO,. The full width at half maximum (FWHM) of the rocking curve of the FePt (001) peak
slightly increased from 5. 9 to 6. 9° as the ZrO, doping concentration increasing from 0 to 30 vol. %. The typical
rocking curve of the FePt (001) peak with 30 vol. % ZrO, is shown in the inset of Fig. 1(b). The chemical ordering

| 4:5607 | DOI: 10.1038/srep05607 1



[FePROOT) — TiN(200) FePHO02)  CrRu(200) @) 43 (b) 31
: : : : da
' < = t {30
g _TE’ —m—lattice constanta,
© © 421 _gIattice constant Crept -
= 2 ‘1 n {20 _
Pl c | ‘001002 4 s
B o r 3 =
C o 38 < L 28 o=
2 © 2 128 §
C [$] L c
F=1 S
< E= 8
e R v 27
37r 0 (deg.)
_ =t —
. 1 1 I o 1 1 1 T L 1 26
20 40 60 70 80 0 5 10 15 20 25 30

50
2 0 (degree)

ZrO, concentration (vol.%)

Figure 1| (a) XRD spectra and (b) summaries of the lattice constant ar;y and cr.ps» and integrated peak intensity ratio-Igg;/Igp20f FePt(4 nm)-SiO,
35 vol. %-C 20 vol. %/TiN-ZrO,/TiN/CrRu/glass films with various ZrO, doping concentrations.

estimated by integrated peak intensity ratio Iny;/Ipp, as shown in
Fig. 1 (b), increased with increasing ZrO, concentration from 5 to
20 vol. % and then slightly decreased at 30 vol. % ZrO,. The
enhancement of the chemical ordering may be a result of the
increased mismatch strain, which could assist the chemical ordering
process. With high concentration ZrO,, the lattice relaxation
induced by the large misfit strain and the oxide interdiffusion may
reduce the ordering parameter.

Figure 2 shows the planar view TEM images and cross-sectional
TEM images of FePt (4 nm)-SiO, 35 vol. %-C 20 vol. %/TiN-ZrO,/
TiN/CrRu/glass films with various ZrO, doping concentrations. As
seen from the planar view TEM images (Fig. 2a, b and c), by doping
ZrO, into the TiN intermediate layer, the grain boundaries were
more distinct. Moreover, grain size decreased from 11. 2 nm to 6.
4 nm for 20 vol. % ZrO, doping into TiN. Further increasing ZrO,
concentration to 30 vol. % caused the increase of grain size to 7.
1 nm. The cross-sectional TEM images (Fig. 2 d, e and f) indicated
that FePt-SiO,-C films with a single-layer structure were grown on
the top of TiN-ZrO, polycrystalline intermediate layer and FePt
grains were well isolated. Moreover, FePt grains on TiN-ZrO, inter-
mediate layer exhibited uniform square grain shape, indicating that
the TiN-ZrO, possessed a moderate surface energy, which can
achieve a good balance between epitaxial growth and island growth.
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Figure 3 shows the M-H loops measured by SQUID of FePt
(4 nm)-SiO, 35 vol. %-C 20 vol. %/TiN-ZrO,/TiN/CrRu/glass films
with various ZrO, doping concentrations. It can be seen that all the
FePt samples shows good perpendicular anisotropy. With using TiN-
ZrO, intermediate layer, the out-of-plane coercivity showed a slight
increase (Fig. 3d), which was due to the increase of chemical ordering
and the improvement of grain isolation. As for in-plane coercivity, it
was increased as compared with pure TiN intermediate layer
(Fig. 3d), which may be caused by the disturbance of the epitaxial
growth of FePt by amorphous ZrO, in Ti(Zr)ON intermediate layer.
Especially for the sample with 30 vol. % ZrO, doping, more amorph-
ous ZrO, were formed, which resulted in deterioration of perpen-
dicular anisotropy. Although, the perpendicular anisotropy showed
slight deterioration, the 4nm-SiO, 35 vol. % -C 20 vol. % film grown
on TiN/TiN-ZrO, 20 vol. % with a larger out-of-plane coercivity of
18. 1 kOe and a small in-plane coercivity of 2. 7 kOe was still
realized.

Discussion

In order to understand the mechanism of the formation of smaller
isolating grains grown on TiN-ZrO, intermediate layer TiN (5 nm)-
(20 and 30 vol. %) ZrO,/CrRu (30 nm)/glass films were also fabri-
cated to investigate its chemical structure and microstructure e. g.
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Figure 2 | Planar view TEM images (a, b, ¢) and cross-sectional TEM images (d, e, f) of FePt(4 nm)-SiO, 35 vol. %-C 20 vol. %/TiN-ZrO,/TiN/CrRu/
glass films with various ZrO, doping concentrations. The volume concentrations of ZrO, are: (a) and (d) 0%, (b) and (e) 20%, and (c) and

(f) 30%. The insets are the corresponding grain size distribution.
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Figure 3 | M-H loops measured by SQUID of FePt(4 nm)-SiO, 35 vol. %-C 20 vol. %/TiN- ZrO,/TiN/CrRu/glass films with various ZrO, doping
concentrations. (a) 0 vol. %, (b) 20 vol. % and (c) 30 vol. %. (d) Summaries of out-of-plane and in-plane coercivities.
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Figure 4 | XPS analysis of the Zr3d spectra of the TiN-ZrO, intermediate layer with (a) 20 vol. % and (b) 30 vol. % ZrO, doping, as well as planar view
TEM images of CrRu(30 nm)/TiN(5 nm)-ZrO, 30 vol. % and (d) is the corresponding grain size distribution.
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Figure 5| (a) The enlarged high resolution TEM image of FePt(4 nm)-SiO, 35 vol. %-C 20 vol. %/TiN-30 vol. % ZrO,/TiN/CrRu/glass film observed from
zone axis <010>, as indicated by the inset diffraction patterns; (b) is the corresponding inverse fast Fourier transform (iFFT) images. The dislocations

are labeled by ( L) and interfacial dislocations are with red color. (c) the high resolution TEM images of FePt(4 nm)-SiO, 35 vol. %-C 20 vol. %/TiN-
30 vol. % ZrO,/TiN/CrRu/glass fim (white elliptical line roughly shows the grain boundary regions), (d) the illusration drawing of the layer structure.

whether it formed a nanocomposite (mixture of TiN phase and ZrO,
phase) or a solid solution of Ti(Zr)ON. The chemical compositions
of the Zr element in the TiN-ZrO, intermediate layer for these films
were examined by high resolution XPS. Fig. 4 (a) and (b) show the
Zr3d spectra of the samples with 20 vol. % and 30 vol. % ZrO,,
respectively. Peak positions and their assignments are based on a
method reported previously®™®. As expected, the Zr element in
TiN-ZrO, layer existed in three chemical forms: ZrN, ZrO,N, and
ZrO,. The molar ratio of ZrN, ZrO,N, and ZrO, were 9. 3%, 49. 0%
and 41. 7% for 20 vol. % ZrO, doping, and 14. 4%, 20. 8% and 64. 8%
for 30 vol. % ZrO, doping. This indicated that the both Ti(Zr)ON
solid solution grains and amorphous ZrO, were formed simulta-
neously and thus the granular TiN-ZrO, was formed. Further-
more, the full width at half maximum (FWHM) of the rocking curve
of the TiN (200) peak slightly increased from 5.2 to 6. 1° as the ZrO,
doping concentration increasing from 0 to 30 vol. % (the results are
not shown here). Combined with the XRD results in Fig. 1, the solid
solution Ti(Zr)ON is fcc (200) texture and therefore by using ZrO,
doping the texture of TiN would not be deteriorated obviously.
Moreover, fcc ZrN content increased greatly with increasing ZrO,,
leading to an increase of the misfit strain and the decrease of FePt
lattice constant ¢, because the lattice constant of ZrN (4. 574A) is
larger than that of TiN (4. 238A). Planar view TEM of the TiN-ZrO,
30 vol. %/CrRu/glass film was carried out to further prove the form-
ing of granular TiN-ZrO,, and the results are shown in Fig. 4(c). It
can be seen that the TiN-ZrO, 30 vol. % films was granular. It exhib-
ited small grains with an average grain size of around 6 nm (Fig. 4d).
The well isolated Ti(Zr)ON grains suggested that the amorphous
ZrO, content (64. 8 at. %) remained in grain boundaries.

Figure 5(a) shows the enlarged high resolution TEM image of FePt
(4 nm)-SiO, 35 vol. %-C 20 vol. %/TiN-30 vol. % ZrO,/TiN/CrRu/

glass observed from zone axis <<010>>, as indicated by the inset
diffraction patterns, and Fig. 5 (b) is the corresponding inverse fast
Fourier transform (iFFT) images. The dislocations are labeled by
(L) and interfacial dislocations are with red color. It shows the
matching of the atomic planes across the FePt and Ti(Zr)ON inter-
face from the HR-TEM images. The interface was sharp and clear.
The SAED patterns spots of FePt and Ti(Zr)ON were overlapped,
implying a good epitaxial growth of FePt on Ti(Zr)ON. The epitaxial
relationship Ti(Zr)ON (002) <200>//FePt (001) <100> was con-
firmed. From the iFFT images, the dislocations (Fig. 5b) can be
clearly seen, which may be caused by diffusion of the amorphous
ZrO,. Moreover, the misfit dislocations (red color in Fig 5b) were
found at Ti(Zr)ON/FePt interfaces. It is known that the interfacial
dislocations can reduce mismatch strain and improve epitaxial
growth. From the high resolution TEM images of the FePt-SiO,-C
film grown on TiN-30 vol. % ZrO, intermediate layer (Fig. 5¢), the
granular structure of TiN-ZrO, intermediate layer was observed. The
grain boundaries with discontinuous lattice plane can be found in the
region encircled by white dash line in Fig. 5(c). Additionally, the FePt
grain size matched very well with TiN-ZrO, grain size. It indicated
that FePt followed the epitaxial growth of the Ti(Zr)ON grain during
deposition, which can be illustrated by the schematic drawing in the
Fig. 5(d). The ZrO, doping in TiN led to the formation of Ti(Zr)ON
solid solution grains and amorphous ZrO, segregation simulta-
neously. Thereafter, the FePt grains were formed epitaxially on top
of Ti(Zr)ON grains.

Methods

FePt films fabrication. FePt (4 nm)-35 vol. % SiO,-20 vol. % C/TiN(2 nm)-(0, 10,
20 and 30 vol. %) ZrO,/TiN(3 nm)/CrRu (30 nm)/glass films were deposited by
magnetron sputtering at a base pressure of 3. 9 X 107° Torr. The TiN-ZrO,
intermediate layers with various ZrO, concentrations were co-sputtered from a TiN
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target and a ZrO, target by changing ZrO, sputtering power. The FePt-SiO,-C films
were co-sputtered from a FePt target, a SiO, target and a C target. The FePt and C
targets were used DC powers, and the SiO, target was used RF power. The sputtering
rate for FePt, SiO, and C were 1. 6 nm/min, 0. 86 nm/min and 0. 61 nm/min,
respectively. The volume concentration for SiO, and C were fixed at 35 vol. % and
20 vol. %, respectively. The deposition temperatures of CrRu, TiN-ZrO, and FePt
were 280, 480 and 480°C, respectively. During the sputtering process, FePt films were
epitaxial grown on TiN-ZrO, intermediate layer and L1, ordered FePt films with
(001) texture were formed. Moreover, the SiO, and C were diffused into the grain
boundary of FePt grains, and isolated the FePt grains, thus the L1,-FePt nanoparticles
were formed.

Characterization of FePt films. The elemental compositions and chemical states of
TiN-ZrO, intermediate layers were determined by x-ray photoelectron spectroscopy
(XPS). Crystallographic structure and microstructures of the samples were measured
by x-ray diffraction (XRD) and transmission electron microscopy (TEM). Magnetic
properties were characterized at room temperature by a superconducting quantum
interference device (SQUID) with a maximum applied field of 6 Tesla.
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