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Structural evolution of Fe/Pt multilayered films annealed
in different atmospheres: a synchrotron radiation study
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Abstract. Influence of annealing atmosphere on the structural properties of annealed
multilayered [Fe/Pt].4 thin films was investigated. The films were deposited onto
thermally-oxidized SiO,(100nm)/Si(100) substrates by direct current magnetron sputtering
at room temperature and subsequently annealed in a temperature range of 500 to 900 °C in
flowing Ar, N,, and Ar+ H, atmospheres to induce structural phase transitions and
chemical ordering. Synchrotron analysis revealed that ordered face-centered tetragonal L1-
FePt phase formed after annealing at 500 °C regardless of the atmosphere used. Among the
studied conditions, annealing in N, at 800 °C provided higher degree of chemical ordering,
strong [001] crystallographic texture, and higher tetragonality of the L1,-FePt phase,
making the latter the most favorable for magnetic data storage applications. The surface
roughness increased at rising the temperature. However, its magnitude also depended on the
annealing atmosphere, being comparatively lower after annealing in Ar compared to
treatment in reactive environments such as N, or Ar + H,. Furthermore, annealing in Ar
atmosphere promoted formation of a non-stoichiometric Fe;Pt; , solid solution and
surface oxides (Fe;04 — Fe,O; — FeO) alongside with the L1y-FePt phase.
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1. Introduction

FePt thin films have been widely investigated over the
last few decades for applications in perpendicular
magnetic ultrahigh-density recording media [1-3], micro-
electromechanical systems (MEMS) [4], and spintronic
devices [5—7]. These applications benefit from the che-
mically ordered face-centered tetragonal (fct) L1y-FePt
phase, which exhibits high magnetocrystalline anisotropy
(K,~ 10" erg/em’), high saturation magnetization
(~1100 emu/cm’), large coercivity, and excellent chemi-
cal stability [8—11].

However, achieving the L1, ordered structure occurs
through formation of soft magnetic face-centered cubic
(fcc) A1 structure, which is strongly affected by the depo-
sition conditions. Therefore, to obtain films with the fct
structure, deposition on a heated substrate or post-depo-
sition annealing is required [12]. One of the promising
approaches to synthesize chemically ordered L1y-FePt
phase is sequential deposition of individual Fe and Pt
layers followed by thermal annealing [13, 14]. It is known
that the structural and magnetic properties of FePt films
are highly sensitive to the annealing conditions such as

temperature, duration, heating rate, efc. Furthermore, the
annealing environment has a pronounced effect on the
grain size, crystallographic texture, ordering, and surface
morphology of the FePt-based films. For instance, annealing
in forming gas (Ar + H,) significantly enhances coercivity
and promotes L1, ordering at reduced temperatures due
to hydrogen incorporation into interstitial sites [15].
Similarly, annealing in pure H, facilitates development of
the [001] texture. In addition, annealing in H, atmosphere
has been shown to reduce oxygen incorporated during
deposition, leading to significantly higher magnetization.
Moreover, hydrogen promotes phase formation, initiates
L1, ordering at temperatures as low as 350 °C, and simul-
taneously suppresses grain growth, resulting in a coercivity
as high as 1.1 T after annealing at 600 °C [16]. In contrast,
annealing in N, often leads to surface oxidation and
composition modifications [17]. Nitrogen atoms can also
segregate at the grain boundaries, hindering grain growth
but simultaneously accelerating atomic diffusion [18].
Finally, the films annealed in nominally inert gases, such
as Ar or N,, are highly sensitive to presence of residual
oxygen, which may drastically affect the ordering process
and the grains’ crystallographic orientation [19].
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Therefore, the mentioned studies emphasize that
annealing atmosphere strongly influences structural and
magnetic properties of L1y-FePt films. However, the
existing findings provide no clear guidance on the optimal
choice of annealing atmosphere, temperature conditions,
or their combination. Therefore, this work is devoted to a
thorough synchrotron structural analysis of multilayered
[Fe/Pt].4 films annealed at temperatures in the range of
500 to 900 °C in different atmospheres (N,, Ar, and forming
gas (97% Ar + 3% H,)). This approach provides a compre-
hensive insight into the influence of different annealing
atmospheres on ordering of FePt-based structures.

2. Experimental

[Fe(3.2 nm)/Pt(4.2 nm)].4 multilayered films were depo-
sited by direct current magnetron sputtering onto
thermally-oxidized Si(001) substrates with a 100-nm-
thick amorphous SiO, layer at room temperature. Before
the deposition, the Si substrates were subjected to a
multi-step wet chemical cleaning procedure developed by
the Radio Corporation of America (RCA). Fe and Pt
layers were deposited from individual high-purity
Fe (99.9%) and Pt (99.95%) targets. All the depositions
were carried out under Ar sputtering at the pressure of
0.35 Pa, while the base pressure was 5-10° Pa. The
individual layer thicknesses were adjusted to achieve
equiatomic stoichiometric composition of the annealed
product phase and were verified by Rutherford
backscattering spectroscopy.

After the deposition process, the films were subjected
to annealing at 500...900 °C in Ar, N,, and Ar + H,
(3 vol.%) atmospheres at a constant gas flow rate of
0.2 L/min. The annealing was conducted for 30 s at each
temperature using a fixed heating rate of 10 °C/s.

Structural characterization of the annealed films
was performed at the SPring-8 synchrotron radiation
facility using the RIKEN Materials Science beamline
BL44B2 [20, 21]. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) and X-ray reflectivity (XRR) mea-
surements were carried out at an incidence angle of 0.5°
relative to the sample surface, employing X-rays with a
wavelength of 0.108 nm. The vertical and horizontal beam
sizes were adjusted to 0.01 and 3.0 mm, respectively.
The samples were mounted in a Debye—Scherrer camera
equipped with a 2D image plate detector (400 x 200 mm)
enabling data acquisition over a 20 range from 2° to 78°
with a step of 0.01°. Fig. 1 shows a schematic illustration
of the used GIWAXS measurement setup.

Lattice parameters and relative peak intensities were
calculated by Rietveld refinement using Rigaku PDXL 2
software. The refinement was performed with a poly-
nomial background function, axial displacement peak
shift correction, and a split pseudo-Voigt peak shape
model. The effects of preferred orientation of grains were
accounted for using the March—Dollase function to
improve the accuracy of lattice parameter determination.
To evaluate the film texture, the intensity ratios of
(001)/(111) peaks were determined from the relative peak
intensities obtained from PDXL analysis without
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Fig. 1. Schematic illustration of GIWAXS measurements on the
BL44B2 beamline.

applying preferred orientation correction. The degree of
chemical ordering of the L1,-FePt phase was estimated
from the intensity ratio of the (001) superlattice to the
(002) fundamental peaks. The crystallite sizes were
determined using the Williamson—Hall method [22].
Deconvolution of the asymmetric (001) and (111) peaks
was performed using Gaussian fitting. X-ray reflectivity
simulations with varying surface roughness were carried
out using Rigaku GlobalFit software. The model included
a FePt film (29.6 nm) deposited on a SiO,(100 nm)/Si
substrate and used the bulk density value of 15.48 g/cm>.

3. Results and discussion

Figs. 2—4 show XRD patterns of [Fe/Pt]., multilayered
films annealed at different temperatures (500, 600, 700,
800, and 900 °C) in N,, Ar + H,, and Ar atmospheres
plotted in the 10°...75° 28 range.

Annealing in N, and Ar + H, atmospheres suggests
predominant formation of a single-phase chemically
ordered fct L1y-FePt (PDF #03-065-9121) structure,
indicating complete thermally-induced ordering of the
film. The diffraction peaks corresponding to other inter-
metallic phases were not detected. In contrast, annealing
in an Ar atmosphere, except for formation of the L1,-FePt
phase, leads to the film oxidation. Specifically, Fe;O4
(magnetite) oxide with Fd-3m structure was detected
after annealing at 500...700 °C. At 800 °C, diffraction
peaks corresponding to Fe,O; (hematite, R-3c) and
probably PtO, (Pn-3m) were detected. Finally, at 900 °C,
formation of FeO (wiistite) with the Fm-3m structure
became dominant. The formation of iron oxides in the Ar
atmosphere may be attributed to the high chemical reacti-
vity of Fe atoms towards residual oxygen at elevated
temperatures. Even under flowing inert or forming gas,
oxygen impurities cannot be completely eliminated from
the annealing chamber, resulting in surface oxidation of
the film [23-25]. The observed sequence of oxides
formation is supported by the expected thermodynamic
constants of respective reactions. In particular, Fe;O4
(1123 kJ/mol) has a lower formation enthalpy compared
to Fe,O; (—829 kJ/mol) and FeO (-267 kJ/mol) [26].
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Fig. 2. XRD patterns of the [Fe/Pt],4 multilayered films annealed
in Ar atmosphere at temperatures ranging from 500 to 900 °C.
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Fig. 3. XRD patterns of the [Fe/Pt]., multilayered films annealed
in N, atmosphere at temperatures ranging from 500 to 900 °C.

Therefore, this progressive evolution from magnetite to
hematite and ultimately to wiistite correlates with
increasing annealing temperatures and is consistent with
the energies of Fe oxides formation. Film oxidation can
significantly degrade magnetic properties by disrupting
formation of the L1, phase and depleting Fe from the
bulk of the film. In contrast, hydrogen-containing
environments are capable of reducing the surface iron
oxide [27, 28] due to the capability of hydrogen to react
with oxygen. During annealing in N, atmosphere,
nitrogen atoms can be predominantly incorporated at
grain boundaries [18] leading to inhibition of the
oxidation process at the subsurface region [29].
Moreover, annealing in Ar, as compared to N, and
Ar + H, atmospheres, exhibits noticeable asymmetry of
the (001) superstructure and (111) fundamental peaks,

experimental ——calculated mwL7,-FePt

Intensity log. sc. (cps)

Diffraction angle 26 (degree)

Fig. 4. XRD patterns of the [Fe/Pt]., multilayered films
annealed in Ar + H, atmosphere at temperatures ranging from
500 to 900 °C.

spotted at 16.95° and 28.64°, respectively (Fig. 5). The
observed shoulder at the lower-angle sides at 16.5° and
28.25° may be attributed to the presence of the Pt-rich
FePt; phase with the L1, structure. Formation of this non-
equiatomic phase may be attributed to the existence of
near-surface areas with iron deficiency: oxidation during
annealing results in selective consumption of Fe atoms to
form surface oxides (e.g., Fe;0,, Fe,0;, FeO). However,
the theoretical positions of the (001) and (111) peaks
from FePt; (16.04° and 27.97° (PDF #01-077-7991))
are at slightly lower angles than those observed
experimentally. According to the Vegard’s law, the
lattice parameter of a binary solid solution linearly varies
with the atomic percents of its constituents. Hence, the
observed peak shift may instead be attributed to
formation of a non-stoichiometric Fe; . Pt;, solid
solution with 0<x<1. Furthermore, within the
temperature range of 500 to 700 °C, distinct Laue
oscillations were detected in the vicinity of the (001) and
(111) diffraction peaks for the thin film annealed in Ar
atmosphere. Presence of the Laue oscillations may
indicate (i) high degree of structural coherence over the
entire film thickness, (ii) smooth and planar interfaces
between the film and the substrate/environment, and
(ii1) homogeneity of the grown films [30-33]. However,
the intensity and sharpness of the oscillations gradually
decrease with increasing annealing temperature,
suggesting degradation of the interface quality and
increase in the surface roughness. At higher temperatures
(800 and 900°C), the Laue oscillations completely
disappear, indicating loss of structural coherence, which
may be attributed to roughening of the interface between
the film and the substrate and/or the environment.
Similar distortions are also observed after annealing in
N, and Ar + H, atmospheres already at 500 °C, indicating
that the film annealed in Ar is characterized by smoother
and more planar interfaces up to a temperature of 800 °C
compared to the other investigated atmospheres.
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Fig. 5. Enlarged XRD patterns of the [Fe/Pt]., multilayered
films annealed in Ar atmosphere in a temperature range from
500 to 900 °C, showing (001) and (111) deconvolved peaks.

Rietveld refinement was performed to determine
precisely the behavior of the structural properties of the
annealed films. The simulated curves (pink lines) and
corresponding R-factors (R,,, values) are shown in Figs.
2-4. The summarized structural parameters, including
crystallite size, tetragonality degree (c/a lattice constants
ratio), the (001)/(111) and (001)/(002) integrated
intensity ratios are plotted in Fig. 6 as functions of the
annealing temperature for various used atmospheres.

The crystallite size as a function of annealing
temperature for different atmospheres is shown in
Fig. 6a. For all the annealing atmospheres, a clear trend
to recrystallization-driven grain growth at increasing the
annealing temperature is observed. The most pronounced
crystallite growth from 15 nm at 500 °C to ~46 nm at
900 °C occurs in N, atmosphere, which may correlate
with enhanced atomic diffusion. Previous studies have
reported that nitrogen atoms can occupy interstitial sites
within the FePt lattice, thereby inducing substantial in-
plane compressive strain and consequently reducing the
thermodynamic driving force for (111)-oriented grain
growth [34]. In contrast, in the present study, elevated
annealing temperatures promote rapid out-diffusion of
nitrogen atoms from the FePt phase. This degassing
process leads to the formation of numerous nanoscale
voids within the film, which, in turn, enhance the
diffusivity of Fe and Pt atoms and facilitate accelerated
grain growth [35]. In its turn, H, atmosphere leads to
growth of crystallites from 15 nm at 500 °C to ~28 nm at
900 °C, which is less pronounced compared to annealing

in N,. This may be attributed to segregation of hydrogen
atoms at grain boundaries [36, 37]. Unlike nitrogen,
hydrogen atoms tend to block the boundaries movement
[37], thereby slowing down the grain growth.

Fig. 6b shows the evolution of the tetragonality
degree of the L1y-FePt phase with annealing temperature.
In the Ar + H, atmosphere, the c/a ratio remains stable
across the entire temperature range. It closely matches
with the bulk L1, value of 0.964 (indicated by the solid
line), suggesting preservation of an ordered tetragonal
phase. In contrast, more pronounced deviations from the
bulk value are observed for Ar and N, atmospheres. The
smaller values of the c/a ratio are registered after
annealing at 600 °C in Ar and 700 °C in N,, which
indicates a higher degree of chemical ordering [38].

The ratio of the integral intensities of the
superlattice (001) peak to the fundamental (111) one
provides insights into the out-of-plane texture of the FePt
films (Fig. 6¢). For the L1,-FePt structure with randomly
oriented grains, the theoretical (001)/(111) intensity ratio
is approximately equal to 0.25 [39]. After treatment in Ar
atmosphere, this ratio increases with annealing tempe-
rature, indicating progressive reorientation of the grains
along the [001] direction. A similar trend is observed after
annealing in N, up to 800 °C, when this ratio reaches a
maximum, likely reflecting optimal conditions for film
texturing. However, annealing at 900 °C results in a notice-
able decrease in preferred grains orientation. In contrast,
annealing in Ar + H, atmosphere leads to decrease of the
(001)/(111) ratio within the entire temperature range,
suggesting that hydrogen-containing environments
suppress development of out-of-plane texture.

Fig. 6d demonstrates the ratio of the integrated inten-
sities of the superlattice (001) peak to the fundamental
(002) one, which is proportional to the degree of chemical
ordering of the L1,-FePt structure. In the case of Ar atmo-
sphere, this ratio steadily increases with temperature,
reaching a maximum at 900 °C. For the N, atmosphere,
the ordering enhances with temperature up to 800 °C and
further decreases possibly due to film degradation. In con-
trast, annealing in Ar + H, atmosphere results in a nearly
constant (001)/(002) ratio that is significantly lower
compared to that for other two investigated atmospheres,
indicating suppressed ordering. These results align with
the previously reported observations that reduction
(containing H,) atmospheres inhibit structure ordering [37].

The XRR spectra of the [Fe/Pt]., thin films
annealed at different temperatures in Ar, N,, and Ar + H,
atmospheres are shown in Fig. 7a—7c. In all cases, absence
of strong Bragg reflections indicates that compositional
homogeneity has been achieved during annealing [13].

Moreover, small and closely spaced oscillations are
observed after the treatment at 500...700 °C in Ar atmo-
sphere, and 500 °C and 600 °C in N, and Ar + H,,
respectively. Since these features are associated with
interaction of waves reflected from the film/ambient and
the film/substrate interfaces, they can be used for
roughness estimation. For this reason, XRR simulations
in GlobalFit were performed. Fig. 7d shows the simu-
lated XRR curves for FePt films with the same total
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atmospheres.

thickness and different surface roughness. The results
indicate that increasing the roughness leads to pro-
gressive damping of these small oscillations. In general,
surface roughness increases with temperature in all
atmospheres. However, the film annealed at 700 °C in Ar
retains more pronounced oscillations than those annealed
in N, or Ar + H,, indicating smoother surface under these
conditions. This finding is consistent with the presence of
Laue oscillations near the (111) and (001) diffraction
peaks observed for the Ar atmosphere at 500...700 °C
and confirms the smoother and more planar interfaces.
Considering all the results discussed above, the
annealing atmosphere plays a vital role in the structural
evolution of multilayered FePt-based films. At elevated tem-
peratures, surface degradation and increased roughness
are commonly observed phenomena. However, among the
studied conditions, annealing in pure Ar atmosphere at
700 °C results in smoother film surfaces, as evidenced by
the persistence of Laue oscillations. This suggests enhanced
thermal stability under these conditions, likely due to
formation of a thin crystalline oxide layer that inhibits
further degradation. The smallest crystallite sizes are ob-
served in the films annealed in Ar + H, atmosphere, while
the largest crystallites are obtained by annealing in N,.

Smaller crystallites are preferable for high-density
magnetic recording, as they reduce magnetic switching
volumes and improve signal-to-noise ratios. The higher
L1, chemical ordering and [001] texture development are
observed after annealing in N, atmosphere at 800 °C. The
reduction atmospheres such as Ar + H, suppress ordering
and development of out-of-plane [001] texture, which are
crucial for achieving high magneto-crystalline anisotropy.

These trends, including the changes of the crystal-
lite size, tetragonality, ordering, texture, and surface
roughness as functions of annealing temperature, are
summarized in the schematic illustration shown in Fig. 8.

The influence of annealing atmosphere on structural
transformations in FePt-based multilayered films is high-
lighted. For applications requiring strong perpendicular
magnetic anisotropy, use of N,-containing atmosphere and
moderate annealing temperatures (e.g., 800 °C) provides
the most favorable balance of high ordering, texture, and
grain size control. Meanwhile, Ar atmosphere may be
advantageous where improved surface preservation and
thermal stability are prioritized. These findings underline
the critical role of annealing atmosphere in tuning the
micro- and atomic structure of FePt thin films for
magnetic device applications.
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4. Conclusions

Fe/Pt multilayered thin films exhibit great potential for
high-density magnetic recording due to unique magnetic
properties of the chemically ordered L1y-FePt phase.
However, diffusion-controlled formation of this phase
requires post-deposition heat treatment of the as-synthe-
sized multilayered films. The annealing atmosphere in-
fluences on the grain size, crystallographic texture, degree
of ordering, and surface morphology of the FePt-based
films. In the present work, structural parameters of multi-
layered [Fe/Pt].4 thin films after annealing in different
atmospheres (Ar, N,, and Ar + H,) were investigated by
grazing-incidence wide-angle X-ray scattering and X-ray
reflectivity measurements using synchrotron radiation.
The chemically ordered fct L1, phase was formed after
annealing at 500 °C irrespective of the annealing atmo-
sphere. Furthermore, annealing in Ar atmosphere leads to
formation of a non-stoichiometric Fe,Pt;_, solid solution
and surface oxidation: Fe;04— Fe,O; — FeO. It was found
out that the crystallite size increases as a result of
annealing in N, atmosphere, while only a slight growth is
observed for the Ar + H, case. This is associated with
different behaviors of H and N incorporated atoms. The
surface roughness also depends on the annealing atmo-
sphere: although there is a general trend of increase of the
roughness with temperature, this effect is significantly
suppressed in Ar ambient due to the presence of surface
oxides. It has been demonstrated that annealing in N,
atmosphere at 800 °C results in the highest tetragonality
and chemical ordering degree, and a pronounced [001]
texture of the L1y-FePt phase. This regime can be consi-
dered the most appropriate for obtaining L1, thin films
with promising potential for data-storage applications.
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CrpykrypHa eBogmonisi Oararomaposux Fe/Pt-muiBok, Bigmanenux y pisHux armocdepax: mociTiiKeHHS
CHHXPOTPOHHOI0 BUNIPOMiHIOBAHHS

0.A. lIanbuexkoBcbkuii, [.O. Kpyraos, P.B. Ilenans, [.A. Biagumupcebkuii, A.K. Opiaos

AHoTtanist. JlochipkeHO BIUIMB aTMOC(EpH Bimady Ha CTPYKTYPHI BJIACTUBOCTI 0araToOIIapOBHX TOHKHX IUTIBOK
[Fe/Pt].4 micnms Bigmamy. IlniBku Oynm HaHeceHi Ha TepMmigHO okucieHi migkmaaku SiO,(100um)/Si(100) metomom
MarHeTpoHHOTO PO3IMOPOIICHHS Ha MOCTIHHOMY CTpyMi 3a KIMHAaTHOI TeMIlepaTypH, a MOTIM BilnajieHi B Jiana3oHi
temmnepatyp Bin 500 mo 900 °C y mortokax armocdep Ar, N, ta Ar+ H, 1ns iHAyKyBaHHS CTPYKTYpHUX (Da3oBHX
IepexofiB Ta XiMIYHOTO BHOpPsIKyBaHHA. CHHXpPOTPOHHHMH aHaji3 IOKa3aB, IO BIOPAJKOBaHAa I'PaHELEHTPOBaHA
teTparoHasibHa (aza L1yp-FePt yrBoproerbest micns Bimmany 3a temneparypu 500 °C He3alie)XHO BiJ BUKOPHCTaHOT
atmoctepu. Cepen gocmimpKyBanux yMoB Bigman y N, 3a temmeparypu 8§00 °C 3a0e3meqnB BAIIHHA CTYIIHD XIMiYHOTO
BIOpsiIKyBaHHSA, cuiibHy [001] kpucranorpadiuny TeKCTypy Ta BHILY TeTparoHanbHicTh ¢a3u L1j-FePt, mo poduts ii
HaAMOUTBII CIIPUATIMBOIO JUIS 3aCTOCYBAaHHS B MarHiTHOMY 30epiranai manux. lllopcTkicTs moBepxHi 30iMbIIyeThCA 31
3pOCTaHHAM TEMIIEPATypH; OJHAK ii BEIMYMHA TAKOX 3aJISKHUTH BiJl aTMOC(EpH Bijmany, 3aIULIal0YUCh HOPIBHIHO
HIDKYOIO MICIs Binany B Ar MopiBHSHO 3 00poOKOI0 B peakiiiHUX cepeloBHIlaX, Takux sk N, abo Ar + H,. Kpim
Toro, pasoM 3 (azoro Lly-FePt Bigman B atmocdepi Ar crpusie yTBOPEHHIO HECTEXIOMETPUIHOTO TBEPJIOTO PO3UMHY
Fe.xPt;_x Ta moBepxueBux okcumis (Fe;04 — Fe,O3 — FeO).

KirouoBi cjoBa: TOHKI MarHiTHi IUTiBKH, ciutaB Fe—Pt, CHHXpOTpoHHE BUIPOMIHIOBaHHS, atMocdepa Bimmamy,
OKHCJIIOBAJIbHA [TOBEIHKA.

Palchekovskyi O.A., Kruhlov 1.O., Pedan R.V. et al. Structural evolution of Fe/Pt multilayered films annealed ...
161


mailto:ivankruhlov@gmail.com
mailto:roman1pedan@gmail.com
mailto:vladymyrskyi@kpm.kpi.ua
mailto:orlovandrii89@gmail.com

