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the goal of this review is consideration of basic physical and materials science ap
proaches for providing predefined properties of nanosize thin FePtbased films. 
Achievement of such properties is required for the industrial application of these 
materials as magnetic ultrahighdensity recording media. Various approaches are 
considered to solve the problems such as the reduction of the ordering temperature, 
formation of the requisite crystallographic orientation of the orderedphase grains, 
increase of the coercivity, and providing of the possibility to control the change in 
the magnetization of these materials.

Keywords: ordered L10FePt phase, phase transformations, thin films, magnetic 
recording.

introduction

the rapid development of informationcommunication technologies cau
ses a necessity of a permanent increase in the storage devices capacity. 
Consequently, there is a rise of the demand to create new ferromagnetic 
materials with exceptional magnetic properties.

Ferromagnetic thin films used for magnetic data storage applica
tions have to satisfy the following basic requirements: providing a high 
signaltonoise ratio and thermal stability with increasing data storage 
density as well as the possibility of changing the material magnetization 
using existing magnetic heads.

At magnetic recording, one bit of stored data corresponds to a mate
rial area consisting of one or several ferromagnetic grains. thus, in
creasing of the recording density requires reducing the size of grains, 
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which are used to record a single bit of data. however, a decrease in the 
grain size of the recording layer leads to a decrease in the energy barrier 
of magnetization reversal. At very small dimensions of ferromagnetic 
grains, a superparamagnetic effect could be observed as the phenomenon 
of magnetic domains magnetization reversal under the influence of  
atoms thermal fluctuations without an external magnetic field. to pro
vide the thermal and temporal stability of the recorded data, the above
mentioned energy barrier must significantly exceed the thermal energy:

E = KuV ≥ (50–70) kBT,

where Ku is a constant of magnetocrystalline anisotropy, V is a volume 
of a ferromagnetic grain, kB is the boltzmann constant, and T is a tem
perature.

the phenomenon of superparamagnetism is a crucial obstacle for 
further increasing the magnetic recording density by reducing grains 
size of the recording layer. Application as a recording layer of hard 
magnetic materials with a high energy of magnetocrystalline anisotropy 
could be the solution of this problem. this approach allows using mate
rials with a smaller grain size as a recording medium, keeping the ther
mal stability of the media. the magnetic characteristics and calculated 
sizes of the minimal thermal stable grains of the known materials with 
a high magnetic anisotropy are listed in table 1 [1]. 

As could be seen from table 1, the highest energy of magnetocrys
talline anisotropy corresponds to SmCo5 alloy. thermally stable 2.7–
2.2 nm grains could be obtained using this material. however, this alloy 
contains a rare earth metal Sm, significantly reducing its corrosion re
sistance and, therefore, making it unsuitable for application as a du
rable storage medium. Another prospective material for improving mag

Table 1. Physical properties of different  
materials with a high magnetic anisotropy [1]

type Material
Magnetocrystalline 
anisotropy energy 
Ku, 107 erg/cm3

Saturation 
magnetization 
Ms, emu/cm3

Coercivity 
Нс, koe

Curie tem
perature 
Тс, °С

Grain 
diameter 
Dp, nm

Сobased CoCrPt 0.2 298 13.7 – 10.4
Сo 0.45 1400 6.4 1120 8.0
Co3Pt 2.0 1100 35 – 4.8

L10 FePd 1.8 1100 33 490 5.0
FePt 6.6–10 1140 116 480 3.3–2.8
CoPt 4.9 800 123 570 3.6
MnAl 1.7 560 69 377 5.1

rareearth 
transition 
metals

Fe14Nd2b 4.6 1270 73 312 3.7

SmCo5 11–20 910 240–400 727 2.7–2.2
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netic recording density is FePt alloy with an ordered L10type (super)
structure. the value of magnetocrystalline anisotropy energy of L10FePt 
phase is in the range of (6.6–10)  ⋅107 erg/cm3, and calculated minimal 
thermally stable grain size is 2.8 nm [1]. Calculated maximal possible 
recording density of thin films based on L10FePt phase is 3−5 tb/inch2 
[2]. however, application of these materials requires solving of some phy
sical and materials science problems, which will be considered further. 

crystal structure Peculiarities  
of the fe–Pt-based Materials

the ordered magnetically anisotropic L10FePt phase has a facecentred 
tetragonal (f.c.t.) crystal structure, which is formed by a decrease in 
lattice parameter of a disordered A1FePt facecentred cubic (f.c.c.) 
phase along one crystallographic axis (с) and increase in the lattice pa
rameters along two other axes (а). Such changes in the crystal structure 
are caused by the rearrangement of Pt and Fe atoms with the formation 
of a regular alternation of the atomic planes of these elements.

the disordered A1FePt phase forms in FePt thin films structure 
after deposition onto substrates at temperature below 400 °C. Since the 
melting point of the equiatomic FePt alloy is approximately 1560 °C, 
the rate of diffusion processes via the bulk mechanism at temperatures 
below 400 °C is extremely low [3]. It means that, for the diffusion for
mation of the ordered L10FePt phase from the initially disordered A1
FePt solid solution, a hightemperature treatment or deposition of thin 
films onto heated substrates are required. however, the heat treatment 
is accompanied by recrystallization processes, which rate increases rap
idly with a temperature rise. this fact causes the main materials science 
problem, which has to be solved for the application of FePt based films 
as a magnetic ultrahighdensity recording medium, namely, ordering 
temperature reduction.

In addition, in order to increase a data storage density, the orienta
tion of the easy magnetization axis perpendicular to the film plane is 
required. however, the deposition of the FePt based films is accompa
nied by growth of the disordered A1FePt phase grains in the [111] di
rection, which is explained by the lowest value of the (111) plane sur
face energy comparing with other crystallographic planes. Such feature 
causes the following materials science obstacle in the FePtbased data 
carriers development: the formation of a preferred orientation of the 
L10FePt phase grains along the [001] crystallographic direction. It is 
also importantly to ensure a magnetic insulation of the neighbouring 
ferromagnetic grains in order to control their magnetic properties. A 
small size of grains and their narrow size distribution, as well as obtain
ing a flat thin film surface are also required.
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optimal concentration ratio of fe and Pt in the ordered Phase

Since the ordered L10FePt phase is not a stoichiometric compound but 
has a certain homogeneity region (40–55 at.% Pt), the question on op
timal composition providing desired physical properties of thin films 
arises. For instance, ref. [4] reports that the maximal ordering degree 
of the 0.5 µm thick FePt films can be reached for the films with the Pt 
concentration in the range of 47–50 at.%. In this case, the ratio of the 
crystal lattice parameters of the ordered phase (c/a) and ordering tem
perature take their minimal values. 

It is necessary to stress that films with Pt content of 47 at.%–
50 at.% have not only much higher ordering degree at lower tempera
tures as compared to films with a higher or lower Pt content but also 
they are more ordered (i.e., are characterized by higher longrange order 
parameter) at higher heat treatment temperatures. Authors attribute 
this finding to the activation energy of A1 → L10FePt phase transfor
mation, acquiring its minimal values in the Pt concentration range of 
47–50 at.% [5]. Another confirmation that the abovementioned con
centration range is optimal deals with the fact that 0.5 µm thick FePt 
films obtained by deposition on a substrate at 250 °C have a completely 
ordered L10 structure at the Pt concentration of 48.2 at.%. At the same 
time, in order to obtain a fully ordered structure in films with lower or 
higher Pt content, the substrate temperature during deposition has to 
be increased up to 300 °C [9]. Note that the bulk Febased crystal struc
tures, where concentration of alloying element is close to equiatomic 
content, are also characterized by a higher longrange order parameter 
as compared to those with a lower content of an alloying element [6–8].

however, it was found that the dependence of the magnetocrystal
line anisotropy energy constant on the Fe content in the ordered L10
FePt phase does not obey the regularity established for the ordering 
parameter value [10]. the structure and magnetic properties of epitax
ial 50 nm thick FePt films obtained by deposition onto heated up to 
620 °C singlecrystal Mgo(001) substrate were studied [10]. It was de
termined that the calculated value of the magnetocrystalline anisotropy 
energy of the ordered L10FePt phase increases monotonously with an 
increase in the Fe content from 46 at.% to 52 at.%. In contrast, the 
value of the ordering parameter reaches the maximum value for equia
tomic film.

thus, it can be concluded that, in order to obtain L10FePt films 
with the maximum value of the magnetocrystalline anisotropy, it is fa
vourable to use films with a deviation of components concentration 
from the equiatomic one to a slight increase of Fe. however, it is known 
that the ordering degree of the hard magnetic L10FePt phase decreases 
with the grain size reduction [11, 12]. this phenomenon is explained by 
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the presence of Pt segregations in the nearboundary regions of FePt 
grains [13–15], causing some deviation of the concentration in the grain 
bulk from the equiatomic one, and leading to a decrease in the L10FePt 
phase ordering parameter. 

Figure 1 shows concentration distribution maps of Fe and Pt ob
tained in ref. [14] by the xray energydispersive spectroscopy. Pt seg
regations in the regions close to the grain boundaries of the ordered 
L10FePt phase can be clearly seen. there is a decrease in the coercivity 
of films with a higher iron content (Fe51.8Pt48.2) compared with the films 
with a higher Pt content. this could be explained by the presence of the 
disordered regions in the L10FePt grains (Fig. 1, c). It was also found 
that a doping with silver prevents the formation of Pt segregations in 
the nearboundary regions of nanoscale grains in (Fe51.8Pt48.2)99.4Ag0.6 
films (Fig. 1, b). In addition, it was established from the first principle 
calculations that the formation of Pt surface segregations is more pro
nounced at the FePt grain size less than 15 nm [14].

thus, the maximum value of the magnetocrystalline anisotropy en
ergy (which is required for the application of these materials as a mag
netic recording medium) is attributable for FePt films with a slightly 

Fig. 1. Concentration maps of Fe and Pt obtained from the surface of FePt grains 
of Fe51.8Pt48.2 (а) and (Fe51.8Pt48.2)99.4Ag0.6 (b) films. transmission electron microscopy 
images are taken from inside of a FePt grain of film with Fe51.8Pt48.2 composition (c) 
[14]
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higher Fe content (≈52 at.%). however, when the grain size is reduced 
down to 15 nm, in order to eliminate the effect of Pt segregation on the 
grains surface, it is reasonably to use films with a higher Pt content.

Methods of ordered Phase formation  
temperature reduction
stress-state control in thin fePt-based films

It has been shown in many studies that the deposition of Fe and Pt 
separate metal layers instead of the disordered FePt alloy is an effective 
method of the ordering temperature reduction during postannealing 
process [16, 17]. For instance, an influence of additional stresses aris
ing at the interface between metal layers on the rate of ordering in FePt 
thin films was studied in ref. [16]. FePt (72.8 nm) thin films, 
[Fe (3.6 nm)/Pt(3.6 nm)]10, [Fe (5.2 nm)/Pt (5.2 nm)]7 and [Fe (7.3 nm)/
Pt (7.3 nm)]5 multilayers were obtained by magnetron sputtering onto 
the glass substrates at room temperature and then heat treated at 300–
550 °С for 30 minutes. ordering process was studied by magnetic prop
erties measurements. even after annealing at 350 °C, the coercivity of 
[Fe (5.2 nm)/Pt (5.2 nm)]7 films was about 160 kA/m, while coercivity 
of the singlelayer film did not exceed 50 kA/m. Figure 2, а demon
strates that the coercivity of both films increases with the rise of an
nealing temperature. however, multilayer films have much more pro
nounced hard magnetic properties in comparison to FePt thin film, in
dicating their much higher ordering degree. the authors of ref. [16] 
also showed that decrease in the thickness of separate Fe and Pt layers 
contributes to the acceleration of the ordering due to reduced diffusion 
paths of both Fe and Pt atoms. 

the beneficial effect of an increase in the number of interfaces be
tween the Fe and Pt layers on the ordering temperature reduction was 

Fig. 2. temperature dependence of coercivity of FePt(72.8 nm) and [Fe (5.2 nm)/
Pt(5.2 nm)]7 films (а) as well as for multilayer Fe/Pt stacks with various thick
nesses of the layers (b) [16]
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observed in ref. [18]. the Pt (15 nm)/
Fe (15 nm) and [Pt (7.5 nm)/Fe 
(7.5 nm)]2 layered stacks were ob
tained by magnetron sputtering 
onto thermally oxidized single 
crystal Si (001) substrates and  
annealed in the range of 300–900 °C for 30 s. It was found that the 
ordering temperature decreases by 100 °C in the [Pt (7.5 nm)/Fe (7.5 nm)]2 
multilayers, comparing with the bilayer films, where the ordering  
begins at 700 °C. In addition, according to the results of xray diffrac
tion (XrD) analysis, fourlayer compositions have a higher ordering 
degree as compared to the bilayer films at the same treatment tem
peratures.

the mechanical stresses, caused by the mismatch between crystal 
structure parameters of the substrate and the metal layer, affect the 
ordering rate as well as the structural and magnetic properties of thin 
films [19, 20]. For instance, mismatch between the lattice parameters, 
calculated in ref. [19], were 8.63%, 3.44%, and 1.44% for FePt (10 nm) 
films deposited onto Mgo (001), Ktao3 (001), and Srtio3 (001) sub
strates, respectively. It was revealed that thin films deposited onto the 
Mgo (001) substrate at 380 °C have a higher value of magnetocrystalline 
anisotropy (Fig. 3) as compared to the films deposited onto other single
crystal substrates under the same conditions. this effect is explained by 
the higher level of tensile stresses at the film/substrate interface in the 
case of Mgo. In addition, it was revealed that an increase in the film 
thickness leads to a loss in the magnetocrystalline anisotropy, which is 
caused by stress relaxation in the film.

thus, the results of numerous studies suggest as follows. An in
crease in the level of initial stresses in films and increase in the number 
of interfaces between the layers as well as an increase in the mismatch 
between the crystal structure parameters of the film and the substrate 
could significantly contribute to the acceleration of diffusion and, con
sequently, to the ordering temperature reduction.

alloying of fePt films

An effective method to reduce the A1 → L10FePt phase transformation 
temperature is the alloying of FePt based thin films with additional ele
ments. We can conventionally distinct alloying elements in these films 

Fig. 3. Dependence of the magnetocrys
talline anisotropy of L10FePt films de
posited onto different substrates on the 
film thickness [19]
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into two groups: (1) elements forming ternary compounds with FePt; (2) 
elements acting as segregated ones along the grain boundaries of the 
ordered phase. 

During the heat treatment of thin FePtbased films alloyed with such 
elements and compounds as Au, Ag, C, tio2, Sio2, these elements segre
gate from the disordered A1FePtphase with the formation of addi tional 
crystal structure defects. the formation of additional defects promotes 
the acceleration of the ordered L10FePt phase formation. In addition, 
the segregation of these nonmagnetic elements along the grain bounda
ries of the ordered phase leads to a decrease of the exchange interaction 
between neighbouring ferromagnetic grains, enhancing films coercivity.

Many studies have found a positive effect of the alloying by Ag on 
the decrease of the ordering temperature in FePt films [21, 22]. this 
influence could be explained by the insolubility of Ag in FePt. During 
heat treatment, Ag segregates from the disordered FePt phase, generat
ing additional vacancies, which in turn contributes to the diffusion ac
celeration. however, ref. [23] reports that Ag can have a limited solu
bility in the ordered L10FePt phase, where Ag concentration can reach 
5.9 at.%. In this case, Ag substitutes the Fe positions in the lattice of 
the ordered phase.

In ref. [21], it was found that, in the [Fe49Pt51]88Ag12 nanoparticles 
(3.5 nm) obtained by the chemical synthesis, the ordering temperature 
is lower by ≈ 100–150 °С in comparison to the particles without Ag. the 
coercivity of [Fe49Pt51]88Ag12 particles annealed for 30 minutes at 400 °C 
was 3.4 koe. At the same time, after heat treatment under the similar 
conditions, the FePt particles were superparamagnetic. the FePt nano
particles (4 nm) with Ag content of 20 wt.% were obtained by chemical 
synthesis in ref. [22]. Authors [22] found that the activation energy of 
the ordering is lower (by 32 kJ/mol) in comparison to the FePt particles 
without Ag. this decrease in the activation energy is attributed to the 
rise in the vacancy concentration in 3⋅103 times and corresponding in
crease in the diffusion coefficients of Fe and Pt. the increase in the 
number of vacancies is caused by the diffusion of Ag atoms from the 
FePt matrix during the heat treatment. the appearance of additional 
vacancies is the reason of the ordering temperature decrease in the al
loyed FePt nanoparticles by approximately 250 °C.

the same arguments could be applied to explain the acceleration of 
the ordering observed in the FePt based films alloyed with other ele
ments having no or having limited solubility in the ordered phase.

the similar effect on the reduction of the ordering activation ener
gy in FePt based films occurs when Sn is introduced as an alloying ele
ment [24]. the 25 nm thick FePtSn films with a Sn content of 0.8–
5.8 at.% annealed for one hour at 300 °C have hard magnetic properties 
(Hc = 5 koe). At the same time, the structure of FePt films without Sn 
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is completely disordered. An increase of the lattice parameter of cubic 
phase was observed in asdeposited FePtSn films. this effect was ex
plained by the presence of internal stresses caused by the lattice over
saturation by Sn. When the annealing temperature is raised up to 
600 °C, the lattice parameters take values typical for the ordered L10
FePt phase. this change indicates a decrease of the Sn solubility in the 
ordered phase as compared to the disordered one. Authors claim that 
the presence of internal stresses after the films deposition as well as the 
generation of additional defects during Sn segregation from the over
saturated FePtSn solid solution during annealing, result in a reduction 
of the ordered L10FePt phase formation temperature.

the following group of alloying elements, considered for reduction 
of the formation temperature of the L10FePt phase, cover elements 
forming ternary compounds with FePt. typically, such compounds have 
a lower melting point than the L10FePt phase. typical elements from 
this group are Cu, Mn, and Ni.

the introduction of Cu in FePt films promotes the reduction of the 
formation temperature of the hard magnetic ordered phase by forming 
a ternary L10FePtCu compound [25–27], where Cu atoms substitute Fe 
positions [28]. For example, authors of ref. [27] studied the effect of 
alloying by Cu of the FePt films (50 nm) obtained by magnetron sput
tering onto Sio2 /Si (001) substrates at room temperature and postan
nealed in a wide temperature range (300–700 °C) for 1 hour. It was 
found that the introduction of 15 at.% Cu promotes a decrease in the 
ordering temperature to ≈300 °C, while in the films without Cu, this 
temperature is ≈400 °C.

Authors of work [29] investigated the effect of Ni concentration on 
the ordering in FePt nanoparticles. the (Fe52Pt48)100−xNix particles with 
an average size of 3 nm were obtained by chemical synthesis. the Ni 
concentration was varied within the range of 8–21 at.%. the particles 
were annealed in the temperature range of 400–700 °C. It was found 
that the ordered L10FePt phase was formed after annealing at 500 °C 
in the FePt particles. however, particles alloying by Ni leads to the in
crease of the ordering onset up to 600 °C. the XrD results indicate 
that, with increasing Ni content, the ordering degree of annealed nano
particles decreases. Investigation of magnetic properties also indicates 
a decrease of the longrange order in the L10FePt phase with a rise of 
the Ni content: a drop of the coercivity from 7.6 koe to 5.3 koe at a Ni 
concentration of 8 and 17 at.%, respectively, was revealed. 

the results presented above show that alloying of thin FePt films 
with elements forming ordered ternary compounds during heat treat
ment could promote a reduction of the ordering temperature. herewith, 
not all such elements have a positive effect on the phase formation and 
magnetic properties of FePt based films.
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insertion of additional layers into the thin fePt films

In order to reduce the ordering temperature and obtain desired proper
ties of FePtbased films, not only the effect of alloying with additional 
elements but the introduction of additional layers of alloying elements 
was also widely studied. For instance, a heat treatment of FePtbased 
stacks with Ag additional layers leads to the diffusion of Ag atoms to
wards the outer surface of the films. this effect could be explained by 
a relatively low value of the Ag surface energy [30]. Diffusion of Ag 
atoms leads to the appearance of additional crystal structure defects, 
promoting the ordering process. Ag atoms also occupy the grain bound
aries and, thereby, suppress grains growth during the heat treatment.

the authors of ref. [31] obtained the ordered L10FePt phase by an
nealing (at 350  °C for 1 hour) of bilayer FePt (112 nm)/Ag (150 nm) 
films deposited onto a glass substrate. At the same time, 112 nm thick 
FePt films without an Ag underlayer have a disordered A1FePt struc
ture after annealing under similar conditions.

the lowtemperature phase formation in Fe/Pt bilayers as well as 
the effect of the intermediate Ag layer introduction were investigated 
in work [32]. After deposition, the Pt (15 nm)/Fe (15 nm) and Pt (15 nm)/
Ag (10 nm)/Fe(15 nm) films were heattreated in a vacuum in a tem
perature range of 320–340  °C with various annealing time. According 
to chemical depth profiling and XrD data, it was found that, after an
nealing at 340  °C for 4 hours, Fe and Pt are uniformly distributed 
through the film thickness. Moreover, there is a certain amount of the 
ordered L10FePt phase along with the soft magnetic A1FePt phase in 
the films structure. It was assumed that the phase formation under 
these heat treatment conditions occurs via formation of a reaction layer 
induced by grain boundary diffusion [33]. It was determined that the 
introduction of an additional intermediate Ag layer in this case deceler
ate the formation of the ordered L10FePt phase. the authors explain 
this effect by the fact that, at the initial stages of heat treatment, Ag 
diffuses to the film surface and partly dissolves in the Pt, slowing the 
diffusion interaction between Fe and Pt along the grain boundaries. In 
contrast, the introduction of an additional intermediate Au layer leads 
to an acceleration of the lowtemperature L10FePt phase formation in
duced by the grainboundary diffusion [34]. the XrD results indicate 
the presence of the ordered L10FePt phase in the structure of the 
Pt (15 nm)/Au (10 nm)/Fe (15 nm) layered stacks even after heat treat
ment at 330  °C for 24 hours. According to the films’ chemical depth 
profiling, an almost complete diffusion intermixing of the Fe and Pt 
layers occurred in the threelayer stacks after annealing for 62 hours. 
At the same time, the mutual diffusion of components in the bilayer 
films develops much less intensively. Formation of the ordered phase in 
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the bilayer Pt (15 nm)/Fe (15 nm) films after annealing at 330  °C for  
62 hours was not revealed according to XrD results.

the reduction of ordering temperature in ref. [35] was achieved via 
the deposition of a Fe layer (2.67 nm) on a metastable Pt65Ag35 (3.61 nm) 
phase layer with a following heat treatment. Using the transmission 
electron microscopy and grazing incidence xray diffraction analysis, 
the authors [35] found that the ordered L10FePt phase begins to form 
after annealing at the temperature of 230  °C for 2 hours. this effect can 
be explained by the Ag diffusion from the metastable PtAg phase, con
tributing to the formation of excessive vacancies in the AgPt layer and 
to the following acceleration of the diffusion interaction between Fe and 
Pt. As a sequence, a decrease in the ordering temperature was ob
served.

effect of an additional bi layer introduction on the temperature of 
ordered L10FePt phase formation was investigated in ref. [36]. After 
deposition onto a glass substrate, the FePt (20 nm)/bi (20 nm) layered 
stacks were further heat treated in a temperature range of 300–500 °C 
for 20 minutes. It was revealed that the ordered L10FePt phase is 
formed even at a temperature of 350 °C in bilayer films, which is lower 
by 50 °C as compared to films without the bi sublayer. the presence of 
the bi layer contributes to a significant increase in the coercivity of the 
bilayers, showing the value of 13 koe after annealing at 400 °C. however, 
in the heattreated bilayer films, the grain size is almost twice larger in 
comparison with FePt films annealed under the same conditions. the 
authors give the following explanation of the obtained results: bi has a 
significantly lower value of the surface energy as compared to Fe and 
Pt, and does not interact with these metals. that is why the bi atoms 
diffuse to the film surface by the grain boundary mechanism even at 
relatively low annealing temperatures. the bi atoms generate a large 
number of additional crystal structure defects during diffusion since bi 
has a larger atomic radius comparing with Fe and Pt. An increase in 
structural defectiveness leads to a decrease of the ordering temperature 
and to intensive growth of the ordered phase grains at low annealing 
temperatures, which is the reason of the high coercivity.

Authors of ref. [37] studied the influence of the additional Au layer 
thickness and the heat treatment temperature on the ordering process 
in [FePt (2 nm)/Au (x nm)]20 (where x = 0.5–3.5 nm) multilayer stacks 
deposited onto the thermally oxidized substrates of singlecrystal sili
con. According to the XrD results, the interplanar d(220) spacing of the 
disordered A1FePt phase in the asdeposited films increases with in
crease of Au layer thickness. therefore, the stored energy of the disor
dered phase crystal lattice increases, contributing to the acceleration of 
diffusion during the following annealing. In these films, the ordered 
phase formation occurs at 300  °C. Films coercivity increases with in
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creasing the thickness of the additional Au layer. It is interesting to note 
that, in case of elevated heat treatment temperatures (600  °C), the cont
rary dependence was observed: the ordering parameter of the L10FePt 
phase and the films coercivity decrease with increasing thickness of the 
Au layer. A similar result was obtained in [38], where authors investi
gated the effect of the additional Au layers introduction (with thickness 
of 0.5–3.5 nm) on the ordering rate in [Fe (1 nm)/Pt (2 nm)/Fe(1 nm))/
Au (x nm)]10 stacks. the ordered L10FePt phase was formed after heat 
treatment at 400 °C, and its amount increases with increasing the thick
ness of the Au layer. however, an increase in the Au layer thickness in 
stacks annealed at 500 °C leads to a decrease in the orde ring rate.

the influence of additional Cu layers on the ordering temperature 
in multilayer [Fe/Pt/Cu]18 films was investigated in ref. [39]. the ob
tained films were treated by rapid thermal annealing in an atmosphere 
of Ar + h2 mixture in a temperature range 300–500  °C for 60 seconds. 
It was found that the ordered L10FePt phase was already formed at 
300 °C in the films with additional Cu layers. At the same time, the 
ordering starts at 350 °C in the case of Fe/Pt films. the effect of the 
Cu content on the ordering degree was estimated by the ratio of lattice 
parameters (c/a) of the ordered phase. It was found that the c/a ratio 
increases with an increase in the Cu concentration, indicating that a 
certain amount of Cu (which did not dissolved in FePt) restrains the 
ordering process.

the decrease in the ordering temperature of 20 nm thick FePt films, 
deposited onto a thermally oxidized silicon substrate, to 300  °C was 
achieved in ref. [40] by introducing a 20 nm thick AgCu underlayer. 
the coercivity of the films was 5.2 koe even after annealing at 300  °C, 
and increased up to 10 koe after annealing at 400 °C. the authors ex
plain the decrease in the ordering temperature by the stresses arising 
during the decomposition of the metastable AgCu phase during the heat
ing. It was also found that Cu diffuses into the FePt layer during the 
annealing, forming ternary L10FePtCu compound, which also contrib
utes to the reduction of the ordering temperature.

the decrease of the ordering temperature was reached for 
[FePt (10 nm)]10 films in ref. [41]. the ordering temperature was re
duced from 500 °С to 380 °С by introduction of additional cap (50 nm) 
and under (10 nm) Cr layers. Moreover, an addition of an intermediate 
Cu layer (0.2 nm thick) to the films with additional Cr layers leads to 
the further reduction of the ordering temperature to 340  °C. It was 
found that the Cu and Cr atoms diffuse into FePt layers during anneal
ing, leading to an increase in the diffusion mobility of Fe atoms and, 
thus, to a decrease in the ordering temperature in the films. 

It was established in ref. [42] that the presence of tensile stresses, 
arising during heat treatment at the interface between FePt and amor
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phous Ni–Al layers due to the difference in the thermal expansion coef
ficients, leads to a reduction of the ordering temperature as well. the 
FePt thin films (90 nm) deposited onto the amorphous Ni–Al (10 nm) 
layer have a coercivity of 5 koe after annealing at 380  °C; and the L10
FePt phase longrange order parameter is 0.67. Whereas, the films de
posited onto a Sio2/Si (001) substrate without a Ni–Al underlayer have 
a coercivity of 0.4 koe and a longrange order parameter of 0.35.

It was established in ref. [43] that the introduction of an addition
al Al underlayer, having a slight larger lattice parameter than FePt, has 
a positive effect on the decrease of the L10FePt phase formation tem
perature. Using the analysis of coercivity values, authors [43] deter
mined that the hard magnetic L10FePt phase forms after annealing at 
350 °C in the layer stacks with a 2 nm thick Al layer. this temperature 
was 400 °C for the films without additional layer.

In ref. [44], the authors compared the influence of the cap ru and 
Ag layers introduction on the ordering temperature and [001] grains 
texture formation in FePt thin films. It was found that the introduction 
of the cap Ag layer results in the reduction of the ordering temperature 
and formation of the preferred orientation of the grains in the [001] 
direction. At the same time, the presence of the cap ru layer increases 
the ordered L10FePt phase formation temperature by ≈ 100  °C compar
ing with the films without an additional layer. the authors explain this 
distinction by the difference in the level of stresses arising during heat 
treatment. While the presence of the Ag layer causes tensile stresses, 
the presence of the ru layer causes compressive stresses.

thus, it can be concluded that the introduction of additional layers 
of alloying elements into the FePt based films could lead to the reduc
tion of the ordering temperature. however, this influence depends es
sentially on the nature of the additional component, the initial thick
ness of the layers, and the conditions of the heat treatment.

ordering temperature reduction by external Magnetic fields

the application of an external magnetic field during the heat treatment 
of FePt based films could affect significantly the phase transformations 
by changing the Gibbs free energy of ferromagnetic phase by the value 
of −MH (M—magnetization, H—strength of magnetic field) [45–47]. 
thus, the change in magnetic energy acts as an additional driving force 
for the A1FePt → L10FePt phase transformation in the case when the 
nuclei of the ordered phase are ferromagnetic, while the A1FePt matrix 
is paramagnetic. that is why, in order to accelerate the ordering in FePt 
based films in the presence of an external magnetic field, it is reasonably 
to use a temperature above the Curie point of the disordered A1FePt phase 
(330 °C) and below the Curie point of the ordered L10FePt phase (480 °С).
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Investigation of structural and magnetic properties of 80 nm thick 
FePt thin films after annealing at 450–600  °C in a magnetic field of 
40 koe was carried out in ref. [47]. Authors [47] revealed that the onset 
temperature of the ordering decreases at least by 100  °C in comparison 
with the annealing without field (Fig. 4, a, b) [47]. Formation of the 
ordered L10FePt phase was accelerated mainly at an initial stage of the 
heat treatment. the coercivity of thin films annealed in the magnetic 
field was always higher as compared to the films after treatment at the 
same temperature but without external field. this effect authors attrib
uted to a higher ordering degree in the fieldannealed films (Fig. 4, c).

Preliminary annealing of a thin metastable FeAg/Sio2 film in a 
magnetic field of 10 koe was carried out in ref. [48], followed by depo
sition of the Pt layer on the film surface. Further, heat treatment in the 
temperature range of 300–500  °С was performed without a magnetic 
field in order to form the hardmagnetic L10FePt phase. It was found 
that preliminary annealing in a magnetic field promotes the orientation 
of Fe particles in the [001] direction as well as an increases their size in 
comparison to annealing without a field. Fe particles appeared due to its 
segregation from the metastable FeAg matrix. the XrD results and 
magneticproperties’ measurements convincingly demonstrate that the 
deposition of the Pt layer on the Fe layer with a [001] texture results in 
a reduction of the ordering temperature in the Pt/FeAg/Sio2 thin film 
as well as in enhancement of its coercivity. In this case, the ordered L10
FePt phase forms at a temperature of 400  °C.

Fig. 4. XrD patterns of FePt (80 nm) films annealed at different temperatures  
without (H = 0 oe) external magnetic field (a) and within the external magnetic 
field H = 40 koe (b); coercivity as a function of annealing temperature (c) [46]
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the abovedescribed results indicate that the heat treatment of films 
under an external magnetic field is an effective way of reducing the 
temperature of the L10FePt ordered phase formation.

grains texture formation in l10-fePt ordered thin films
As was already noted, one of the materials science challenges dealing 
with application of the FePtbased thin films as a magnetic highdensity 
recording medium is the orientation of the easy magnetization axis per
pendicularly to the film plane. that is why, it is required to form the 
[001] grains texture in the ordered FePt thin films.

In many works, in order to form [001] grains texture, it is proposed 
to control thermal tensile stresses in films by introduction of additional 
underlayers of materials, whose thermal expansion coefficient exceeds 
the corresponding coefficient of the FePt. 

the FePt (15 nm)/Ag (50 nm) thin film deposited onto a glass sub
strate were annealed at 550  °C for 30 minutes in work [20]. As a result, 
a preferred orientation of the grains in the [001] direction was obtained 
[20]. According to XrD results, it was determined that the grains tex
ture coefficient takes a maximum value in the films with a 50 nm thick 
Ag underlayer, and decreases with the reduction of the sublayer thick
ness. the positive effect of the Ag underlayer on grains texture forma
tion is explained by the influence of tensile stresses arising at the inter
face between the metal layers since the lattice parameter of Ag exceeds 
the parameter of the FePt lattice by 5.5%.

Authors of the work [49] investigated the effect of the mismatch 
degree between the lattice parameters of the film and the singlecrystal 
substrate on the grains texture formation. FePt films (10 nm thick) 
were deposited onto singlecrystal Mgo (001) and MgAl2o4 (001) sub
strates at 700 °C. the mismatch between the lattice parameters of the 
substrates and the ordered L10FePt phase was 9.6% and 4.9%, respec
tively. It was found that there are grains of the ordered phase with 
orientations in both [001] and [010] directions in the film on the MgAl2o4 
substrate. According to the XrD data, the dspacing, d(002), of the L10
FePt phase in the FePt/MgAl2o4 film is larger in comparison with the 
corresponding dspacing in film on the Mgo substrate. based on the 
obtained results, the authors concluded that a decrease in the mismatch 
between the lattice parameters of a metal film and a singlecrystal sub
strate leads to the appearance of tensile stresses oriented along the nor
mal to the film plane. this effect causes an increase in the dspacing, 
d(002), and orientation of the easy magnetization axis in the film plane.

recently the rapid thermal annealing method attracted much atten
tion of researchers as an effective approach for reducing the ordering 
temperature and formation of the desired grains texture in FePtbased 
thin films [50, 51]. For example, in ref. [51], the ordered L10FePt 
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phase was obtained with a preferred grains orientation in the [001] di
rection after rapid thermal annealing at 600 °C for 5 seconds of FePt/
Sio2/Si(001) films. this effect was explained by the appearance of tensile 
stresses due to the difference in the thermal expansion coefficients of a 
FePt film and a Si singlecrystal. More light emitted by the annealing 
lamps was absorbed by the monocrystalline substrate during the heat 
treatment since Si has a larger light absorption coefficient. this leads 
to a larger thermal expansion of silicon in comparison with the metallic 
film. It was noted that, for the present experiment conditions, in order 
to achieve a high value of magnetocrystalline anisotropy, the optimal 
thickness of the film should be in the range of 5–10 nm. Decrease of the 
thin film thickness leads to a decrease in the ordering degree, while an 
increase of the thickness results in the degradation of [001] grain texture.

the introduction into the FePtbased films of such oxides as zro2 
[52], Sio2 [53, 54], tio2 [55–57] and ta2o5 [57] promotes formation of 
the ordered L10FePt phase with magnetically isolated columnar grains.

For example, in ref. [53], the ordered L10FePt phase with colum
nar magnetically isolated grains was obtained by the alternation deposi
tion of the FePt alloy and Sio2 oxide at a substrate temperature of 
470 °C. the films were deposited onto an Mgo/ta sublayer; monocrys
talline silicon was used as a substrate. It could be clearly seen from 
electron microscopy image (Fig. 5) that the grains of the ordered L10
FePt phase in the films with the Sio2 addition have a columnar shape 
and are separated from each other by a uniform thin oxide layer. the 
coercivity of the films was 7 koe and the grain size of the L10FePt 
phase was 7 nm. In addition, the authors [53] investigated the effect of 
the Mgo oxide addition on the grain structure of the films obtained 
under similar conditions. It was determined that the addition of Sio2 
oxide to FePtbased films allows obtaining smaller grains of the ordered 
phase comparing with the Mgoalloyed films. It was also found that, 
when the volume fraction of the Mgo oxide is reduced (<30%), the co
lumnar grain structure is not formed. At the same time, columnar 
grains could be obtained even with 15 vol.% of Sio2.

Fig. 5. Crosssection trans
mission electron microsco
py image of the thin 
FePt−Sio2/Mgo/ta/Si film 
deposited at 470 °С [52]
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reference [58] reports that the addition of 35 vol.% of zro2 oxide 
to FePt films allowed to obtain the ordered L10FePt phase with the fol
lowing parameters of the columnar grains: 5.6 nm in size with the ratio 
of the grain height to its width of 2.6. the films were obtained by 
deposition (at 500 °C) on glass substrate using tioN/tiN/Crru(30 nm) 
sublayers. It was found that the zro2 oxide does not interact with the 
ordered L10FePt phase. During the film deposition, zro2 occupies posi
tions along the grain boundaries, resulting in magnetic insulation of 
ferromagnetic grains. however, such isolation is partial in this case; 
according to the electron microscopy study, the grains of the ordered 
phase have a labyrinth structure. Moreover, there are not only grains 
with [001] orientation in the film, formed because of the epitaxial growth 
of the L10FePt phase on the tioN sublayer but [111] oriented grains as 
well. the amount of grains oriented in the [001] direction could be sig
nificantly increased in these films by the addition of 5 vol.% of C.

Authors of ref. [59] carried out a complex study of the effect of 
alloying with amorphous (tio2, Sio2, Mgo, C) and crystalline (hfo2 and 
zro2) compounds on the microstructure of FePt thin films. thin 
FePt (6 nm)/X (30 vol.%) films (X = tio2, Sio2, Mgo, C, hfo2 and zro2) 
were obtained by magnetron deposition onto tioN/tiN/Crru (30 nm)/
glass layers at 500 °C. It was found that the introduction of amorphous 
compounds (especially Mgo and C) into the FePt films leads to the for
mation of a preferred grains orientation of the ordered L10FePt phase 
in the [001] direction as well as their magnetic isolation, rather than 
alloying with crystalline compounds. Nevertheless, the grains of the 
L10FePt phase have a welldefined columnar shape in case of alloying 
with crystalline hfo2 and zro2, while alloying with amorphous com
pounds leads to the formation of spherical grains. It was also found 
that, in the FePt films alloyed with zro2, there are grains of the ordered 
phase oriented in the [200] direction that is a result of the epitaxial 
growth of these grains on crystalline zro2. In the case of crystalline 
hfo2 instead of zro2, the amount of L10FePt phase grains with the 
[001] orientation was substantially increased [60]. this distinction is 
attributed to the higher mismatch between the hfo2 and FePt lattice 
parameters (about 25–28%). because of this reason, there is no epitax
ial growth of the ordered phase grains on the hfo2 oxide.

Application of an external magnetic field during heat treatment of 
thin films also promotes the formation of a pronounced [001] grains 
texture of the ordered L10FePt phase, leading to the corresponding 
orientation of the easy magnetization axis. A twostage annealing of 
Pt (2 nm)/FePt (20 nm)/Fe (2 nm)/Si thin films was carried out in ref. 
[61], in order to separate the effect of stresses arising at the stage of 
the ordered phase formation and the effect of a magnetic field on the 
formation of [001] grains’ texture. thin films were annealed at 700 °C 
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for 30 minutes to form the ordered 
L10FePt phase at the first stage. 
Subsequent annealing was carried 
out in a wide temperature range 
(400–600 °C) for 1 hour under an 
external magnetic field of 35 koe 
applied in the perpendicular to the 

film plane direction. A similar annealing without a field was also car
ried out. An annealing in a magnetic field at a temperature close to the 
Curie temperature of the L10FePt phase (480 °C) promotes orientation 
of the easy magnetization axis along the direction of the applied field. 
the texture of the grains was estimated from the intensity ratio of the 
diffraction (001) and (111) peaks. this ratio is maximal at 478 °C. the 
[001] grains texture was not occurred after annealing at temperatures 
below 450 °C and above 500 °C (Fig. 6).

In a number of works, it was also shown that annealing in a mag
netic field leads to a decrease in the grain size of the ordered FePt phase 
and to more sharp grain size distribution [62–64]. For example, in case 
of a heat treatment of thin FePt films at 500 °C in a magnetic field of 
20–40 koe, the grain size of the ordered phase decreases by a factor of 
two as compared to the films annealed without the field [62]. the au
thors [62] also determined that the number of nuclei of the ordered 
phase is proportional to the external magnetic field. however, with an 
increase of the magnetic field (>60 koe), a rapid rise in the grain size of 
the ordered phase was observed. this fact was explained by the high 
density of formed nuclei and their coalescence during annealing.

thus, it can be seen that there are a large number of proposed meth
ods to provide the required parameters of the ordered L10FePt phase 
grains structure in modern scientific literature, allowing reaching the 
desired properties.

tuning the Magnetic Properties  
of the ordered l10-fePt Phase

Currently, studies related to the magnetic properties control of the 
FePtbased films are carried out in two main directions. the first direc
tion is related to the increase in the coercivity of these films. the sec
ond one is related to creation of exchange spring and phase graded film 
structures.

Fig. 6. the (001) and (111) diffraction 
peaks intensities ratio vs. annealing tem
perature for Pt (2 nm)/FePt (20 nm)/
Fe (2 nm)/Si film [60]
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coercivity enhancement

the coercivity of FePtbased thin films, which directly affects the ther
mal stability of the recording medium, can be enhanced by decreasing 
the exchange magnetic interaction between neighbouring grains of the 
ordered L10FePt phase. Magnetic insulation of ferromagnetic grains 
can be provided by grain boundaries saturation with a nonmagnetic ma
terial. For example, this approach was used in the studies discussed 
above [53, 58–60] using oxide compounds, or metals such as Au and  
Ag. A substantial increase in the coercivity of annealed Pt/Ag/Fe films 
in comparison with bilayer Pt/Fe films was obtained in ref. [65]. the 
authors explain the observed effect by the magnetic isolation of the or
dered L10FePt phase grains due to grainboundary diffusion of Ag in 
the direction of the film surface during heat treatment.

the coercivity of thin FePt films can be significantly increased by 
introducing an additional top Au layer [66] as well. the Au (60 nm)/
FePt (60 nm) films were deposited by magnetron sputtering in two stag
es. First, a FePt layer was deposited onto a substrate at 800 °C, in order 
to form the ordered L10FePt phase. then, an Au layer was deposited 
onto a surface of the obtained film at room temperature. the obtained 
bilayer film was annealed for 1 hour at 800 °C. the XrD data showed 
that, after annealing of the bilayer film, the ordering degree and the 
lattice parameters of the L10FePt phase remained unchanged compar
ing to the films without an Au layer, indicating the Au insolubility in 
the L10FePt matrix. the coercivity of films with the top Au layer in
creases up to 20 koe, while singlelayer films are characterized by coer
civity about 15 koe. the authors explain this effect by the magnetic 
insulation of the L10FePt grains due to Au diffusion along the grain 
boundaries of the ordered phase during heat treatment, which was con
firmed by the transmission electron microscopy study.

Phase graded and exchange spring thin films

For data recording, the magnetic field created by the recording head 
must exceed the coercivity of the medium layer. this restriction becomes 
a problem when highcoercivity materials are used as a storage medium. 
to overcome this obstacle, researches currently develop new recording 
methods such as heatassisted magnetic recording [67, 68] and micro
waveassisted magnetic recording [69].

the solution of this problem is also possible by using multilayer 
exchange spring media as the data carrier. In exchange spring media, 
the thermal stability of the recorded data is provided by a hard mag
netic component, while the domain magnetization reversal is provided 
by a soft magnetic one [70–73]. the magnetization reversal of ferro
magnetic domains in such films is occurred stagebystage. First, under 
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an external magnetic field, the magnetic domain walls are formed in the 
soft magnetic layer, and then, these walls become pinned at the inter
face bet ween the soft and hard magnetic phases. then, if the external 
magnetic field exceeds a certain threshold value, further growth of the 
domain walls occurs already in the layer of highcoercive material [74]. 
the thermal stability of the carrier depends only on the coercivity of the 
hard magne tic phase despite the decrease in the strength of the external 
magnetic field required for magnetization reversal of the exchange 
spring films.

Formation of the graded media with a nonuniform distribution of 
magnetic properties along their thickness (a gradual transition from a 
hard magnetic phase to a soft one without a sharp interface between 
them) is being investigated as well (Fig. 7). the change in the magneti
zation of such structures requires the application of a magnetic field of 
even lower intensity in comparison with exchange spring films [75–82], 
keeping the stability of the recorded data.

the author of ref. [83] obtained a layered exchange spring FePt/
FeAu films, where the magnetic interaction between the FeAu soft mag
netic layer and the L10FePt hard magnetic layer results in reduction of 
the magnetic field required for the magnetization reversal of the high
coercive phase domains. the FePt (20 nm)/FeAu (0, 5, 10, 20 nm) thin 
films were deposited onto a glass substrate and postannealed for 1 hour 
at 400 °C and 550 °C. It was found that the introduction of the FeAu 
underlayer reduces the ordering temperature by 150 °C due to the 
stresses. these stresses arise from the difference in the thermal expan
sion coefficients of the FePt and FeAu layers. Furthermore, the genera
tion of additional crystal structure defects during Au diffusion to the 
film surface upon the heat treatment also contributes to the ordering 
temperature reduction. It was shown that the thickness of the FeAu 
underlayer significantly affects the value of the bilayers coercivity. As 
the thickness of the FeAu layer increases, the coercivity rapidly de
creases due to the magnetic exchange interaction between the layers. It 

Fig. 7. Schematic illustration of a singlephase ferromagnetic grain (а), exchange 
spring grains (b) and graded media (c), where KS is the anisotropy constant of the 
soft phase and KH is the anisotropy constant of the hard phase [81]
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is interesting that the coercivity of films annealed at 400 °C is higher 
than after annealing at 550 °C, which could be explained by the more 
intense diffusion of Au into the FePt layer at the higher temperature. 
thus, the approach proposed in this paper is effective for creation of 
exchange spring FePt based films with a graded interface between hard 
and soft magnetic layers.

It is known that the alloying of FePt based films with additional 
components forming ternary compounds with the L10FePt phase could 
lead to degradation of the hard magnetic properties [84–86]. the effect 
of decreasing the magnetocrystalline anisotropy of the L10FePt ordered 
phase with an increase in the Mn content [86] was used in ref. [79] to 
create a phasegraded media. the FePt (25 nm)/PtMn (50 nm) layers 
were deposited on singlecrystal Mgo (001) substrates at 500  °C and then 
heattreated at 550 °C. As a result, a gradient distribution of the coer
civity over the film thickness was obtained [79]. the XrD results indi
cate that, after deposition and annealing, all films have a clearly pro
nounced preferred orientation of the grains of both phases in the [001] 
direction, indicating the epitaxial growth of both layers on the Mgo (001) 
substrate. the PtMn layer serves as a source of Mn, which diffuses into 
the FePt layer during the heat treatment, forming a ternary Fe50−xMnxPt50 
compound. the concentration gradient of Mn over the FePt layer thick
ness causes the occurrence of a coercivity gradient. however, the ex
change springing between the antiferromagnetic PtMn layer and the 
Fe50−xMnxPt50 layer results in the coercivity increase of the latter. the 
value of this ‘additional’ coercivity decreases with increasing distance 
from the interface between FePt/PtMn layers. thus, in this film, the 
gradient of the magnetic properties is not uniform throughout the en
tire thickness.

In a number of studies, authors propose a reduction of the substrate 
temperature during the film deposition as a method for creating an ex
change spring media [76, 80, 81]. For example, in ref. [80], the initial 
11.5 nm of FePt alloy were deposited on a monocrystalline Mgo (001) 
substrate at 700  °C in order to form the L10FePt phase. thereafter, 

Table 2. Deposition conditions and magnetic properties  
of the samples obtained in Ref. [76]

Sample tgrad, nm Tfinal, °С
Cooling rate, 

°С/min Hc, koe
remanence  

magnetization  
(Mr/Ms)

L10FePt 0.00 700 — 33.2 0.98
A 2.31 600 43.5 32.1 0.96
B 11.1 600 9.01 4.00 0.94
C 10.0 450 25.0 9.62 0.98
D 37.5 262 11.7 1.25 0.45
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while cooling the substrate to different final temperatures (Tfinal), the 
FePt layer was deposited on the top, and the thickness of this FePt 
layer was varied (tgrad). According to the transmission electron micros
copy results, the structure of the upper layer deposited at the substrate 
cooling is a gradient transition from the L10FePt hard magnetic phase 
to the soft A1FePt one. the values of the coercivity presented in table 2 
show that the presence of such a ‘transition’ layer (2.31 nm thick) does 
not significantly affect the film coercivity as compared to the fully or
dered films. At the same time, the increasing the thickness of this layer 
up to 10 nm and 11.1 nm leads to the reduction of the coercivity by 
70.1% and 87.6%, respectively. the remanence of films almost does not 
change with varying thickness of the ‘transition’ layer. A significant 
decrease in the remanence is observed in a D sample (see table 2 and 
Fig. 8), which is explained by the much larger thickness of the ‘transi
tion’ layer comparing with the layer thickness of the ordered L10FePt 
phase. It was also shown that the roughness of the interface between the 
ordered phase and the ‘intermediate’ layers increases with decreasing 
cooling rate of the substrate during the second stage of the deposition.

A similar method was used in [76] in order to obtain exchange 
spring A1/L10FePt films deposited on Mgo (2 nm)/Cr (50 nm) under
layer. It was found that, with an increase in the thickness of the ‘tran
sition’ layer, the films coercivity decreases. At the ‘transition’ layer 
thickness of 5 nm, the coercivity was reduced by 30% as compared to 
the fully ordered films. It was also shown that the grains of the ordered 
phase have a preferred orientation in the [001] direction with an in
creased thickness of the ‘transition’ layer to 15 nm. the [001] grain 
texture degrades at large thicknesses of this layer.

thus, FePtbased films with a graded distribution of the magnetic 
properties over the film thickness could be obtained by various methods, 
particularly, using the features of the diffusion interaction of addi
tional alloying elements with the ordered L10FePt phase under the heat 
treatment or by varying parameters of thin films deposition.

Fig. 8. highresolu
tion transmission elec
tron microscopy ima
ge of the exchange 
spring media obtai
ned in ref. [79]
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conclusions

thin films based on the ordered L10FePt phase attract the attention of 
researchers as a material for magnetic storage media with ultrahigh 
density due to the high energy of the magnetocrystalline anisotropy of 
this phase (7 ⋅ 106 J/m3).

the analysis of recent studies has revealed that the formation of 
desired properties of ordered L10FePt phase could be achieved by va
rious materials science approaches. Particularly, these approaches are 
as follow.

(a) It is an increase in the level of the initial stresses in the films by 
varying the number of interfaces, the degree of mismatch between the 
lattice parameters of the metal layers and the substrate, and a control 
of the stresses arising during heat treatment due to the difference in 
thermal expansion coefficients of the film and substrate/additional lay
er. Compressive mechanical stresses could lead to a reduction of the 
ordering temperature.

(b) It is an alloying with additional elements, whose influence on the 
ordering temperature, grains structure and magnetic properties of the 
films significantly depends on the interaction mechanism of these ele
ments with the ordered L10FePt phase.

(c) It is an additional layers introduction into the films, depending 
on the composition and configuration of which, the grain texture, mag
netic properties and the ordering temperature could be substantially 
changed via the heat treatment.

(d) It is the application of an external magnetic field during the 
deposition and/or heat treatment of thin films, promoting the reduction 
of the ordering temperature as well as the formation of a preferred ori
entation of the L10FePt grains in the direction of field lines.

Acknowledgment. this work was financially supported by the State 
Fund for Fundamental research of Ukraine, Ministry of education and 
Science of Ukraine (grant number Ф75/1462018).

REFERENCES

D. Weller and A. Moser, 1. IEEE Trans. Magn., 35, No. 6: 4423 (1999). 
Y. Jiao and r.h. Victora, 2. IEEE Magn. Lett., 8: 7956162 (2017). 
M.r. Visokay and r. Sinclair, 3. Appl. Phys. Lett., 66, No. 13: 1692 (1995).
K. barmak, b. Wang, A.t. Jesanis, D.C. berry, and J.M. rickman, 4. IEEE Trans. 

Magn., 49, No. 7: 3284 (2013). 
b. Wang and K. barmak, 5. J. Appl. Phys., 109, No. 12: 123916 (2011).
V.A. tatarenko, S.M. bokoch, V.M. Nadutov, t.M. radchenko, and Y.b. Park, 6. 
Defect and Diffusion Forum, 280–281: 29 (2008).
t.M. radchenko and V.A. tatarenko, 7. Defect and Diffusion Forum, 273: 525 (2008).
V.A. tatarenko and t.M. radchenko, 8. Intermetallics, 11, Nos. 11–12: 1319 
(2003).



360 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 3

O.V. Shamis, I.A. Vladymyrskyi, Yu.M. Makogon, and S.I. Sidorenko

b. Wang and K. barmak, 9. J. Appl. Phys., 111, No. 7: 07b718 (2012). 
K. barmak, J. Kim, and l. lewis, 10. J. Appl. Phys., 95, No. 11: 7501 (2004).
Y.K. takahashi, t. ohkubo, M. ohnuma, and K. hono, 11. J. Appl. Phys., 93, No. 10: 
7166 (2003).
Y.K. tak12. ahashi, t. Koyama, M. ohnuma, t. ohkubo, and K. hono, J. Appl. 

Phys., 95, No. 5: 2690 (2004). 
l. han, U. Wiedwald, b. Kuerbanjiang, and P. ziemann, 13. Nanotechnology, 20, 
No. 28: 285706 (2009). 
h. SepehriAmin, h. Iwama, G. hrkac, K.t. butler, t. Shima, and K. hono, 14. 
Scr. Mater., 135: 88 (2017).
r.M. Wang, o. Dmitrieva, M. Farle, G. Dumpich, h.Q. Ye, h. Poppa, r. Kilaas, 15. 
and C. Kisielowski, Phys. Rev. Lett., 100, No. 1: 017205 (2008).
K. Dong, X. Yang, J. Yan, W. Cheng, and X. Cheng, 16. Acta Metall. Sin., 22, No. 1: 
22 (2009). 
b. Yao and K.r. Coffey, 17. J. Appl. Phys., 103, No. 7: 07e107 (2008).
Iu.M. Makogon, o.P. Pavlova, S.I. Sidorenko, t.I. Verbytska, I.A. Vladymyrskyi, 18. 
o.V. Figurna, and I.o. Kruglov, Metallofiz. Noveishie Tekhnol., 36, No. 10: 
1359 (2014) (in Ukrainian).
K.F. Dong, h.h. li, and J.S. Chen, 19. J. Appl. Phys., 113, No. 23: 233904 (2013).
W. liu, F. Wang, and X. Xu, 20. Acta Metall. Sin., 22, No. 5: 392 (2009). 
S. Kang, J.W. harrell, and D.e. Nikles, 21. Nano Letters, 2, No. 10: 1033 (2002).
Y.M. Sung, M.K. lee, K.e. Kim, and t.G. Kim, 22. Chem. Phys. Lett., 443, Nos. 4– 6: 
319 (2007). 
J.S. Chen, Y.z. zhou, C.J. Sun, S.W. han, and G.M. Chow, 23. Appl. Phys. Lett., 
98, No. 13: 131914 (2011).
D. Chun, S. Kim, G. Kim, W. Jeung, D. Chun, S. Kim, G. Kim, and W. Jeung, 24. 
J. Appl. Phys., 105: 07b731 (2009). 
C. brombacher, h. Schletter, M. Daniel, P. Matthes, N. J25. öhrmann, M. Maret, 
D. Makarov, M. hietschold, and M. Albrecht, J. Appl. Phys., 112, No. 13: 
073912 (2012). 
Y.K. takahashi, M. ohnuma, and K. hono, 26. J. Magn. Magn. Mater., 246, Nos. 
1–2: 259 (2002).
t. Maeda, t. Kai, A. Kikitsu, t. Nagase, and J. Akiyama, 27. Appl. Phys. Lett., 80, 
No. 12: 2147 (2002). 
S. laureti, C. brombacher, D. Makarov, M. Albrecht, D. Peddis, G. Varvaro, 28. 
and F. D’Acapito, J. Appl. Crystallogr., 47, No. 5: 1722 (2014).
h.W. Yang, C.M. Chung, and J.Y. Ding, 29. J. Magn. Magn. Mater., 312, No. 1: 
239 (2007).
h.l. Skriver and N.M. rosengaard, 30. Phys. Rev. B, 46, No. 11: 7157 (1992).
X.h. Xu, h.S. Wu, F. Wang, and X.l. li, 31. Thin Solid Films, 472, Nos. 1–2: 222 
(2005). 
G.l. Katona, I.A. Vladymyrskyi, I.M. Makogon, S.I. Sidorenko, F. Kristбly, 32. 
l. Darуczi, A. Csik, A. liebig, G. beddies, M. Albrecht, and D.l. beke, Appl. 

Phys. A, 115, No. 1: 203 (2014). 
D.l. beke, Yu. Kaganovskii, and G.l. Katona, 33. Prog. Mater. Sci., 98: 625 
(2018).
I. A. Vladymyrskyi, A.e. Gafarov, A.P. burmak, S.I. Sidorenko, G.l. Katona, 34. 
N.Y. Safonova, F. Ganss, G. beddies, M. Albrecht, Y.N. Makogon, and D.l. beke, 
J. Phys. D: Appl. Phys. 49, No. 3: 035003 (2016).
W.C. Wen, r.V. Chepulskii, l.W. Wang, S. Curtarolo, and C.h. lai, 35. Acta Mater., 
60, No. 20: 7258 (2012).



ISSN 1608-1021. Usp. Fiz. Met., 2018, Vol. 19, No. 3 361

Materials Science Aspects of FePt-Based Thin Films’ Formation

C. Feng, b.h. li, G. han, J. teng, Y. Jiang, Q.l. liu, and G.h. Yu, 36. Appl. Phys. 

Lett., 88: 232109 (2006). 
Y.S. Yu, h.b. li, W.l. li, M. liu, Y.M. zhang, and W.D. Fei, 37. J. Phys. D: Appl. 

Phys., 41, No. 24: 245003 (2008). 
Y.S. Yu, h.b. li, W.l38. . li, M. liu, Y.M. zhang, and W.D. Fei, J. Magn. Magn. 

Mater., 322, No. 13: 1770 (2010).
Y. Yu, X.z. li, t.A. George, W.D. Fei, h. li, and D.J. Sellmyer, 39. Thin Solid 

Films, 531: 460 (2013). 
Y.S. Yu, h.b. li, W.l. li, M. liu, and W.D. Fei, 40. J. Magn. Magn. Mater., 320, 
No. 19: l125 (2008). 
W.Y. zhang, h. Shima, F. takano, h. Akinaga, X.z. Yu, t. hara, W.z. zhang, 41. 
K. Kimoto, Y. Matsui, and S. Nimori, J. Appl. Phys., 106: 033907 (2009). 
X. li, F. Wang, z. Guo, h. li, D. Guo, b. liu, and X. zhang, 42. Appl. Surf. Sci., 
256, No. 12: 3822 (2010). 
F.J. Yang, h. Wang, h.b. Wang, b.Y. Wang, X.l. Wang, h.S. Gu, and C.P. Yang, 43. 
Appl. Surf. Sci., 257, No. 8: 3216 (2011).
M. liu, t. Jin, l. hao, J. Cao, Y. Wang, D. Wu, J. bai, and F. Wei, 44. Nanoscale 

Res. Lett., 10: 161 (2015). 
G. li, Y. Cao, Q. Wang, J. Du, Y. zhao, and J. he, 45. Vacuum, 10: 75 (2014). 
l. Feng, l. Ma, e.K. liu, G.h. Wu, W.h. Wang, and W.X. zhang, 46. Appl. Phys. 

Lett., 100: 152401 (2012). 
h.Y. Wang, X.K. Ma, Y.J. he, S. Mitani, and M. Motokawa, 47. Appl. Phys. Lett., 
85: 2304 (2004). 
M. liu, M. lu, l. Wang, J. zhao, and h. li, 48. J. Supercond. Nov. Magn., 28, No. 8: 
2491 (2015). 
h. SepehriAmin, h. Iwama, t. ohkubo, t. Shima, and K. hono, 49. Scr. Mater., 
130: 247 (2017). 
A. Ghasemi, 50. Thin Solid Films, 616: 183 (2016). 
M. Albrecht and C. brombacher, 51. Phys. Status Solidi, 210, No. 7: 1272 (2013). 
K.F. Dong, h.h. li, J.Y. Deng, Y.G. Peng, G. Ju, G.M. Chow, and J.S. Chen, 52. 
J. Appl. Phys., 117, No. 17: 17D116 (2015). 
e. Yang and D. e. laughlin, 53. J. Appl. Phys., 104, No. 2: 023904 (2008). 
e. Yang, h. ho, D. e. laughlin, and J.G. zhu, 54. J. Appl. Phys., 111, No. 7: 
07b720 (2012). 
Y.F. Ding, J.S. Chen, b.C. lim, J.F. hu, b. liu, and G. Ju, 55. Appl. Phys. Lett., 
93, No. 3: 032506 (2008). 
t.J. zhou, b.C. lim, and b. liu, 56. Appl. Phys. Lett., 94, No. 15: 152505 (2009).
J.S. Chen, b.C. lim, Y.F. Ding, J.F. hu, G.M. Chow, and G. Ju, 57. J. Appl. Phys., 
105, No. 7: 07b702 (2009). 
K.F. Dong, h.h. li, Y.G. Peng, G. Ju, G.M. Chow, and J.S. Chen, 58. Appl. Phys. 

Lett., 104, No. 19: 192404 (2014). 
K.F. Dong, F. Jin, W.Q. Mo, J.l. Song, and W.M. Cheng, 59. IEEE Trans. Magn., 
53, No. 11: 4300304 (2017). 
K.F. Dong, J.Y. Deng, F. Jin, W.Q. Mo, J.l. Song, and J.S. Chen, 60. J. Alloys 

Compd., 730: 234 (2018). 
l. liu, h. lv, W. Sheng, Y. lou, J. bai, J. Cao, b. Ma, and F. Wei, 61. Appl. Surf. 

Sci., 258, No. 15: 5770 (2012). 
h.Y. Wang, W.h. Mao, W.b. Sun, Y.J. he, S. Mitani, and M. Motokawa62. , J. Phys. 

D: Appl. Phys., 39, No. 9: 1749 (2006). 
Y. Cao, Q. Wang, G. li, J. Du, X. Wang, and J. he, 63. J. Magn. Magn. Mater., 
372: 91 (2014). 



362 ISSN 1608-1021. Prog. Phys. Met., 2018, Vol. 19, No. 3

O.V. Shamis, I.A. Vladymyrskyi, Yu.M. Makogon, and S.I. Sidorenko

Y. Su, h. Su, Y. zhu, F. Wang, J. Du, W. Xia, A. Yan, J.P. liu, and J. zhang, 64. 
J. Alloys Compd., 647: 375 (2015). 
I.A. Vladymyrskyi, o.P. Pavlova, t.I. Verbitska, S.I. Sidorenko, G.l. Katona, 65. 
D.l. beke, and I.M. Makogon, Vacuum, 101: 33 (2014). 
F.t. Yuan, S.K. Chen, W.M. liao, C.W66. . hsu, S.N. hsiao, and W.C. Chang, J. 

Magn. Magn. Mater., 304, No. 1: e109 (2006). 
M.h. Kryder, e.C. Gage, t.W. McDaniel, W.A. Challener, r.e. rottmayer, 67. 
G. Ju, Y.tee hsia, and M.F. erden, Proc. IEEE, 96, No. 11: 1810 (2008). 
D. Weller, G. Parker, o. Mosendz, A. lyberatos, D. Mitin, N.Y. Safonova, and 68. 
M. Albrecht, J. Vac. Sci. Technol. B, 34, No. 6: 60801 (2016). 
S. okamoto, N. Kikuchi, M. Furuta, o. Kitakami, and t. Shimatsu,69.  J. Phys. D: 

Appl. Phys., 48, No. 35: 353001 (2015). 
D. Mitin, M. Wachs, N.Y. Safonova, o. lein, and M. Albrecht, 70. Thin Solid Films, 
651: 158 (2018). 
D. Suess, 71. Appl. Phys. Lett., 89, No. 11: 113105 (2006).
D. Suess, t. Schrefl, S. F72. ähler, M. Kirschner, G. hrkac, F. Dorfbauer, and J. Fidler, 
Appl. Phys. Lett., 87, No. 1: 012504 (2005). 
J.l. tsai, J.C. huang, l.h. Chen, and C.S. lin, 73. Surf. Coatings Technol., 231: 
456 (2013). 
A. Y. Dobin and h. J. richter, 74. Appl. Phys. Lett., 89, No. 6: 062512 (2006).
F. Wang, X.h. Xu, Y. liang, J. zhang, and J. zhang, 75. Mater. Chem. Phys., 126, 
No. 3: 843 (2011). 
G. barucca, t. Speliotis, G. Giannopoulos, D. Niarchos, b. rutkowski, A. Czyrska 76. 
Filemonowicz, e. Agostinelli, S. laureti, A.M. testa, and G. Varvaro, Mater. 

Des., 123: 147 (2017). 
A. Di bona, P. luches, F. Albertini, F. Casoli, P. lupo, l. Nasi, S. D’Addato, 77. 
G.C. Gazzadi, and S. Valeri, Acta Mater., 61, No. 13: 4840 (2013). 
S.h. liu, S.N. hsiao, S.K. Chen, and h.Y. lee, 78. J. Alloys Compd., 631: 15 
(2015). 
C.C. Chiang, W.C. tsai, l.W. Wang, h.C. hou, J.W. liao, h.J. lin, F.h. Chang, 79. 
b. J. Kirby, and C. h. lai, Appl. Phys. Lett., 99, No. 21: 212504 (2011).
J. lee, b. Dymerska, J. Fidler, V. Alexandrakis, t. Speliotis, D. Niarchos, 80. 
P. Pong ratz, and D. Suess, Phys. Status Solidi A, 210, No. 7: 1305 (2013). 
J. lee, V. Alexandrakis, M. Fuger, b. Dymerska, D. Suess, D. Niarchos, and 81. 
J. Fidler, Appl. Phys. Lett., 98, No. 22: 222501 (2011). 
G. Varvaro, S. laureti, and D. Fiorani, 82. J. Magn. Magn. Mater., 368: 415 
(2014). 
F. Wang, X. Xu, Y. liang, J. zhang, and h. Wu, 83. Appl. Phys. Lett., 95, No. 2: 
022516 (2009). 
D.A. Gilbert, l.W. Wang, t.J. Klemmer, J.U. thiele, C.h. lai, and K. liu, 84. 
Appl. Phys. Lett., 102, No. 13: 132406 (2013). 
Y. ogata, Y. Imai, and S. Nakagawa, 85. Phys. Procedia, 16: 36 (2011). 
D.b. Xu, J.S. Chen, t.J. zhou, and G.M. Chow, 86. J. Appl. Phys., 109, Iss. 7: 
07b747 (2011). 

received March 13, 2018;  
in final version, July 30, 2018



ISSN 1608-1021. Usp. Fiz. Met., 2018, Vol. 19, No. 3 363

Materials Science Aspects of FePt-Based Thin Films’ Formation

О.В. Шаміс, І.А. Владимирський, Ю.М. Макогон, С.І. Сидоренко

Національний технічний університет України  
«Київський політехнічний інститут імені Ігоря Сікорського»,  
просп. Перемоги, 37,  
03056 Київ, Україна

мАтЕРІЯЛОЗНАВчІ АСпЕКтИ  
фОРмуВАННЯ тОНКИх пЛІВОК НА ОСНОВІ FePt

Метою даного огляду є аналіза основних фізикоматеріялознавчих метод досяг
нення наперед заданих властивостей нанорозмірних плівкових матеріялів на ос
нові FePt. Досягнення таких властивостей потрібне задля промислового вико
ристання даних матеріялів у якості середовища магнетного запису та зберігання 
інформації з надвисокою щільністю. Наведено результати досліджень, в яких 
розглядаються різноманітні підходи до вирішення таких завдань як зменшення 
температури впорядкування, формування потрібної кристалографічної орієнтації 
зерен впорядкованої фази, підвищення коерцитивної сили та забезпечення мож
ливости контрольованої зміни намагнетованости даних матеріялів.

Ключові слова: впорядкована фаза L10FePt, фазові перетворення, тонкі плівки, 
магнетний запис.
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мАтЕРИАЛОВЕДчЕСКИЕ АСпЕКты  
фОРмИРОВАНИЯ тОНКИх пЛёНОК НА ОСНОВЕ FePt

Целью данного обзора является рассмотрение основных физикоматериало ведчес
ких методов обеспечения наперёд заданных свойств наноразмерных плёночных 
материалов на основе FePt. Достижение таких свойств необходимо для промыш
ленного использования данных материалов в качестве среды магнитной записи 
и хранения информации со сверхвысокой плотностью. Приведены результаты 
исследований, в которых рассмотрены различные подходы к решению таких за
дач как снижение температуры упорядочения, формирование необходимой кри
сталлографической ориентации зёрен упорядоченной фазы, повышение коэрци
тивной силы и обеспечение возможности контролируемого изменения намагни
ченности данных материалов.

Ключевые слова: упорядоченная фаза L10FePt, фазовые превращения, тонкие 
плёнки, магнитная запись.


