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The dependence of the magnetic properties of epitaxial Fe50Pt50 films on order parameter (S) was

investigated. It was demonstrated that the magnetic anisotropy could be tuned by controlling S

which can be controlled by the growth temperature. Based on this result, two kinds of multilayered

structures, each with a 13 nm fully ordered Fe50Pt50 layer as the bottom layer, were built: (1)

4-layered structure with S decreasing layer by layer from bottom to top; (2) graded structure with S

changing more continuously along the thickness. The magnetic properties of the films were

characterized using vibrating sample magnetometry. It was found that both structures have their

easy axis perpendicular to the film; the anisotropy fields of the 4-layered film and the graded film

are 53 kOe and 37 kOe, respectively. These values are much lower than that of the fully ordered

uniform Fe50Pt50 film (about 73 kOe). The results suggest that it may be possible to reduce the

writing field of Fe50Pt50 by gradually changing the order parameter. VC 2013 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4791583]

INTRODUCTION

Fully ordered L10 phase FePt alloys have extremely large

crystalline anisotropy up to 7� 106 J/m3 with the anisotropy

direction along [001] direction. If FePt films with [001] orien-

tation can be applied in fabricating perpendicular magnetic re-

cording media, the grain size can be reduced to several

nanometers without losing acceptable thermal stability. With

this kind of small grain size, the areal density can approach to

10 Tb/in2.1 Therefore, L10 phase FePt alloy is believed to be

one of the most promising candidates for ultrahigh density

magnetic recording. However, in the past decade, although

L10 phase FePt alloy films were widely studied,2–7 challenges

remain that prevent them from being applied in the fabrication

of magnetic recording media. One of the largest challenges is

the so called writability problem—the write-head cannot pro-

vide a field high enough to write such hard material.

According to the theoretical studies,8–10 the writing field

of fully ordered equiatomic FePt can be drastically decreased

if we can use it as the hardest end of a multilayered structure

whose anisotropy decreases gradually along the thickness. A

recording medium based on this kind of structure is called

grade medium. It was also found that a graded medium can

possess acceptable thermal stability and much lower writing

field.11 A big technical challenge for enabling this concept is

to develop the ability to control the magnetic anisotropy of

each magnetic layer so that the anisotropy profile of the mul-

tilayered structure can be designed.

Previous studies12,13 showed that the anisotropy of

Fe50Pt50 alloy depends on its chemical order parameter. It is

possible to build a multilayered structure stacked with

Fe50Pt50 films with different order parameters.

In the present study, we investigated the dependence of the

magnetic properties of epitaxial FePt films on order parameter

S and demonstrated that the magnetic anisotropy can be tuned

by controlling the chemical order parameter S. Based on this

result, we built multilayered structures with anisotropy monot-

onically changing along the thickness. By studying the mag-

netic properties of these structures, we found that the

anisotropy field of Fe50Pt50 could be efficiently reduced by

gradually changing the order parameter, which suggests that

the writing field of Fe50Pt50 can also be reduced in this way.

EXPERIMENT

The samples used in this study are single-layered and

multilayered Fe50Pt50 films deposited on the single crystalline

MgO (001) substrates by using the DC sputtering method. An

equiatomic Fe50Pt50 alloy target was used for the deposition

of Fe50Pt50 films. The base pressure is about 4� 10�8 Torr.

Before deposition, MgO substrates were first degassed at

750 �C for half an hour. To get better epitaxial Fe50Pt50 films,

a 4 nm Cr layer and a 12 nm Pt buffer layer were deposited

on each MgO substrate as a seed layer and buffer layer,

respectively. The Fe50Pt50 films were then deposited on the

Pt buffer layers at a sputtering rate of 0.64 Å/s, followed by

the deposition of a 5 nm Pt layer as the capping layer to pre-

vent the Fe50Pt50 film from being oxidized.

A home-made heater was used to heat the sample. The

heater is made of 6 filaments from halogen light bulbs with a

maximum designed power of about 1500 W. The heater

holder is made of a Ta sheet with a thermocouple mounted

on it. To obtain the temperature of substrate duringa)Electronic mail: zludavid@live.com.
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sputtering, the relation between the temperatures of heater

holder and the substrate was first calibrated. To do this, a

bare substrate was put on the heater and a thermocouple was

mounted onto the substrate. At each applied voltage, the tem-

peratures of the heater holder and the substrate were meas-

ured at the same time so that the substrate temperature as a

function of the temperature of heater holder was obtained.

During the sputtering, the temperature was controlled by

varying the applied voltage and was monitored by the read-

ing of the thermocouple on the heater holder. The growth

temperature was figured out by using the calibration curve.

For single-layered Fe50Pt50 films, the thickness of

Fe50Pt50 was kept at 13 nm and the growth temperature was

varied from 300 to 700 �C. The different Fe50Pt50 films are

expected to have different order parameters S because the

order parameter is determined by the growth temperature.

Two kinds of multilayered Fe50Pt50 film structures were

built (as shown in Fig. 1): (1) 4-layered structure with the

layers deposited at different temperature; (2) graded

structure with the growth temperature decreasing more con-

tinuously along the thickness after deposition of the bottom

layer. In both kinds of multilayered structure, a 12 nm fully

ordered Fe50Pt50 layer (deposited at 700 �C) was taken as the

bottom layer. When building the 4-layered Fe50Pt50, before

depositing each layer, the shutter was closed until the tempera-

ture reached the designed value to make sure that each layer

was grown at constant temperature. For the graded structure,

after the deposition of the 12 nm Fe50Pt50 bottom layer was

completed at 700 �C, the temperature was manually decreased

from 700 �C to 350 �C by changing the applied voltage of the

heater. During this period, the sputtering process of Fe50Pt50

was not interrupted. When depositing the graded layers, it is

hard to decrease the temperature uniformly. However, by man-

ually adjusting the applied voltage, the change of temperature

can be controlled to some extent. The control process was in

the following way: at beginning, the applied voltage was

decreased slowly to prevent the temperature from dropping too

fast; as the temperature became lower, the applied voltage was

decreased faster; below 420 �C, the power supply was turned

off and the sample was naturally cooled. It was found that the

temperature was about 350 �C when the deposition finished.

The crystal structures of the films were characterized by

x-ray diffractometry (XRD) and the order parameters were

then calculated according to the ratio of diffraction inten-

sities of (001) and (002). The magnetic properties of the

films were measured at room temperature using vibrating

sample magnetometry (VSM) in a physical property mea-

surement system (PPMS) by Quantum Design. The magnetic

field was applied in two directions: perpendicular to the sam-

ple surface and parallel to the sample surface.

RESULTS AND DISCUSSION

By analyzing the XRD spectra of the single-layered

Fe50Pt50 thin films deposited at different temperatures, the

order parameters of the films were evaluated. The depend-

ence of order parameter on growth temperature (Tg) is shown

in Fig. 2. It was found that the order parameter of Fe50Pt50

increases with the Tg. When deposited at 700 �C, Fe50Pt50

film is almost fully ordered (S¼ 0.9), while, as Tg goes to

300 �C, the order parameter goes to zero and the Fe50Pt50

film becomes completely disordered.

The hysteresis loops of the single-layered Fe50Pt50 thin

films were measured by VSM with the field applied in two

directions: perpendicular and parallel to the film plane. The

saturated magnetizations (Ms) of the films were found to be

similar which indicates that Ms of Fe50Pt50 does not depend

significantly on S. Fe50Pt50 thin films were found to have

easy axis perpendicular to the film plane even when S goes

down to 0.3. As S becomes smaller, the easy axis lies in the

film plane. The anisotropy field, Hk, under which the satura-

tion of magnetization along hard axis first reaches, was

obtained directly from the hard axis M-H loop. The depend-

ence of anisotropy field Hk on order parameter is shown in

Fig. 3. It can be seen that for uniform Fe50Pt50 thin films, Hk

monotonically increases with order parameter—the larger

the order parameter, the higher the Hk. For completely disor-

dered Fe50Pt50 thin film, the easy axis is in the film plane, Hk

(�12.4 kOe), derived from the out-of plane loop is almost

equal to the demagnetizing field (�13.0 kOe).

Assuming that, when the magnetic field is applied along

the hard axis, the magnetic moment rotates coherently, the

crystalline anisotropy of each film with perpendicular easy

axis can be estimated using following equation:

Ku ¼
1

2
MsðHk þ 4pMsÞ; (1)

where Ku, Ms, and Hk represent anisotropy energy, saturated

magnetization and anisotropy field, respectively. The depend-

ence of Ku on order parameter is also shown in Fig. 3. It is

FIG. 1. The sample structures: (a) 4-layered Fe50Pt50 Film; (b) graded

Fe50Pt50 film. FIG. 2. Dependence of order parameter S on growth temperature.
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found that Ku increases with order parameter. For the fully or-

dered Fe50Pt50 (S¼ 0.9) thin film, Ku is about 5.3� 106 J/m3

as S reaches 0.9.

The X-ray diffraction spectra of the 4-layered Fe50Pt50

thin film and the graded Fe50Pt50 film with growth tempera-

ture continuously decreasing from 700 to 350 �C are shown

in Fig. 4.

In the spectrum of 4-layered Fe50Pt50 thin film

(Fig. 4(a)), the (002) peak of Fe50Pt50, and the (200) peaks of

Pt, Cr (200), and MgO were severely overlapped. To accu-

rately determine the order parameters, we need to separate

these peaks. This can be achieved by fitting them with

Lorentz functions. The fits (red) and the deconvolved peaks

(green) are also shown in Fig. 4. The order parameter deter-

mined by the intensity ratio of the (001) and (002) peaks is

0.58. Since the sample was stacked with four Fe50Pt50 layers

with different order parameters, the order parameter deter-

mined from X-ray diffraction is actually an average of the

order parameters of all these four layers. According to our

results, the order parameters for Fe50Pt50 films deposited at

300 �C, 400 �C, 480 �C, and 700 �C are 0, 0.32, 0.56, and 0.9

respectively. The average order parameter can be calculated

by the following equation:

S ¼ t�1
X

i

ti � Si; (2)

where t is the total Fe50Pt50 thickness and ti and Si are the

thickness and order parameter of i layer, respectively.

The order parameter directly calculated by using Eq. (2)

is 0.55. This value is very close to what we obtained by

X-ray diffraction (S¼ 0.58), which indicates the order pa-

rameter of each Fe50Pt50 layer is similar to that of a uniform

film deposited at the same temperature.

As shown in Fig. 4(b), in the diffraction pattern of the

graded Fe50Pt50 film, the peaks are much better defined than

the 4-layered film. The average order parameter S derived

from XRD data is about 0.7 which is higher than that of

the 4-layered Fe50Pt50 film. Since it is difficult to control

the decrease rate of the temperature precisely, the thickness

of Fe50Pt50 deposited at each temperature is not known.

However, it is clear that the average order parameter and

hence the average anisotropy energy density in the graded

film are significantly higher than those in the 4-layered film.

Figs. 5(a) and 5(b) shows the room temperature hystere-

sis loops of the layered Fe50Pt50 sample and the graded

Fe50Pt50 sample, respectively. The saturation magnetization

of the samples is still about 1200 emu/cc, almost the same as

that of a uniform Fe50Pt50 film, which confirms that the satu-

ration magnetization of Fe50Pt50 does not depend signifi-

cantly on order parameter S. By comparing the hysteresis

loops in two directions, it is found that the easy axis is

perpendicular to the film plane for both of the samples. It can

be seen from the easy axis loops that the coercivities of the

samples are quite small. The reason is that the films studied

are continuous films and their easy axis switching involves

lateral domain wall motion. The low field parts of the easy

and hard axis loops show apparently that, in both films, there

are some components with anisotropy in the film plane.

Comparatively, in the graded sample, the amount of in-plane

component is less than that in layered sample. Ordered

Fe50Pt50 has perpendicular anisotropy, while disordered

Fe50Pt50 has in-plane anisotropy. The anisotropy in-plane

part in the films comes from the contribution of disordered

Fe50Pt50. According to the XRD analysis, the disordered part

comprises a lower proportion in the graded sample than in

FIG. 3. Dependence of anisotropy field (Hk) and magnetic anisotropy on

order parameter (the green circled point represents the anisotropy field of

disordered Fe50Pt50 Film whose easy axis lies in the film plane).

FIG. 4. X-ray diffraction spectra of 4-layered Fe50Pt50 film (a) and graded

Fe50Pt50 film (b).
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the 4-layered sample. Therefore, it is not surprising that

the graded sample has less in-plane component that the

4-layered sample. From Fig. 5, it is found that the anisotropy

field of the 4-layered Fe50Pt50 is about 53 kOe. This value is

much lower than that of the uniform film deposited at

700 �C, which has an anisotropy field about 73 kOe. For the

graded sample, the anisotropy field obtained from the hard

axis loop is about 37 kOe. This value is even smaller than

that of the 4-layered Fe50Pt50 film.

The results shown above suggest that although for a

single-layered Fe50Pt50 film, the magnetic properties become

harder with the increase of the order parameter, the condition

is quite different for multilayered Fe50Pt50. The 4-layered

Fe50Pt50 film has lower average order parameter but has

higher anisotropy field than graded Fe50Pt50 film, which indi-

cates that the anisotropy field of a multilayered Fe50Pt50 film

depends strongly on how the film is built—how the anisot-

ropy varies along the thickness. Due to the gradual change of

the growth temperature during deposition, the order parame-

ter in graded Fe50Pt50 film changes more continuously along

the thickness, which corresponds to a more continuous

change of magnetic anisotropy along the thickness. The

gradual variation of magnetic anisotropy along the thickness

in the graded Fe50Pt50 film is the main reason for lower

anisotropy field. According to our theoretical results,14 the

anisotropy field may also depend on the coupling strength. In

the layered sample, the interruption of deposition during fab-

rication may introduce an extra interface between layers and

reduce the coupling strength between adjacent layers. The

relatively lower coupling strength between layers may also

account for the larger anisotropy field in the sample. In a real

perpendicular medium, each bit consists of many grains. The

writing field of the medium is actually determined by the

coercivity instead of the anisotropy field of grains. It should

be mentioned here that the easy axis switching of a grain is

completely different from that of a continuous film which

involves lateral domain wall motion. The coercivity of a con-

tinuous film does not give any information about the writing

field. Without patterning the media, the technologically

important writing field cannot be directly and exactly eval-

uated. However, some important information about the writ-

ing field can be obtained by analyzing the anisotropy field.

In a uniform medium, the grains are Stoner-Wohlfarth like

particles, the coercivity or writing field is almost the same as

the anisotropy field. In a medium made of multilayered mag-

netic film, although coercivity is different from anisotropy

field due to the vertical domain wall motion in grains,15,16

grains with lower anisotropy field may also have lower coer-

civity.14 Since the multilayered Fe50Pt50 films have much

lower anisotropy field than uniform ordered Fe50Pt50 film,

both of them are expected to have much lower writing field.

Compared with the 4-layered Fe50Pt50 film, the graded

Fe50Pt50 film is expected to have even lower writing field.

According to theoretical predictions,11,17 if the anisot-

ropy of a graded medium can be made to change quadrati-

cally along the thickness, the writing field will be lowest.

This goal is difficult to reach due to the difficulty in achiev-

ing precise control of the anisotropy of each layer. However,

to some extent, it is still possible to better arrange the anisot-

ropy distribution in the graded Fe50Pt50 film if the change of

growth temperature can be more efficiently controlled with-

out interrupting the deposition process. Therefore, we expect

that the writing field can be further decreased by improving

the fabrication process.

CONCLUSION

In summary, by studying the magnetic properties of

single-layered Fe50Pt50 films, we demonstrated that the mag-

netic anisotropy could be tuned by controlling S which can

be controlled by the growth temperature. Based on this, we

built two kinds of multilayered Fe50Pt50 films whose order

parameter decreases layer by layer. It is found that both films

have much smaller anisotropy field than ordered uniform

Fe50Pt50 film, the one with S changing more gradually has

even smaller anisotropy field. The results suggest that the

writing field of Fe50Pt50 could be efficiently reduced by

gradually changing the order parameter.
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