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Magnetically soft FePt thin films of varying thickness (20 nm� d� 100 nm) were sputter-deposited

at different Ar pressures in order to systematically modify the residual stress and hence the mag-

netic anisotropy. The magnetic domain structure of FePt thin films showed a transition from planar

to nearly parallel stripes above a critical thickness, dcr, which was found to depend on an anisotropy

contribution perpendicular to the film plane, originated essentially in magnetoelastic effects. A

careful structural characterization was made in order to obtain the strain and the stress induced

magnetic anisotropy in the samples. Vibrating sample magnetometry and magnetic force micros-

copy were used to investigate the changes occurring in the magnetic domain structure and the criti-

cal thickness of each set of films. Joining together structural and magnetic results, we have been

able to construct a phase diagram that divided regions of different domain structures, either by

changing the film thickness or the perpendicular magnetic anisotropy. The experimental results

could be satisfactorily explained by using a model developed by Murayama. The observed depend-

ence of the magnetic properties of soft FePt thin films on the fabrication conditions opens the possi-

bility to tune the magnetic domain configuration from planar to stripe-like domains by changing

the argon sputtering pressure used during film deposition. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4942652]

I. INTRODUCTION

Novel magnetoelectric devices, such as tunable micro-

wave components, filters, attenuators, phase-shifters, or reso-

nators,1–3 can be designed by the smart combination of a

ferromagnetic film with a piezoelectric substrate in order to

control the magnetic anisotropy of the ferromagnet using elec-

tric fields. The ferromagnets needed for these applications

should be magnetically soft and possess a large magnetostric-

tion constant. Interest in soft Fe alloys (for example, FeGa,

FeCo, FePt, and FePd) reappeared recently because of poten-

tial applications in magnetoelectrically coupled devices. In

particular, FePt equiatomic alloy films have a relatively nar-

row ferromagnetic absorption line and a considerably large

magnetostriction and saturation magnetization. These films

can be sputtered on piezoelectric wafers, such as PMN-PT

(PbMg1=3Nb2=3O3-PbTiO3), to display magnetoelectric cou-

plings of several tens of Oe.cm/kV in the microwave region.3

However, it was found that the magnetoelectric response was

different in similar materials (see, for example, Refs. 3 and 4),

which indicates the need to study and control in more detail

the effects of different growing conditions on the initial mag-

netic state.

FePt thin films grown by sputtering techniques usually

form in a chemically disordered phase (called A1) with rela-

tively soft magnetic properties. These films show a critical

thickness above which the magnetic domains change from a

planar to a stripe-like configuration.5 The stripe pattern is

induced by a perpendicular magnetic anisotropy, called

K?, originated by the combined contributions of magneto-

crystalline energy and magneto-elastic effects.5

The critical thickness above which the magnetic domain

configuration changes from planar to stripe-like domains

strongly depends on the ratio between K? and the demagnet-

izing energy. This ratio is known as the quality factor

Q ¼ K?=2pM2
s , being Ms the saturation magnetization of the

material. As a general rule, if Q> 1, the perpendicular ani-

sotropy is strong enough to align the magnetization normal

to the film plane and if Q< 1, the competition between the

two energies results in a magnetization that stays essentially

in the film plane, but has an alternating component in the

normal direction.6 It is possible to modify K?, and conse-

quently Q, through the modification of the crystalline texture

or the residual stress in the samples. Several authors have al-

ready shown that it is possible to control the residual stress

of thin layers by varying the conditions of the thin film depo-

sition process, in particular, the Ar pressure (PAr) inside the

sputtering chamber.7–10

Different magnetic properties of FePt single layers fabri-

cated with the same growing conditions have been previ-

ously characterized by our group as a function of film

thickness. In particular, we have studied the changes in the

domain configuration,5,11 the effects of temperature on the

magnetic structure,12,13 the dynamical response,14–16 and the

presence of standing spin waves.17 There are also studies in

which the film thickness remains fixed and the residual stress

is changed by modifying the growing conditions.7,10 In this

work, we report a detailed investigation of the structural
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properties of the FePt system for samples in which the grow-

ing conditions and the film thickness are systematically

changed, and correlate these results with the critical thick-

ness for the transition from planar magnetic domains to a

stripe-like configuration. The possibility of tuning the initial

strain of the films allowed us to study this transition as a

function of stress for samples in a defined range of film

thicknesses. The experimental data were then used to con-

struct a phase diagram that correlates the quality factor Q
with the critical thickness.

II. EXPERIMENTAL DETAILS

The samples were grown by dc magnetron sputtering

techniques on naturally oxidized Si (100) substrates from a

target with a measured Fe:Pt atomic composition 45:55. As

we wanted to fully characterize the transition occurring in

the magnetic domain structure, we prepared different sets of

samples in which either the film thickness (d) or the sputter-

ing PAr was systematically changed. In the first batch of six

samples (called batch A), we varied PAr in the chamber in

the range 3–13 mTorr while maintaining a constant thickness

d¼ 100 nm. Previous studies of the magnetic properties of

these films showed a transition from stripe-like to in-plane

magnetic domains for PAr between 9 and 11 mTorr.7,10 It is

worth mentioning that this transition is not abrupt, but the

samples close to the critical pressure PAr exhibit some char-

acteristic features of both systems.

Knowing the critical value of PAr for a given thickness,

and with the aim of studying this transition for different pres-

sures, a second batch (B) consisting of three series of sam-

ples with constant PAr and varying d was grown. Since we

already performed an extensive study in samples sputtered

with PAr¼ 3 mTorr,5,17 we fabricated new series with

PAr¼ 5 mTorr and thicknesses d¼ 20, 31, 40, 47, 63 nm

(batch B1); PAr¼ 7 mTorr and d¼ 51, 56, 73, 81, 89 nm

(batch B2); and PAr¼ 9 mTorr and d¼ 71, 78, 82, 94, 99 nm

(batch B3). Table I summarizes the growing conditions and

the film thickness of the 21 samples studied in this work.

The thickness range for each sputtering pressure was chosen

expecting to include the critical thickness in which the mag-

netic domain structure should change. In order to protect the

films from oxidation, a thin capping layer of approximately

3 nm of a non-magnetic material (Pt for batch A and Ru for

batches B1-B3) was grown on top of each sample.

Additional details about the fabrication process can be found

in Refs. 5 and 14.

The structure, texture, and residual stress of the films

were characterized using X-ray diffractometry in a PANalytical

Empyrean diffractometer equipped with a Cu X-ray tube

(kKaCu¼ 0.15418 nm). We performed conventional Bragg-

Brentano h–2h scans (2h is the angle between the incident

and the diffracted beams) for the determination of the inter-

planar distances dhkl and w scans for strain/stress studies.

Pole figures of selected samples were obtained in the same

system using an Eulerian Cradle designed for texture analy-

sis. For a better alignment of the samples, the diffractograms

were acquired by performing a previous rocking curve

around the (004) diffraction peak of the Si substrate.

A Vibrating Sample Magnetometer (VSM - Lakeshore

7404) was used to investigate the magnetic behavior of the

samples as a function of magnetic field at room temperature.

Hysteresis loops were acquired with the external field paral-

lel and perpendicular to the film plane. The surface topogra-

phy and the magnetic domain structure investigations were

carried out using a Magnetic Force Microscope (AFM/MFM

Veeco Dimension 3100 with Nanoscope IV electronics). The

microscope was operated in the tapping/lift mode, which

allows both the topographic and the magnetic force image to

be collected simultaneously in the same scan area. Medium

moment-medium coercivity tips from Bruker (MESP) were

magnetized along the direction of the tip, so the images taken

show the stray field gradient in the direction perpendicular to

the film plane.

III. RESULTS AND DISCUSSION

A. Microstructural characterization

The X-ray diffraction data acquired for different films

showed that, in general, the main characteristics of the diffrac-

tograms, such as texture, grain size, and residual stress, tend

to vary with the Ar pressure of each batch (see Figs. 1(a) and

1(b)) but do not change significantly with the thickness, as can

be seen in inset of Fig. 1.

The absence of superlattice peaks in the diffraction pat-

terns and also the soft magnetic properties of the films (that

will be presented in Sec. III B) indicate that all samples have

grown in the A1 crystalline phase and are strongly textured

in the [111] direction. In the range 30� � 2h� 70�, the only

diffraction peaks from the FePt layer that can be observed

are the (111) and (200). The FePt (220) peak, expected at

2h� 69.7�, is overlapped with the much more intense (400)

diffraction corresponding to the Si substrate. The (311) and

(222) FePt reflections (not shown in Fig. 1) can be observed

for 2h � 83�. The degree of crystalline texture can be esti-

mated from the comparison between the ratio of the areas of

the diffraction peaks I(111)/I(200) which is a good indication

of the preferential orientation of the grains in the [111] direc-

tion. We have found that this ratio does not vary significantly

with the thickness in the range 10 nm< d< 100 nm (I(111)/

I(200)� 10 for PAr¼ 3 mTorr), but when the Ar pressure is

increased, the ratio between the intensities of the FePt

diffraction peaks increases systematically reaching I(111)/

I(200)� 25 for PAr¼ 13 mTorr. As a reference, the intensity

ratio for a collection of randomly oriented grains should be

I(111)/I(200)� 2.

TABLE I. Detail of the different sets of samples studied in this work.

Batch A Batch B1 Batch B2 Batch B3

d¼ 100 nm PAr¼ 5 mTorr PAr¼ 7 mTorr PAr¼ 9 mTorr

PAr (mTorr) d (nm) d (nm) d (nm)

3 20 51 71

5 31 56 78

7 40 73 82

9 47 81 94

11 63 89 99

13 … … …
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As we have mentioned above, a potential contribution to

the perpendicular magnetic anisotropy could be due to the

magnetocrystalline anisotropy. For a collection of randomly

oriented grains this term averages zero, but if there is a pref-

erential orientation of the crystalline grains a non-zero con-

tribution could occur for certain textures. For the A1 phase,

the [111] direction is an axis of easy magnetization18 and the

[111] texture observed in our films can then favor a magneto-

crystalline contribution to the perpendicular anisotropy. Note

also that a [111] texture is expected in relaxed fcc metallic

films because it minimizes the energy associated with the

interfaces (the top interface in contact with Pt or Ru and the

bottom one in contact with the amorphous substrate) when

the (111) planes of the crystalline grains are parallel to the

surface.9 This fact indicates the need to further characterize

the film texture, for example, through the measurement of

pole figures. In the Schulz method,19,20 a texture goniometer

is used. The 2h angle is fixed for each polar figure, so one

family of planes is analyzed, and the sample is rotated

according to the two polar angles, the radial v and the azi-

muthal / (see Fig. 2 for the definition of the different angles

used for texture and stress analysis).

In Figs. 3(a), 3(c), and 3(d), we present different pole

figures measured in the sample FePt 100 nm–3 mTorr for the

diffraction peaks (111), (200), and (311), observable at

2h� 41�, 48�, and 84�, respectively, and a detail of the

region close to v¼ 0� for the (111) pole (Fig. 3(e)). Each

point in the pole figure is the stereographic projection of the

corresponding pole. We also show the simulated orientation

distribution function (ODF) for a sample with a [111] fiber

texture in Fig. 3(b). From the experimental data, it is possible

to see that, as expected, the [111] direction has a very high

intensity between v¼ 0� and v¼ 3� and then decreases, giv-

ing us an indication of a preferential orientation of the grains,

close to the film plane normal. For v� 70�, the intensity rises

again, consistent with the diffraction of different planes from

the {111} family. An almost uniform distribution is observed

for the angle /, indicating the absence of preferential grain

orientations in the film plane. This behavior correlates very

well with the simulated ODF for a [111] fiber texture. The

FePt (200) and (311) reflections are also observed at zero

angle, indicating that a certain amount of grains have these

axes perpendicular to the film plane, but they are much less

intense than the FePt (111) reflection. In the pole figure of

FePt (200) (2hFePt(200)� 47.6�), we can also identify the

reflections of the Si substrate 2hSi(220)� 47.3�. Note that the

contributions of the film and the substrate can be easily dis-

tinguished, given that the latter is a single crystal and is rep-

resented by very intense discrete points in the figure and, on

the other hand, the polycrystalline nature of the films gives

rise to a ring. In order to calculate the distribution function,

it is necessary to have pole figures of four different reflec-

tions, but since the sample is strongly textured the intensity

of the reflections (200), (311), and (220) (which was also

measured but not presented) is very small and this estimation

could not be accomplished. Nevertheless, Fig. 3 shows that

the grains are mostly oriented with the [111] axes normal to

the film (with a dispersion of �5�) and uniformly distributed

in the film plane.

FIG. 1. X-ray diffraction patterns of typical FePt thin films grown at differ-

ent Ar pressures. The top panel (a) corresponds to the samples of batch A,

and panel (b) shows selected samples from batches B1–B3. As can be seen

in the figures, it is possible to index the two FePt peaks in the range

30� � 2h� 70� as corresponding to the chemically disordered A1 phase. A

peak of small intensity from either the Pt or the Ru capping layer can be also

observed in panels (a) and (b), respectively. The inset shows the variation of

the d111 interplanar distance for the different samples, where we have indi-

cated with a horizontal line the relaxed d0
111 interplanar distance estimated

from Fig. 4.

FIG. 2. Geometry for texture and stress measurements. In the first case, 2h
remains fixed at the maximum intensity of a given reflection, and for every v
step of 1� (0� � v� 75�), a 360� sweep in / is performed (also in steps of

1�). For a stress measurement, v¼ 0� is fixed and a conventional h–2h scan

is acquired for discrete steps of the tilt angle w.

083906-3 �Alvarez et al. J. Appl. Phys. 119, 083906 (2016)
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Strain-stress studies were also performed in some

selected samples of batch A (PAr¼ 3, 5, and 13 mTorr). In

Fig. 4(a), we present h–2h X-ray diffractograms of the (311)

reflection for the FePt 100 nm–3 mTorr film, measured for

different tilt angles w. We studied this particular reflection

because the high 2h angles allowed us to use larger tilt val-

ues. As the position of the peak is in higher angles, its inten-

sity decreases and it was necessary to use relatively larger

collection times to determine the reflection angle and the

interplanar distances dhkl with a small error. We have found

approximately the same dhkl vs. sin2w dependence for posi-

tive and negative values of the angle w. This absence of

the so-called w-splitting21 is indicating a nearly zero contri-

bution of shear strains perpendicular to the film surface. In

this case, a linear d311 vs. sin2w behavior should be observed

and the strain in the z-direction (e33) for given values of /
and the tilt angle w can be obtained from the following

equation:22

d/w
311 � d0

311

d0
311

¼ ðe11 cos2/þ e12 cos 2/

þ e22 sin2/� e33Þ sin2wþ e33; (1)

where eij are the strain components and d0
311 is the unstressed

value for the interplanar (311) spacing. The index “33” indi-

cates a direction perpendicular to the film plane, and “11”

and “22” refer to orthogonal axes contained in the film

plane.

The application of Eq. (1) requires the knowledge of the

d0
311 value. This lattice spacing can be initially estimated by

assuming that there are no shear stresses (e12¼ 0) and that

the samples are isotropic in the film plane (e11¼ e22). This

simplification for the estimation of d0
311 is based on the fact

that the pole figures did not show a measurable in-plane ani-

sotropy. In this situation, the / dependence in Eq. (1) van-

ishes and the following expression holds:

d/w
311 � e11 � e33ð Þd0

311 sin2wþ e33 þ 1ð Þd0
311

¼ � � þ 1

2�
e33d0

311 sin2wþ e33 þ 1ð Þd0
311: (2)

In the above equation, � is the Poisson’s ratio that

relates the strain in orthogonal directions. Since a uniform

thin film is free to expand or contract in the direction normal

to the film plane, the stress in the z-direction and the shear

stresses that involve a component in this direction are zero.23

FIG. 3. Pole figures for FePt 100 nm–3 mTorr. From left to right, top to bottom, the figures correspond to (111) (a), simulated (111) ODF (b), (200) (c), and

(311) (d) planes. No significant in-plane crystalline texture is observed. Panel (e) is a detail of the central region of the (111) pole figure. The bright spots in

the (200) pole figure are due to the {220} family of reflections from the Si substrate.

083906-4 �Alvarez et al. J. Appl. Phys. 119, 083906 (2016)
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With these considerations, the equations of elasticity in the

case of biaxial stress22 take the following form:

e11 ¼
1

E
r11 � �r22ð Þ

e22 ¼
1

E
r22 � �r11ð Þ

e33 ¼ �
�

E
r11 þ �r22ð Þ

e12 ¼
1þ �

E
r12;

(3)

with E being the average Young’s modulus and rij the

in-plane stresses in the directions x̂ and ŷ in the reference

system of the sample. The Young’s modulus of FePt thin

films in the disordered A1 phase has not been directly meas-

ured to our knowledge. In a previous paper,13 we measured

the elasticity of bulk FePt in the ordered L10 phase, obtained

with the vibrating reed technique in a rectangular shaped pi-

ece of the target used to grow the films. From the measured

value, we estimated EFePt-A1¼ 130(10) GPa at room temper-

ature for the disordered A1 phase.

For the evaluation of the strain, we used as an initial

estimate the reported7,24,25 value for the Poisson’s ratio,

�FePt¼ 0.33. As we will show later, this consideration is in

very good agreement with our final results. A value of the

relaxed lattice parameter d0
311 can be then obtained from a

linear fit of the data d/w
311 vs. sin2w (Eq. (2)) for each of the 3,

5, and 13 mTorr–100 nm samples. With this initial estimate

for d0
311, it is possible to fit

d/w
311
�d0

311

d0
311

vs. sin2w using Eq. (1) to

calculate all the unknown strains eij. The strain e33 in the

z-direction can be obtained from the average ordinate, and

e11, e22, and the shear strain e12, from the slopes. Note that

now we are not forcing the approximations of isotropy

(e12¼ 0 and e11¼ e22) used for the initial estimation of d0
311.

In Fig. 4(b), we present the experimental data and the corre-

sponding linear fits for the angles / ¼ 0o, 45�, and 90�.
The set of Eqs. (3) consists of four equations with four

unknown parameters, three rij and �. With the new estimated

value of �, we can apply an iterative process and go back to

Eq. (1) to calculate a new value of d0
311 and start the process

again. We ended the iterations when the Poisson’s ratio

value was within the error of the last iteration.

In Fig. 5, we present the obtained stress values for

the different films. We have found that the samples are

compressed in the film plane and expanded in the normal

direction for low values of PAr and change to the opposite

behavior for PAr¼ 13 mTorr. Also, the shear stress r12 is one

order of magnitude smaller than the planar stresses r11 and

r22, again in agreement with the initial approximations.

Using the values obtained for three of the 100 nm sam-

ples (PAr¼ 3, 5, and 13 mTorr), we calculated an average

value �FePt¼ 0.34(3) for the Poisson’s ratio for FePt films in

the crystalline disordered A1 phase, in very good agreement

with the initial value �FePt¼ 0.33 used in the first estimation

of d0
311. For the interplanar distance, we estimated a value

d0
311 ¼ 0:11519ð5Þ nm.

Because sin2w experiments are very time consuming,

we only performed these measurements on three representa-

tive samples. The overall behavior shows, as expected, a

change to a tensile regime, which is fully developed for the

13 mTorr film.

FIG. 4. (a) X-ray diffractograms for the (311) reflection in an FePt

100 nm�3 mTorr sample, varying the tilt angle w of the sample holder. (b)

Parameter d/w
311=d0

311 � 1 vs sin2w (Eq. (1)) obtained from the X-ray scan for

three different orientations of the angle /. Dashed lines correspond to linear

fits of the experimental data.

FIG. 5. In-plane residual stress as a function of Ar pressure for 100 nm

films. The samples are mostly isotropic and under compressive stress at

low PAr and change to tensile stress with increasing PAr. The directions 11

and 22 are arbitrary, according to the relative position of the film in the

sample holder and the X-ray source. The inset shows the deformation in

the perpendicular direction, e33, evidencing the change of the strain regime.

All strain calculations were performed using the (311) reflection and the

sin2w method.

083906-5 �Alvarez et al. J. Appl. Phys. 119, 083906 (2016)
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The results we have found in disordered FePt thin films

agree well with other reports in metallic thin films,26–28 in par-

ticular, FePt,10,29 which show that a variation in PAr changes

the surface morphology because more bombardment of the

films (resputtering) occurs under higher pressure conditions.

The atoms sputtered at low argon pressures have a higher sur-

face mobility on the substrate, promoting the formation of

denser films under compressive stress. When PAr is increased,

the number of collisions of the sputtered and reflected atoms

rises, lowering the mobility of the atoms on the substrate. This

can have a significant effect on the growth kinetics of the

depositing film. The increase in the scattering rate may also

cause atoms to arrive to the substrate at oblique angles30

resulting in a self-shadowing effect of the incident atoms by

those already incorporated, and giving rise to a columnar

growth,31 enhancing the texture, and reducing the stress.

B. Magnetization and magnetic force microscopy
measurements

The average saturation magnetization for the samples

was obtained from the data of Fig. 6 resulting in Ms¼ 930

6 20 emu/cm3, somewhat smaller than the reported32

bulk-value Ms(FePt)� 1130 emu/cm3. This difference,

often reported in metallic thin films, may be explained by

the small Pt off-stoichiometry of the sputtering target, oxi-

dation due to residual oxygen in the sputtering chamber,

compositional inhomogeneity, or other factors related to

the deposition process. The measurements also show the

evolution in the magnetic behavior as the thickness of the

films increases. The thinnest sample of each PAr series

presents a hysteresis curve with relative low values of coer-

cive fields, Hc� 20–50 Oe, and high remanence, in agree-

ment with the usual behavior of in-plane planar domains.

Comparatively, if we look at thicker samples, the typical

features of stripe-like magnetic domains arise, such as a

larger coercivity, a lower remanence due to the perpendicular

component of M in the stripes, and an almost linear increase

of the magnetization between H¼ 0 and the saturation field,

related to the alignment of the out-of-plane component of the

magnetization with the external field. The described magnetic

behavior is fully consistent with the magnetic domain

configuration observed by MFM in Fig. 6. For the thinner

samples, planar magnetic domains are observed which

change to stripe domains when the film thickness is increased

FIG. 6. Left panels (a)–(c): Hysteresis loops for representative samples of batch B, FePt/Ru grown at PAr¼ 5, 7, and 9 mTorr with the direction of the external

field parallel to the plane of the films. Right panels (d)–(i): MFM images of the respective samples shown in the hysteresis loops. Image size is 5 lm� 5 lm in

all cases. The images of the FePt/Ru 5 mTorr–31 nm and 9 mTorr–71 nm samples (not shown) present an in-plane magnetic domain configuration.
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(with the exception of PAr¼ 7 mTorr for which stripes

domains are already observed for d¼ 51 nm).

As we discussed before, the transition between these

magnetic configurations is gradual and films with thicknesses

close to the critical value display some features of both sys-

tems. In Fig. 7, we can see that the coercive field Hc grows

slowly for the thinner samples and then behaves as expected:

it increases sharply as soon as the magnetic configuration

changes to stripe-domains, due to the increasing number of

the domain walls. The evolution in Hc can be taken as an in-

dication for the change in the magnetic domain structure as a

function of d. It is also possible to extract the critical thick-

ness dcr (and the half-period of the stripes, ks/2) using the

MFM measurements shown in Fig. 6. The estimated values

of dcr for the different sets of films have been indicated in

Fig. 7.

A simple expression of the magnetic free energy density

for a thin film, which includes the interaction of the magnet-

ization with the magnetic field and the anisotropy terms, can

be written as

Em ¼ �MH cosðh� aÞ þ ð2pM2
s � K?Þ cos2h; (4)

with 2pM2
s the magnetostatic energy due to the thin film

shape of the sample and K? a contribution to the perpendicu-

lar anisotropy originated by the sum of different anisotropy

effects such as magnetocrystalline, stress, and surface. The

angles a and h are the angles formed by the external field

and the magnetization vector from the film normal, respec-

tively. The total effective anisotropy is usually termed as

Keff ¼ 2pM2
s � K?. Since our films have a dominant easy

plane shape anisotropy, Keff> 0. Different methods can be

used to estimate the effective perpendicular anisotropy in

thin films. In the frame of the Stoner-Wohlfarth model, the

difference between the areas of M vs. H curves measured in

the first quadrant with the external field parallel and perpen-

dicular to the film plane is A== � A? ¼ Keff . In particular,

we obtained Keff from the normalized loops presented in

Fig. 8. The quality factor Q ¼ K?=ð2pM2
s Þ as a function of

PAr was calculated from the average of the aforementioned

calculations.

The perpendicular anisotropy K? consists essentially of

magnetocrystalline and magnetoelastic contributions. An

estimation of the average magnetoelastic anisotropy constant

is given by Kme ¼ 3
2
krx ¼ 3

2
kE ez

2�, which depends on the

stress rx and the magnetostriction constant k. The variable rx

was taken as the average of both in-plane values obtained in

FIG. 7. Coercive field as a function of thickness for each sample of batch B.

The evolution of Hc is an indication of the transition from planar to stripe

domains. The vertical lines represent the estimated value of dcr. For compar-

ison, we have also added data from a series of films grown at 3 mTorr.5

FIG. 8. First quadrant of the M vs.

H curves, with H parallel and perpendicu-

lar to the film plane, for the samples

FePt/Ru (a) 5 mTorr–31 nm, (b) 5 mTorr–

63 nm, (c) 7 mTorr–80 nm, and (d)

9 mTorr–99 nm, all from batch B. In the

Stoner-Wohlfarth model, the difference

between the areas covered by both curves

is Keff ¼ 2pM2
s � K?.
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Sec. III A (rx¼ (r11þ r22)/2), or calculated from the strain

ez ¼ d111�d0
111

d0
111

, estimated using the 2h position of the (111)

peak in the X-ray diffraction patterns of Fig. 1. The average

magnetostriction constant k for FePt was reported by Aboaf

et al.,33 kFePt¼ 70� 10�6. In the disordered A1 phase,

more recent measurements using differential X-ray absorption

spectroscopy34 arrived to kFePt–100 ¼ 100� 10�6 and kFePt–111

¼ 250�10�6. We used as an estimation hkiFePt¼ 100�10�6,

keeping in mind that there is a relatively large range of

reported values.

In Fig. 9, we compare K? and Kme as a function of thick-

ness for each PAr. There is a clear correlation between the

overall behavior of both anisotropies, despite the relatively

large error bars in the case of K? and the uncertainty in the

absolute values of Kme due to the poor estimation of kFePt.

The magnetoelastic anisotropy seems to be approximately

independent of film thickness, except for the thicker samples

of PAr¼ 5 and 7 mTorr that show a smaller value of Kme.

This same trend also appears in K? (see Fig. 9(b)), although

it is not so noticeable as in the former case. A possible expla-

nation for this effect may be due to the temperature incre-

ment in the sample occurring during the sputtering process.

The film temperature can rise several tens of degrees if the

thermal contact is not good enough, which in turn could

cause the residual stresses to relax. We would like to empha-

size the similar thickness dependence of K? and Kme,

showing the predominant contribution of stress effects to the

perpendicular anisotropy.

As already discussed, the analysis of the magnetic and

MFM measurements allowed us to obtain a value for the crit-

ical thickness as a function of the Q-factor of each PAr batch.

When d> dcr, a stripe structure is formed which has been

modeled6,35–38 and studied experimentally5,39–44 by various

authors. In particular, our group has previously used a model

proposed by Murayama36 to describe with reasonably good

results the evolution of the stripes when parameters such as

thickness5,13 or Q (Ref. 10) are varied. Murayama’s model

also predicts a critical curve for the transition between planar

and striped magnetic domains. Sukstanskii and Primak37

later developed a set of parametric equations linked by a sin-

gle variable x (see Eqs. (5)) using a simplified model in

which the magnetization distribution in the domains was ho-

mogeneous and the domain wall width was considered infini-

tesimally small. These assumptions were originally applied

to ultrathin films, but could also be used for thicker samples

Q ¼ K?
2pM2

s

¼ 1

2p
3x� pþ 3xð Þe�p=x
� �

dcr ¼ dl

ffiffiffi
2
p

p3=2

x
x� pþ xð Þe�p=x
� ��1=2

:

(5)

Here, the exchange length is defined as dl¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A=2pM2

s

p
.

In essence, this model is one-dimensional (1D-model) and

assumes that the magnetization vector can only point in the

direction of the stripes, alternating the out-of-plane compo-

nent up and down. On the other hand, Murayama takes into

account a periodic in-plane variation of the magnetization

vector within the stripe structure. We have previously com-

pared both curves,10 finding similar results in the prediction

of the critical thickness for Q � 0.4. In Fig. 10, we plotted

the thickness of the different films studied in this work as a

function of the Q–factor, distinguishing between samples in

which a planar domain structure is observed (open symbols)

and films in which a stripe pattern appears (full symbols).

FIG. 9. Perpendicular, K?, and magnetoelastic, Kme, anisotropy constants as

a function of d for the samples of batch B. The values of K? obtained for

each PAr were approximately constant (within error), for which it was

assumed they were independent of the thickness. The corresponding average

value for each PAr is represented by a horizontal line.

FIG. 10. Thickness as a function of the Q-factor for each PAr series (symbols)

and Sukstanskii’s model of dcr (dashed line obtained from Eq. (5)). For each

series, we assumed a constant Q value obtained from the average perpendicu-

lar anisotropy of Fig. 9. Open symbols indicate samples with in-plane magnet-

ization, while full symbols are for samples which show stripes. Data for

3 mTorr films were taken from Ref. 5.
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Note that for clarity we assumed a constant Q value for each

of the PAr¼3, 5, 7, and 9 mTorr series obtained from the av-

erage perpendicular anisotropy of Fig. 9. We have also plot-

ted the prediction of the critical thickness as a function of Q
deduced from Eq. (5). We can see that both the experimental

results and the model show a decreasing dcr-1D for increasing

Q. There is in general a reasonable good agreement between

the experimental data and the values of dcr-1D predicted by

the 1D-model for PAr¼3, 5, 7, and 9 mTorr, giving dcr-1D

(3mTorr)�25nm, dcr-1D (5mTorr)�41nm, dcr-1D (7mTorr)

�52nm, and dcr-1D (9mTorr)�58nm. Small differences

between data and model are observed for the PAr¼9 mTorr

batch in which the stripe pattern was only observed for the

d¼78nm sample. These differences can be accounted for by

considering the uncertainty in the determination of the qual-

ity factor and the sensitivity of the dcr-1D model to the param-

eters, especially in the region of small Q. In any case, we

have shown that the critical thickness for the transition

between planar domains and a magnetic stripe structure

can be very well controlled with the fabrication conditions

(sputtering pressure) during the sputtering process, and that

dcr can be reasonably well predicted with existing models.

IV. CONCLUSIONS

Using different microstructural and magnetic experi-

mental techniques, we have been able to show that the mag-

netic domain configuration in FePt ferromagnetic films is

mainly determined by the degree of residual stresses. We

also demonstrated that this variable can be effectively tuned

by the Ar pressure used in the fabrication process. The de-

pendence of the critical thickness on the Q-factor was rea-

sonably well described by existing theoretical models, which

contain no free parameters. The ability to tune the magnetic

anisotropy and the domain configuration in magnetic films,

together with a deep understanding of the underlying mecha-

nisms, can be of capital importance for the design and fabri-

cation of novel magnetoelectric devices.
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