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A combined set of experimental and theoretical diffraction studies are performed to evaluate the

possible impact of stacking faults on magnetic anisotropy using epitaxially grown Co/Ru and

Co84Pt16/Ru thin films on MgO(111) single crystal substrates. A 3rd nearest neighbor interaction is

incorporated into Monte Carlo simulations of faulted film growth used to predict (10.L) diffraction

profiles. These are compared with experimental profiles to determine stacking fault content. It is

found that stacking fault density decreases with increasing temperature concurrent with an increase in

magnetic anisotropy and a compression of the crystallographic lattice parameter, c. VC 2011 American
Institute of Physics. [doi:10.1063/1.3658861]

I. INTRODUCTION

Reduction of noise in perpendicular magnetic recording

(PMR) media is critical to improving areal recording density

beyond 1 Tbit/in2. Noise can occur due to thermal instability

of magnetic bits or a wide grain-to-grain switching field dis-

tribution, which is likely to arise due to non-uniformity in

the media microstructure.1–3 The recording layer of today’s

media is comprised of, at least, two hexagonal close-packed

(HCP) CoPt-based layers: a granular layer having CoPt

grains segregated by oxide grain boundaries and a capping

layer that is continuous and serves to provide uniform inter-

granular exchange coupling.4 These layers are grown on an

HCP Ru(00.1) underlayer, which serves as a template to

transfer HCP stacking to the CoPt layers, induce strong

(00.1) texture, and reduce grain size. Stacking faults in HCP

Co-alloy media have been previously studied for their poten-

tially detrimental effect on media performance.5,6 It is

believed that local breaking of the uniaxial symmetry due to

stacking faults will reduce magnetic anisotropy, Ku, causing

thermal instability and reduced switching field. A stacking

fault in the HCP structure creates a layer of atoms that are in

a face-centered cubic (FCC) environment that is, magneti-

cally, more isotropic. The variance of the number of defects

in a grain (e.g., impurities, vacancies, dislocations, or stack-

ing faults) scales with the square root of its expected value.

Stacking faults are a planar defect and tend to span an entire

layer within a grain. As grains in media have only� 50

atomic layers, the variation in the number of stacking faults

among grains will be substantial for any finite stacking fault

probability.

Quantitatively measuring stacking fault density in real

media by XRD is quite difficult, due to the weak diffracted

intensity from the fiber-textured grains for geometries other

than out-of-plane h/2h scans. High resolution TEM analyses

are often not statistically significant, and sample preparation

may alter stacking fault content. Furthermore, separating the

effect of stacking faults on magnetic properties from other

extrinsic parameters in media is very challenging. Here, we

use epitaxially grown Co-based films on MgO(111) single

crystal substrates to minimize other extrinsic factors (e.g.,

grain size, chemical segregation, interface effects) that might

affect magnetic anisotropy while also allowing for more

quantitative evaluation of stacking fault content by XRD.

II. EXPERIMENTAL PROCEDURES

A series of 15-nm Co or Co84Pt16(00.1) thin films are

grown by RF sputtering with varying growth temperature

(25–368 �C) on MgO(111) single crystal substrates with a

15-nm Ru(00.1) buffer layer grown at 500 �C. The argon

working pressure was fixed at 5 mTorr with a base pressure

maintained at better than 2� 10�7 Torr. Films were sputtered

from a pure Co and a Co84Pt16 alloy target. Deposition rates

were calibrated by step profilometry, and thicknesses were

verified by cross-section TEM.

Magnetic measurements were performed using a Prince-

ton Measurements alternating gradient field magnetometer

(AGFM). Kperp was determined from the area between in-

plane and perpendicular M-H loops and was used to calcu-

late magnetic anisotropy by Ku¼Kperpþ 2pMs
2. Kperp is

defined as positive for a perpendicular easy axis and negative

for an in-plane easy axis.

Stacking faults were evaluated by XRD measurements

using a Phillips X’Pert Pro diffractometer. Reciprocal space

q-scans were performed to give the Co or Co84Pt16(10.L)

profile. It is well established that stacking faults cause certain

reciprocal lattice spots to broaden along the (00.1)* direc-

tion.7,8 Specifically, indices having H-K¼ 3 N, where N is

an integer, will be unaffected by stacking faults, while all

others are broadened with the extent of broadening, depend-

ing on the parity of L. Note that capital (HKL) notation is
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commonly used to avoid confusion with the continuous re-

ciprocal space variables, h1, h2, and h3. The widths of all

peaks were determined by fitting to the pseudo-Voigt func-

tion.9,10 Broadening due to stacking faults was determined

by comparing the width of the (10.3) and (10.4) peaks, which

should broaden, due to stacking faults, with the (00.4) peak,

which should not broaden, as shown in Fig. 1. These peaks

were selected so that the film normal does not need to be

rotated out of the scattering plane, which can cause excess

broadening when using a line-focused beam, as is the case

here. The effects of stacking faults on diffraction are deter-

mined from Monte Carlo simulations and used to interpret

experimental observations. Changes in lattice parameter, c,

were determined from the position of the (00.4) peaks in a h/

2h scan. The epitaxial relationship was verified by XRD h/2h
and u-scans.

FIG. 1. (Color online) Schematic reciprocal space map showing possible

key diffraction spots for HCP and FCC cobalt as well as HCP Ru and MgO.

Dashed lines indicate where measurements were performed to evaluate

stacking fault content. The gray shaded region is only accessible by tilting

the film normal out of the scattering plane.

FIG. 2. (Color online) Suggested growth model incorporating 3rd nearest

neighbor interactions. b and b0 are the probabilities that a new atomic layer

has a different lateral position than that which is two layers beneath it (i.e., a

growth fault). b applies when the previous 3 layers are in an ABA-type of

stacking sequence, while b0 applies when the previous 3 layers are in an

ABC-type of stacking sequence.

FIG. 3. (Color online) Monte Carlo simulation flow chart used to determine the effect of fault probabilities on the (10.L) diffraction profile. 1D crystals were

generated for a given set of stacking fault probabilities, from which an average correlation function, P(m), was determined and used to generate a theoretical

(10.L) diffraction profile. The peak widths and relative FCC/HCP peak intensities were determined from these simulated profiles.
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III. SIMULATIONS

In order to improve our interpretation of experimental

broadening results, Monte Carlo simulations have been per-

formed to predict the extent of broadening due to non-

randomly distributed stacking faults. The diffracted intensity

for a close-packed structure with N layers is given by11,12

I¼
XN�1

m¼1

ðN�mÞ P0
mþð1�P0

mÞcos 2pðH�KÞ=3½ �
� �

cosðmph3Þ:

(1)

Here, h3 is a continuous variable along the c* reciprocal

lattice direction, H and K are the first two Miller indices in

hexagonal coordinates, and P0
m is a correlation function

describing the probability of two close packed planes that

are m layers apart having the same lateral position (e.g., both

planes are an “A”). P(1)¼ 0 for all cases, as two neighboring

planes never have the same stacking position, while

P(1)¼ 1/3 as long as there is a finite stacking fault

probability.

Analytical solutions for P0
m in a faulted HCP crystal

have been derived for many cases, including the cases of ran-

domly distributed growth faults, where a single layer is in an

FCC environment (e.g., ABABCBCB), and/or deformation

faults, where two neighboring layers are in an FCC environ-

ment (e.g., ABABCACA).7,8,13 The assumption that a mate-

rial is comprised of only growth and deformation faults is

often made, because each of these fault types has a reasona-

ble mechanism for its formation. This assumption also leads

to an elegant solution for the amount of broadening due to

stacking faults. Nonetheless, for the case of thin films, the

formation of stacking faults should be dominated by the

growth mechanism (i.e., each layer of deposited material ei-

ther grows with the correct or incorrect stacking sequence).

Here, we suggest that the probability of a new layer growing

with the correct HCP stacking position is determined by the

stacking sequence of the previous three layers. This is

described by two probabilities, b and b0, as shown schemati-

cally in Fig. 2. Such a description is equivalent to saying

that, once a crystal begins growing with FCC stacking, sub-

sequent layers have a higher than normal chance to continue

to grow with FCC stacking. A similar description was origi-

nally proposed by Jagodzinski and solved analytically.14 b
can be thought of as the number of stacking faults in a crys-

tal, while b0 is related to the average size of the faults (i.e.,

how many layers a fault spans). This description also does

not restrict the system to only two possible types of stacking

faults.

Four thousand crystals with 1000 layers were “grown”

in Monte Carlo simulations for varying fault probabilities,

b and b0 (see Fig. 3). The correlation function was deter-

mined for all crystals and averaged before inputting into

Eq. (1) to produce a plot of the (10.L) intensity profile.

Three parameters can be determined from the calculated in-

tensity profile, B1
2

(10.3), B1
2

(10.4), and the relative intensity

at possible FCC peaks, which occur on either side of (10.3)

peak displaced by 1/3. These are the same values that can

be measured experimentally from XRD q-scans. It should

be noted that the result would be the same for any pair of

(10.L) peaks as long as one peak had L¼ odd and the other

L¼ even.

In order to verify the accuracy of the simulation, our

results were compared to the original equations from Warren8

FIG. 4. Monte Carlo diffraction simulations for the case of randomly

distributed growth faults (i.e., b¼b0), showing the dependence of peak

width on fault probability, b. The simulations are compared with analytical

solutions according to Warren and Pandey and Krishna, as indicated.

FIG. 5. (Color online) Monte Carlo simulation results showing the depend-

ence of peak width (top) and relative FCC intensity (bottom) on b0. The inset

is an example simulated profile for b0 ¼ 0.94 and b¼ 0.02.
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as well as to the more general solution based on Pandey and

Krishna15,16 for randomly distributed growth faults (Fig. 4).

The effect of b0 on the peak width and relative FCC intensity

for fixed b is shown in Fig. 5. Increasing b0 causes B1
2

(10.4)/

B1
2

(10.3) to decrease from 3 (for b0 ¼ 0) to 1(for b0> 0.7). It

is only for very large values of b0 (� 0.8) that the FCC inten-

sity becomes significant.

IV. RESULTS AND DISCUSSION

(10.L) q-scans with corresponding peak width measure-

ments are shown in Fig. 6 for Co and Co84Pt16. The appear-

ance of Ru peaks just prior to Co84Pt16 is due to the close

lattice spacing of Ru and Co84Pt16, but do not affect the

measured peak widths. The width of the (00.4) peaks remain

relatively constant, with no measurable change for the case

of Co and a slight decrease in width for increasing growth

temperature in Co84Pt16 films. No FCC peaks were observed

in Co84Pt16 for any growth temperature. For the Co film

grown at 128 �C, small FCC peaks were observed (IFCC/

I(10.3)¼ 0.25), indicating a large value of b0. Broadening of

the Co and Co84Pt16 (10.L) peaks can be interpreted as fol-

lows, based on the simulations: In both cases, b is less than

1.5% for growth temperatures above 150 �C. Below 150 �C,

Co tends to grow with a lower density of stacking faults than

Co84Pt16, but with a larger average size.

The same measurements were made for the Ru under-

layer (Fig. 7), which is known to have a very high stacking

fault energy, to ensure consistency in the experiments. It was

observed that the width of all three Ru peaks are roughly

equal, indicating that the broadening seen for Co and

Co84Pt16 is not instrumental.

M-H loops for Co84Pt16 are shown in Fig. 8, with com-

plete Ku versus temperature data in Fig. 9. For both cases,

the magnetic anisotropy increases with temperature. The

Co84Pt16 easy axis switches from in-plane to perpendicular

FIG. 6. Left Experimentally measured (10.L) Q-scans for Co (top) and Co84Pt16 (bottom). The temperatures indicated on the plot are the growth temperatures

of Co or Co84Pt16. Right: Experimentally measured (10.3), (10.4), and (00.4) peak widths for Co (top) and Co84Pt16 (bottom) as a function of Co or Co84Pt16

growth temperature.

FIG. 7. Experimentally measured Ru(10.3), Ru(10.4), and Ru(00.4)

peak widths for Co(15 nm)/Ru(15 nm)/MgO(substrate) films as a function

of Co growth temperature. The Ru growth temperature was fixed at

500 �C.
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above 200 �C, while the easy axis always remains in-plane

for pure Co, due to the larger Ms and smaller Ku. Similar

trends have been observed in the past for Co84Pt16 alloys and

were attributed to long-range chemical ordering with alter-

nating Co and Pt close-packed planes to form either an or-

dered HCP derivative structure17,18 or the L11 FCC

derivative structure.19 Superlattice reflections were not

observed in any Co84Pt16 films prepared in this work, indi-

cating that chemical ordering is absent or, at least, very

limited.

The observation of a lower stacking fault density at

higher temperature could be explained by thermally acti-

vated self-healing. The HCP to FCC transition temperature

in cobalt occurs at 420 �C, with HCP being the stable phase

at lower temperature. Therefore, it is reasonable to believe

that the further below this transition temperature a system

is, the stronger the driving force will be to eliminate stack-

ing faults (i.e., FCC layers). Even though the driving force

may be higher, sufficient surface atom mobility is needed

for the assimilation of an FCC region by an HCP region.

Busse et al.20 have proposed several mechanisms for the

healing of stacking faults, which are suggested to become

active at critical temperatures, which were calculated for

the case of FCC iridium. The activation of such a mecha-

nism in the range of 150–200 �C could explain the tempera-

ture dependence seen here for stacking fault probability

and Ku.

Correlations between Ku, b, and HCP lattice parame-

ter (c) are shown in Fig. 10. It is important to note that it is

the growth fault probability, b, which is being shown, and

the possible influence of b0 cannot be determined from

these figures. The most compelling correlation is the

strong linear trend observed for Ku versus c. Such a trend

has been reported previously in the literature21,22 and is

qualitatively consistent with bulk measurements of magne-

tostriction for single crystal cobalt, where a compression

FIG. 8. (Color online) Measured M-H loops for Co84Pt16(15 nm)/Ru(15 nm)/MgO films. The temperatures indicated in the figure are the growth temperatures

for the Co84Pt16 layer.

FIG. 9. Dependence of magnetocrystalline anisotropy, Ku, on Co-alloy

growth temperature for Co and Co84Pt16 thin films.
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of the c-axis increases magnetic anisotropy.23 The data

shown is also consistent with expected correlations for c

vs. b and Ku vs. b. Because d111,FCC> d00.2,HCP in Co,24

it is reasonable to expect an increase in close packed

plane spacing for higher stacking fault densities. However,

the non-linear dependence on b does not have a clear phys-

ical explanation, which may indicate that the controlling

factor is the lattice parameter, c. Stacking faults could

have an indirect effect on magnetic anisotropy via their

influence on the crystallographic lattice parameter, which

may overshadow the more obvious effect of breaking the

uniaxial HCP symmetry. Another possible factor affecting

the lattice parameter is unrelieved strain from the larger

HCP Ru underlayer, which cannot be distinguished from

the effect of stacking faults on lattice parameter at this

point.

V. CONCLUSION

The possible impact of stacking faults on the magnetic

anisotropy of Co and Co84Pt16 films was studied by combi-

nation of XRD measurements and Monte Carlo simulations.

A 3rd nearest neighbor interaction is implemented in the

simulations to improve our interpretation of peak broaden-

ing. We conclude that the stacking fault content decreases

with increasing growth temperature for both Co and

Co84Pt16, likely due to thermally activated healing. At

lower temperature, Co tends to grow with a lower density

of faults as compared to Co84Pt16, but with a larger average

size. In both cases, the magnetic anisotropy has a strong lin-

ear correlation to the lattice parameter, c. We suggest that

unrelieved strain from the Ru underlayer as well as a

change in plane spacing due to stacking faults may contrib-

ute to the measured variations in lattice parameter. The

results here highlight the importance of crystal structure

uniformity throughout perpendicular magnetic recording

media in addition to the well-recognized need for a uniform

microstructure.
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