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Abstract

The magnetic properties of tetragonally strained Fe( 35Co0g ¢4 alloys in the form
of FeCo/Pt(001) superlattices have been investigated experimentally. The strain
was controlled by varying the individual constituent thicknesses in the range 3—
10 atomic monolayers (ML), resulting in lattice-parameter ratios c¢/a between
1.18 and 1.31. The sample with a c¢/a ratio of 1.18 has a preferred out-
of-plane magnetization direction and magnetic stripe domains, revealed by
MFM, while samples with higher c/a ratios prefer in-plane magnetization.
The strain-induced contribution to anisotropy was found to have a dominating
effect. Saturation-magnetization values up to 2.31 T at room temperature were
measured.

1. Introduction

Magnetic materials with high magnetocrystalline anisotropy energy (MAE) are of interest
because of their applicability as permanent magnets and possible use in perpendicular magnetic
recording media. Some hard magnetic materials such as SmCos provide high MAE [1, 2],
which allows thermally stable magnetic grains down to order 2.5 nm and thus potentially ultra-
high storage density in longitudinal as well as perpendicular recording media. However, storage
media applications of these compounds are linked to several practical challenges primarily
because of the limiting write field, Hy, which is proportional to the ratio between the uniaxial
MAE and the saturation magnetization (M). Writing heads, capable of delivering 10 MA m™!
fields, would for example be required in recording for SmCos based media [3]. Thus, the
implementation of a giant MAE material as a recording medium would also require a giant M
to keep the write field at reasonable magnitudes.

Alternatively, ferromagnetic multilayers with perpendicular anisotropy could be used in
perpendicular magnetic recording, because of high MAE and M. Such systems are also
of particular interest in magneto-optical recording where the read-back process employs the
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magneto-optical Kerr effect, which is more emphasized for perpendicular magnetic moments
compared to moments lying in the plane [4].

Multilayers exhibiting perpendicular magnetic anisotropy have been experimentally
studied [5, 6] for more than two decades, since the phenomenon was first discovered in
Co/Pd [7]. This has triggered theoretical work and ab initio calculations of uniaxial MAE in
multilayers have been made on various material combinations: Fe/Pt, Fe/Pd, Fe/Au, Fe/Ag [8];
Co/Pd, Co/Cu, Co/Ag [9]; Co/Pt, Ni/Pt, Ni/Pd, Mn/Pt, Mn/Pd [10]. According to recent ab
initio calculations [11], tetragonally strained FeCo alloys of composition around Feg 49Co 6o
possess giant perpendicular magnetic anisotropy together with high saturation magnetization,
M. We have previously reported [12] that FeCo/Pt multilayers with tetragonally strained FeCo
layers can show perpendicular anisotropy and high M. Here, the magnetic properties of an
extended series of such multilayer samples are reported.

2. Experimental details

The samples were grown by dc magnetron sputtering under ultra high vacuum conditions (base
pressure below 1 x 1077 Pa) using argon as the sputtering gas. A detailed description of the
growth is given elsewhere [13]. Substrates of MgO with the [001] direction perpendicular to
the polished surface were annealed at 700 °C for 15 min before cooling to 330°C. At this
temperature, a buffer layer consisting of 6 A (4 ML) Fe covered by 39 A (20 ML) Pt was
grown [14, 15]. N repetitions of FeCo/Pt bilayers were then deposited at 200 °C.

N ranges from 23 to 40, depending on the bilayer thickness, and was chosen to make the
total film thickness comparable for all samples in order to avoid unwanted influence on the
structural and magnetic properties from differences in lattice relaxation. Here, each sample
will be referred to by its label ng.co/npy, indicating the nominal number of monolayers of each
constituent. With respect to bulk distances between (002) atomic planes, one monolayer of
FeCo corresponds nominally to 1.41 A and 1 ML of Pt to 1.96 A in the deposition procedure.
In each sample, the final Pt layer works as a cap and prevents oxidation. If this layer had a
nominal thickness below 15 A some extra Pt was added to reach this thickness. The choice of
thickness combinations was made to cover both a constant strain state, nge.co/np; ratio, and a
constant interface density, 1/(npeco + npt), While varying the relative amount of FeCo in the
multilayers. Two of the samples do not fall into either of these two categories but contribute
with additional strain states for two ngec, values already present.

The composition of the FeCo alloy was regulated by the electric power on the Fe and
Co targets (99.95% purity), respectively, during the co-sputtering. The obtained chemical
composition, established from Rutherford backscattering spectrometry (RBS) and x-ray
photoemission spectroscopy (XPS), was 64 5 at.% Co [13]. The Pt target purity was 99.99%.
In this text, ‘FeCo’ will refer to the Fe36C0¢ ¢4 alloy unless otherwise stated. In order to
provide a reference for lattice parameters, alloy composition and magnetic moments, a film of
1000 A FeCo was grown under the same conditions as the multilayers. The buffer layer in this
sample was 45 A Fe, deposited at 330 °C, and the film was capped by 20 A of Pt. A schematic
picture of the multilayers is shown in figure 1.

The structure of the multilayers was investigated by x-ray reflectivity, x-ray diffraction
(XRD) and reciprocal space mapping (RSM). Both Pt and MgO have fcc crystal structure
and their [100] direction is along the substrate edge. FeCo bulk is bcc and has its [110]
direction parallel to the [100] direction of MgO. As the FeCo layers decrease in thickness
the crystal structure deforms along the Bain’s path from bcc towards fcc, similar to Fe in Fe/Pt
multilayers [14, 16, 17]. The crystal structure in the FeCo layers is viewed as a body centred
tetragonal, i.e. originally a bcc lattice but with a tetragonal distortion such that the out-of-
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Figure 1. Structure of the prepared samples. A buffer layer of 6 A Fe and 39 A Pt separates the
MgO(001) substrate from N repetitions of FeCo/Pt bilayers.

plane lattice parameter, c, is different from the in-plane lattice parameter, a. The distortion is
quantified by the c/a ratio, where c¢/a = 1 corresponds to a body centred cubic lattice and
c¢/a = /2 corresponds to a face centred cubic lattice. It should be noted that the interatomic
distances in the FeCo layers differ from the average distances measured by XRD and RSM. All
c/a values given here refer to the FeCo layers only. Details on the derivation of the individual
FeCo and Pt lattice parameters are given elsewhere [13]. Concerning the bilayer thickness,
the intended thickness did not deviate by more than 0.7 A (0.5 ML FeCo) from the nominal
thickness for any of the samples.

Full in-plane hysteresis loops were captured with longitudinal MOKE (LMOKE). In-
plane magnetization measurements at 10 and 300 K were also carried out using a MPMS-
XL SQUID (superconducting quantum interference device) magnetometer. Each sample was
saturated in a high field, applied parallel to the surface. Subsequently, the applied field was
decreased in settle mode (i.e. the applied field reaching stability between each measurement)
until the magnetization switched to a negative value. To study the out-of-plane magnetization
component, polar magneto-optic Kerr effect (PMOKE) measurements were carried out at
ambient temperature. The maximum field that could be applied was 1070 kA m~'. These
measurements were normalized with respect to the saturation magnetization obtained by
SQUID measurements. The magnetic domain structure was studied with a Nanoscope
Dimension 3100 MFM (magnetic force microscope) in tapping/lift mode using standard
magnetic probes.

3. Results and discussion

The set of samples is presented in table 1. All data here and in the rest of this text were
obtained at 300 K, unless otherwise stated. K. and Hg are missing for some samples that
did not reach saturation with a perpendicular configuration. In the calculation of the saturation
magnetization only FeCo was assumed to give a ferromagnetic contribution. The absolute error
in the measurement of the magnetization in the SQUID magnetometer (assuming a correct
calibration factor and samples of similar shape) is about 1%. However, as discussed above,
there is an uncertainty in the layer thickness determination that gives an uncertainty in the
ferromagnetic volume of about 9%. Looking at the individual values of the saturation moments
in table 1, we do not see any systematic trend with layer thicknesses and conclude that the room
temperature saturation magnetization of all samples is 2.15 £ 0.17 T. However, the measured
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Table 1. The set of multilayers prepared for this study. The first column refers to the number
of monolayers for FeCo and Pt, respectively. H. is the coercive field (& 0.5 kA m~!) and Hy the
saturation field (5 kA m™!). IP and PP refer to in-plane and perpendicular-to-plane configurations.
All data were obtained at 300 K, except data in the three rightmost columns obtained at 10 K.
Sample Kefr oM H.IP H.PP  H(IP H,PP  poMy H.IP10K H IP 10K
(npeco/np) N ¢/a  MIm™3)(T) (kAm™') kAm™) kAm™!) kAm™") I0K(T) kAm~') (kAm™')
3/3 40 1.31 —0.36 1.98 29 16 440 840 2.23 34 700
5/5 24 1.28 —0.56 225 20 10 400 750 2.56 32 490
8/8 25125 — 200 9 2 560 — 2.23 14 720
7/3 26 1.28 —0.73 220 17 6 390 780 2.49 34 530
6/4 25 1.27 -0.72 231 19 8 300 830 2.54 30 380
4/6 23 1.24 —0.13 220 13 15 580 300 2.66 30 800
3/7 23 1.18 0.23 227 6 14 700 200 2.53 27 1200
8/6 30127 — 2.04 10 4 220 — 221 16 220
6/9.5 25126 — 209 8 0 240 — 2.67 18 360

temperature dependence of the saturation magnetization of each of the different samples only
carries the error of the SQUID measurement. It should be noted that poMs for 10 and 300 K
differ substantially, from 8 & 2% for the 8/6 sample up to 22 4+ 2% for the 6/9.5 sample.
This can be compared with uoM; = 2.15 T for bulk iron, that only decreases by about 2%
from 0 K to room temperature. The reference sample of 1000 A FeCo gives a juoM, of 2.02 T
at 300 K with only about 1 £ 2% decrease from 10 K. The large temperature dependence
of M; for the multilayers can be assigned to a decrease of the Curie temperature compared
to bulk material, a more two dimensional magnetic character with decreasing magnetic layer
thickness and a polarization [18, 19] of the Pt interlayers. We have not been able to find
the parameter that systematically explains the large variation of M (10 K)/M;(300 K) with
the layer thickness of FeCo and Pt. In-plane coercivity shows a tendency to decrease with
increasing Pt thickness. This is more apparent for the 300 K measurements. Coercivity
measurements of Co/Pt multilayers show an oscillatory dependence on Pt thickness [19] which
could explain exceptions in the observed tendency.

Data from x-ray reflectivity and diffraction for the 8/6 sample is shown in figure 2. In the
reflectivity data, five Bragg peaks from the chemical modulation are present up to a scattering
angle of 20°, which indicates sharp interfaces between the layers. The second reflectivity Bragg
peak is somewhat suppressed since the FeCo and Pt layers have almost the same thickness
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(nominally 11.4 A FeCo and 11.8 A Pt). Kiessig fringes are visible up to 12°, indicating a
well defined total thickness of the superlattice. In the XRD data, the main (002) Bragg peak,
corresponding to the average distance between atomic planes perpendicular to the surface, is
located at 49.174°. The FWHM (full width at half maximum) of this peak is 0.513°, which
implies that a lower limit of the out-of-plane coherence length is 200 A, i.e. approximately
one-third of the total thickness [20]. Satellites arising from the chemical modulation, one on
the left and two on the right, are also present in the diffractogram. The intensity increase
towards lower angles in the inset is due to the (002) peak of the MgO substrate, located at
42.9°. The FWHM of a rocking curve on the superlattice (002) peak yields a mosaicity of this
sample of 1.1°, which is representative for all samples in the series [13].

The strain of the samples was controlled by the thickness of the constituent layers. Strain
versus relative thickness of the FeCo layer is illustrated in figure 3.

In-plane MOKE and SQUID measurements along two different directions, [100] and [110],
were carried out to determine the fourfold in-plane anisotropy. However, as figure 4 suggests,
no substantial difference between the in-plane directions could be found. For all fabricated
samples, the contribution to the fourfold in-plane anisotropy is of the order of 10° J m~3.

In figure 5, polar and longitudinal MOKE are presented for the 6/4 sample. Here, the
polar Kerr effect is one order of magnitude larger than the longitudinal. For visual clarity,
both curves are plotted in units of M /M. In figure 6, the in-plane (IP) and perpendicular-
to-plane (PP) magnetization versus applied field is presented for the other samples with a
constant interface density. As the ratio np.co/np; decreases, the preference for out-of-plane
magnetization increases. For the 4/6 sample, the IP and PP magnetization curves intersect
at Hy = 250 kA m~! and the saturation field, Hs, is twice as large for the IP compared to
the PP configuration. The 3/7 sample shows magnetization curves that indicate out-of plane
magnetization, which also accords with the stripe domain formation in zero field, with moments
alternately pointing up and down (see figure 7).

The sample with positive effective anisotropy energy shows perpendicular domain
formation with MFM. After decreasing the in-plane applied field from H, the image in figure 7
was captured at zero field and shows a stripe domain pattern with an average domain width
of 150 nm. The stray fields of the magnetic domains point up and down out of the plane
(represented by dark and bright regions).



J. Phys.: Condens. Matter 19 (2007) 226218 P Warnicke et al

2.5 T T T d T v T T T

20

—e—[100]
—o—[110]

1.5+

1.0F

,LloM [T]

0.5 1

" 1 L 1 n 1 n 1
0 200 400 600 800
H, [KA/mM]
Figure 4. Magnetization versus applied field for the 8/6 sample for two different directions in

plane, [100] and [110], obtained by SQUID. The small difference between the graphs reflects a
weak fourfold in-plane anisotropy with [100] as the easy magnetization direction.
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Figure 5. Longitudinal and polar MOKE for the 6/4 sample corresponding to in-plane and out-of-
plane magnetization, respectively. The magnetization is normalized with respect to the saturation
magnetization.

The effective anisotropy energy, approximated by K. = K, 4+ Ky, has contributions from
uniaxial anisotropy, K,, and demagnetization, Kq4 = —pgoMS2 /2. The latter favours in-plane
alignment of the spins, which is indicated by the minus sign. K. can be determined from the
area enclosed by the in-plane and out-of-plane magnetization graphs and is presented in table 1
for the samples that were possible to saturate with a PP configuration. For the 3/7 sample,
Kq=—2.05MIm3 and K, = 2.28 MI m 3.

The effective anisotropy energy of each layer has a volume contribution K, and an interface
contribution 2K from the two interfaces enclosing the volume, according to the relation

Keff = KV + 2Ks/dFeC0- (1)
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Figure 6. In-plane (IP) magnetization, obtained by SQUID, and perpendicular-to-plane (PP)

magnetization, obtained by PMOKE. As shown in (a) and (b), samples 7/3 and 5/5 clearly favour
magnetization in plane. Sample 4/6, illustrated in (c), is more easily saturated out of plane although
having a negative K. In (d) the 3/7 sample exhibits an out-of-plane easy axis and has a positive
Kefr.

K, consists of the demagnetization term, Ky defined above, and a strain induced uniaxial
anisotropy Ky,. The term K., is expected to depend on the size of the tetragonal lattice
distortion, c¢/a, and is from theoretical calculations [11] found to be largest for c/a ~ 1.24.
However, to straightforwardly analyse the behaviour, we first assume that K, is constant for
our samples, which represent ¢/a values from 1.18 to 1.31.

In figure 8, Ksrdpeco versus the layer thickness, dreco, is plotted together with a linear fit
for samples with a constant interface density (represented by squares). The volume contribution
is given by the slope and is K, = —1.5 MI m~3. Here, the negative sign indicates in-
plane preference. The interface contribution, K, is obtained from the intersection with the
vertical axis dreco = 0 and equals 0.38 mJ m~2. This term favours out-of-plane magnetization
and dominates for dpeco < 0.5 nm, corresponding to 3.5 ML. As a comparison, we quote
some earlier results from similar analyses, where it was found that K is 0.31 mJ m~2 for
Co(001)/Pt(001) on glass substrates [21], and Ky = 0.47 mJ m~2and K, = —2.8 MJ m for
Fe(001)/Pt(001) with dre < 8 A on Si(111) substrates [17]. Data for the 3 /3 sample is plotted
as a triangle but is not included in the fit. Its deviation from the overall trend of the data will be
discussed below.

To get a rough estimate of the magnitude of the volume contribution, Ky, from these
data, we use the value of K, = —1.5 MJm™> derived above and the average value of
the saturation magnetization for the five samples included in the fit of figure 8 to estimate
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Figure 7. MFM image, 2.5 um x 2.5 pm, captured in zero applied field showing stripe domain
formation in sample 3/7. The average width of each domain is 150 nm.

(This figure is in colour only in the electronic version)

0.2} E

Keireco [MI/m’]

dFeCo [A]

Figure 8. Anisotropy energy dependence on the individual FeCo layer thickness. Samples with a
constant interface density are represented by squares. The 3/3 sample is represented by a triangle.
A linear fit is made with respect to samples with a constant interface density.

K4 ~ —2.0 MJ m~3, which yields K,, & 0.5 MJ m~3. These results indicate that K gives the
largest contribution to the out-of-plane anisotropy of the 3/7 FeCo/Pt multilayer.

The above analysis assumes as mentioned a constant strain-induced anisotropy, Kyy.
However, a strain dependence of the uniaxial anisotropy is clearly indicated by figure 9. In order
to take this effect into account, equation (1) can be modified by adding the strain contribution,
Ktrain, to the bulk anisotropy energy, K,. A quadratic relationship is assumed between the ¢/a
ratio and the uniaxial anisotropy energy:

Ku == Kvu + Kstrain + 2Ks/dFeC07

Kewan = Keja ((1 V2 (2)2 + (2) V2 2) . )
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Here, K./, = 260 MJ m~3 represents the contribution to the anisotropy energy coming
from a change in the ¢/a ratio and can be approximated from the change in K, for samples of
constant FeCo thickness, i.e. samples 3/3 and 3/7. In order to validate the use of equation (2)
and extract the two remaining parameters, K, and Ky (Ky— Kgyain)s dreco Versus dpeco 18
shown in figure 10. It should be noted that this model explains the low value for the 3/3
sample seen in figure 8. From the linear fit Ky, = —3.16 MJ m—> and K, = 0.17 mJ m 2
were determined. Accordingly, K has been reduced to about half of the value obtained with
the previous model. This suggests that the large portion of apparent interface contribution
calculated using equation (1) instead stems from a strain contribution, as supported by the
discussion in [4]. This model gives null strain anisotropy contribution for bec (¢/a = 1) and
fcc (c/a = 1.44) alloys and a maximum for ¢/a = 1.21. The theoretically calculated [11] Ky
shows a maximum for ¢/a ~ 1.24.

4. Conclusions

A series of FeCo/Pt multilayers has been fabricated and investigated experimentally. The
Feo64Cop 36 layers are found to be tetragonally strained with c¢/a values in the range 1.18 to
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1.31. Uniaxial perpendicular anisotropy is induced by the strain. A simple analysis of the
thickness dependence of the measured effective anisotropy indicates that interface anisotropy
gives the dominant contribution to the out-of-plane anisotropy for samples with very thin FeCo
layers. However, further analysis with a model including the dependence of the anisotropy on
the magnitude of the tetragonal strain in the layers reveals that a major part of the apparent
interface anisotropy originates from strain rather than the interfaces. This agrees qualitatively
with theoretical calculations, which indicate that the uniaxial anisotropy of the investigated
alloys should be exceedingly high and strongly dependent on the strain, although the magnitude
of the uniaxial anisotropy is found to be one-quarter of the value predicted from first-principles
theory [11] for similarly strained FeCo alloys. Nevertheless, these calculations indicate a
high sensitivity of the anisotropy to alloy composition and strain, which can explain the lower
experimental values.
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