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Perpendicular magnetic anisotropy associated with strain relaxation in Ru/Co/Ru(0001):
Anomalous relation of atomic and magnetic structures
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Atomic structure and magnetic anisotropy of Ru/Co/Ru(0001) were studied by Co K-edge extended x-ray
absorption fine structure and Co Ly j-edge x-ray magnetic circular dichroism. The Co/Ru(0001) films exhibit
in-plane magnetization in a thickness range of 1-15 ML. The Co film shows a large expansion of the in-plane
Co-Co bond length at the initial stage of the growth, leading to a large strain. Upon Ru capping on the
Co/Ru(0001) film, the strain is relaxed and a spin reorientation transition (SRT) occurs from in-plane to
out-of-plane magnetization. These results contradict the conventional understanding of magnetic anisotropy in
which perpendicular magnetic anisotropy (PMA) is believed to be enhanced by the strain in the film. The
estimation of magnetic anisotropy constants revealed that the SRT is induced by a large PMA at the Co/Ru
interface in the Ru capped films, as well as a large in-plane magnetic anisotropy at the vacuum/Co and/or

Co/Ru interfaces in the Co bare films.
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Magnetic thin films have been extensively studied in re-
cent decades because of their various peculiar magnetic
properties such as perpendicular magnetic anisotropy (PMA)
and interlayer exchange coupling.' Among many
ferromagnetic/nonmagnetic metal systems, Ru/Co/Ru(0001)
shows PMA, as well as a strong magnetic interlayer ex-
change coupling.*° Moreover, interesting magnetic proper-
ties based on a unique Co growth mode on a Ru(0001) sub-
strate were reported.!®!! Although the origin of the interlayer
coupling is believed to be basically understood, few studies
were dedicated to the atomic structure”'>~'# and the magnetic
anisotropy.'-10

PMA in Co films has been attributed to a large strain, an
in-plane expansion of Co, and to the contribution of the in-
terface between Co and nonmagnetic metals. Efforts have
been made to connect the atomic structure with magnetic
anisotropy by estimating the magnetoelastic anisotropy en-
ergy from the strain in the films.!”>! The atomic structure
has usually been investigated by low-energy electron diffrac-
tion (LEED) or reflection high-energy electron diffraction
(RHEED). Only the lateral strain can be estimated by these
techniques, however, so that the effects of the vertical strain
have been neglected or just speculated so far. Moreover, the
structural changes in the magnetic film upon capping with
nonmagnetic overlayer cannot be investigated due to the sur-
face sensitivity of LEED and RHEED and the lack of ele-
ment specificity.

In this work, we have investigated the atomic structure
and magnetic anisotropy of Co thin films on a Ru(0001)
single crystal and the effects of the Ru capping by means of
extended x-ray absorption fine structure (EXAFS) and x-ray
magnetic circular dichroism (XMCD). Owing to the element
specificity and bulk sensitivity of fluorescence-yield EXAFS,
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the atomic structure of Co films can be directly determined
even after Ru capping. Moreover, polarization dependence of
EXAFS allows us to separately determine the strain in both
the lateral and vertical directions. The EXAFS analyses show
a large in-plane expansion of the Co films at the initial stage
of the film growth, which is drastically relaxed upon Ru
capping. The changes in magnetic anisotropy constants are
estimated by using the obtained structural parameters. It is
revealed that the spin reorientation transition (SRT) to PMA
upon Ru capping is attributed to a large PMA at the Co/Ru
interface in the Ru capped films and to a large in-plane mag-
netic anisotropy at the vacuum/Co and/or Co/Ru interface in
the Co bare films.

All the samples were prepared in an ultrahigh-vacuum
chamber according to the following procedure. A Ru(0001)
single crystal was cleaned by repeated cycles of Ar* sputter-
ing (2 keV) and subsequent annealing at ~1470 K. Co films
were deposited on Ru(0001) at the substrate temperature of
363 K with the electron-bombardment evaporation method.
The thickness of the Co films was controlled by monitoring
the oscillatory intensity of a RHEED spot and the Co depo-
sition rate was ~0.2 ML/min. Ru/Co/Ru(0001) samples
were prepared by the subsequent deposition of Ru at 363 K.
The deposition rate of Ru was calibrated by the homoepi-
taxial growth on Ru(0001).

The Co K-edge EXAFS spectra were measured at BL-7C
of the Photon Factory in the Institute of Materials Structure
Science, High Energy Accelerator Research Organization
(KEK-PF). All the spectra were recorded in the fluorescence-
yield mode with a solid-state detector. To examine a crystal-
lographic anisotropy in the Co thin films, EXAFS spectra
were taken at grazing incidence (GI) of the x rays (#=30°)
and normal incidence (NI, 6=90°), where 6 is the angle be-
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Ru/Co(x ML)/Ru(0001)

FIG. 1. Co Lyyy-edge circularly polarized
in-plane x-ray absorption (solid and dashed lines)
out-of-plane and XMCD difference (dotted line) spectra of

4 ML Co/Ru(0001) (a) before and (b) after
5 MLE-Ru capping, and (c) proportion of in-
plane and out-of-plane magnetizations in
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tween the direction of the incident x-ray beam and the
sample surface. All the measurements were performed at 120
K.

The Co Ly -edge XMCD spectra were taken at BL-7A
of KEK-PF. All the spectra were recorded in the partial elec-
tron yield mode with a microchannel plate detector. The
XMCD spectra were obtained by reversing the magnetization
of the films by the pulse magnetic field of ~0.1 T along the
x-ray propagation direction, and the remanent magnetization
was examined. For the detection of the direction of magne-
tization, XMCD measurements were performed at GI (6
=30°) and NI (6=90°).

Figure 1 shows Co Lyjj-edge circularly polarized and
XMCD difference spectra of a 4 ML Co film taken before
and after capping by 5 monolayer-equivalent (MLE) Ru. In
the as-deposited film, a strong XMCD signal is observed
only at GI. This directly implies the in-plane magnetization
since the XMCD intensity is proportional to the magnetic
component parallel to the incident x rays. Upon capping with
Ru, the XMCD signal appears at NI, indicating that an SRT
to PMA occurs. Figure 1(c) shows the proportion of in-plane
and out-of-plane magnetizations for as-deposited and 5
MLE-Ru-capped Co thin films, which is obtained from the
incidence-angle dependence of the XMCD signals. Although
Co films show only in-plane magnetization before Ru cap-
ping, the films between 2 and 6 ML exhibit PMA after Ru
capping. It should be mentioned that El Gabaly et al.!! re-
ported PMA at 2 ML Co thickness without any capping
layer, which seems to contradict with our results. The sub-
strate temperature during the film growth was 460 K in their
experiments, however, leading to a different film structure
with that in the present study.

Figure 2 shows Fourier transform of the Co K-edge EX-
AFS function for as-deposited Co thin films. The first
nearest-neighbor (NN) shell was analyzed, and the curve-
fitting results for the Co-Co bond length are plotted in Fig. 3.
The detailed analysis procedures are described elsewhere.?
The in-plane bond length for the 1 ML sample (2.663 A) is
much larger than that of bulk Co (2.49-2.51 A) and is al-
most equal to that of bulk Ru (2.70 A). This indicates that
the first Co layer grows coherently with the Ru substrate,
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Ru(5 MLE)/Co(x ML)/Ru(0001) films.

which induces a large strain in the Co film. This strain is
gradually relaxed with increasing Co thickness up to 6 ML.
These results are in good agreement with RHEED studies.”-'?
Note here that the observed Co-Co bond length is the aver-
age over the whole film so that one cannot simply distinguish
whether the first (bottom) layer retains the large in-plane
expansion during further film growth. The precise EXAFS
analyses for the 2 ML sample show, however, that the differ-
ence in the in-plane bond lengths of the first and second
layers is rather small, suggesting a structural change in the
whole film.

Next, the effects of Ru capping were examined. A series
of Fourier transforms with increasing Ru coverage on Co(3
ML)/Ru(0001) are shown in Fig. 4. The change in the Co-Co
bond length is estimated as shown in Fig. 5. The strain in the
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FIG. 2. Fourier transform of the EXAFS function, k*y(k), of
Co/Ru(0001) for different Co thicknesses at NI (solid lines) and GI
(dashed lines). The windows in the Fourier transformation are from
~3.4t0 ~12.0 AL,
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FIG. 3. In-plane and out-of-plane Co-Co distances of Co/
Ru(0001) as a function of the Co thickness. The in-plane and out-
of-plane bonds are depicted as thick and dotted lines, respectively.

as-deposited 3 ML Co thin film is relaxed by Ru capping and
finally vanishes with 4 MLE-Ru capping. Although the same
result was also obtained from the 2 ML sample, the Co-Co
bond length is not affected by the Ru capping in the 6 ML
sample (figures not shown). This is consistent with the fact
that the as-deposited 6 ML Co film has no in-plane strain
(see Fig. 3).

It should be emphasized here that the Ru substrate in-
duces a large strain in the Co film, while Ru capping reduces
the strain. This might be due to the lower surface free energy
of Co compared to Ru.?® At the initial stage of the film
growth, Co wets the Ru substrate so as to reduce the surface
free energy, leading to a coherent growth with a large strain.
As the Co thickness increases or the film is capped with Ru,
the strain in the Co film is relaxed because the coherent
growth no longer reduces the surface free energy.

It seems surprising that the SRT to PMA is associated
with the relaxation of the strain because it contradicts with
the conventional understanding of PMA in which PMA is
believed to be enhanced by the strain in the film. Finally,
magnetic anisotropy of the Co/Ru(0001) and Ru/Co/
Ru(0001) films is discussed by using the obtained structural
parameters. The uniaxial magnetic anisotropy constant of a
hep Co film including shape anisotropy is given by

Kep=—27M? + Ko + Ko, + K1, (1)

where M, is saturation magnetization of Co, ¢ is film thick-
ness, and K is the interface magnetic anisotropy constant,
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FIG. 4. Fourier transform of k>y(k) of Ru/Co(3 ML)/Ru(0001)
for different Ru coverages.
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FIG. 5. In-plane and out-of-plane Co-Co distances of Ru/Co
(3 ML)/Ru(0001) as a function of the Ru coverage.

expressed as K+ Kcora and K2 + K2 respectively,
for Co/Ru and Ru/Co/Ru. Here, K, and K, R, represent
the magnetic anisotropy constants at the Co/vacuum and
Co/Ru interfaces, respectively, and K . is magnetoelastic an-
isotropy and K, is magnetocrystalline anisotropy for an un-
strained hcp Co, 6.2 X 10° J/m3.'7 K. is directly related to
the atomic structure by using the in-plane strain, £;; and &,,,
and out-of-plane one, &53,'51°

Kie == B85, — Byesz — Bs(g1 + &) (2)

Here, we can safely assume that €,;=g&,, and adopt the re-
ported values'® for bulk hcp Co, B;=0.81X 107 J/m?, B,
=2.90%107 J/m3, and B;=-2.82Xx 10" J/m>. Note here
that the sign of these coefficients is opposite to that in the
literature'® due to the opposite definition of the anisotropy
constants.

Figure 6(a) shows in-plane and out-of plane strains, &,
(=&5,) and &35, respectively, which are defined by &,
=a/2.51-1 and &33=c/4.07—1, where a and c are the in-
plane and out-of-plane lattice constants. Since Co atoms are
tetragonally bonded between the layers, a and ¢ are calcu-
lated from the in-plane and out-of-plane bond lengths, R and
R, as a=R; and c=2\e“‘R2L—Rﬁ/3. By using the obtained
strains, K,=K.+K, is estimated from Eq. (2), which is
shown in Fig. 6(b). K, is large in the Co/Ru films especially
in the thin-film region due to the large in-plane expansion
and out-of-plane compression, while it is relatively small in
the Ru capped films.

Then we estimate the overall magnetic anisotropy, K.
First, let us consider the Ru capped films. The strain in the
Co film is relaxed upon Ru capping so that all the films
exhibit almost the same atomic structure regardless of the
thickness. Therefore, we use the average of K, for the 2, 3,
and 6 ML Co films, 4.6 X 10° J/m?3. Then the interface con-
tribution, K;, is determined so as to reproduce the critical Co
thickness (~7 ML) for the SRT. By using the saturation
magnetization for bulk hcp Co (M =1.787 ug, correspond-
ing to —27M2=-1.27x10° J/m?), K;=1.2 mJ/m? is ob-
tained. The simulated magnetic anisotropy, K7, is also in-
dicated in Fig. 6. Since PMA is realized when K-> 0, the
observed PMA below ~7 ML Co thickness is reproduced.
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FIG. 6. (a) In-plane and out-of-plane strains, £;; and &, (b)
volume part of magnetoelastic anisotropy, K, =K. +K,, calculated
from the strains, and (c) effective anisotropy constant K- 7.

For the bare Co/Ru(0001) films, the obtained strain at
each Co thickness is used since the atomic structure strongly
depends on the Co thickness. We cannot determine
K; (=K i+ Kcory), however, because no PMA is observed
over the whole thickness range. Moreover, K; might depend
on the film thickness due to the structural changes. Since
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K+=—0.17 mJ/m? was reported®* for Co/Au(111), we first
adopt this value and Kcopy= (K, +K2U™) /2, leading to
K;=0.43 mJ/m?. The simulated curve does not explain ob-
served in-plane magnetization in the thin-film region. In or-
der to reproduce the in-plane magnetization down to 2 ML
Co, we must assume a large in-plane magnetic anisotropy at
the vacuum/Co and/or Co/Ru interfaces, K;<<—-1.0 mJ/ m?,
indicating that the changes in interface anisotropy upon Ru
capping is essential for the SRT. It should be emphasized
here that even K.k, can be changed by Ru capping due to
the large structural changes in the Co films. In fact, El
Gabaly et al.'""> reported that a structural change during the
Co evaporation at 460 K induces two SRT, which suggests
that the structure of the Co/Ru interface plays an important
role in SRT.

In summary, we have measured Co K-edge EXAFS and
Co Ly -edge XMCD spectra of Co/Ru(0001) and Ru/Co/
Ru(0001). PMA is observed only for the Ru capped films in
the thickness range of 2-6 ML. Co grows coherently on
Ru(0001) with a large strain at the initial stage of the film
growth, but the strain is relaxed by Ru capping. The mag-
netic anisotropy constants were estimated by using the ob-
tained structural parameters, and the SRT is attributed to a
large PMA at the Co/Ru interface in the Ru capped films, and
to a large in-plane magnetic anisotropy at the vacuum/Co
and/or Co/Ru interfaces in the bare Co films.

The present work has been performed under the approval
of the Photon Factory Program Advisory Committee (Project
No. 2006G227).
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