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Abstract
The structural and magnetic properties of thin Ni films grown on Cu/Fe/MgO(001) and
Cu/MgO(001) buffer layers are investigated and compared to those grown on Cu/Si(001). The
use of an Fe seed layer a few monolayers thick leads to the epitaxial growth of high surface
quality Cu(001) buffer layers on MgO(001), while Cu growth on the bare MgO(001) substrate
results in polycrystalline films. Magneto-optic Kerr effect magnetometry shows that Ni films
grown on Cu/Fe/MgO(001) exhibit dominant perpendicular magnetic anisotropy up to ∼90 Å,
which is similar to that of Ni films grown on Cu/Si(001). The polycrystalline Ni films also
exhibit perpendicular magnetic remanence, but with a dominant in-plane magnetization
component.

(Some figures in this article are in colour only in the electronic version)

Since the first report of perpendicular magnetic anisotropy
(PMA) by Gradmann and Müller [1, 2], several other thin
films and multilayer systems have been shown to exhibit
PMA. Among these, Ni/Cu(001) films are an interesting
case: epitaxial Cu/Ni/Cu(001) thin films show PMA over
a large thickness range from about 15–140 Å [3–8], which
arises from the magneto-elastic anisotropy contribution due
to the tensile strain induced by the lattice mismatch with the
Cu(001) substrate. Ni films have been grown on Cu(001)
single crystals, which offer the best film quality [8]; in
other studies, Ni/Cu(001) have been grown epitaxially on
Si(001) substrates [3–7], which has the advantage of ease
of preparation and offers the possibility of integration with
semiconductors (although reaction between Si and Cu remains
an issue, see [9] and references therein). More recently, there
has been wide interest in using metal oxides as key components
for post-CMOS devices, and the recent demonstration of very
large tunnel magnetoresistance ratios in Fe/MgO/Fe tunnel
junctions [10–12] is but one example of the potential of
metal oxides in magnetoelectronic devices. Here, we consider
the structure and magnetic properties of Ni/Cu(001) epitaxial
films grown on MgO(001) substrates by means of an Fe
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seed layer, which are compared to those of films grown on
Si(001). Another motivation stems from the larger lattice
mismatch between Cu and MgO (14%) as compared to the
5.6% mismatch between Cu and Si. Cu grown epitaxially
on MgO may be expected to be strained to a larger extend
compared to Cu grown on Si(001) and our purpose here is to
investigate the effect of strain on the structure and magnetic
properties of Ni(001) films grown on Cu/Fe/MgO(001).

It has been reported that Cu does not grow epitaxially
at room temperature on MgO due to the large lattice
mismatch between the layers and a weak film–substrate
interaction [13, 14]. However several approaches have
been studied to achieve epitaxial Cu/MgO(001), such as
film deposition at elevated temperatures and by using seed
layers. Yang and Perry [15] reported an increase in the island
diameter of Cu grown on MgO(001) with increasing deposition
temperature up to 650 K, at which point a continuous film
ensues. Mewes et al [16] used Pt and Pt/Fe seed layers
to achieve epitaxial growth of Cu on MgO(001): while
for Cu/MgO(001) the film exhibit three-dimensional island
growth, as found in other studies, the use of a Pt seed layer
leads to the growth of [111]-oriented Cu films, whereas a 5 Å
Fe/Pt seed layer results in Cu(001) epitaxy. In the present
study, we report the growth of Cu(001) on MgO(001) by using
a single Fe seed layer.
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Figure 1. Schematic diagram of the sample structure. Actual lateral
sample size is 1 × 1 cm2.

Table 1. Film deposition condition.

Deposition rate
(Å min−1)

Temperature
( ◦C)

Pressure during
growth (mbar)

Fe seed layer
(5 Å)

10 ∼450 <6 × 10−9

Cu buffer
layer (400 Å)

10 ∼100 <9 × 10−9

Ni layer
(20–150 Å)

1.7 Ambient <9 × 10−10

Cu capping
layer (50 Å)

10 Ambient <4 × 10−9

Au layer
(30 Å)

60 Ambient <7 × 10−9

1. Experimental details

The MgO(001) substrate was firstly cleaned in isopropyl
alcohol (IPA) followed by an oxygen plasma etched for 1 min
at 10−1 mbar oxygen gas pressure. The substrate was then
inserted into the load-lock of the ultra-high vacuum deposition
chamber within ∼10 min after cleaning. After an overnight
bake-out, the MgO(001) substrate was annealed for 3 h at
270 ◦C with a base pressure of 4 × 10−10 mbar. A similar
cleaning process of the MgO substrate has been reported by
Mewes et al [16]. Metal deposition was carried out under
UHV by e-beam heating of the target material. The conditions
(pressure, temperature and growth rate) for each stage of the
growth are shown in table 1. After completion of the film
deposition, the cleanliness of the films was ascertained by
Auger electron spectroscopy (AES) while sample crystallinity
was determined by reflection high energy electron diffraction
(RHEED) using a beam energy of 15 keV.

Figure 1 shows a schematic diagram of the staircase
structure prepared for this study. It consists of a Ni staircase
layer (20, 40, 60, 100, and 150 Å), half of which is grown
onto Cu/Fe/MgO(001) while the other half is grown directly
onto 400 Å Cu/MgO(001), without the 5 Å Fe seed layer.
For the growth of the Fe and Ni staircase films a shutter
close to the sample was used. While the shutter is fixed at a
certain position, the sample can be translated or rotated with a
micrometer stage, which allows accurate control for the growth

Figure 2. Auger electron spectroscopy scans for the MgO substrate
(top), the 400 Å Cu buffer layer (middle), and after the completion of
the Ni film (bottom).

of the staircase. The step width is 2 mm for the Ni staircase,
while the sharpness of the step edge is estimated to be smaller
than 0.1 mm. A 50 Å Cu film was then deposited onto the
Ni layer, and the whole structure was finally capped by 30 Å
Au to protect the sample from oxidation during the ex situ
measurements. The film thicknesses were estimated using a
calibrated quartz crystal monitor close to the sample position.
We note that adjacent steps can be distinguished by the naked
eye, allowing easy optical alignment in the magneto-optical
measurements. The ability to translate or rotate the sample in
the deposition system allows one to carry out RHEED and AES
in situ on the different steps of the sample.

Magnetic hysteresis curves were measured at the different
sample staircase positions using a magneto-optic Kerr effect
(MOKE) magnetometer employing a focused HeNe laser with
an approximate spot size of 0.2 mm. Measurements were
carried out in two orientations, polar and longitudinal [17, 18].
In the polar configuration, both the external field and the
incident laser beam are perpendicular to the sample surface,
so that only the perpendicular component of the magnetization
is measured. In the longitudinal MOKE configuration, the
applied field direction was parallel to the sample surface and
the laser beam was incident at ∼30◦ with respect to the
surface normal; in this configuration MOKE is sensitive to both
perpendicular and in-plane components of the magnetization.
One feature (and advantage) of using MOKE in this study is
the limited probing depth (around 200 Å at the HeNe laser
wavelength, λ = 633 nm): the Ni film was grown onto a
400 Å Cu/Fe/MgO(001) and the Cu film thickness is larger
than the probing depth of the light. Therefore, only the Ni
layer is detected in our MOKE measurements. In addition,
we also expect the magnetic interaction between the Fe and
Ni films to be negligible, since the stray field issuing from the
Fe film is small (scaling as thickness/width) and since a 5 Å
(∼2 ML) Fe/MgO(001) is expected to be superparamagnetic
at remanence [19].

2. Experimental results

Figure 2 shows the AES spectra for the MgO substrate prior
to film growth (top), after completion of the 400 Å Cu film
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Figure 3. RHEED images for (a)–(g) Cu/Ni/Cu/Fe/MgO(001) and (h) the Cu film grown directly on MgO(001), during the sample growth.

(middle) and of the Ni film after growth (bottom). For the
MgO substrate, the data show the Auger KLL Mg and O
lines as well as a small C peak, indicating a small amount
of C contamination. The Cu and Ni films show no traces
of contaminants, to within the experimental resolution of our
system (of ∼1.5%).

Figure 3 shows typical RHEED images taken at different
stages of the sample growth along the MgO(001) 〈110〉
(left panels, (a)–(c)) and 〈100〉 (middle panels, (d)–(g))
azimuths for the Cu/Ni/Cu/Fe/MgO(001) structure, and along
the MgO(001) 〈100〉 azimuth for the Cu/MgO(001) film (right
panel, (h)). In the latter case, the Cu film and consecutive Ni
and Cu layers grow polycrystalline, as indicated by the ring
pattern (h). However, by using a 5 Å Fe seed layer, epitaxial
growth of the Fe, Cu, Ni and Cu cap layers is achieved.
The RHEED patterns indicate that the Fe seed layer (001)
plane is rotated by 45◦ with respect to the MgO(001), which
provides a better lattice match between the Fe and the MgO
lattices [20]; the relative crystalline film orientation is given by:
Ni(001)/Cu(001)[100] ‖ Fe(001)[110] ‖ MgO(001)[100].
The RHEED diffraction spots of the Fe layer are relatively
broad, indicating some surface roughness; we also note a slight
increase in the distance between the diffraction spots from the
MgO to Fe to Cu, which suggest a progressive lattice relaxation

of the crystal lattice of Fe [21] and Cu. Given the large lattice
mismatch between Cu and Fe, ηCu/Fe = (aFe − aCu)/aCu of
about 12%, we suggest that most strain relaxation occurs over
a very small interfacial region near the Fe seed layer that helps
the Cu surface attain the equilibrium lattice constant at much
lower thicknesses than for Cu buffer layers grown on Si(001).

Figure 4 shows a comparison of the RHEED patterns
along the Cu(001) 〈100〉 azimuth for Cu buffer layers, 100 and
400 Å thick grown on Fe(5 Å)/MgO(001) (top panel) and 600,
2000 Å thick grown on Si(001) (bottom), taken from our earlier
work [22, 23]. For the latter system, the RHEED patterns for
the 2000 Å Cu film were found to be sharper and have a lower
background compared to the images for the 600 Å Cu/Si(001),
indicating that the 2000 Å thick Cu film has a better crystal
quality (i.e., smaller surface roughness amplitude and larger
in-plane coherence length) compared to the thinner Cu film; in
addition, the in-plane lattice parameter was fully relaxed for the
thicker Cu film. In comparison, while the RHEED patterns for
100 and 400 Å Cu grown on Fe/MgO(001) look qualitatively
similar to each other (becoming slightly more streaky for the
thicker (400 Å) Cu film), both patterns are much sharper than
the 600 and 2000 Å Cu films grown on Si(001). This indicates
that the surface is smoother for the Cu/Fe/MgO(001) than
the Cu/Si(001), i.e., the Cu(001) films exhibit a much better
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Figure 4. RHEED images for different Cu buffer layer thicknesses on Fe(5 Å)/MgO(001) (top) and on Si(001) (bottom).

Figure 5. Normalized magnetization as determined from polar
MOKE curves for Cu/Ni/Cu/Fe/MgO (straight black line) and
Cu/Ni/Cu/MgO (blue dotted line) for the different Ni thicknesses.

surface crystal quality when grown on Fe/MgO compared to
Si(001) at smaller, or comparable Cu thicknesses, despite the
much larger lattice mismatch in the case of MgO(001).

Figure 5 shows the polar MOKE measurements for
the epitaxial Cu/Ni/Cu/Fe/MgO (full line) and for the
polycrystalline Cu/Ni/Cu/MgO(001) (dotted line) for the
different Ni film thicknesses. The hysteresis curves
show a much higher squareness and lower saturation field
(characteristic of magnetization reversal by domain wall
motion), and therefore larger PMA, for the epitaxial Ni films

grown using the Fe seed layer compared to the polycrystalline
Ni films grown without the Fe seed layer. The epitaxial
Ni film is expected to have a larger misfit strain and
therefore a larger magneto-elastic anisotropy compared to the
polycrystalline film, hence a larger PMA; we note, however,
that there is a considerable out-of-plane remanence even for the
polycrystalline Ni films. As a function of Ni thickness, the 20,
40 and 60 Å epitaxial Ni films are perpendicularly magnetized
and show complete squareness (Mr/Ms = 1), indicating
a strong perpendicular magnetic anisotropy. The reduced
squareness and increased saturation field in the case of the 100
and 150 Å Ni films (with Fe seed layer) is associated with
dominant in-plane easy axis. For Ni films grown using the Fe
seed layer, the easy axis therefore changes from out-of-plane
to in-plane between 60 and 100 Å Ni thickness (around 90 Å,
as extrapolated from the perpendicular anisotropy constants for
the 100 and 150 Å Ni films). This is similar to the transition
thickness for Ni films grown on Cu/Si(001) which occurs
between 100 and 140 Å (see figure 7).

Figure 6 shows the longitudinal MOKE curves for
Cu/Ni/Cu/Fe/MgO with different Ni thicknesses. In this case,
the 100 and 150 Å Ni film show a square in-plane easy
axis loop. The hysteresis curves for the 20, 40 and 60 Å
Ni films look at first sight unusual, but are understood as
follows, taking into account that the polar Kerr effect is much
stronger compared to the longitudinal Kerr effect: Ni films
20–60 Å thick are perpendicularly magnetized and an in-plane
magnetic field leads to a gradual rotation of the magnetization
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Figure 6. Longitudinal MOKE curves for Cu/Ni/Cu/Fe/MgO for the
different Ni thicknesses.

in-plane with increasing field strength; since the polar Kerr
effect is dominant, we observe a reduced polar magnetization
with increasing field strength. However, due to the large
perpendicular magnetic anisotropy, magnetic saturation could
not be reached with the maximum field available in the
longitudinal MOKE configuration.

For a magnetic film with uniaxial anisotropy with a field
applied along the hard axis direction, one expects [24]:

Ms H = −2Ku1m − 4Ku2m3

where Ku1 (Ku2) is the first (second) order magnetic anisotropy
constant, K eff = Ku1 + 2Ku2 is the effective perpendicular
magnetic anisotropy constant, m is the normalized component
of the magnetization parallel to the applied field, and Ms

is the saturation magnetization. This expression allows one
to determine the perpendicular magnetic anisotropy constants
for the in-plane magnetized films by fitting the polar MOKE
loops (in the range −0.95Ms < M < 0.95Ms) to
polynomial curves for the 100 and 150 Å Ni/Cu/Fe/MgO;
the values of Ku1 and Ku2 were estimated assuming Ms

to be the bulk value (483 emu cm−3 at RT) [25]. The
values of Keff obtained from the fits are plotted in figure 7,
together with the values for the perpendicular magnetic
anisotropy constant, Keff, of Ni as a function of film
thickness reported in the literature for Cu/Ni/Cu(001) and
Cu/Ni/Cu/Si(001). For Ni films grown on Cu/Si(001) above
140 Å Ni film thickness, in-plane magnetization is observed
due to the dominant shape anisotropy (due to magnetic dipolar
interactions). In the thickness range from about 20–140 Å,
perpendicular magnetic anisotropy dominates, caused by a
strong magneto-elastic anisotropy of the tensilely strained Ni
film. For thicknesses below 20 Å, an in-plane magnetic
anisotropy is found, suggested to be caused by a negative
interface anisotropy [4, 8, 26, 27]. Qualitatively the same
behaviour is observed for Ni films grown on Cu(001) and
Cu/Si(001) films. It is found that K eff for the Ni films on
Cu/Fe/MgO follows a similar thickness dependence as that
of the Ni/Cu/Si(001) films; the slightly smaller transition
value between perpendicular to in-plane magnetization seems
significant, however: Ni films grown on Cu(001) single
crystals by Jungblut et al [4] also have a lower transition

Figure 7. t Keff versus Ni film thickness for Cu/Ni/Cu(001) films as
reported by Jungblut et al [4] using ferromagnetic resonance (FMR),
and for Cu/Ni/Cu/Si(001) films reported by Gubbiotti et al [28]
(using Brillouin light scattering, BLS) and Bochi et al [28, 31] (from
torque magnetometry measurements). Also shown are t Keff for
Cu/Ni/Cu/Fe/MgO(001) (present study). The lines are guides to the
eye.

thickness than for Ni films grown on Cu/Si(001) [6, 28]
(see also [29]). Residual strain in Cu/Si(001) could be one
possibility, although recent experimental evidence does not
support this [9]. One possible explanation may be the larger
roughness of the Cu/Si(001) surface which may extend the
coherent critical thickness by effectively increasing the contact
area between the Cu and Ni surfaces. The differences in
the magnetic behaviour of Ni films grown on Cu/Si(001)
and Cu(001) single crystals are still not fully understood to
date [29, 30].

In summary, the structure and magnetic properties of
Cu/Ni/Cu/Fe/MgO(001) and Cu/Ni/Cu/MgO(001) thin films
were investigated. The use of a thin Fe seed layer (5 Å)
was demonstrated to be effective in achieving epitaxial growth
of Ni/Cu films on Fe/MgO(001). Without the Fe seed layer
the films grow polycrystalline, as previously found. The
variation of the magnetic anisotropy of Cu/Ni/Cu/Fe/MgO with
Ni thickness is found to be similar to that observed in the
Cu/Ni/Cu/Si(001) system.
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