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Effect of substrate temperature on the magnetic properties of epitaxial

sputter-grown Co/Pt
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S. McViti€?, S. McFadzedrand T.A. Mooré?®

School of Physics and Astronomy, University of Leeds, Leeds, LS2 9JT, U.K.

?School of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, U.K.

Epitaxial Co/Pt films have been deposited by dc-magnetron sputtering onto heated C-plane
sapphire substrates. X-ray diffraction, the residual resistivity and transmission electron
microscopy indicate that the Co/Pt films are highly ordered on the atomic scale. The
coercive field and the perpendicular magnetic anisotropy increase as the substrate
temperatures increased from 100-28Q during deposition of the Co/Pt. Measurement of

the domain wall creep velocity as a function of applied magnetic field yields the domain
wall pinning energy, which scales with the coercive field. Evidence for an enhanced creep

velocity in highly ordered epitaxial Co/Pt is found.



Co/Pt multilayers have been studied for a number of y&anitially because of their

potential as magneto-optical recording médigheir attractive properties include
perpendicular magnetic anisotropy (PMA) aldrge polar magneto-optic Kerr effect
(MOKE) at short wavelengtfs More recently Co/Pt has become an interesting system for
the study of the physics of domain walls (DW&)and spin torqu&™. The PMA leads to the
formation of narrow, nanometre-scale DWSs, and the large polar Kerr effect is convenient for
measuring the DW motion. However, DWs tend to pin at grain boundaries in the
polycrystalline Co/Pt that is typically used in these stddas this is an issue not only for
investigations of the fundamental physics of DWSs but also for future devices which may
depend upon reliable DW motion, such as racetrack méfndepitaxial Co/Pt, in which the
density of grain boundaries is minimised, could provide a solution to this problem. Ideally,

however, the method of multilayer deposition should be compliant with industrial processes.

Sputtering is a convenient, cost-effective technique for thin film deposition and may be used
to grow films epitaxially if a single crystal substrate is heated to an appropriate temperature.

In order to obtain PMA in epitaxial Co/Pt, the films are required to grow in the (111)-
orientatiort®, and (111) texture was first seen in sputtered Co/Pt in'199ghile there have

been studies of Co/Pt superlattiteend Pt/Co/Pt sandwichégrown by sputtering, there

has been no optimisation of sputtered epitaxial Co/Pt (111) for DW devices. Here we show
how the substrate temperature may be used to tune the magnetic properties of epitaxial Co/Pt

grown on sapphire.

First, the growth of Pt on C-plane (0001) sapphire was optimised. A 60 nm Pt film was
deposited at various substrate temperatures in the range 40D-70@h angle X-ray scans

all had a clear peak between 3%ahd 40, indicating (111) structure (see Figure 1). The



peak was largest and the satellite peaks were best defined for a deposition temperature of
500°C indicating that at this temperature the crystal quality of the film waskigh was

also found that overnight annealing of the sapphire substrate aC7@@roved film quality.

X-ray reflectivity curves were measured from Pt films deposited both after a short preheat
and after an overnight anneal. For the short preheat the substrate temperature was ramped up
at a rate of 8C/min to the target temperature and held for an hour before commencing the
film deposition. For the overnight anneal the substrate temperature was ramped up at a rate
of 5°C/min to 700C where it was held for four hours before being ramped down to the target
temperature at a rate dfGmin. The reflectivity curve for the film deposited after an

overnight anneal had a larger number of well-defined interference fringes up to an afgle of 6
grazing incidence. This indicated a better surface quality, probably resulting from the
thermal equilibrium that was achieved between the substrate and the sputter deposition
system, and from the longer period of outgassing that occurred during the overnight anneal.
Fitting the reflectivity curves using the GenX cbtfyielded a roughness of 2.26 +0.10 A

for the overnight anneal and 2.90 +0.10 A for the short preliEae. residual resistivity ratio
(RRR) determined from resistance versus temperature measurements and the full width-half
maximum (FWHM) determined from X-ray diffraction rocking curves skdthat a

substrate temperature of 450-860during growth yielded the best quality filmshose that

possesad both a large RRR (~12) and a small FWHM 20°°).

Subsequety, [Co(t)/Pt(1.0nm)], multilayers, where t = 0.5, 1.0, 1.3 nm, were deposited on
top of Pt(3.0nm) while the substrate was held at a temperature of approximéa@ly 80

Figure 1 shows X-ray diffraction spectra for these multilayers compared with the spectrum
for a single 60 nm-thick Pt layer. As the thickness of the Co layers was increased, the (111)
peak shifted to higher values di,Zharacteristic of a decrease in the out-of-plane lattice
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constant af the multilayer. This can be understood in the context of the changing
proportions of Co and Pt in the multilayer, with thicker layers of fcc Co with a = 3.55 A
decreasing the lattice constant from its initial (Pt) value of 3.92 A. The addition of Co also
reduced the (111) peak intensity. Thus thin Co layers are required in order to maintain
crystallographic continuity. The positions of the Pt and Co/Pt X-ray diffraction peaks

correspond well with those measured in previous work

In order to examine the crystal structure of the Co/Pt films, we used high-angular annular
dark-field (HAADF) imaging in scanning transmission electron microsc8g¥M) with an
electron probe < 1 nm in diameter. The contrast in the HAADF STEM mode depends
strongly on the atomic number Z, and the small Z of Co compared to that of Pt means that
individual layers can be identified. In Figure 2(a) the Co layer can be clearly distinguished as
three rows of atoms on a dark background, contrasting with the neighbouring Pt layers which
display atomic structure on a bright background. The area profile in Figure 2(b) shows the
expected number of atomic layers in each material: 11-12 in 3.0 nm Pt, 3-4 in 0.7 nm Co, and
3-4in 1.0 nm Pt. The imaging shows that, at a growth temperature,160

crystallographic ordering in the Co/Pt is good.

The next step was to determine the substrate temperature for Co/Pt layer growth that led to
suitable magnetic properties for studies of DW motion. We focused on Co/Pt multilayers
with 0.5 nm-thick Co and few repeats, in order to avoid stripe doMaind a large coercive
field. Figure 3 shows the coercive field &hd effective perpendicular magnetic anisotropy
constant Kg for Pt(3.0nm)/[Co(0.5nm)/Pt(1.0nm)with the Co/Pt layers deposited at

various substrate temperatures in the range 100-250¢Cbtdined from polar MOKE

hysteresis loops, tends to increase as the substrate temperature incadssss which was



also seen by Mathet et al. for thicker Pt/Co(1.6nm)/Pt fim§he magnetic anisotropy
constants K, obtained from room-temperature SQUID-VSM measurements with the field
applied in the film plane, are larger by a factor of 2-3 than those obtained for Co/Pt
multilayers deposited at room temperatures(( 127 kJ/m) in a previous studg. A

possible reason for this is that the higher temperatures promote the surface diffusion of Co,
leading to longer-range order and increasing the PMA and thubl&shimoto et &

attributed the origin of the PMA to interfacial effects (interface induced anisotropy) at the
Co/Pt boundary and showed that at growth pressures <% Xdr®, magnetoelastic effects

such as magnetostrictive stress caused by adhesion of the film to the substrate, and a
magnetostrictive effect in the strained Co layers, could be neglected. The main pre-requisite
for a strong interfacial anisotropy was determined to be the crystallographic continuity of Co,
Co-Pt mixture, and Pt layers in the multilayer structdte In Figure 3 the PMA does not

scale with H at the higher substrate temperatures, however, suggesting that at these
temperatures the crystallographic continuity may be disturbed, e.g. by Co-Pt intermdixing.

similar dependence of PMA on crystal structure was observed,RuGalloys™,

The coercive fields of the epitaxial layers grown at lower substrate temperatui€,(100
15C°C) are similar to those of polycrystalline Co/Pt films grown in an earlier Stu®jnce

H. is controlled by domain nucleation, in order to investigate the DW propagation we
measured the DW creep velocity as a function of magnetic field in each epitaxial Co/Pt film.
To image magnetic domains, a high resolution wide-field Kerr microscope was used. The
film was first saturated out of plane in a field of about +600 Oe. Reverse domains were
nucleated by applying a negative fig¢ilg. -120 Oe), and then expanded by applying
additional negative field pulses ranging from 40-8®with durations in the 100 ms range.

DW displacements were determined quasi-statically from images of the domain structure



captured in zero field before and after the application of the field pulse. We do not see any
difference between the domain pattern that is formed just after the negative field pulse, and
the domain pattern while the field is ramped back to zero. The images were subtracted one
from the other to give dark contrast in the area swept out by the DW during the field pulse
(see kgure 4(a) for an example). The DW velocity was determined from the gradient of a
linear fit to the displacement plotted as a function of the pulse duration. In this way, effects

from the transient parts of the pulses were eliminated.

Considering the DW as an elastic interface, in the presence of weak disorder the DW is
pinned for all driving forces, f, below the depinning forgg, fit which a critical depinning
transition occur€. At finite temperature the depinning transition is smeared due to thermal
activation and a finite velocity is expected for all nonzero forces. This is true even for f <<
faep Where the thermally activated interface motion is known as creep. In the creep regime

the following velocity-field relationship is predicted @4 Hgep):

o= vt (5) () 2

Here, Uis related to the height of the disorder-induced pinning energy barrier, k is the
Boltzmann constant, T is the ambient temperature (290 §)idthe depinning field, p is a
universal dynamic exponent equal to 1/4 for a 1D interface moving in a 2D weakly

disordered medium, and & a numerical prefactor.

To verify that our DW motion obeys the creep law, we plot In(v) versti(Rigure 4(b)).
Linear behavior is observed at low fields for all films, demonstrating that creep occurs and

that g = %. Linear fits to In(v) versus*i give the pinning energiesland these are plotted



as a function of substrate temperatureigufe 4(c). There is a striking correspondence
between the behaviors ot ldnd U as a function of substrate temperature, depicted in
Figures 3 and 4(c), respectively. It should be noted thatuded in the calculation of s

not the coercive field but the highest field value thasused in the DW creep measurements
(at which flow motion started to appear), and thus, whilesidetermined by domain
nucleation, is a reliable indicator of the DW pinning in the films. In the domain images
we observe a faster DW creep motion in films grown on the colder substrates (200);150
and a larger rate of nucleation for films grown on the hotter substrates(18hich
corresponds to the behaviors afd&hd U as a function of substrate temperature. Together
with the information from th& EM investigation, we thus deduce that the lower substrate
temperatures of 100-1%0 permit the growth of highly ordered, epitaxial material, with

sharp Co/Pt interfaces and few domain wall pinning sites.

The pinning energies may be compared with those measured in polycrystallineuSmt

the ratio WKT. We obtain a lowest value of JkT = 37 for the film grown at 15C and a
highest value of YkT = 67 for the film grown at 25C. In Ref. [7], it is shown that kT
increases when the thickness of the Co layer is increased, up to a value i Y 21fior
polycrystalline Co layer (obtained by extrapolation of the data). Our epitaxial films contain
two 0.5 nm Co layers and all of oug/KIT values are <72. Furthermore, the DW creep
velocities obtained in our experiments (~300/s at ~20@ein the film grown at 15TC)

are approximately 2-3 times higher than the velocities obtained in polycrystallind.Co/Pt
This suggests that thereasimprovement in DW creep velocity in very highly ordered

epitaxial films.



In summary, the magnetic properties of epitaxial Co/Pt may be tuned by choosing an
appropriate substrate temperature during sputter-deposiMamtaining the C-plane

sapphire substrate at a temperature in the range 45C-®5Bures the Pt seed layer has good
(111) texture. When the subsequent Co/Pt layers are sputter-growri@tdbgh quality
epitaxial film is obtained, as shown byr&y diffraction andTEM. The coercive field and

the effective PMA of th€d/Pt films both increase as the substrate temperature is varied from
100-250C, with a deviation in scaling at the higher substrate temperatures which may
originate fromaweakening of the crystallographic order. The moderate DW pinning and
high quality epitaxy of the films grown at 100-2&0may prove useful for further studies of

DW motion or spin torque.
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Figure captions

Figure 1. X-ray diffraction spectra for a single 60 nm Pt film and for
Pt(3.0nm)/[Co(t)/Pt(1.0nmyj, where t = 0.5, 1.0, 1.3 nm. The 60 nm and 3.0 nm Pt layers

were deposited at a substrate temperature ¢iC}50hile the [Co/Pt] layers were deposited

at 80C.
Figure 2. (a) HAADF STEM image of Pt(3.0nm)/Co(0.7nm)/Pt(1.0nm), where the upper

Co/Pt layers were deposited at 160 A scan was performed over an area of 6x6whose

position is indicated by the square. The profile from the scan is depicted in (b).
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Figure 3. Coercivity H(filled squares) and effective perpendicular anisotropy constant K
(open circles) of Pt(3.0nm)/[Co(0.5nm)/Pt(1.0rym)The upper Co/Pt layers were deposited

at substrate temperatures in the range 100250

Figure 4. (a) Wide-field Kerr microscope image of a DW displacement. The black region
denotes the area covered by the DW during the field pulse. Displacements were measured at
three locations (d1, d2, d3) on each image, averaged, and plotted as a function of pulse
duration to obtain the DW velocity. (b) Natural logarithm of DW velocity, In(v), as a

function of applied fieldH raised to the power -1/4, for Pt(3.0nm)/[Co(0.5nm)/Pt(1.0nm)]

with the upper Co/Pt layers deposited at various substrate temperatures. (c) Pinning energy

U as a function of the substrate temperature during growth of the Co/Pt.
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