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The domain structure of (PtCoPt)/Si multilayers in the dc demagnetized state has been investigated by magnetic

force microscopy. The domain structure is found to change dramatically as the thickness of the non-magnetic Si sublayer

ts;) increases. Together with the analysis of magnetic properties, the variation of the domain period indicates that
g y g prop ) p

the domain wall energy decreases. Using the model developed by Draaisma and de Jonge, the domain wall energy is

obtained.
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1. Introduction

Because of the significant practical implications,
the domain structure in thin and ultrathin ferromag-
netic films has been the object of vigorous experi-
mental and theoretical investigation. A special group
of interest among these is arrays of domains with
their magnetization perpendicular to the surface of
the specimen. Magnetic force microscopy (MFM) has
made possible the investigation of surface magnetic

microstructures down to 50nm.[!]

Pt/Co multilayers have been actively studied
for next generation magnetic-optical recording me-
dia owning to their increased polar Kerr rotation at
shorter wavelength and the presence of remnant per-
pendicular magnetic anisotropy.2:3] Efforts are there-
fore being made to improve other magneto-optic
recording properties such as the magnetic coercivity
and crystalline anisotropy. These efforts have involved
increasing the thickness of the Co or Pt layers and us-
ing a binary alloy rather than a single metal as the
spacer layer, such as PtCu(Al)/Co, PdCu/Co.l*~7]
Recently, some reports of (PtCoPt)/Ni multilayers
have encouraged us to investigate the influence of the
non-magnetic Si sublayer on the properties of (Pt-
CoPt)/Si multilayers. 8]

In this paper, we have studied by MFM the mag-

netic domain structure of sputtered (PtCoPt)/Si mul-
tilayers by increasing the thickness of the Si sublayer
(tsi) in their dc demagnetized state. The domain
structure was interpreted in terms of micromagnetic

theory.
2.Experiment

The multilayer films of (PtCoPt)/Si (tgi=0-
0.8nm) were deposited on glass substrate by mag-
netron sputtering with Ar gas at 0.5Pa, while the sub-
strate holder was cooled by water. All (PtCoPt)/Si
multilayer samples were grown on a 45nm thick Pt
buffer layer. During the growth, the thicknesses of
Pt, Si and Co layers were controlled by sputtering
time through a preset computer program with fixed
sputtering parameters. And the thickness of Pt and
Co layers were kept at 0.45 and 0.24nm for all samples.
There were twenty modulation periods of the sample.

The structure of the samples was analysed by
small and large angle x-ray diffraction (XRD). The
effective perpendicular anisotropy constant K, .¢ was
determined by a magnetic torquemeter (model TRT
TOEI). The magnetic properties were character-
ized by an alternating gradient force magnetometer
(AGM). The MFM measurements were realized using
a commercial Nanoscope II1a-D3000 scanning probe

microscope from digital instruments.['?) A 15um tip
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covered with a CoCr alloy at the end of a 225um can-
tilever scanned the surface and sensed the microscopic
forces. We used the tapping/lift mode, which is a non-
contact mode but where the tip is allowed to partially
fit the surface. The cantilever is driven near its reso-
nance frequency and the force gradient due to the in-

teraction between the tip and the surface changes the

resonance frequency that is detected by its amplitude
variation with an optical system. Prior to imaging
the tip was magnetized perpendicularly to the sample
surface.

3. Results and discussion
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Fig.1. The magnetic force images of the dc demagnetized multilayers with increasing thick-
ness of Si sublayer tg;: (a) Onm; (b) 0.08nm; (c) 0.16nm; (d) 0.32nm; (e) 0.48nm; (f) 0.80nm.
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The small-angle XRD of all samples showed peaks
typical of the layered structure. With increasing Si
layer thickness, the first-order peak shifts gradually
to the low angle side, attributed to the increase of
the modulation period length. The intensities of the
peaks become weaker and disappear completely when
It is known that the intensities of the

small-angle XRD peaks represent the sharpness of the

tSi=0.8nm.

interfaces. The stronger the intensities, the sharper
the interfaces. Thus the weakness of the peaks in-
dicates a strong intermixing of atoms at the inter-
faces. Large-angle x-ray diffraction exhibits a strong
Pt (111) peak showing the strong (111) Pt buffer layer
and the PtCo (111) peak.

The magnetic force images of the dc demagnetized
multilayers with the increase of tg; from 0 to 0.8nm
are presented in Fig.1. For pure Pt/Co multilayers
(tsi=0nm), the domain pattern is a stripe domain
structure with large magnetic contrast between dark
and bright domains (Fig.1(a)). This implies that the
film has a uniaxial perpendicular anisotropy in which
the magnetization is oriented either into or out of the
plane. With a thin Si sublayer (ts; =0.08nm) doped
in Pt spacer layers, no obvious contrast change is ob-
served and the domain period decreases from 325 to
297 nm. (The domain period was measured from sec-
tion analyses by average peak-to-peak distance for dif-
ferent directions over the scanned area.) Then the im-
age contrast and the domain period decreased dramat-
ically as ts; increased from 0.16 to 0.48nm (Figs.1(c)-
(e)). With a further increase of thickness of the Si sub-
layer (ts;=0.8nm), no domains are observed (Fig.1(f)).

For the magnetic images in Fig.1, Fig.2(a) dis-
plays the root-mean-square (rms) values of the phase
shift (A¢) as a function of ts;. It can be seen that
with the increase of tg;, Ay decreases. During MFM
experiments, Ay of the tip oscillation is directly pro-
portional to the second derivative of the vertical com-
ponent H, of the sample stray field.['X) Therefore, gen-
erally, the measurements of average phase shift Ay
will give an indication of the effective magnetic mo-
ment of the sample.['2! But, in our experiment, when
the non-magnetic Si sublayers intercalated, the dis-
tance between the magnetic Co sublayers and the tip

increased. As is well known, H is given as

H(T):/ l3ﬁ-[ﬁm2(7‘2)]m2(r2)dvl7 W

3
where r is the observer point outside the sample,

ma(rz) is the magnetization of the volume element

dV' in the sample and # = r/|r|. It can be seen that
H will decease significantly when the distance between
the tip and the sample increases. Then it is reasonable
that Ap decreases, even though the thickness of the
magnetic Co sublayers remains constant. The curve
of the average domain period d versus tg; is also pre-
sented in Fig.2(b).

decreases as tg; increases.

It shows that the domain period
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Fig.2. The rms values of the phase shift (Ay) (a)
and the average domain period d (b) corresponding to
Fig.1 as a function of the thickness of the Si sublayer

tSi .

It is well known that the domain size structure
results from a competition between magnetostatic en-
ergy and the domain wall energy. Indeed, the mag-
netostatic energy favours a small domain size in the
case of perpendicular magnetization while the energy
generated by the creation of domain walls tends to
enlarge the domains.

The saturation magnetization was mainly at-
tributed to the Co atoms and adjacent polarized Pt
atoms. Since the thickness of Co and Pt layers do not
change, M; per unit Co should be almost constant.
The results of AGM show that M almost does not
change indeed while the thickness of the Si sublayer
increases from 0 to 0.8nm. However, the Si thickness
increases in our samples, so the saturation magneti-
zation per unit volume will decrease, and in turn the
demagnetization energy will decrease. If the domain
wall energy does not change, the domain size should
be larger. However, the domain size decreases instead.
Therefore, the narrower domains indicate that the do-

main wall energy decreases.
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A key quantity for understanding the micromag-
netic properties of magnetic film is the domain wall
energy oy. Draaisma and de Jonge,!'3! have mod-
elled the competition between magnetostatic energy
and the domain wall energy for perpendicularly ori-
ented multilayer films. In this model, the domains
are parallel and the domain walls are at the same lat-
eral positions in all layers. If attention is restricted
to films in their ac demagnetized state, the magnetic
energy contains two terms: the magnetostatic or de-
magnetizing energy eq and the wall energy e, of the
domain walls between neighbouring domains. The de-

magnetizing energy e, can be expressed as

Eq
=1
= M2
2#0 $
=m? + E°° 4 ésinz l71'n(m~&—1) fn(d)
B — (nm)® 1 2 "
with

t > n sinh?[7n(t/d)]
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(- ( D)
[}

where s and t represent the thickness of Co layer
and the thickness of nonmagnetic layer, respectively,
D = s+t and m=0 for the as-grown state. The do-
main wall energy e,, per unit area of a domain wall
8 FE, 204 2T

Ew = = _

1 1
_ M2 - 2
2,“0 S d<2u0Ms>

)

in which
T= Uw/%ung (2)
is a characteristic length representing the domain wall
energy.
By minimizing the total energy density with re-
spect to the domain repetition period d, the following

expression can by obtained!*?!
d = [27/(deq/0d)]?. (3)

Then, for measured values of d and other film param-
eters (Co layer thickness, modulation period thickness
and the number of modulation periods), the value of 7
can be determined by numeric computation of Eq.(3).
During the calculation, sublayers Pt and Si were re-

garded as one non-magnetic layer.
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Fig.3. Calculated characteristic length 7, which rep-
resents the domain wall energy, plotted as a function
of the thickness of the Si sublayer tg;.

Figure 3 gives the calculated value of 7 as a func-
tion of tg;. It can be seen that with the intercalation
of the Si layers, 7 decreases. Since the effective satura-
tion magnetization is almost constant, for simplicity,
taking M, of the bulk value of Co (1420kA-m~!) in
Eq.(2), we obtained that the domain wall energy o,
decreases from 9.2 to 5.6mJ-m~2 as the tg; changes
from O to 0.48nm. The values are comparable with
the previous reported value of 7.9mJ-m~2 by Zeper et
al.l14

It is well known that the domain wall energy o,
is related to effective anisotropy constant K, .g and

exchange constant A by the expression

Ow = 4\/ AKueﬂ‘. (4)

The K, value can be obtained through the torque
curve by Kyeg=Tpeak/V, where Theax is the peak
value of torque on the torque curve and V is the vol-
ume of the magnetic layer, The measured value of
K, off derived from the magnetic torquemeter is shown
in Fig.4. It can be seen that K, .g decreases as ts; in-
creases.
7
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Fig.4. The effective perpendicular anisotropy con-
stant K, g derived from the magnetic torquemeter
as a function of the thickness of the Si sublayer tg;.
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Fig.5. In-plane and out-of-plane hysteresis loops of
typical (Pt/Co/Pt)Si samples with decreasing thick-
nesses of the Si sublayer ts;: (a) 0.08nm; (b) 0.32nm;
(c) 0.8nm.

In Fig.5, the typical in-plane and out-of-plane
hysteresis loops also show how the perpendicular mag-
netic anisotropy decreases with increasing Si thick-
ness. As tg; increases, the squareness of the hysteresis
loops and coercivity H. decrease continuously, indi-

cating the decrease of Ky . As for ts;=0.8nm, it can

be seen from Fig.4(c) that the perpendicular magnetic
anisotropy is very small. The reason that there is no
domain observed in the magnetic force image might
be that the domain period decreases down to 50nm,
the resolution of MFM being about 50nm.!
According to Eq.4, calculation shows that the
change in the effective perpendicular anisotropy con-
It is

known that the perpendicular anisotropy in Co-based

stant should account for the decrease in oy,.

multilayer films is, in general, attributed to the in-
terface effect.!®16] Within a symmetry-based Néel
model,[17=19 it can be shown that the anisotropy of
the disordered superlattice (Kj;) is related to that of
the perfect superlattice (K,) by

K =

N | =

K, Z(PJ - Pj*1)2’
j=1

where P; is the probability of a magnetic atom on
layer j. Because of the quadratic dependence on oc-
cupancies, small amounts of interdiffusion can result
in a large decrease in anisotropy. From small-angle
XRD, we know that the intermixing of atoms at the
interfaces becomes stronger with increasing Si thick-
ness. Thus, possible interdiffusion of Si atoms into the
deeper Pt layer and even Pt/Co interfaces could be ex-
pected, which should largely reduce the perpendicular
anisotropy. In Co/Au multilayers, the large effect of
interface roughness on the interface anisotropy is also

(20]

found.!*®! Brouno also pointed out that roughness al-

ways reduces the anisotropy.2!]
4. Conclusions

The magnetic images of the (PtCoPt)/Si multi-
layers in the dc demagnetized state show that the im-
age contrast and domain period decrease as the thick-
ness of the non-magnetic Si sublayer increases. In ad-
dition to the analysis of magnetic properties, the vari-
ation of domain period also indicates that the domain
wall energy is decreasing. Using the model developed
by Draaisma and de Jonge, the domain wall energy
was found to decrease from 9.2 to 5.6mJ-m~2 as tg;

varied from 0 to 0.48nm.
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