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In this paper we present the behaviour of the magnetocrystalline aniso-
tropy constants of [Co__ <Pt o]¢ multilayers as a function of temperature, ex-
ternal magnetic field, and naz)n-ma,gnetic layer thickness, observed by means
of a torque magnetometer in an in-plane configuration. We have determined
the magnetocrystalline anisotropy constants from the magnetic torque curves
for different temperatures and in different magnetic fields, taking into ac-
count the angle difference between the directions of the external field and
the magnetization. Among the results of this paper there are the determina-
tion of the critical thickness of Pt and the need to introduce the third order
anisotropy constant in the analysis.

PACS numbers: 61.14.Hg, 75.30.Gw

1. Introduction

In recent years, very interesting phenomena have been shown and received
considerable attention in artificially layered magnetic materials. For these fun-
damental studies as well as for their applications, the magnetism of thin metal
films and layered magnetic materials is currently of great interest. The Co/Pt
and Co/Pd multilayers have been the subject of many recent papers [1-9] because
of their wide use in the magnetic recording media [10]. Apart from the poten-
tial practical use of these multilayers for high-density computer data storage, the
systems are also fascinating because of the effects of quality, composition, and ge-
ometrical structure of the interfaces on the anisotropies. The ability to control the
anisotropies thus makes these systems ideal for studying the competition between
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field, shape, and magnetic anisotropy effects on the magnetic order in thin film ge-
ometries. Among the possible anisotropies, which play a role in the Co/Pt system,
there are the magnetocrystalline, magnetoelastic, and surface anisotropies.

The study presented in this paper includes the determination of the mag-
netocrystalline anisotropy constants for different temperatures in magnetic fields
ranging from 2 kOe to 10 kOe, taking into account the angle difference between the
direction of the external magnetic field and the magnetization. The most promis-
ing results of this work consist in the need to introduce the third order anisotropy
constant in the analysis, which until now has been always neglected and the de-
termination of the critical thickness of Pt.

2. Samples preparation

The presence of the magnetic anisotropy is closely related to the anisotropy
nature of the artificial multilayer structure itself. The multilayers are prepared by
molecular beam epitaxy, after having deposited a buffer layer of monocrystalline
hep (0001) Ru of 100 A thickness on a mica substrate under a pressure below
2 X 10719 mbar. The multilayer consists of six layers of Co with 32 A thickness
each separated by Pt layers of 10 A, 15 A, and 20 A thickness Pt layers. The first
Co layer grows directly on the Ru and the last one is covered with 40 A of Pt.
_ The multilayer growth is controlled én situ by RHEED as we have described in
Ref. [11]. During the growth, the substrate temperature is kept at 240 K to avoid
diffusion at the interface between the Co and the Pt.

The RHEED patterns obtained during the sample growth reveal well-defined
structures, which suggest good crystalline quality throughout the deposition. The
cobalt grows epitaxially on the Ru buffer with the hexagonal basal plane parallel
to the surface [11]. Using 3D RHEED diffraction analysis on the top layer along
the (1010) azimuth, it is convenient to make a distinction between fcc and hcp
structures [12, 13].

3. Experimental

The magnetocrystalline anisotropy is an important quantity dominating the
magnetic properties of materials. It is, therefore, essential to know the anisotropy
constants so as to determine the properties of materials. In general, the magne-
tocrystalline anisotropy can be determined by measuring magnetization, magnetic
resonance, and magnetic torque curves. Among them, magnetic torque measure-
ments are the most direct and convenient method of determining anisotropy con-
stants. In this technique, the sample is suspended in a field and magnetized to
saturation, so that the magnetization lies everywhere in the same easy direction,
then the sample will rotate so that this easy direction is aligned with the field. A
torque is exerted on the sample, causing it to rotate, and this would be equal to
the torque which would be acting on the magnetization vector, causing it to rotate
into alignment with the field, if the sample were held clamped. The torque, per
unit volume L, is given by

oF
Lz__b_ﬂ- (1)



The Influence of the Temperature, External Magnetic Field . .. 707

and therefore the torque on the sample will be +0E/39. In practice, the sample
is set in a predetermined position and the field is applied. The torsion head is

turned until the sample is brought back to its original position and, by separate
" calibration of the torsion head, this gives a direct reading of the torque exerted.
The magnetization measurements were made by means of the superconducting
quantum interference device (SQUID) magnetometer.

4. Results and discussion

The hysteresis loops of the [C0321§Pt151§]6 multilayer, measured by means of
the SQUID magnetometer, show that the sample is easy to saturate in the in-plane
configuration and that the saturation field is inferior to 5 kOe for the chosen tem-
perature range. For example, at room temperature, a field of 2.5 kOe is sufficient
to reach the in-plane multilayer saturation, while at the same temperature a far
higher one is necessary (7.2 kOe) to obtain the saturation state in the out-of-plane
configuration. When the temperature increases, the sample remains always easy
to saturate in the in-plane configuration as shown in Fig. 1.
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Fig. 1. Hysteresis loops of the [00325 Pt151§]6 multilayer at different temperatures.
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We have analysed the reversible torque curves obtained for [Cosngt“;]s
multilayer, at different temperatures and in different external magnetic fields

Trey(8) = [IF(0) + '~ (6)]/2, (2)
where I't(6) and I'~ () are the experimental curves obtained from a rotation of
the applied magnetic field in the trigonometric direction (+) and in the opposite
trigonometric direction ().

To explain our torque measurements, we have analysed the torque curves
using the energy expression of the magnetocrystalline anisotropy

E = Ky1sin26 4+ Ky sin* 0 + Kasin® 9, (3)
where K,1, K, and K3 represent the effective, second, and third order anisotropy
constants, respectively. Ky; = K; — 2rM2 includes the magnetocrystalline, the
magnetoelastic, and the surface anisotropy terms, K is the first order anisotropy
constant, and Mj is the saturation magnetization of Co (1420 emu/cc). The inter-
pretation is insufficient if we limit to the second order anisotropy; moreover, the
experimental torque curves clearly show the sixth order symmetry.

Thus, the torque per unit volume, L, resulting from this anisotropy energy
can be expressed as

L=(Ku+ K2+ %1{3) sin 20 — 0.5(K2 + 1.5K3) sin 46 + 1—361&'3 sin66, (4)

where

0 =0"—sin"}(—L/MH), (5)
¢’ being the angle between the ¢ axis and the external magnetic field direction, and
f — the angle between the magnetization direction and that of the ¢ axis. We have
introduced, in Eq. (3), the correction of angle difference between the directions of
the external magnetic field and the magnetization.

By fitting the experimental torque curves with expression (4) we deduce the
behaviour of the anisotropy constants versus temperature, external magnetic field,
and Pt layer’s thickness.

In an external magnetic field of 5 kOe, the effective anisotropy constant Ky
slightly decreases with increasing temperature and this happens for all thicknesses
of the Pt non-magnetic layer, as shown in Fig. 2. When the external magnetic
field becomes strong (10 kOe), K, ; takes its usual behaviour; it strongly decreases
with increasing temperature as shown in Fig. 3. This is a usual behaviour, since
for hep Co, Ky rapidly decreases with increasing temperature. Such behaviour,
predicted by Zener’s theory [14] using either the localized electron [15, 16] or the
itinerant electron [16] models, was confirmed and explained by Carr’s introduction
of thermal expansion effect of the lattice parameter ratio ¢/a [15]. The decrease in
Ky with temperature is also explained by the calculation of Mori et al. [17] based
on the Fermi distribution effect, in which this decrease can be expressed with terms
proportional to 72 and 7%/2. Furthermore, the importance of K,; behaviour was
clearly shown by Carr [15], and the dependence of the lattice parameter ratio c/a
was shown by Muller et al. [18] and White [19].

Also we have determined the anisotropy values for K, and K3, we have re-
marked that the K3 values, reported in the Table for an external field of 10 kOe,
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Fig. 2. Ky at different temperatures for multilayers of 10 A, 15 &, and 20 A of Pt
thickness in an external magnetic field of 5 kOe.
Fig. 3. Ku at different temperatures for multilayers of 10 A, 15 A, and 20 A of Pt
thickness in an external magnetic field of 10 kQe.

TABLE

Magnetic anisotropy values of second and third order
anisotropy constants of [Co__ -Pt o]e in an applied mag-
netic field of 10 kOe, at different tempera.tures K3 cannot
be neglected in comparison with Kb.

Temperature [K] 110 | 150 | 190 | 230
Pt(10 A) K,(x10% erg/cc) | 3.70 | 3.32 | 3.42 | 3.28
K3(x10% erg/cc) | 2.65 | 2.35 | 2.40 | 2.25

Pt(15 A) Ky(x10% erg/cc) | 5.72 | 5.00 | 4.68 | 4.22
K3(x10% erg/cc) | 3.75 | 3.25 | 3.15 | 2.85

Pt(20 A) Ko(x10% erg/cc) | 5.16 | 4.26 | 3.86 | 3.50
K3(x10* erg/cc) | 3.35 | 2.75 | 2.50 | 2.25

are much more important compared to Ky; and K2 and then K3 cannot be ne-
glected as we did for the perpendicular configuration [11, 20, 21] and as until now
it has been always practiced.

The variation of anisotropy constants with the magnetic field in the ferro-
magnetic metals is one of the important properties in the magnetic character of
these materials. Ono and Yamada [22] obtained a very small variation of K,; with
the external magnetic field; in contrast to other results as the ones obtained by
Chikazumi et al. [23] in which K, considerably increases with an increasing exter-
nal magnetic field at very low temperature. Chikazumi et al. have found an increase
in Ky from 0.5 x 108 erg/cc in an external field of 5 kOe up to 3.2 x 106 erg/cc
in 10 kOe at 4.2 K. According to the study of Ono and Yamada [22], this wide
variation of K,; with the external magnetic field, seems to be due to the analysing
method in which the variation effect of the difference between the magnetization
and the external magnetic field directions was not properly taken into considera-
tion.
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Fig. 4. The influence of external magnetic field on Ky at different temperatures.

In our multilayers, when the applied magnetic field is weak, K, does not
practically change with the applied magnetic field. But in a strong applied field,
K,1 becomes sensitive to the magnetic field; it clearly increases with increasing
the applied field. This increase is more and more important at lower temperatures
as shown in Fig. 4. But this variation cannot be explained as Ono and Yamada
did in Ref. [22] because, on the one hand, in our analysis we have taken into
consideration the difference between the direction of the magnetisation and the
external magnetic field; on the other hand, this dependence is clearly seen in the
experimental curves of the magnetic torque as shown in Fig. 5, an example taken
. for 15 A of Pt at 110 K. This variation of the magnetic torque curves with the
external magnetic field at any temperature is similar to that found by Wu et al. [24]
who based their work on the Stoner—Wohlfarth model [25, 26], by also taking into
account the difference between the directions of the magnetisation and the external
field.

We may possibly find an explanation in the theory of Usami and Moriya [27],
in which the effect of longitudinal fluctuation of spins plays a role in the variation
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Fig. 5. Experimental curves of the magnetic torque of [Cow;‘Pt15 oJe at 110 X in dif-
ferent applied magnetic fields. The measured data appear as open circles and the fit by

line.

of Ky because this effect can change the temperature of the local magnetic mo-
ment [28]. In fact, from the effective anisotropy constant which may approximately
be expressed in three terms [29]: the magnetization dependent term Kwm(T, H),
the lattice parameter dependent term K1,(T), and the Fermi level-dependent term
Kp(T, H)

Koy (T, H) = Kyu1(0,0) + Em(T, H) + K1(T) + Kp(T, H), (6)

we think that the change of K,,; at low temperature is essentially caused by the
term depending on the lattice parameters K1,(T") and therefore by the change in
the lattice parameter ratio ¢/a. Moreover, and as it was shown in Refs. {30, 31], the
contribution of the magnetostriction energy to the effective anisotropy constant is
also important and may play a significant role here; the previous papers [32-34]
suggest that small strains of order of 0.01% can lead to anisotropy with magnitudes
comparable to those observed in the present samples.

The dependence of K,,; for samples with different non-magnetic layer thick-
nesses as a function of temperature is shown in Figs. 2 and 3, Kj; strongly de-
creases with increasing thickness Pt up to 15 A. We can consider that the thickness
of 15 A of Pt represents the critical thickness in the K, variation; we think that
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this critical thickness of the non-magnetic layer represents a limit so that the Co
layers react between them, beyond the value of 15 A, the Co layers move away
and no change of K,; has been seen. This is possible due to the fact that the
residual strain decreases continuously with increasing the Pt thickness because
the interface plays a major role due to the reduced co-ordination symmetry [35],
the altered electronic structure [36], or the strain and interface dislocations [37].

5. Conclusion

In this work, we have determined the magnetocrystalline anisotropy con-
stants of the [Co °Ptm§]6 multilayer as a function of temperature, external mag-
netic field and non-magnetic layer thickness. The behaviour of Ky; is usual; it
decreases with increasing temperature especially at a strong field; we think that
this is caused by the anisotropy term dependent on the change of lattice parameter
ratio ¢/a. The variation of K,; with the external magnetic field at lower temper-
atures is in agreement with other author results. The promising result of this
work consists in the need to introduce the third order anisotropy constant in the
analysis. Also we have determined a critical value of non-magnetic layer thickness
(15 A), beyond this value, K, does change neither in form nor in values.
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