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Section 5. Low —dimensional structures

MAGNETISM AND MAGNETORESISTANCE IN ELECTRODEPOSI TED
(L1o) CoPt SUPERLATTICES
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Over the last few years, the Co/Pt nano-multilayered films have been extensively studied.
Owing to their strong perpendicular magnetic anisotropy and their giant magnetoresi stance,
they are potentiad materials for high-density magneto-optic recording and for magnetic
sensor applications. Our purpose is to perform a comparative investigation of the surface,
structural, magnetic and electric properties of ordered (L1,) CoPt aloys grown by
electrolysis. The samples were dectrodeposited on Pt (100) textured polycrystalline
substrates from a bath containing CoSO..H,0, K PtClg and HsBO; by a potentiostatic
technique. Films were characterised using grazing incidence X-ray diffraction, scanning
electron microscopy, and magnetoresistance in current-perpendicular-to-plane configuration
and torsion magnetometry. Films consist in ordered (L1,) CoPt plane crystallites with
diameters in the range of 10 to 50 micrometers. Magnetic behaviour is characterised by an
easy axis normal to the film plane concomitantly with an antiferromagnetic coupling of
magnetic layers. For specific samples of ordered (L1g) CoPt films, evidence is given
regarding an appreciable magnetoresistance effect, of the order 8 — 30% in CPP (current
perpendicular to plane) configuration. It can be explained in terms of antiferromagnetic
coupling between Co layers.
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1. Introduction

Co/Pt multilayers and films of Co-Pt alloys system are among the most studied ones in recent
years, since they are potential magneto-recording media for blue laser recording and they can produce
chemically ordered phases [1-9]. For the study of magnetic anisotropy, Co-Pt is also a well-appropriate
system because it displays perpendicular anisotropy. We have reported electrodeposition of the Co/Pt
multilayers with periods of (2.5 to 15) nm [10-13]. Their magnetic behaviour could be explained by the
formation of various microstructures for different thickness of individua layers. Electrodeposited Co/Pt
multilayers represent a particularly complicated case because the fcc, fct, as well as the hep phase can be
formed, depending on the multilayer periodicity. The Co-Pt dloys thin films with a wide range of
compoasition (15 at % Co - 100 a % Co, balance Pt) have been studied aso in our early works [14,15].
We prepared Co/Pt multilayers and Co-Pt dloys by eectrodeposition, with the purpose to develop this
very cheep technique, which is applicable for surfaces of various shapes (wires, large surfaces or micro-
surfaces). A good control of the preparation regime of electrodeposited films assures a good quality and
the reproducibility of the magnetic and structura properties of the films. In this paper, we report on a
comparative investigation of the structural, magnetic and electric transport properties of ordered (L1,)
CoPt dloys grown by the same preparation method as in the case of multilayers. CoPt was chosen
because we have found that such films exhibit giant magnetoresistance (GMR) effect.

2. Experimental
The procedure of preparation of CoPt films was performed by electroplating from a single
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dectrolyte, to avoid cathode contamination by the contact with external ambient during the two-bath
procedure. The method proposed in our previous studies for dectrodeposition of Co/Pt multilayers
was employed [10-12].

The microstructures of the samples were characterized using both the X-ray diffraction
(XRD) in grazing incidence with Cu Ka radiation, and scanning eectron microscopy. The aloy
compositions were determined by energy-dispersive X-rays analysis (EDAX). The magnetic
properties of the films were studied at room temperature using a torque magnetometer in fid ds up to
300 kA.m'. The DC magnetoresistance measurements were performed applying the current
perpendicular to the plane of the film (CPP configuration) and the external magnetic field applied
perpendicular to the film plane, by using a two-termina platinum pressure contacts. A digital
multimeter HM 8112-2 type was used for resistance measurements. Field dependence of the
magnetoresi stance (MR) was defined as

MR(H) =100[R(H )~ R(H, )J/R(H.), @

where Hs denotes the saturation magnetic fiedld. H = 0in the above equation defines the GMR val ue.

3. Results and discussions

We will describe firstly in brief the technique of sample preparation. Cobat and platinum ions
were introduced in a single bath. The composition of the metal electrodeposited from a solution
containing Co and Pt ions may be controlled by varying deposition parameters such as the substrate
potential, the current density and pulse duration in pulsed electrodeposition [11 - 14]. One way to achieve
a large composition modulation for a superlattice, is to switch between a deposition potential only
sufficiently negative to reduce the more noble metal (Pt) and a deposition potential sufficiently negative
to reduce both metds. This gives an alloy consisting of aternating layers of pure Pt and a Co-Pt aloy.
The concentration of Pt in the Co-Pt dloy may be kept low by keeping the concentration of Pt in the
eectrolyte very low [11]. The plating potential was alternated for controlled duration between a value of
-0.15 V (versus saturated calomel electrode, SCE, as reference electrode) corresponding to the reduction
potential of the Pt ions and a more negative potential (-1.8 V, versus SCE). The bath composition was:
0.66 g.I™* K,PtClg, 40.0 g.I"™* CoSO,.7H,0 and 40.0 g1 H3BOs. The working parameters were: pH = 4.0,
bath temperature was (30 + 0.5) °C, without stirring the solution. Platinum foils (100)-textured or (100)-
textured polycrystalline copper foils covered with a 50 nm buffer layer of platinum were used as
substrates. A top layer of 20 nm Pt was dectrodeposited on each sample in a view to obtain the
reproducibility of magnetoresistance measurements. A jig of inert plastic was used to hol d the sample and
restrict deposition to a circular surface (10 mm in diameter) on the cathode. The anode was a cobalt foil
with the same area as those of the cathode. This technique alows obtaining Co/Pt multilayers with
controlled thickness of the Co or Pt layers by controlling the pulse duration [ 10, 13].

We prepared a series of samples with the electrolysis parameters chosen as to obtain about CoPt
equiatomic aloy composition. Three samples (labelled I, I, and 11l) were selected for magnetic
characterisation and analysis in this paper, taking into account their mean composition (expressed as a
media between the composition in the central part and the peripheral part of a sample). These samples
contain; sample (1) [50.850 %1 Co, [49.150 %[Pt, sample (I1) [46.780 %[ Co, (53.220 %Pt and sample
(1) 34.170 %0 Co, [45.830 %[Pt. The film thicknesses are of 300 nm, 160 nm and 157 nm,
respectively. Thus, the three samples have a composition in a domain range close to ordered phase (L10)
CoPt.

It is known that the Co-Pt phase diagram of bulk alloys displays at high temperatures a
disordered fcc solid solution over the whole composition range, and at room temperatures two fcc (L1,)
ordered phases around the composition CoPt; and CosPt and one tetragonal (L1,) ordered phase around
the equiatomic composition CoPt. The microstructure of Co/Pt nano-multilayers criticall y depends on the
thickness of the Co and Pt layers, the period and the total number of periods included in multilayers [6].
In our previous studies [11,12] we have found that multilayers with low period A = (tc, +tp) <2.5 nm
are formed by insular grains of ordered phases (L1,) CoPt or (L1,) CoPts, depending on the tey/ tp ratio.
The multilayers with A> 2.5 nm consist in amorphous Pt layers stacked with polycrystalline hep Co
layers. This paper will be concerned to films containing ordered (L1,) CoPt phase.

The X-ray diffraction spectrain grazing incidence for the sample labelled (1) are shown in Figs.
1 and 2(a). The spectrain fig. 2(a) are performed in the large angles region for grazing incidence angles
of 5° (A) and 8° (B). It is evident from the patterns that the sample exhibit ordered structure of type (L1g)
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CoPt. Thediffraction linesin Fg. 1 areidentified by their Miller indices and theirs calcul ated interplanar
spacing. For brevity of notetion, the peaksin fig. 1 are labelled by numbers from 1 to 22. The structures
lines of fct CoPt aloy are the following: 4 - (111), 5 - (200), 6 - (002), 11 - (311), 12 - (222), 15 - (400),
16 - (004), 18- (331) - (133), 19 - (420), 20 - (024), and for Pt substrate 3- (111), 5- (200), 8- (220), 10 -
(311). The following peaks are atributed to ordered (L1) CoPt phase: 2 - (110), 9 - (221), 13 - (203), 14
- (312), 17 - (401), (223), 21 - (421), and 22 - (332). There are also smal peaks at the | eft-hand side of
the main peak (111) and (200) and of the right side of (200) peak; we denoted them as 1, 2, and 7,
respectively.

The investigated sample shows CoPt (111) and CoPt (200) peaks that are consistent with an L1,
phase with a plane spacing for the 100 plane of dygo = 0.372 nm.

Intensity (a. u.)

10 20 30 40 50 60 70

Fig. 1. X-ray diffraction pattern in Cu Ka radiation and grazing incidence of the sample
containing [50.850 %[1Co, balance Pt, eectrodeposited onto Pt (100) textured substrate. The
structures lines of fct CoPt aloy are labelled as follows: 4 - (111), 5 - (200), 6 - (002), 11 -
(3112), 12 - (222), 15 - (400), 16 - (004), 18 - (331) - (133), 19 - (420), 20 - (024), and for Pt
substrate 3- (111), 5 - (200), 8 - (220), 10 - (311). The following peaks were attributed to
ordered (L1p) CoPt phase 2 - (110), 9 - (221), 13 - (203), 14 - (312), 17 - (401), (223),
21 - (421), and 22 - (332). The small peaks neighbour to themain peaks (111), (200) and to
the (200) peak; were denoted as 1, 2, and 7, respectively.
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Fig. 2. (8) Large angles XRD patterns in Cu Ka radiation and grazing incidence (A — 5°,
B — 8°) of the sample (I). The peaks are marked as follows: 8 - (220), 9 - (221), 10 - (311),
11-(311), 12 - (222), 14 - (312), 17 - (401), (223), 18 - (331) - (133), and 23 - (303), (411).
Fig. 2. (b). Scanning electron microscopy images of the same film (1). The marker bar shown
in the image has adimension of 5 pm.

In Fig. 2(b) we show a typicd SEM image of the sample labdled (I). The film contains
polygonal grains with diameters of 10 - 50 microns composed of (L10) CoPt ordered alloys. The growth
mechanism seems to be a quasi-layer-by-layer growth, as it was found also for Co/Pt multilayers
prepared by other low-energy processing (vacuum evaporation deposition, or RF, and DC magnetron
sputtering deposition) [6]. To give an explanation, we remember that the Co-Pt binary system of dloysis
a completely miscible system. The Co-Pt atom pairs are more stable than Pt-Pt and Co-Co pairs because
of its negative mixture heat (AH =-11 kJq). Therefore, for the Co/Pt binary system, the formation of
ordered phases in the deposit is favoured. The electrodeposition at room temperature is a low-energy
process and the adatoms do not have sufficient energy to move a the surface and produce disorder in the
film. The interface between cathode and electrolyte and the electric double-layer at the interface have an
important influence on the formation of such favourable energetic ions pairs and on the growing of the
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new phases in deposit. As consequence, the film grows in a partially ordered state, without any
subsequent thermal annealing.

Magnetic properties of the samples were investi gated by means of torque magnetometry, at room
temperature. Figs. 3 and 4 show the static torque curves performed for clockwise and anticlockwise
rotation of the magnetic fied, for the samples Il and Ill, respectively. The film plane was oriented
perpendicular to the field-rotation plane, e. g. the torque was measured around an arbitrary axis paralléel to
the film plane, starting from the plane of the film (8 = 0). The applied magnetic field was of 9.55 kA m™*

(in Figs. 3aand 4a), of 28.65 kA m'™ (in Figs. 3b and 4b), and 95.5 kA m* (in Figs. 3¢ and 4c).
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Fig. 3. Torsion magnetometry curves for the sample 11 with ferromagnetic interlayer
coupling, measured for the fields: (a) 9.55 kA/m, (b) 28.65 kA/m and (c) 95.5 kA/m.
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Fig. 4. Torsion magnetometry curvesfor the sample (I11) with antiferromagnetic interlayer coupling,
measured for the fields: (a) 9.55 kA/m, (b) 28.65 kA/m and (c) 95.5 kA/m.

As the applied field increases, the torque curves become asymmetric, i. e. the rotational loss
appears and it is measurable from the area enclosed by clockwise and anticlockwise curves. For fields
exceeding the anisotropy field, the torque curves become symmetric and reversible in fig 3(c) and
irreversible in Fg. 4(c), and the torque is proportional tosin 26 . This behaviour could be ascribed to the
ferromagnetic type interlayer coupling for the sample I1, and antiferromagnetic type interlayer coupling
for the sample I, respectively. The experimental torque curves exhibit mainly atwofold symmetry with
apositive slope at 8 = 0° and a negative slope around 8 = 90°. This indicates that the easy magnetisation
direction is perpendicular (8 = 90°) to the film plane. There is an exception for the torque curve in fig.
4(a). The proportionality between the torque L and siné which occurs at relatively low fields for the
sample 111 could be accounted for the presence of antiferromagnetic type coupling between Co layersin
(L1o) CoPt superlattices [16].

In previous studies [10] we have determined the effective anisotropy energy (Ke) for a series of
Co/Pt multilayers with the same Pt layer thickness of 1 nm, as a function on the thickness of Co layer

(tco). The interface anisotropy energy (Kin)) and the volume anisotropy (K,) were calculated by fitting
experimental data with the phenomenol ogical equation
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M2 §
Keff =~H, 25 + Kn‘c + Kme +2Kint (tCo) ' %))

The sum of the first three terms represents the volume anisotropy K, which contains. the shape
anisotropy, magneto-crystal line anisotropy (Knc) and magneto-elastic anisotropy (Ke). We obtained for
volume anisotropy K,~ 4x10* J m® and the interface anisotropy of Kiy=1x10*J m? in the case of (L10)
CoPt superlaticces. For these samples, magneto-crystalline anisotropy, magneto-elastic anisotropy
(resulting from the deformation of the crystalline cfc lattice in tcf one) and interface anisotropy surpass
the shape anisotropy, and K >0; that means out of plane effective anisotropy. The compositional order
enhances the magnitude of magneto-crystaline anisotropy energy by comparison with disordered
samples.
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Fig. 5. () Magnetization curves measured in fields parallel to (circle) and perpendicular
(triangle) to the film plane for the sample labdled (I11). (b) Magnetoresistance (CPP
configuration) versus magnetic induction B at room temperature for the sample I11.

Torgue measurement is a sensitive tool for the detection of out of plane magnetisation. Another
experimental method is the measurement of magnetisation curvesin plane, and perpendicular to the plane
of the film. Fig. 5(a) shows an example for the magnetisation curves of the sasmple labelled 11 (starting
from the demagnetised state of the sample, only till positive saturation). The M(H) curves in the
perpendicular direction (circles) and in plane (triangles) are quite different. It is obvious from the curves
that the sample magnetises easier perpendicular to the film plane for fields larger than 50 kA/m and in the
film plane for lower fields. This observation is in good accordance with the torsion anisotropy curves
showninfig. 4(a) for the same film. For the sample I11, the M(H) curve in the perpendicular direction has
a plateau in the domain of low fields; it could be considered as a consequence of the antiferromagnetic
interactionsin film. For the sample labelled | the magnetisation curves have the same behaviour as for the
sample I11. Instead, the sample Il shows that the easy axis of magnetisation is perpendicular to the film
plane for every field domain.

It is possible to explain this behaviour by analogy with the data concerning the magnetic
structure of bulk samples of (L1y) CoPt aloys [16]. In an L1,-type ordered film the stacking sequence
along the [001] easy direction of magnetisation consists of alternate pure Pt and Co planes, while aong
the hard axes [100] and [010] al the planes have equiatomic composition. Therefore, all nearest-
neighbour CoPt pairs are oriented out of the (001) CoPt film plane. The existence of strong perpendicular
magnetic anisotropy stems from the hybridisation between Co atoms of large magnetic moment and Pt
atoms of strong spin-orbit coupling, preferentially dong the surface normal. As a function of the
composition and the local order parameter, there are two possible arrangements for magnetic structure.
We suppose that Co layers are ferromagnetically coupled for the samples with some Co in excess (asin
the sample I1). The coexistence of antiferromagnetic coupling for some Co-Co pairs and ferromagnetic
for others Co-Pt or Co-Co pairs are supposed for the samples| and I11.

The magnetotransport properties of the samples were measured at room temperature. Fig. 5(b)
shows the field dependence of the CPP magnetoresistance for the sample I11. The CPP MR ratio is ranged
between 5% and about 30% for our samples, with the similar kind of field dependence. The samples
exhibit Hall effect that can be observed from different values of MR for different sense of magnetic
field. In particular, the lowest resistivity corresponds to the parallel configuration. We have found that in
the case of Co/Pt multilayer systems, which show an antiferromagnetic coupling between subsequent Co
layers there are the largest magnetoresistance effects. In multilayers, the GMR effect can occur only
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when the externa magnetic field drives a transition from the antiparalel (or canted) to the paralléel
arrangement of the magnetization vectors in neighboring ferromagnetic layers [17, 18]. The antiparallel
ordering of the magnetization vectors is obtained thanks to the interlayer exchange coupling. The
dispersion of anisotropy and the local variations in the structure and the order parameter of crystaline
grains generate the dispersion of data on GMR between various samples and various experiments. The
interface roughness and the presence of pinholes influence on the interlayer exchange coupling and on
the GMR measurements. These effects depend on the polarization processes acting on the spin of
conduction electrons, as well as on the magnetic configuration of the system. The GMR effect in
multilayers is very sensitive to changes in the layer thickness. The magnetic coupling as well as GMR in
(L10) CoPt samples will strongly depend on the roughness of the interfaces and other structura
imperfections such as loca discontinuities of layers.

4. Conclusions

The growth by electrodeposition of (L1g) CoPt films with perpendicular magnetic anisotropy
was investigated. The eectrodeposition was performed in a single bath containing CoSO,4.7H,0O and
K2PtCls using a pulsed deposition technique. The films contain polygonal grains with diameters of 10 -
50 microns composed of (L10) CoPt ordered aloys, as it was found by XRD patterns in grazing
incidence and SEM images. Comparisons are drawn between the field dependencies of the torque curves,
magnetisation and magnetoresistance. In the case of (L1lg) CoPt superlattices, which show an
antiferromagneti ¢ coupling between subsequent Co layers (deduced from the andysis of torsion curves)
there are large magnetoresi stance effects.

The electrodeposition under precise contral of the bath parameters is a potentia method for
fabrication of (L1o) CoPt superlattices with a satisfactory degree of homogeneity and very interesting
properties (perpendicular anisotropy and large CPP magnetoresistance).

Part of this research was supported by the Project #593/2004 granted by Romanian Ministry of
Education and Research. Authors would like to thank V. Mazur and B. Pushcashu for collaboration in
XRD and SEM experiments.
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