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Abstract. Ni/Pd multilayered films with various Ni and Pd layer thicknesses were prepared by 
electron gun evaporation. These films wem all polycrystals with (111) preferential orientation. 
Also, both experimental analysis and computer simulation results indicated the existence of a 
diffusion layer at the Ni-Pd interfaces. The nominal magnetic moment per Ni atom measured 
for these multilayered films varied with change in the Ni layer thickness. For a thinner f4i layer, 
the magnetic moment was smaller than that of b u t  Ni, while it was larger for the thicker Ni 
layer. This variation is attributed to the opposite effects of two factors, namely the favourable 
effect of Pd atom polarization versus the magnetic degradation mainly due to the decrease in the 
Curie temperature with decreasing Ni layer thickness. The effect of Pd atoms polarized by their 
neighbouring Ni atoms was also verified by the results of thermal annealing the multilayers 

1. Introduction 

As a promising artificial synthetic material, nanometre multilayered films have displayed 
many novel physical properties, which hardly arise in ordinary thin films or bulk materials 
and have vital importance in both fundamental reseach and application. In the'appearance 
of these properties, the  interface plays a very important role. For example, in some 
multilayered films, the magnetic moment per atom decreased with decreasing thickness 
of magnetic layer owing to several physical factors including the interfacial effect [I-31. 
Also, magnetic and non-magnetic atoms can interact with each other through the interface. 
It has already been revealed that the non-magnetic element'Pd could be polarized by its 
neighbouring ferromagnetic elements [4,5]. This polarization effect has been observed 
in PdlFe [6,7] and PdKo [8-101 multilayered films and was explained 'by theoretical 
calculations [ l l ,  121. NiPd multilayered films has also been studied previously by several 
workers L13.141. However, the results were quite'different. 'FICvaris and, Krishnan [13] 
studied the magnetization density modification by the-modulation period and observed much 
higher moments for a short period compqed with that of bulk Ni in Ni,Pd, ,multilayers 
[13]. Different results were also reported, namely that on decreasing the Ni layer thickness 
the magnetization of Ni was~first a little lower and then .slightly higher than that  in^ bulk Ni 
[14]. We report, in this paper, the structural characteristics and magnetic properties of NiRd 
multilayered films with various thicknesses of Ni and Pd layers and discuss the effects of 
polarization of Pd atoms as well as the change in the . ,  Curie temperature of the Ni layers. 
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2. Experimental procedure 

Multilayered films were prepared by alternatively depositing Ni and Pd both with a purity 
of 99.99% onto glass substrates in an electron gun evaporation system with a background 
vacuum level of loF7 Torr, The deposition rate was monitored and controlled to be 0.5- 
1.5 A s-j with a quartz oscillator. The inductively coupled plasma (ICP) method was 
employed to determine the absolute content of both Ni and Pd masses in the multilayers and 
the measurement error was within 5%. The periodicity of the multilayers was determined 
by standard 8-28 x-ray diffraction with Cu Kn radiation at small angles, while the 
crystalline structures were identified by x-ray diffraction at large angles. The individual 
layer thicknesses of Ni and Pd, however, were deduced from their masses obtained by the 
ICP method. The magnetic properties were measured with a vibrating-sample magnetometer 
(VSM) at room temperature. The vSM was calibrated by a standard nickel ball of 0.0646 g 
mass. To eliminate the interference of the glass substrate, the hysteresis loop of the glass 
substrate and the sample holder of the VSM was firstly measured and the maximum moment 
was about one to two orders lower than those of the N f l d  multilayers. The hysteresis loops 
of the NiPd  multilayers were then measured, and the magnetic moment of the substrate 
and the sample holder was subtracted automatically by computer. Six of the same NifPd 
multilayers were used together in one measurement to reduce the measured error and the 
final error of the magnetic moment was about 1%. Magnetic fields up to 15 kOe were 
applied both parallel and perpendicular to the film plane. By taking the above precautions 
in the experiments, the error of the calculated magnetic moment per Ni atom was around 
6%. Some multilayers were vacuum annealed at 350°C for 1 h to study the change in the 
magnetic properties. 

3. Results and discussion 

3.1. X-ray characterization 

Figure 1 is a small-angle x-ray diffraction pattern of Ni(6.5 &Pd(39 A) multilayers. It can 
be seen that up to the third-order diffraction peak appears clearly; from this the periodic 
structure of the multilayers is confirmed. Similar results were also obtained for the other 
multilayered film's; The periodicities of all the multilayers determined by small-angle x-ray 
diffraction were Tound to be always slightly thicker than those obtained from the ICP method. 
In fact, the deposited multilayers frequently contained some porous regions, which was the 
reason why the ICP results were somewhat smaller than those given by diffraction analysis. 
Since the individual layer thickness of the metals could not be obtained by diffraction 
analysis, we used the thicknesses determined by the ICP method in the following discussion 
to denote the multilayers. 

The large-angle x-ray diffraction analysis revealed that all the N i P d  multilayers studied 
were polycrystalline structures with (1 11) preferential orientation and the diffraction patterns 
were characteristic of a modulated structure. Figure ?(a) is a large-angle diffraction pattern 
of the (Ni(23 A)Pd(25 A))25 multilayers obtained by step scanning, in which four peaks 
appear: one is the central Bragg peak, corresponding to the average lattice, &d the other 
three are',the satellite peaks. The background from the glass substrate has been removed. 

To understand further the structural feature of the NiPd  multilayers, for the 
(Ni(23 k)Pf(ZS A))zs multilayers, computer simulation was performed based on the x-ray 
diffraction theory. Since'Niwid Pd are easily miscible within the entire composition range, 
a statistical model of the superlattice structure was employed according to Gladyszewski 
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Figure 1. A small-angle x-ray diffraction pattern far Ni(6.5 AYPd(39 A) multilayered films. 
(The layer thicknesses of Ni and Pd were obtained by the ICP method.) 

[15], in which interdiffusion at interfaces was reasonably assumed and the concentration 
profile in  the interface region was expressed by 

where @ ( x )  is the error function. x = i stands for the layer at the interface (C( i )  = O S ) ,  
and U is a simulation parameter, which corresponds to the thickness of the interdiffused 
region at the interfaces. By adjusting the simulation parameters, a best fit to the observed 
spectrum was obtained and is displayed in figure 2@). In this simulated spectrum, U was 
taken to be 3.2, corresponding to an interdiffused layer 3.2 atomic layers thick. Obviously, 
the simulated spectrum agrees well with the observed spectrum. On the other hand, when 
a very sharp interface is assumed by taking U to be  zero, a large discrepancy was found 
between the observed and simulated spectra as shown in figure 2(c). It was thus concluded 
that an interdiffused layer was indeed formed at Ni-Pd interfaces in the deposited NiPd  
multilayers. 

3.2. Magneric properties 

Magnetic hysteresis loops were measured with the VSM at room temperature with magnetic 
fields applied both parallel and normal to the film plane. For multilayered films with a 
fixed Pd layer thickness, no perpendicular magnetic anisotropy was observed for a Ni layer 
thickness greater than dN, = 6.5 A, for which the ferromagentism is hardly discernible in the 
hysteresis loop. For some multilayered films with thicker Ni layers, the in-plane direction 
was obviously the easy direction of magnetization. On decreasing the Ni layer thickness, 
the parallel and perpendicular hysteresis loops became close to each other; yet the change 
occurred very slowly. It seemed that the interfacial anisotropy favouring perpendicular 
magnetization in these multilayers was very small; this was probably related to the formation 
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Figure 2. Expcrimental (-1 and simulated (- - -) large-angle x-ray diffraction patterns of 
(Ni(23 A)/Pd(25 A))** multilayers. In ( U ) ,  CBP is the cenlral Bragg peak. For the simulated 
patlems an interdiffused region 3.2 atomic layers thick is assumed in (b), while a sharp interface 
is assumed in (e ) .  

of the diffused layers at the interfaces, reducing the interfacial anisotropy energy arising 
from the lowered symmetry proposed by Nee1 [16]. 

Figure 3(a) depicts the measured nominal magnetic moment fi  per Ni atom as a function 
of Ni layer thickness d ~ i ,  while the Pd layer thickness was fixed at 39 A. It can be seen that 
for the thinner Ni layers the nominal magnetic moments per Ni atom were smaller than that 
of bulk and that for the thicker Ni layers, e.g. Ni(56 &/Pd(39 A) and Ni(61 A)/Pd(39 A): 
the nominal magnetic moment per Ni atom was a little greater than that of the bulk Ni, which 
certainly needs further study. On the other hand, the variation in the Pd layer thickness had 
little influence on the nominal atomic magnetic moment of Ni, as is illustrated in figure 3(b). 

It should be pointed out that the present results are different from those previously 
reported ones 113, 141, in which the magnetization of Ni in NiiPd multilayers with a very 
thin Ni layer waq larger than that of bulk Ni. The decrease in the atomic magnetic moment 
of ferromagnetic elements on reducing the magnetic layer thickness has been frequently 
observed in magnetic multilayered films and one possible factor was due to the lowered 
Curie temperature when the ferromagnetic layer was very thin 1171. In our case of NilPd 
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multilayered films, however, there is another factor contributing positively to the nominal 
magnetic moment per Ni atom, namely the polarization of Pd atoms by neighbouring Ni 
atoms proved pr(:viously in many experiments [4-101 and theoretical calculations [ l l ,  121. 
It is well known that the Curie temperature of magnetic multilayered films decreases 
with decreasing magnetic layer thickness [18]. In particular when the ferromagnetic layer 
was very thin, I.he Curie temperature dropped rapidly; this has been observed in some 
other Ni-based rnultilayers such as Ni/Re [I91 and Ni/Ag [ZOI. As mentioned above, the 
ferromagnetism (of the NiPd multilayers is hardly discernible when the Ni layer is as thin 
as 6.5 A, implying that the Curie temperature is close to room temperature. It was thought 
that, when the Ni layer was very thin, although Pd atoms at interfaces were polarized and 
possessed some t:xtra magnetic moment, yet they could not compensate the decrease caused 
by the lowered Curie temperature; the nominal magnetic moment per N i  atom was still 
smaller than that in bulk Ni. When the Ni layer became thicker, the increment in magnetic 
moment due to I'd atom polarization exceeded the less strong effect of lowering the Curie 
temperature for [:hicker Ni layers. Also, the lattice deformation due to the misfit between 
Ni and Pd at interfaces and the porosity might also affect the magnetization behaviours. In 
our case, the inkrdiffused layers buffered the misfit effect slightly. 

3.3. Effects of annealing 

Annealing was carried out in a vacuum furnace with a vacuum level of 3 x Torr 
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for the Ni(27 .&)iPd(39 A) multilayered sample for 1 h. Figure 4 shows two small- 
angle diffraction patterns of the sample before and after annealing. It can be seen that 
only one modulation peak remains after annealing while three peaks are shown before 
annealing. Appuently, thermal annealing caused the composition profile farther away from 
the rectangular distribution, as more Pd atoms had mixed with Ni atoms in the annealed 
multilayers. The magnetic hysteresis loops before and after annealing are presented in 
figure 5, showing clearly the increase in the saturation magnetization upon annealing. 
Qualitatively speaking, this increase, we believe, was from more polarized Pd atoms in 
the annealed films. The annealing result can, in turn, serve as evidence of the polarization 
of Pd atoms on mixing with Ni atoms. 

2 4 6 8 10 
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Figure 4. Small-angle x-ray diffmtion patterns for Ni(27 A)iPd(39 i) multilayered films before 
(- - -) and after (-) annealing at 350 T for I h. 

It is worthwhile mentioning that it was slightly easier for the as-deposited multilayered 
film and slightly more difficult for the annealed film to magnetize perpendicular to than 
parallel to the film plane. This suggested that the intermixing at interfaces decreased the 
interfacial anisotropy, favouring perpendicular magnetization. 

4. Conclusion 

In conclusion, interesting magnetic properties were observed in the vapour-deposited NilPd 
multilayered films with various Ni and Pd layer thicknesses. Two major factors were 
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Figure 5. Magnetic hysteresis loops for Ni(27 AYPd(39 A) multilayered films before (- - -) 
and after (-1 annealing at 3 5 0 T  for 1 h. 

responsible for these: the polarization of Pd atoms through mixing with Ni, which raised 
the nominal magnetic moment per Ni atom, and the lowered Curie temperature, which 
reduced the moment in the NiPd multilayers. Consequently, the observed nominal magnetic 
properties were a balance between these two factors. 
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