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Abstract 

Spin reorientation in antiferromagnetically coupled (AFC) Co/Pd multilayers, wherein the thickness of 

the constituent Co layers was varied, were studied. AFC-Co/Pd multilayers were observed to have 

perpendicular magnetic anisotropy even for a Co sublayer thickness of 1 nm, much larger than what is 

usually observed in systems without antiferromagnetic coupling. When similar multilayer structures were 

prepared without antiferromagnetic coupling, this effect was not observed. The results indicate that the 

additional anisotropy energy contribution arising from the antiferromagnetic coupling, which is estimated 

to be around 6×10
6 
erg/cm

3
, induces the spin-reorientation.  
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Magnetic multilayers such as Co/Pd and Co/Pt with high perpendicular magnetic anisotropy 

(PMA) were intensively studied in the 1990s for magneto-optic recording applications.
1-5

 Such systems 

are still being investigated for potential applications in patterned media and spintronic devices.
6-18

 In such 

systems, the observation of PMA was limited to Co sublayer thicknesses below 0.8 nm in the multilayer 

structure; in fact, in most cases below 0.6 nm. Above this thickness, the demagnetizing field dominates 

over the effect of the interface anisotropy, resulting in the loss of PMA. In magnetic random access 

memory and spintronic applications, materials with PMA for both soft and hard layers are of paramount 

interest.
16,17

 Although Co/Pd or Co/Pt are the obvious candidates, they suffer from low spin polarization 

due to the Pd or Pt content. Having PMA with a thicker Co sublayer will be beneficial in increasing spin 

polarization and consequently the magnetoresistance signal.  

In regards to magnetic recording, we have recently proposed antiferromagnetically coupled 

(AFC) patterned media as a convenient approach to reduce the remanent moment (Mr) without reducing 

the saturation magnetization (Ms).
14-15

 This type of storage media relies on antiferromagentically coupling 

a high anisotropy, and usually thicker, recording layer to a low anisotropy, and usually thinner, stabilizing 

layer. However, in AFC patterned media it is necessary to achieve the criterion, Hex > Hc, where Hex and 

Hc are the exchange field and coercivity of the thinner stabilizing layer, respectively.
15

 Even though this 

was demonstrated in CoCrPt:Oxide based AFC patterned media, Co/Pd multilayers are better candidates 

to achieve single domain magnetic dots for bit patterned media (BPM) solutions.
14-15 

A detailed study on 

AFC Co/Pd multilayers has been carried out by Hellwig et al.
18

 While antiferromagnetic coupling has 

been readily observed in Co/Pd multilayer films, achieving the AFC configuration is challenging in 

patterned Co/Pd multilayers.  This challenge arises because the typical Hex values are only on the order of 

1-2 kOe, whereas the coercivity of patterned Co/Pd multilayers can be as high as 13 kOe.
10,19-20  

To 

overcome this challenge there is a need to implement suitable materials or methods to reliably achieve the 

condition Hex > Hc. In this work we have lowered the Hc of the stabilizing layer by increasing the 

thickness of Co in the Co/Pd multilayer. We find that the AFC configuration can be observed in Co/Pd 

multilayers for Co sublayer thicknesses of 1 nm. Surprisingly, PMA was observed in films with thick (~1 
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nm) Co sublayers and can be attributed to the antiferromagnetic coupling. The observed results are 

scientifically interesting and fundamentally important for BPM and magnetic random access memory 

(MRAM) applications. 

Three types of samples, as shown in Fig. 1, were deposited using dc magnetron sputtering in a 

chamber with a base pressure better than 5×10
−9

 Torr. Type I is an AFC multilayer structure and type II is 

the reference multilayer structure with only 3 bilayers of Co/Pd without any antiferromagnetic coupling 

while type III and type IV samples were prepared at a later stage to investigate the effect of the layer stack 

sequence. The thickness of the Co sublayer (tCo) in the stabilizing layer for both types of samples was 

varied from 0.4 nm to 1.4 nm at intervals of 0.2 nm. The magnetic properties were characterized using an 

alternating gradient magnetometer (AGM) with the applied field both parallel and perpendicular to the 

film plane. X-ray diffraction (XRD) and X-ray reflectivity (XRR) were used to characterize the 

crystallographic texture and measure the thickness, roughness, and density of the constituent layers. The 

experimental XRR curves, Fig. 2(a-c) are fitted using a layer structure model. The differences between 

the experimental and simulated curves, summed over all points, and also called a “Chi-square” (χ
2
) value, 

provides a quantitative measure of the fit quality, where a χ
2
=0 would correspond to a perfect fit.

21 
The 

inset in Fig. 2 tabulates the experimentally measured tCo, Co sublayer interface roughness (R
Co

), and χ
2
 for 

three representative type I AFC samples with nominal tCo values of 0.4, 0.8, and 1.4 nm.  We find good 

agreement between the experimental and nominal tCo values.     

Figure 3 shows the perpendicular hysteresis loops of the type I AFC thin films as a function of the 

indicated tCo. The minor loops of these films are also shown by dotted lines. For tCo > 1 nm, the minor 

loop is not observed, indicating the absence of PMA.  The sloped and reversible behavior in the field 

range of 2-4 kOe further confirms that there is lack of good PMA in the thinner stabilizing layer for tCo > 

1 nm. This is expected as it has been commonly reported that the PMA will be lost for tCo > 0.8 nm.
22-24

 

However, the minor loops arising from the thinner stabilizing layer for 0.4 nm ≤ tCo ≤ 1 nm show 

surprising results. The rectangular minor hysteresis loops confirm the presence of PMA for tCo ≤ 1 nm. 

The Hc and Hex values of the [Co(tCo)/Pd(0.8 nm)]×3 stabilizing layer for the type I AFC multilayers with 
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0.4 nm ≤ tCo ≤ 1 nm are shown in Fig. 4. As tCo increases from 0.4 nm to 1 nm, the Hc of the minor loops 

decreases from 490 Oe to 120 Oe, as expected.
20

 Hex also shows a reduction from 1050 Oe to 310 Oe. 

However, this decrease of Hex with tCo is primarily due to the fact that Hex is inversely proportional to 

Ms×tCo of the thinner stabilizing layer.
25

 Type I samples were not designed to have same Ms×t in the 

stabilizing layers. It is reasonably straightforward to say that the Hex values will be higher than 310 Oe, if 

the samples were designed to have a lower value of Ms×t by reducing the number of bilayers for samples 

with larger tCo. All the samples exhibited similar values of the exchange coupling energy J= Hex×Ms×tCo 

of ~2 erg/cm
2
. Such a design will be more practical for patterned media applications in achieving a 

suitable signal from the media. These results indicate that AFC patterned media based on Co/Pd 

multilayers can be achieved by designing the stabilizing layer with thicker Co sublayers.  

Another interesting observation as seen by comparing Figs. 3(c) and 3(d) is that the relative 

height ratio of the normalized magnetization for the top and bottom magnetic stacks is essentially 

constant. In the AFC structure with tCo=1 nm, there is a partial in-plane magnetization component which 

does not allow the magnetization to align in perpendicular direction completely.  Nevertheless, there is a 

reasonable strong PMA in the stabilizing layer when tCo=1 nm. This is quite surprising as there is no prior 

observation of PMA for such large values of sublayer thickness. While PMA is typically reported for tCo ≤ 

0.6 nm
24

, PMA has been reported for tCo=0.82 nm by Lee et al.
22

 However, in the samples of Lee et al., 

the loop was severely tilted and the squareness was only ~0.5, indicating that the PMA is not as strong as 

in our films. Even though Hellwig et al., have studied similar AFC Co/Pd multilayers, such a result was 

not observed as they had limited the thickness of Co sub-layers to be in the range of 0.4-0.5 nm.
18

 It is 

postulated that the observation of PMA in our samples arises from the antiferromagnetic coupling 

between the recording layer and the stabilizing layer. Indeed, spin-reorientation in single Co layers, 

arising from synthetic antiferromagnetic coupling has been reported recently.
26 

In order to confirm that the antiferromagnetic coupling is responsible for the induced PMA in 

these films, type II samples were also studied. These structures were prepared identical to the stabilizing 

layer in type I, but without antiferromagnetic coupling. XRD and rocking curve measurements  (not 
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reported here) indicated that the crystallographic texture is nearly identical to the type I samples, hence 

ruling out changes due to a modified crystal growth.  Out-of-plane and in-plane hysteresis loops of type II 

samples are shown in Fig. 5. The samples with tCo = 0.4 nm show a perpendicular easy axis hysteresis 

loop and those with tCo = 0.8-1.4 nm show in-plane easy axis hysteresis loops. At tCo = 0.6 nm, the in-

plane and perpendicular loops look almost identical, indicating the onset of a loss of PMA, consistent 

with prior findings. Such a result is well known in Co/Pd multilayers and is attributed to the decrease of 

interface anisotropy and the dominance of dipolar energy in films with thicker sublayers. In such systems, 

the thickness dependence of surface anisotropy can be explained using the following equation: 
27, 28

 

       
    

 
     

        

where Ku is the effective anisotropy energy density, KV is volume anisotropy energy density, Kint is the 

interface anisotropy density, and t and Ms are the thickness and saturation magnetization of [Co(t 

nm)/Pd(0.8 nm)]×3, respectively. In order to explain the PMA in our AFC system, we add an additional 

term, KAFC, to the equation, where KAFC is an additional energy density term arising from the synthetic 

antiferromagnetic coupling. Although, the exact form of the antiferromagnetic coupling term, KAFC, needs 

to be derived after a detailed analysis, it is expected to be proportional to (J/t). The saturation 

magnetization (Ms) values of the type II structures [Co(t nm)/Pd(0.8 nm)]×3, without the (Co/Pd)10  

bilayers have been measured from their M-H loops . By increasing the thickness of Co from 0.4 nm to 1.4 

nm, MS  increases from 344 to 760 emu/ cm
3
 as shown in figure 3 (inset).  

The value of J has been measured to be ~2 erg/cm
2
. For 3 bilayers of Co/Pd, the energy density J/t 

decreases from 1.66×10
7
 to 0.6×10

7
 erg/cm

3
 as tCo is increased from 0.4 nm to 1 nm. It has to be noted 

that even for tCo = 1 nm, J/t is comparable to the Ku observed in Co/Pd multilayers with thinner Co 

sublayers. Therefore, it is possible that the high PMA in the stabilizing layer is due to synthetic 

antiferromagnetic coupling for large tCo values. However, as the value of tCo is increased further, KAFC and 

Kint/t would reduce progressively. A theoretical treatment of antiferromagnetic coupling and its effect on 

increasing the energy barrier is given in ref. 15. For samples with a thicker Co sublayer Ms also increases 
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and as a consequence, Ku would decrease with increase of tCo, resulting in a dominant in-plane 

magnetization as observed for tCo ≥ 0.8 nm, Fig. 5.  

It may be argued that the difference between type I and type II samples is due to the difference in 

the layer structure below the [Co/Pd]×3 bilayers. To verify that the difference is not due to the growth of 

[Co/Pd]×3, we prepared two additional structures, type III and type IV. Type III is very similar to type I; 

however, it was prepared much later.  Type IV samples are also similar to type III, except they have a 

reversed structure where the stabilizing layer is deposited first. As evidenced from the major and minor 

hysteresis, both type III and type IV samples exhibit a spin reorientation for tCo ≈ 1 nm. These results 

confirm that the magnetization reorientation in these samples is due to the antiferromagnetic coupling and 

not induced by the order in which the layers are deposited. 

In conclusion, PMA has been observed in AFC Co/Pd multilayers with thick (~1 nm) Co 

sublayers. XRD and rocking results showed that the observation of PMA has a magnetic origin, arising 

due to the antiferromagnetic coupling which promotes a spin reorientation transition from the in-plane to 

out- of- plane direction. Furthermore, the PMA is maintained after patterning.
29

 These results may shed 

light on spintronic and BPM applications. 
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Figure Captions 

Fig. 1. Schematic structures of type I and type II samples: (a) AFC structured Co/Pd multilayers (type I) and (b) 

reference Co/Pd multilayers without AFC (type II).  The bold arrow indicates the location of the stabilizing layer in 

the stack.   

Fig. 2. X-Ray experimental reflectivity oscillations for AFC layers (type I) with Co thickness of a) 0.4 nm, b) 0.8 

nm and c) 1.4 nm. 

Fig. 3. Major (solid lines) and minor (dotted lines) perpendicular M-H loop of antiferromagnetically coupled (AFC) 

complex structures (type I) for various values of t a) tCo = 0.4 nm, b) tCo = 0.8 nm, c) tCo = 1 nm, and d) tCo = 1.2 nm, 

respectively.  

Fig. 4. Exchange coupling field (Hex) and coercivity field (Hc) versus Co thickness tCo for the AFC multilayer 

system (type I).  

Fig. 5. Out-of-plane and in-plane hysteresis loops of single layers (type II), [Co(t)/Pd(0.8 nm)]×3 for various values 

of tCo.  
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Fig. 1. M. Ranjbar et al. 
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Fig. 2. M. Ranjbar et al. 
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Fig. 3. M. Ranjbar et al. 
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Fig. 4. M. Ranjbar et al. 
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Fig. 5. M. Ranjbar et al. 

 

 

 

 


