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Magnetic and structural properties of Co/Pt multilayers with varying Co (tCo) and Pt (tPt) thickness

grown on various seed layers have been examined. It is challenging to grow Co/Pt multilayers as a

top electrode with high perpendicular magnetic anisotropy (PMA) for magnetic tunnel junctions

which usually comprise of CoFeB/MgO/CoFeB. We show that a thicker Pt layer of 1.2 nm is

necessary to attain effective anisotropy (Keff) up to 0.14 MJ/m3. On the other hand, Co/Pt

multilayers with high PMA have been achieved for proper textured seed layers of Ru and Pt. In the

case of Ru seed layer, a higher Keff¼ 0.45 MJ/m3 can be achieved for tCo¼ 0.5 nm and tPt¼ 0.2 nm.

This can be attributed to the lower lattice mismatch (�4%) within the multilayers and hence a

more coherent CoPt (111) structure. Finally, we note that the film roughness could play an

important role in influencing the PMA of the multilayers. The highest Keff� 0.6 MJ/m3 is achieved

for Pt seed layer. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916295]

I. INTRODUCTION

Magnetic materials, which exhibit high perpendicular

magnetic anisotropy (PMA), have received much attention

recently due to their application as electrodes in perpendicu-

lar magnetic tunnel junction (MTJ) for magnetic random

access memory (MRAM).1,2 Perpendicular MTJ has been

shown to be more energy-efficient and scalable compared to

in-plane MTJ for high density MRAM applications.3,4

However, as device dimensions continue to shrink, high

PMA materials are necessary to avoid thermal instability of

the free and reference layers. It is well known that PMA in

magnetic materials arises mainly from magnetocrystalline

anisotropy and interface anisotropy.5,6 Typical examples are

chemically ordered transition metal alloys (i.e., L10 FePt and

CoPt)7,8 and Co-based multilayers (i.e., [Co/Pt]n and [Co/

Pd]n and [Co/Ni]n, where n is the number of iteration),5,9,10

respectively. Although, FePt and CoPt with L10 structure ex-

hibit high effective magnetocrystalline energy (Keff> 106 J/m3),

roughness issues, and relatively high substrate temperature

required for their growth (>500 �C)11,12 as well as the need

for lattice matching seed layers, render it challenging to fab-

ricate the MTJ stack. On the other hand, Co-based multi-

layers, in particular, [Co/Pt]n was recently reported to

display high effective magnetic anisotropy (Keff� 106 J/m3)

in the as deposited state at ambient growth temperature with

Pt and Ru seed layers.13,14 The feasibility of using [Co/Pt]n

as top and bottom electrodes for the MTJ stack has been

demonstrated to give high tunneling magnetoresistance ratio

and reference layer thermal stability at room temperature

(D> 200) in 25–40 nm Ø devices.15,16 This was achieved

with CoFeB insertions before and after the MgO tunnel bar-

rier. While high thermal stability could be achieved for [Co/

Pt]n as the bottom electrode with properly textured seed

layers, it is challenging in the case of top electrode due to a

lack of coherent structural transition from MgO/CoFeB/Ta

under layers, where CoFeB is amorphous in the as deposited

state. Nevertheless, [Co/Pt]n deposited on Ta seed layers

(body centered cubic or tetragonal) has also shown to display

similar Keff to that deposited on Pt seed layers.14

In addition to the under layers, the thicknesses of Co

and Pt layers influence the Keff as well, since PMA arises

from interface anisotropy which originates from the spin

orbit coupling between Co and Pt atoms. As Co thickness

increases there could be a structural transition from face cen-

tered cubic (FCC) to hexagonal closed packed structure,

which affects the orbital magnetic moment,17 and an increase

in in-plane magnetic anisotropy arising from the bulk mag-

netocrystalline anisotropy of Co layers.18 On the other hand,

Pt thickness affects the interlayer coupling19 and domain

nucleation between adjacent Co layers,20 which influences

the Keff. Recently, [Co/Pt]n with thin Pt (0.2 nm) has been

shown to be stable with post annealing temperature up to

500 �C for 1 h in vacuum, which is desirable for back end of

line processes. This was attributed to minimal intermixing at

Co/Pt interface during Pt deposition.13

In this work, we perform a systematic study to investi-

gate the interplay between Co and Pt thickness as well as the

number of iterations on the Keff of [Co/Pt]n deposited on var-

ious seed layers. Our results show that for [Co/Pt]n grown on

a typical perpendicular MTJ with an ultrathin Ta spacer, suf-

ficiently thick Pt layers of 1.2 nm are needed to obtain PMA

with Keff¼ 0.14 MJ/m3. On the other hand, thinner Pt layers

are preferred for those grown on Ru and Pt based seed layers,

where the highest PMA is attained with Keff� 0.6 M J/m3.

This can be attributed to a more coherent CoPt (111) phase

with smaller lattice mismatch to Co (111). Finally, we note

that the film roughness could play an important role in

affecting its PMA.
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II. EXPERIMENTAL DETAILS

The [Co tCo/Pt tPt]n multilayers were deposited on SiO2

substrate with different seed layers of (A) /Ta 2/Co40Fe40B20

0.6/MgO 1/Co40Fe40B20 1.3/Ta 0.3, (B) /Ta 5/Ru 5, (C) Ta

5/Ru 30, (D) Ta 5/Pt 10/Ru 30, and (E) /Ta 5/Pt 5 (thickness

in nanometer) in a sputtering chamber with high base vac-

uum pressure (<2 � 10�8 mbar). All the Co/Pt multilayers

are capped with 7 nm of Ru film. The thicknesses of Co (tCo)

and Pt (tPt) range from 0.2 to 0.8 nm and 0.2 to 1.8 nm,

respectively, and n vary from 2 to 12 repeats. Post annealing

process was carried out in vacuum at 300 �C for 1 h. The

crystal structures were studied by Cu Ka (k¼ 0.1541 nm)

high-resolution x-ray diffraction (HRXRD), and the rough-

ness measured by atomic force microscopy (AFM) after cap-

ping the multilayers with Ru 3 nm to reduce atmospheric

oxidation. Magnetization measurements were performed on

diced samples with 3 � 3 mm2 dimensions using an alternat-

ing gradient magnetometer (AGM). The magnetizations

(MS) of the multilayers were calculated by including the total

thickness of Co and Pt. The contribution from CoFeB is also

accounted for structure (A). Both out-of-plane and in-plane

hysteresis loops were measured by aligning the magnetic

field perpendicular and parallel to sample, respectively, to

determine the magnetic anisotropy. The Keff was estimated

by integrating the area enclosed by the hysteresis loops

obtained in both directions.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the magnetic and structural properties of

[Co/Pt]n as deposited on seed layer (A). The Ms and Keff are

found to increase as the Co thickness increases for the Pt

thicknesses ranging from 0.6 to 1.8 nm with Keff saturating at

0.14 MJ/m3 for tCo¼ 0.6 nm, as shown in Fig. 1(a). This can

be attributed to an increasingly well defined Co lattice struc-

tured layer where there is a distinct Co/Pt interface. Further

increase of tCo> 0.6 nm or the number of iterations do not

improve the Keff as depicted in the inset of Fig. 1(b). In addi-

tion to increasing demagnetizing field amplitude, it is known

that Co films exhibit in-plane magnetocrystalline anisot-

ropy,18 hence, thicker Co diminished the PMA. The effective

anisotropy of [Co/Pt]n multilayers can be viewed as the

result of two competing factors, namely, the intrinsic anisot-

ropy (Ku), which arises from the Co/Pt interface, and the

demagnetization energy (2p(MS)2), and can be expressed as

Keff¼Ku� 2p(MS)2. It is noted that sufficiently thick Pt,

tPt> 0.6 nm, is needed for PMA in thin Co layers,

tCo¼ 0.3 nm. And for all Co thicknesses, Keff is found to cul-

minate at tPt¼ 1.2 nm, although MS decreases with increas-

ing tPt. The role of the nonmagnetic metal in producing

PMA in multilayers lies in the asymmetric spin-orbit interac-

tions at the interface5 as well as possible strain induced

magneto-elastic anisotropy.10,14 These effects seem to relax

for tPt> 1.2 nm. A lack of a coherent FCC CoPt (111) struc-

ture can be observed from the XRD 20 spectrum of [Co 0.3/

Pt 1.5]9 and [Co 0.6/Pt 1.8]9, as shown in Fig. 1(c), which

shows a broad CoPt (111) shoulder arising between Pt (111)

and Co (111) peaks. The broad peak shoulder also indicates

phase separations between the CoPt, Pt, and Co layers which

lead to the low Keff observed in these samples. Since these

samples were not annealed, we do not expect 2� peaks from

the /Co40Fe40B20 0.6/MgO 1/Co40Fe40B20 1.3/ seed layer.

In contrast, much higher Keff values are observed for

[Co/Pt]n as deposited on seed layer (B), as shown in Fig. 2.

Likewise, the MS and Keff are found to increase as the Co

thickness increases for the Pt thicknesses ranging from 0.6 to

1.8 nm with Keff saturating at 0.2 MJ/m3 for tCo¼ 0.5 nm, as

shown in Fig. 2(a). However, for tCo> 0.5 nm, the Keff seem

to increase as tPt reduces despite a corresponding increase in

MS. Additional [Co tCo/Pt tPt]n samples were prepared with

0.3 nm< tCo< 0.5 nm and 0.2 nm< tPt< 0.6 nm to elucidate

the trend of the Keff. Figure 2(b) shows the Keff as a function

Pt thickness for these samples. Indeed, Keff is found to

increase further as tPt decreases to 0.2 nm. The Pt thickness

is a dominating factor in achieving high Keff¼ 0.45 MJ/m3

with [Co 0.5/Pt 0.2]12. Although sufficiently thick Pt is nec-

essary to induce strain and spin-orbit interactions at the Co/

Pt interface, a well defined interface is possible with a Ru

seed layer at tPt¼ 0.2 nm, which is not viable with under

layer (A). The enhancement of Keff with thinner Pt could be

due to the reduction of Co and Pt intermixing at the interface.

Lee et al.13 reported that relatively high Keff¼ 0.57 MJ/m3 for

similar stack with tPt¼ 0.2 nm in the as deposited state, which

remained stable after post annealing in vacuum at 300 �C for

1 h. This was attributed to a decrease in intermixing during

sputtering of Pt on Co layers. Indeed, we observed that Keff

values remain stable after annealing the samples at 300 �C.

The Keff and Ku as a function of MS after annealing are illus-

trated in Fig. 2(c). Interestingly, even though the MS increases

(due to thicker tCo or thinner tPt), the increase in Ku is able to

overcome the rise in demagnetization energy and leads to an

overall enhancement of Keff.

Figure 3 shows the XRD 2� spectrum of the [Co/Pt]n de-

posited on a Ru seed layer (B). The 2� angle values of FCC Pt

(111) and FCC Co (111) are located at 39.76� and 44.25�, with

lattice parameter of 3.92 Å and 3.54 Å, respectively. It can be

observed from Fig. 3(a) that, for thicker Pt thickness (i.e.,

tPt¼ 0.6 nm), the CoPt (111) peak angle shifts to lower value

FIG. 1. (a) The Pt and Co thicknesses dependence of Keff and Ms of [Co/Pt]6

deposited on under layer (A), as well as the (b) Keff as a function of larger

number of iterations (n) and thicker Co thickness (inset) up to 12 and

0.8 nm, respectively. (c) The XRD 2� spectrum of [Co 0.3 nm/Pt 1.5 nm]9

and [Co 0.6 nm/Pt 1.8 nm]9.
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compared to that of Co (111). This is more obvious for thinner

Co thickness (i.e., tPt¼ 0.3 nm), where the relative lattice con-

stants mismatch compared to that of Co (111) is 8.7%. The

large lattice mismatch, also indicating the strain experienced

by the Co atoms, could account for the broadening of the CoPt

(111) peak, where a portion of Co atoms have lattice parame-

ters relaxed towards the Co (111) state. This relaxation of Co

lattice to its original Co (111) state could lead to the low anisot-

ropy observed in Pt rich multilayers. On the other hand, for

thinner Pt thickness (i.e., tPt¼ 0.2 nm), the CoPt (111) peak

angle shifts to values closer to that of Co (111), with a lower

lattice mismatch of 4% for tCo¼ 0.5 nm. A relatively high in-

tensity single CoxPt1�x (111) peak compared to that of Co

(111) is observed for [Co 0.5/Pt 0.2]12, this suggests a coherent

phase of CoPt (111) structure where Co atoms experience a ho-

mogeneous strain which results in a single phase structure.

Hence, tPt¼ 0.2 nm is sufficient to induce strain and spin-orbit

interactions at the Co/Pt interface without causing relaxation of

Co atoms. These contribute to the high anisotropy observed for

this sample [Co 0.5/Pt 0.2]12. The Keff values of [Co/Pt]n with

varying tCo, tPt, and n, as a function of 2� peaks positions of Pt

(111), CoPt (111), and Co (111) are shown in Fig. 3(b).

Indeed, it can be observed that for CoPt (111) peaks closer to

Pt (111) position, i.e., there is lattice matching to Pt (111), the

Keff is smaller compared to those with CoPt (111) lattice

matching to Co (111). Furthermore, it is noteworthy that there

can be dual peaks arising from Co rich and Pt rich CoPt (111)

phases. In general, a coherent Co rich CoPt (111) phase gives

rise to higher Keff and the maximum lattice mismatch in [Co/

Pt]n is estimated to be about 4%.

Subsequently, the optimum [Co/Pt]6 structure with

tCo¼ 0.5 nm and tPt¼ 0.2 nm is grown on different seed

layers comprising of Pt and Ru to determine their effect on

Keff, as shown in Fig. 4. For similar thickness of 5 nm, Pt

seed layer yields higher anisotropy than Ru which is likely

due to the additional interface anisotropy arising from the Pt

seed layer with first layer of Co in the multilayer. In addition,

the higher Keff value displays for thicker Ru (30 nm) can be

attributed to the better crystalline structure as compared to

that of thinner Ru (5 nm). Eventually, the combination of Pt

10/Ru 30 nm (Ref. 13) emerges as one of the seed layer that

led to the highest Keff for the multilayer, prompting the im-

portance of proper textured seed layer for achieving high

PMA in Co/Pt multilayers. We could expect similar interface

anisotropy and demagnetization terms, and hence, Keff for

FIG. 2. (a) The Pt and Co thicknesses

dependence of Keff and Ms of [Co/Pt]6

deposited on seed layer (B), and (b)

Keff as a function of thinner Co thick-

ness down to 0.2 nm. The first number

indicates the Co thickness and the sec-

ond number in brackets represent the

number of iterations. (c) The magnet-

ization dependence of Keff and Ku for

samples in (b) annealed at 300 �C.

FIG. 3. (a) The typical XRD 2� spectrum of [Co/Pt]n deposited on Ru and

(b) the plot of Keff against the peak angles of CoPt(111) obtained from the

corresponding XRD 2� spectrums. The dashed lines are guide to the eye.

FIG. 4. The Keff of [Co/Pt]n as a function of different seed layers. The inset

shows the multilayer thickness dependence of roughness, which is the rms

value determined from the AFM measurement.
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Co/Pt multilayers film of the same Co and Pt thickness.

However, we observed that by reducing the number of itera-

tions, slightly higher Keff can be achieved. This could be

attributed to the roughness of the film which increases as the

multilayer thickness increases, as shown in the inset of

Fig. 4. A degradation of the Co/Pt interface can be perceived

for higher roughness which often leads to mitigation of strain

and spin-orbit coupling of Co atoms at the interface with Pt.

IV. CONCLUSION

The importance of various under layers has been illus-

trated here. It is challenging to attain high PMA for Co/Pt

multilayers deposited as the top electrode for MTJ owing to

a lack of proper textured under layer. A thick tPt¼ 1.2 nm is

necessary to establish the highest PMA (Keff¼ 0.14 MJ/m3),

which is limited by the absence of coherent FCC CoPt (111)

phase. With a Ru seed layer, higher Keff¼ 0.45 MJ/m3 can be

achieved for tCo¼ 0.5 nm and tPt¼ 0.2 nm. This is due to a

conformed CoPt (111) structure with lattice mismatch to Co

(111) restricted to about 4%. Moreover, the use of thicker

seed layer with better crystalline structure could lead to

higher Keff. Yet, the roughness of the film could be an impor-

tant factor influencing the PMA of Co/Pt multilayer as its

thickness increases.
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