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ABSTRACT 

 

CoPt films have been grown in the past with a high anisotropy in L11 or L10 phase, and a high 

coercivity is observed only in L10 CoPt films. Recently, we have grown CoPt films which 

exhibited a high coercivity without exhibiting an ordered phase. In this study, high resolution 

transmission electron microscopy (HRTEM) investigations have been carried out to 

understand the strong thickness and deposition pressure dependent magnetic properties. 

HRTEM studies revealed the formation of an initial growth layer in a metastable hexagonal 

(hcp) CoPt with high anisotropy. This phase is believed to be aided by the heteroepitaxial 

growth on Ru as well as the formation of Ru-doped CoPt phase. As the films grew thicker, 

transformation from hcp phase to an energetically favourable face-centered cubic (fcc) phase 

was observed. Stacking faults were found predominantly at the hcp-fcc transformation region 

of the CoPt film. The higher coercivity of thinner CoPt film is attributed to relatively less fcc 

fraction, less stacking faults, and to the isolated grain structure of these films compared to the 

thicker films.   
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INTRODUCTION 

 

Hard disk drives have played an important role in advancing the storage capacity and hence 

the revolution of internet. The breakthroughs in the understanding of recording media is one 

of several factors to cause such advances.
1,2

 Current hard disk drives make use of granular 

perpendicular recording media based on CoCrPt alloys.
1-3

 In general, grain segregation can be 

achieved by compositional segregation assisted by high-temperature processes or by low-

temperature, high-pressure processes.
1
 In these media, the grain size and segregation are 

controlled by the high-pressure deposition of Ru intermediate layers, recording layers and 

dopants (typically oxides) which aid in forming segregants.
4,5

 Grain sizes of about 9 nm are 

typically found in the products.
6
 Improvements in the recording performance of media have 

been made from an understanding of interactions between the grains and between the layers 

and their effect on the media trilemma parameters such as signal-to-noise ratio (SNR), 

writability and thermal stability.
1,7-8

 Compared to earlier generations of media, which used 

one or two recording layers, the current generation of recording media have a stack of several 

layers.
9,10

 The recording media grains are sputtered at high pressures along with segregants in 

order to achieve perfect exchange-decoupling between the grains.
11

 The desired exchange 

coupling, which is needed to optimize SNR and writability, is obtained by a suitable choice 

of capping layer.
12

 Thermal stability is achieved by depositing layers with higher Pt 

concentration, which have a higher anisotropy constant, typically at the bottom of the layer 

structure.  

The media trilemma poses a limit in achieving higher densities. In order to achieve desired 

thermal stability at higher areal densities (therefore smaller grains), it is essential to use 

materials with higher anisotropy constants at least at the bottom of the recording layer 

structure. To take advantage of the existing seed layers and heteroepitaxial growth of the 



 

 

recording layers on top, Co alloys with higher Pt content are the preferred candidates for the 

high anisotropy layer.
13

 However, from the phase diagram, the stable hexagonal (hcp) phase 

of CoPt alloy can only be obtained at a low Pt composition (Pt <30 at%). It has been reported 

that Pt concentration in excess of 25-30at% can lead to stacking faults (SF) and hence to a 

drop in the anisotropy constant.
14-17 

Therefore, the composition of Pt in hard disk media is 

usually kept below 20 at%. Most of the published works on high anisotropy equiatomic CoPt 

have been carried out on ordered phases of CoPt, such as L11 or L10 phases.
16

 In past years, 

high coercivity and nucleation field have only been reported on L10, which requires high 

processing temperatures (above 600 °C). In addition to high temperature processes, the 

requirement of heat-assisted magnetic recording and a totally different set of seedlayers from 

the existing Ru ones make L10-CoPt less attractive. Moreover, high anisotropy phase with a 

high coercivity or nucleation field have rarely been reported in equiatomic CoPt in the L11 or 

hcp phase. We have recently reported hcp-CoPt thin films with remarkably high coercivity 

and nucleation field.
18

 In this work, we report detailed microstructural characterizations of 

CoPt thin films and correlate their magnetic properties to their structural properties. 

Transmission electron microscopy (TEM) investigations show that CoPt epilayers with a 

critical thickness (tc) of 2-3 nm on Ru (0001) underlayers have the hcp phase which is 

stabilized by heteroepitaxial growth and the diffusion of Ru. Beyond the critical thickness, 

the structure of CoPt gradually changes from hcp to a more stable face-centered cubic (fcc) 

phase as stacking faults start to appear,
17

 resulting in a reduced coercivity and nucleation 

field. These observations show a way of tailoring the growth of highly anisotropic CoPt thin 

films for magnetic recording, spin-torque transfer magnetic random access memory, and 

other applications.  

EXPERIMENTAL DETAILS 

 



 

 

The samples were deposited in Intevac Lean 200 GenII production-type sputtering tool. The 

base pressure was about 10
-7

 Torr. Glass disk substrates with an outer diameter of 65 mm 

were used in the experiments. A seedlayer of NiW alloy was deposited below Ru for inducing 

a strong (0002)hcp texture in the Ru layer. CoPt films were deposited at substrate temperature 

of ~350°C on Ru underlayers by DC magnetron sputtering. A target with a composition of 

Co45Pt55 was used for the deposition of CoPt thin film. The sputter duration was kept at 8 

seconds for all the samples, while power was varied from 50 to 300 W to achieve thickness 

ranging from 4 to 24 nm. Both low (5 mTorr) and high (96 mTorr) Ar gas pressure conditions 

were employed to study the effect of sputter gas pressure on CoPt microstructure. CoPt 

thickness was varied from 8 to 24 nm to study the effect of thickness on the magnetic 

properties, film microstructure and crystal structures. In the following discussions, LP stands 

for the samples deposited at 5 mTorr (low pressure condition) and HP stands for samples 

deposited at 96 mTorr (high pressure condition). The numbers after LP or HP indicate the 

targeted thickness of CoPt layer in nm. Magnetic properties and crystal structure were 

characterized using magneto-optical Kerr effect (MOKE) and X-ray diffraction (XRD). 

Detailed TEM and energy dispersive x-ray spectroscopy (EDS) characterizations were 

performed using an FEI Tecnai X-TWIN operated at 200 kV. Various data were combined to 

obtain a correlation between microstructure, CoPt thickness, Ar gas pressure and magnetic 

properties of these films. All the TEM images were taken from cross-section of the samples 

with incident beam along the [2 ̅ ̅0]hcp ([011]fcc) direction with respect to the individual CoPt 

grain, which ensures that the SFs or twinned boundaries are clearly visible when present.
19

 

RESULTS AND DISCUSSION 

 

Figures 1(a) shows typical MOKE hysteresis loops of CoPt thin film samples deposited at 96 

mTorr for various values of film thickness. The samples deposited at high pressure showed a 



 

 

remarkably high coercivity and nucleation field as compared to those deposited at low 

pressure (not shown here). In addition, thinner samples showed a higher coercivity and 

nucleation field in comparison with thicker films. It is worthwhile to point out here that the 

nucleation field (7000 Oe) and coercivity (7500 Oe) are much larger than the reported values 

(typically around 1000 Oe) for L11-CoPt films. These results indicate that equiatomic CoPt 

films can be tailored to achieve high nucleation field and coercivity. An anisotropy field Hk 

of about 20 kOe was observed for the 8 nm sample from the magnetometric investigations 

carried out in the easy and hard directions.  

In order to understand such high values of coercivity and nucleation field, and the thickness-

dependent magnetic properties, detailed microstructure and magnetic characterizations were 

carried out. Fig. 1(b) shows the θ-2θ XRD patterns of the CoPt samples with different 

deposition parameters. XRD shows two clear peaks in most of the samples. The peak 

observed at 42.5° corresponds to the (0002) reflection planes of Ru underlayer. The peak at 

around 41° corresponds to the <111> growth direction in disordered fcc structure for near 

equiatomic composition of CoPt. The fcc peak intensity was found to increase with the 

thickness of the CoPt film. Samples deposited at LP and HP showed similar variations in 

XRD peak intensity with thickness. The relatively low fcc peak intensity of Sample HP-8 

compared to Sample LP-8 is likely due to the variation in actual thickness determined by 

deposition pressure (to be discussed with reference to Fig. 6).  

The metastable CoPt hcp phase, which gives rise to the high coercivity and nucleation field in 

MOKE hysteresis loops should show a peak between 41-42°. Although our samples show a 

weak shoulder at around these angles, it is challenging to deconvolute the CoPthcp peak in 

XRD due to overwhelmingly strong signal from Ru underlayer and the close lattice constants 

of these two materials, even by using low angle XRD.
19

 Therefore, it is useful to demonstrate 



 

 

the presence of these fcc and hcp phases by characterization techniques such as high-

resolution TEM (HRTEM). 

Detailed TEM investigations were carried out for a thorough understanding of the 

microstructural properties of CoPt thin films. Traditionally, researchers use the arrangement 

of atomic planes from TEM images to illustrate the stacking sequence. However, this method 

is practically difficult as not all the atoms could be resolved in TEM due to crystal 

imperfections and resolution limit. Here, we propose an alternative approach to differentiate 

fcc and hcp arrangements by tracing the direction of planes using lattice fringes. Figs. 2(a) 

and 2(b) show typical schematic drawings of the diffraction spots of fcc and hcp structures in 

the <011>fcc and <2 ̅ ̅0>hcp projections, respectively. Both of them are aligned with the 

corresponding growth directions found in XRD study (<1 ̅1> and <0002> for fcc and hcp 

structures, respectively). As shown in Fig. 2(a), the angles between the directions of (1 ̅1)fcc, 

(200)fcc and ( ̅ ̅  fcc planes (indicated by curved arrows ) are 54.74° and 70.52°, respectively. 

Similarly, as shown in Fig. 2(b), the angle between (0 ̅11)hcp, (01 ̅1)hcp and (0002)hcp planes 

is 61.38°. By overlapping these two sets of diffraction spots, it is clear that the angle 

variations between CoPt(200)fcc and CoPt(0 ̅11)hcp, and CoPt( ̅ ̅1)fcc and CoPt(01 ̅1)hcp are 

6.64° and 9.14°, respectively. Therefore, by tracing the lattice fringes of these four planes, 

preferably the latter twos in the CoPt lattice-resolved TEM image, it is feasible to identify the 

A1 and hcp phases of CoPt and also the transformation regions that contain stacking faults. 

Figure 3(a) shows the representative cross-sectional HRTEM image of a columnar grain 

structure of CoPt thin film grown at low pressure with targeted CoPt thickness of 16 nm 

(Sample LP-16). Good heteroepitaxial growth from Ru to CoPt is observed. EDS analysis 

was carried out to study the composition within CoPt and at the interface of Ru and CoPt. 

Fig. 3(b) shows the elemental line profile collected by EDS from a region covering both CoPt 



 

 

and Ru layers, as shown by the blue arrow in Fig. 3(a). The EDS profiles confirm the 

interdiffusion between CoPt and Ru underlayer in the sample. The composition of the film 

from EDS differs by about 5% from the composition of the target. The lattice constant of Ru 

at the interface was found to be different from the bulk due to interdiffusion of Ru and CoPt. 

The fast-Fourier transform (FFT) patterns of Ru near the CoPt and at the bottom of Ru layer 

are shown in Figs. 3(c) and 3(d), respectively. It was found that Ru maintained hcp structure 

throughout the growth, even though its lattice spacing of (0 ̅10) plane increased from 0.236 

nm (Region d) to 0.244 nm (Region c). Similarly, the lattice spacing of Ru (0002) increased 

from 0.215 nm (Region d) to 0.226 nm near the CoPt layer, which is likely induced by 

interdiffusion between Ru and CoPt layers. Lattice spacing of Ru measured in Region d is in 

good agreement with the XRD database (PDF card 00-006-0663). Figure 3(a) also indicates 

significant amount of SFs in the (0001) plane of CoPt, as indicated by the white arrow in Fig. 

3(a).  

In order to gain more information on the phase and stacking faults, the CoPt microstructure 

was further studied by HRTEM. Fig. 4(a) shows the HRTEM image of the CoPt layer 

indicated by the dotted box in Fig. 3(a). Figs. 4(b) and 4(c) show the enlarged HRTEM 

images of regions marked as b and c in Fig. 4(a), along with the corresponding FFT patterns 

in Figs. 4(d) and 4(e), respectively. The diffraction patterns from the FFT confirm the 

presence of two CoPt phases with similar compositions, which are disordered A1 (fcc) and 

metastable hcp phases, while enlarged HRTEM images confirm good crystal quality of both 

phases. For CoPt thickness less than 3 nm, the epitaxial relationship follows CoPt 

(0001)hcp<2 ̅ ̅0>hcp/Ru (0001)hcp<2 ̅ ̅0>hcp. As the thickness increases, the structure of CoPt 

gradually transforms into the more stable fcc phase, with an increased occurrence of hcp to 

fcc phase transformations. No tilting in CoPt <0001>hcp and CoPt <11 ̅>fcc was observed, in 

agreement with the low 50 obtained from XRD rocking curve measurements. The 



 

 

calculated lattice constants from averaged d-spacing are c=0.450 nm and a=0.274 nm for 

metastable hcp phase, and a=b=c=0.390 nm for fcc phase. It is worth to note that this 

calculated d-spacing is an average value from all our samples with a tolerance of about 5% in 

TEM. The calculated average d-spacings of CoPt <111>fcc and CoPt <0001>hcp are both 

about 0.225 nm, which explains why we could not distinguish hcp phase of CoPt from that of 

Ru and CoPtfcc phase in the θ-2θ scan (Fig. 1). It could also be due to the possibility that the 

signal from thin CoPthcp is too weak to be detected in XRD.  

We believe that the ~ 2.6 nm thick metastable hcp phase of CoPt with high Pt concentration 

is the source of high anisotropy and it was stabilized by the intermixing and epitaxial growth 

on the Ru layer.
13,20-21

 Similar phenomenon, where a metastable hcp phase was stabilized 

from epitaxial growth, was also observed by Chang et al
20

 on a nanometer-thick hcp phase 

Gd2O3 grown on GaN (0001) substrate. However, we would like to emphasize that we have 

grown such structures on amorphous substrates and with polycrystalline textured seed layers. 

Nozawa et al., have stabilized the hcp phase in CoPt films by substituting Pt with Rh.
13

 In a 

similar way, Ru could also help to stabilize hcp phase in our samples. The fcc phase of CoPt 

above the SF region is a more stable structure with high Pt concentration. Therefore, the top 

most layers are in fcc phase. In between the hcp and fcc phases, a thin transformation region 

(~3 nm) containing mixture of the two phases and stacking faults (SF region) is also 

observed. The fcc and hcp phases could be differentiated by lattice planes of CoPt( ̅  ̅)fcc 

(orange lines) and CoPt(0 ̅ 1)hcp (blue lines) as illustrated in Fig. 2 and Figs. 4(a-c). 

Phase transformation from hcp to fcc can be easily traced by these two sets of planes, as 

shown in Fig. 4(a). Possible phase boundaries of these two phases are indicated by dotted 

lines. Phase transformation from hcp to a more stable fcc phase is energetically more 

preferable, whereas fcc to metastable hcp within SF region could be observed from samples 



 

 

grown at low pressure conditions as well. Twinning is also a Shockley dislocation, and it was 

consistently observed in the CoPt grains when the fcc phase thickness goes beyond a critical 

value of 6-8 nm. Such defects, as revealed in Fig. 4(a), usually occur in materials with low 

stacking fault energy.
22,23

 Furthermore, heavy lattice dislocations of the hcp and fcc phases 

formed along the (0002) planes are observed in CoPt and Ru, as indicated by the red arrows, 

which can be attributed to CoPt and Ru interdiffusion and high mobility growth condition. 

Samples grown at lower mobility conditions (higher deposition pressure), were also studied 

using TEM. Similar phase transformations from metastable hcp to disordered fcc were 

observed. However, the transition regions from hcp to fcc (which contain stacking faults) 

were sharper in lower mobility deposition conditions. Fig. 5(a) shows the HRTEM image of 

the crystalline grain from Sample HP-8, and Fig. 5(b) shows the enlarged HRTEM image of 

the CoPt grain. The measured thickness of CoPt is about 6 nm (by EDS analysis), and the 

measured composition of CoPt is close to the composition of CoPt target.  

Figs. 5(c) and 5(d) are the enlarged HRTEM of CoPtfcc and CoPthcp phases, corresponding to 

regions c and d in Fig. 5 (b).  The corresponding FFTs of these two regions are shown in 

Figs. 5(e) and 5(f). The FFTs confirm the presence of fcc and hcp phases in the CoPt grain. 

As shown in Fig. 5(b), the lattice planes of CoPt(   ̅)fcc (orange lines) and CoPt(01 ̅1)hcp 

(blue lines) are used to illustrate phase transformation from hcp to fcc. The transformations 

found in all samples deposited at low mobility conditions show few fcc to hcp phase 

transformation in HRTEM. Phase boundary between hcp and fcc phases within SF region can 

be clearly identified, as indicated by yellow dotted lines in Fig. 5(b). The thickness of hcp 

and SF regions were found to be slightly thinner than that in samples grown at higher 

mobility conditions (low pressure).  The observation of thinner hcp region under low mobility 

deposition conditions could be due to a thinner intermixed layer of Ru and CoPt, which is 



 

 

believed to stabilize the hcp phase. On a cautious note, it must be mentioned that more 

studies are needed to further confirm this point.  

Further analysis of thicker CoPt films (Samples HP-12 and HP-24) deposited at higher 

pressure shows similar microstructure of CoPt with negligible stacking fault in the grain, and 

no twinned crystal structure, in contrast to samples deposited at a lower pressure condition. 

This might be due to low mobility of growth species with insufficient kinetic energy to 

overcome the energy barrier between these two phases to form stacking faults. Fig. 6 

summarizes the relative thickness of different regions of CoPt layer, namely hcp phase, heavy 

stacking faults and fcc phase region, measured using HRTEM and EDS for all CoPt samples 

prepared at various Ar gas pressures and thickness. It is worth to note that Samples LP-8 and 

HP-12 have very close CoPt thickness measured by EDS, which is consistence with XRD 

measurement (Figure 1). This difference in thickness values is attributed to the possible 

variation in the deposition rates at 5 mTorr and 96 mTorr. Since the films were deposited for 

the same time and same power, the slight reduction in thickness at 96 mTorr could be due to 

the reduced deposition rate at higher pressures. 

Thinner SF region with less stacking fault found in CoPthcp in samples deposited at high 

pressures (low mobility conditions) could be attributed to a higher stacking fault energy 

(SFE) in the CoPt. The effective SFE can be expressed by:
24

 

 

where  is the interfacial energy per unit area of the interface, s is the interplanar spacing 

between the planes parallel to the fault plane,  is the strain energy per unit volume of 

stacking fault. is shape dependent, which is a constant in the case of two parallel partial 
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dislocations. It was studied by Lee et al
25

 that in a (111)fcc/(0001)hcp system, the interfacial 

energy Γn-m, can be calculated by the following equation: 

, 

where A is the surface area of the interfacial structure, is the total energy of interfacial 

structure,  and  are the energies of bulk fcc and hcp, respectively, n and m are the 

number of fcc and hcp layers, respectively, and and  are the surface energies of 

(111)fcc and (0001)hcp, respectively. It was found that when n and m exceed 6 (i.e., the 

thickness of CoPthcp exceed ~1.4 nm) the surface energy converges and can be considered as 

a constant.
26

 Since samples deposited at high pressure (low mobility condition) have a thinner 

CoPthcp (Fig. 6) layer with a small m compared with samples deposited at low pressure, the 

interfacial energy of CoPt (111)fcc/(0001)hcp is larger and this leads to a larger SFE. Phase 

transformation from fcc back to hcp is less likely at such low mobility growth condition.  

Therefore, sharper phase transformation with a thinner SF region and thus less stacking faults 

in CoPthcp could be found in samples grown at low mobility growth condition.  

The phases identified from TEM study (Fig. 6) corroborates well with magnetic properties 

found in the CoPt samples (Fig. 1). In Fig. 6, the thickness of the hcp phase remains almost 

the same for all the samples studied (for a particular sputter gas pressure). This high 

anisotropy phase is the reason behind the high coercivity (7500 Oe) and nucleation field 

observed in thinner samples. As the thickness of the sample increases, the thickness of the fcc 

layer, which is of a lower anisotropy, increases. It must be mentioned that the CoPtfcc phase 

has a lower anisotropy in comparison to that in L10 or CoPthcp phase, but has non-zero 

anisotropy, reported to be an order lower. A perpendicular coercivity of more than 2 kOe has 

been reported in 6 nm thick CoPtfcc films.[27]  Therefore, the increase in CoPt thickness leads 
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to a thicker softer fcc layer along with a fixed thickness of higher anisotropy CoPthcp layer. , 

Such an increase in thickness of lower anisotropy CoPtfcc leads to a reduction in Hc and Hn 

values, as a function of thickness. In addition, deposition pressure and the associated 

segregation mechanism also play a role in the magnetic properties of CoPt.  

Fig. 7 shows the typical low resolution TEM images of two samples prepared at low (Sample 

LP-8) and high pressures (Sample HP-12), respectively. It can be noticed that Sample HP-12 

shows good isolated grain structure in comparison to that deposited at low pressure, indicated 

by the spacing between grains in Fig. 7(b). Similar isolated grain structure could also be 

observed in Figs. 5(a) and 5(b). This segregation at the initial growth layers is another reason 

behind the difference in the Hc and Hn of samples made at two different pressures. For thicker 

samples, the continuous CoPtfcc layers also leads to an increase in exchange coupling, which 

increases the slope of the hysteresis loop in addition to reducing the coercivity.   

CONCLUSIONS 

In this study, microstructural analyses of near-equiatomic CoPt films were carried out to 

understand the correlation between structural properties and their role in the observation of 

excellent magnetic properties. The fabricated CoPt films were found to consist of both hcp 

and fcc phases; where the hcp phase grew hetroepitaxially up to a critical thickness tc of 2-3 

nm and thereafter transformed to fcc phase. HRTEM images revealed several stacking faults 

predominantly on top of the hcp-structured CoPt film. In addition, a thicker stacking fault 

region was observed at high mobility conditions and a thinner hcp and stacking fault regions 

in lower mobility conditions. The results were interpreted based on the changes in stacking 

fault energy associated with these conditions. The higher coercivity and nucleation field of 

thinner CoPt film is likely due to relatively larger hcp fraction in the material and to the 

isolated grain structure.  
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FIGURES 

 

FIG. 1. (Color online) (a) MOKE hysteresis loops of CoPt thin films of different thickness 

deposited at 96 mTorr. (b) XRD patterns of CoPt samples deposited at various pressures and 

with various thickness. The number after LP or HP indicates the targeted thickness of CoPt 

layer in nm.   

 

 

 

 

 



 

 

 

FIG. 2. (Color online) Schematic drawings of typical (a) fcc and (b) hcp diffraction pattern 

with zone axis of [001] and <2 ̅ ̅0>, respectively. 

 

 

 

 

 

 



 

 

 

FIG. 3. (Color online) (a) HRTEM image of the epitaxially grown CoPt/Ru/NiW layers of 

Sample LP-16. (b) The EDS line profile of sample corresponding to (a). (c) and (d) 

Corresponding FFTs of Regions c and d in (a).  

 

 

 

 



 

 

 

FIG. 4. (Color online) (a) HRTEM image of the CoPt from Sample LP-16 where the layer 

can be divided into CoPtfcc, SF and CoPthcp regions. (b, c) The corresponding enlarged 

HRTEM images of Regions b and c. (d, e) Corresponding FFTs of Regions b and c. 

 

 

 

 

 

 

 



 

 

 

FIG. 5. (Color online) (a) HRTEM image of the epitaxial grown CoPt/Ru/NiW layers of 

Sample HP-8. (b) Enlarged HRTEM image of the CoPt where the layer can be divided into 

CoPtfcc, SF and CoPthcp regions. (c, d) Corresponding enlarged HRTEM images of Regions c 

and d, and (e, f) corresponding FFTs of Regions c and d in (a). 

 

 

 

 

 

 



 

 

 

FIG. 6. (Color online) Summary of fcc, SF and hcp thickness measured in HRTEM for 

samples deposited at low pressure (LP) and high pressure (HP). The value after LP/HP is the 

targeted CoPt thickness. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

FIG. 7. Low magnification TEM images of samples deposited at (a) low and (b) high Ar 

pressures, respectively.  

 

 

 


