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Abstract 

Multilayers of [Co3A, Pt15A]x, x = 15 or 30 repeats, with or without a 200A silver 

buffer layer, were grown on GaAs (TII) substrates by molecular beam epitaxy (MBE). 

Vibrating sample magnetometry (VSM) measurements confirmed that the samples with the 

Ag buffer layer show strong uniaxial magnetic anisotropy perpendicular to the surface. 

The perpendicular anisotropy exhibited by these metallic superlattices is discussed in terms 

of the microstructure of the overall multilayer stack, as well as the structural characteristics 

of the Co interface layer. 

Samples grown on the Ag buffer layer show strong (111) texture with 30-40nm 

size twin related grains. These grains, correspond to the two possible ( 111) stacking 

sequence for an fcc lattice, i.e. double positioning. However, direct growth on GaAs 

(HI) results in randomly oriented 10-20 nm grains. 

All samples exhibit a repeat period of 1.83 nm in both low angle reflectivity and 

high angle 8-28 x-ray scattering measurements. In addition, transverse scans through the 

low angle multilayer Bragg peaks show the interfaces to be diffuse in nature indicative of 

considerable in-plane inhomogeneity and/or compound formation. High resolution electron 

microscopy measurements of cross-sections compared with image simulations confirm that 

the interface layer is diffuse and its stoichiometry is such that the Co occupation is less than 

40%. Redistribution of Co should then extend over at lea5t four mono layers. 

The nanostructure comprises of an eight atomic layer repeat with the Co interface 

layer diffuse over a few mono layers. The microstructure is strongly ( 111) textured with 

columns of twin related 30 nm sized grains separated by a 1 nm wide second phase. It is 

suggested that the combination of interdiffusion, highly oriented but twin related columnar 

growth, small grain size with a' nanometer-scale second phase may be the key to the 

understanding of the perpendicular anisotropy observed in these ( 111) superlattices. 
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INTRODUCTION 

There is significant interest in ultrathin metallic multilayers because of their novel 

magnetic properties and potential device applications. These ·properties include 

perpendicular magnetic anisotropy[1,2], giant magnetoresistance [3], antiferromagnetic 

coupling [4] and long range oscillatory coupling [5]. 

Various thin film growth techniques such as molecular beam epitaxy (MBE), 

sputtering, and evaporation have been used to produce these multilayer stacks. In 

particular, MBE growth [6] of these structures has the advantage of growing well oriented 

layers with high degree of crystallinity. This permits a critical evaluation of the dependence 

of the magnetic properties of the film on orientation, crystallography and microstructure. 

Semiconductor substrates are highly perfect in structure and with appropriate seeding one 

can control both the epitaxy and growth orientation in MBE deposition. Growth of 

magnetic thin films on semiconductor substrates is also of interest for potential device 

integration[?]. 

Perpendicular magnetic anisotropy has been observed in multilayers of Co or Fe 

sandwiched between non-magnetic metallic layers grown by MBE [2]. Apart from this 

unique but poorly understood magnetic behaviour, this property makes the Co/Pt 

multilayers attractive as a potential media for magneto-optical information storage. The 

anisotropy has generally been attributed to the broken-symmetry [8] at the interfaces 

between magnetic and non-magnetic metals as well as formation of a relevant alloy at the 

interfaces [9]. Structural defects such as planar defects [ 1 0] along the growth direction 

have also been discussed as sources for the strong anisotropy. However, in recent studies 

of MBE grown Co/Pt multilayers [ 11], magnetic properties are shown to be dependent on 
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the growth direction. Superlattices grown along the (Ill) axis exhibit perpendicular 

anisotropy with well defined square loops, while superlattices grown along the <100> axis 

exhibit in-plane anisotropy excep.t for a Co thickness of 1 monolayer where a waek 

perpendicular anisotropy is detected [12]. The (110) oriented superlattices show. 

intermediate behaviors. This suggests that perpendicular anisotropy in the multilayers 

cannot be explained by simple arguments of surface anisotropy and broken-symmetry at the 

interfaces, and a more detailed investigation of the crystallography and microstructure of 

the multilayers is required .. 

In order to understand the origin of the perpendicular magnetic anisotropy, we have 

been investigating the relationship between the microstructure and magnetic properties of 

these multilayers. In this paper, we present three different structures of Co/Pt multilayers: 

[Co3A• Pt15Alx· x = 15 or 30 repeats, grown on GaAs (iii) by MBE with a 200A thick 

Ag buffer layer. The latter sample (x· = 30 repeats) was also grown without the Ag buffer 

layer. Magnetic anisotropy of these structures were examined using a VSM. These 

magnetic properties are discussed in terms of the microstructure of the multilayers as well 

as the structural characteristics of the interfaces. Twin formation in the multilayers and the 

epitaxial relationship between the various components of the multilayer stack were studied 

by transmission electron microscopy using both plan and cross-section view samples. In 

addition, these structural measurements were correlated with high angle x-ray scattering 

experiments. Structural characteristics at the interfaces, i.e. periodicity of the multilayers, 

and homogeneity of the interfaces, were investigated by low angle X-ray reflectivity and 

related transverse rocking scan experiments [ 13 ]. 
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EXPERIMENTAL 

1. Film growth 

Thirty periods of - 3A Co/ - 15 A Pt layers, without or with a 200 A thick Ag 

buffer layer, and fifteen periods of- 3 A Co/- 15 A Pt layers, with the Ag buffer layer 

were grown on GaAs substrates by a VG 80-M MBE system. Figure 1 shows a schematic -

representation of these three different structures and are refered to as samples A, B, and C 

in this paper. 

GaAs substrates were cut such that the surface normal was less than 0.5° from the 

exact [111] axis. Prior to loading the substrates into the system they were chemically 

etched as described earlier [11]. The substrates were heated to- 6()()0C in a background 

pressure of< 10-10 mbar to remove surface impurities and to generate a 1 x 1 RHEED 

pattern. Ag layers were grown at a rate of 0.35 A/sec from a Knudsen cell held at -

1050°C. The Co and Pt layers were grown from e-gun sources at rates of 0.15 and 0.25 

A/sec, respectively. The background pressure before and during the film growth was 

approximately 2x lQ-11 mbar. 

2. Vibrating Sample Magnetometer 

A commercial VSM was used to measure the magnetic properties (B-H loops) of 

the multilayers. All measurements were carried out at room temperature. The applied . 

magnetic field strength range from -10 kOe to + 10 kOe. The sensitivity of the induced 

magnetization was IQ-3 emu. The sample size was- 5 x 5 mrn2. 

3. X-ray Scattering 

X-ray scattering measurements were performed on a double-crystal diffractometer 

utilizing a 12 kW rotating anode x-ray generator with a copper target. Cu Ka 1 x-rays 
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(A=1.541 A) were selected and collimated by reflection from aGe (111) monochromator· 

crystal followed by a slit to eliminate the Cu Ka2 component. Each sample was oriented 

with its surface normal in the scattering plane and the scattered x-rays were detected by a 

scintillation counter after passing through a 0.5 mm slit. The scattering plane resolution of 

the instrument is determined by the incident beam profile and the detector slit width giving 

an angular resolution of FWHM -Q.015°. 

Measurements of low-angle reflectivity and high angle diffraction were carried out 

in the form of 9-29 scans. A 9-29 scan measures the scattered intensity as a function of 

wave-vector transfer along the sample surface normal in reciprocal space. Rocking scans 

through the reflectivity rod, i.e., perpendicular to the surface normal, were also performed 

to probe the in-plane structural perfection. 

4. Transmission Electron Microscopy 

High-resolution transmission electron micrographs were recorded using the Atomic 

Resolution Microscope (ARM) operating at 800 kV at the National Center for Electron 

Microscopy. Spherical aberration (Cs) and point to point resolution of the microscope 

were 2.3 mm and 1.7 A, respectively. Conventional TEM study of the multilayers was 

performed using a JEOL 200 CX microscope operating a~200 kV. 

Cross-section and plan view specimens for TEM were prepared by standard 

mechanical dimpling followed by ion beam milling[ 14]. 
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RESULTS 

1. Magnetic Property Measurements 

Magnetic properties (B-H loop) measured from the three samples are shown in 

figure 2. The hysteresis loop from samples A, B, and C exhibit a squareness ratio (Br/Bm: 

Bm is maximum magnetic induction, Br: remanence) of 0.35, 0.97, and 0.66, respectively.­

Coercivity of samples A, B, and C are 1.1x 103 Oe, 3.7x 103 Oe, and 3.7x 103 Oe, 

respectively. 

2. X -ray Scattering Experiments 

Low angle reflectivity measurements in the form of 9-29 scans are shown for all 

three samples in figure 3. No background subtraction of the data has been attempted. The 

first and second order satellites are clearly resolved and enable a repeat period in the 

multilayer structures to be calculated. This calculation corrects for the effects of refraction. 

The calculated d-spacing of the multilayer is 18.4 A. 

Rocking scans, representative of all three samples, are shown for sample B in 

figure 4. The figure shows transverse rocking scans at two values of scattering angle 29, 

(a) at 2.00 (b) at the position of the first order multilayer satellite, 4.9°. In (a) although 

there is considerable scattering away from the specular peak it is still possible to observe a 

resolution-limited specular peak characteristic of long range order in the sample surface 

plane. In (b) the scattering is entirely diffuse with no observable specular peak. 

High angle scattering curves for sample A (figure 5) and for samples B and C are 

shown in figure 6. These figures show that there is considerable difference between 

sample A, the sample with no silver buffer layer, and the other two samples (B and C). 

The most intense peak at 29=40.60 is the zero order peak of the superlattice. This is 
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accompanied by satellite reflections, labelled in figure 6, at 29=30.5°, 35.5° and 45.60. 

The spacing of these satellites can be related to the repeat period of the crystalline Pt in the 

structure; i.e., 6Q = 27t/d, the scattering vector Q = (47t/d)sin 9, which gives a spacing 

d=18.3 A. This is in agreement with the low angle reflectivity data. The peak at 29=38.20 

is due to the Ag (111) buffer layer. The peak at 29=44.90 is due to x-rays scattered from 

the sample holder. No clear evidence of any scattering due to crystalline Co is observed, 

although there does appear to be a weak feature at 29=440 in the data of sample B. 

The data of figure 5 for sample A shows none of the observed features for the other 

two samples. There is a peak at 29=40.60 corresponding to aPt (111) reflection but a 

rocking scan at this angle shows no peak at 9=1/2(29) indicating that the platinum has a 

polycrystalline structure. 

Table I shows a summary of peak positions and widths (as measured by rocking 

the crystal at the 29 value, i.e. a 9 scan) for the high angle diffraction data from all three 

samples. This is most instructive for samples B and C. The rocking curve widths are 

inversely related to crystalline quality. Samples B and C appear to have better crystalline 

quality than sample A. In general it is possible to simulate the observed scattering using a 

kinematical theory of x-ray diffraction [15, 16]. However, to correctly obtain the observed 

intensities and widths a model of the structure including compositional mixing at the 

interfaces would be required and such analysis is not attempted here. 

3. Transmission Electron Microscopy 

Bright field images obtained from plan-view specimens of samples A and C are 

shown in figure 7a and figure 7c, respectively. These images were recorded from areas of 

the deposited films with electron beams nearly parallel to the (111) axis of the GaAs 

substrate. Deposited multilayers of samples A and C appear to be polycrystalline 

consisting of grains 10-20 nm, and 30-40 nm in diameter, respectively. The grain 
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boundaries are - 1 nm wide in both samples. The corresponding selected area diffraction 

patterns in figure 7b suggest that the films in sample A are composed of randomly oriented 

Pt grains. On the other hand, six-fold symmetry is observed in the SAD for sample C, 

figure 7d; this is unexpected from the bright field image seen in figure 7c. All spots in 

figure 7d show an angular spread less than 20. 

J 

Figure 8 shows one of the high-resolution images from the plan-view specimens of 

sample C. This image was obtained with electron beams parallel to the ( 111) orientation. 

Lattice images corresponding to (111) planes in both grains M and N exhibit 3-fold 

symmetry, but a misorientation of- 20 about (111) axis is seen between the two grains. 

No crystalline phase is seen at the boundary between the two grains. 

High resolution images obtained from cross section specimens of samples A and C 

are shown in figure 9a and 9b, respectively. These micrographs were recorded with 

electron beams parallel to [110] axis of GaAs substrate. Micrograph in figure 9a shows 

polycrystalline structure of the films deposited on GaAs substrate. On the otherhand, good 

epitaxial relationship between GaAs substrate and Ag buffer layer is observed; the { 111} 

planes of the Ag layer are parallel to the { 111} planes of the GaAs substrates. 

Twin related grains, 30-40 nm in diameter, are present in all the components of the 

multilayer stack. These twiris are generated either by the propagation of the twin 

boundaries in the Ag layer into the multilayers or by nucleation of twin-related Pt grains on 

the Ag buffer surface [ 17]. Rotational Moire fringes with three times the (111 )Pt spacing 

along the growth direction, due to superposition of these twin related grains are observed in 

both the Ag buffer layer and the Co/Pt multilayer stack. Details of the contrast mechanism 

giving rise to such fringes are discussed elsewhere [ 17]. 

Arrows D and E indicate edge dislocation cores near the interface between the 

buffer layer and the Co/Pt multilayers. The Co/Pt multilayers are also observed to be in 
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good epitaxial relationship with the buffer layer. Individual components of the multilayer 

stack in the image, such as the Ag layer, Co/Pt superlattices and the GaAs substrate, was 

confmned by matching the spatial frequencies obtained in optical diffractograms with 

known lattice spacings . { 111} lattice planes of grains M and N indicate that one grain is 

related to the other by a rotation of 70.5° about the [ 110] axis. 

4. X-ray Emission Spectroscopy 

A representative XES from a plan view sample after the removal of the GaAs 

substrate is shown in figure 10. This was obtained from the area where the bright field 

image shown in figure 7 was recorded. Pt and Co are the main species and small amount 

of Ga, As and Ag, probably due to redeposition in the ion-milling process, are detected. 

DISCUSSION 

1. Nature of the Co interface layer 

The structure of the Co layer and the nature of the Co/Pt interface is critical in 

interpreting the origin of perpendicular anisotropy in these films. For the three samples 

discussed in this paper, because the dimension of the Co component of the multilayer stack 

is of the order of a monolayer, the definition of the layer and its interface with the adjascent 

Pt layer is blurred. However, earlier studies [20] with <100> and <111> oriented 

multilayers, suggest that there is a sizable interdiffusion at the Co/Pt interface. This was 

interpreted to imply the presence of either an ordered CoPt3 alloy phase [9] or substantial 

in-plane disorder such as interfacial roughness. 
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The position of the satellite reflections in the high angle diffraction data (Figures 5 

& 6) correspond to a Pt crystalline phase in the samples with a repeat period d= 1.83 nm. 

This is also in agreement with the calculated period from the positions of the satellites in the 

low angle reflectivity data, i.e. d=1.84 nm. However, transverse rocking scans through 

the low angle multilayer Bragg peaks from all three samples (Figure 4) show them to be 

diffuse in nature. Quantitative analysis of the-measurements is difficult as the in-plane_ 

structure necessiates a three dimensional structural model of the Co layer in order to 

simulate the scattering. Such interpretation would be ambiguous without independent 

structural information. However, from these results initial conclusions are that the samples 

contain considerable in-plane inhomogeneity consistent with interfacial mixing and 

compound formation at the interface. 

To further elucidate the· structure of the Co interface layer, high resolution 

transmission electron micrographs of cross-section samples over a wide range of sample 

~hickness and objective lens defocus values were obtained (Figure 11). Structural 

interpretation from such images requires careful matching of simulated and experimental 

images, preferably over a range of defocus and thickness values [21]. 

Image simulations using the NCEMSS [22] package for a number of different · 

structural models of the Co interface layer were carried out. The probability of Co in the 

interface layer was varied in steps of 10% from 100% to 20% and this change in 

composition was accomplished by balancing the probability of Co occupation in the 

adjacent Pt layers. These models of the graded interface(s) are summarized in figure 12. 

Note that in the later structural model actual sites for the Co atoms are not defined but 

appropriate probabilities, in keeping with the atomic ratios, are assigned for the different 

layers. Results of the simulations for a uniform monolayer of Co, sandwiched between 

seven layers of Pt, are shown in figure 13a. In almost all the imaging conditions, for two 
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representative sample thicknesses, these simulation predict that the columns of atoms in the 

Co interface layer can be clearly resolved. However, if the interface composition is graded 

and the probability of Co occupation in the interface layer is less than 40%~ it is clear from 

the simulations (figure 13b) that, inspite of the large difference in scattering factors for Co 

and Pt, high resolution electron micrographs will not resolve the interface layer. 

Neither the contrast in high resolution micrographs obtained so far, nor the spatial 

frequncies in the optical diffractograms from the multilayer regions in the negatives, 

indicate such 1.83 nm periodicity. Based on our extensive simulation of images for a 

variety of structural models [19], we can conclude that the Co atoms are not present as a 

monolayer but are mixed with Pt such that its occupation in any given site is less than 40%. 

ln principle, these results are in agreement with the x-ray rocking scans, 

particularly the diffuse low angle reflectivity measurements. Further, in-situ x-ray 

photoelectron diffraction studies of the Co-Pt interfaces during their formation suggest that 

they are not atomically abrupt but are diffused over four monolayers [20]. This 

interpretation is also consistent with prelimnary high resolution z-contrast images [23] of 

. these multilayers that indicate a distribution of 6-8A for the Co layers in these samples. 

The structure of the Co interface layer is critical in understanding the origin of 

perpendicular anisotropy in these films. From the X-ray and HREM measurements the 

following conclusions can be drawn: (a) The Co interface layer is diffuse- evidence for 

atomic mixing and compound formation is present in both measurements; (b) the exact 

stoichiometry or the structure of the inerface layer is still unclear, given the wide range of 

miscibility for Co in Pt [ 18]. 
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2. Microstructure of the Co/Pt multilayers 

For the samples produced with a Ag layer as a buffer, the bright field image ( figure 

7c) indicate that the multilayers are polycrystalline with an average grain size of 30-40 nm. 

However, the corresponding selected area diffraction pattern (figure 7d) is that of a typical 

single crystal. This contradiction can be resolved by the following arguments. A rotation 

of 60° about the [111] axis results in two different stacking sequences for a face centered 

cubic lattice. These can be represented symbolically as ABCABC ... , and BACBAC .... 

These sequences are twin related and give rise to identical selected area diffraction patterns 

for the incident electron beam parallel to the [111] axis. However, small angular deviation 

(< 2°) from the exact twin-related orientations, along with the presence of an non­

crystalline intergranular phase (- 1 nm wide) distinguish one grain from the other clearly in 

the bright field images (figure 7c). 

The presence of these twin grains are also well identified in the corresponding high 

resolution images. In general, the twin boundaries propagate across the length of the 

multilayer stacks, forming 30-40 nm size grains. The angular deviation along the [111] axis 

is considered to be< 20 from the parallel alignment of the { 111} planes of the multilayers 

with the {Ill} planes of the GaAs substrates (Figure 9).. Consequently, the multilayers 

grown with the Ag layer as a buffer consist of twin-related grains, which are well textured 

perpendicular to the substrate. In contrast, the high resolution images and selected area 

diffraction patterns obtained from cross-section and plan-view specimens of the multilayers 

grown without the Ag buffer layer confirms that these structures are polycrystalline and 

consist of 10-20 nm randomly oriented grains. 

Peak widths, in the high angle x-ray rocking curve measurements, are inversely 

related to the crystalline quality. Narrow line widths for samples B and C indicate that 

multilayers of these samples have better crystalline quality than sample A. For samples B 

13 



and C, low angle misorientation(- 3-40) about the [111] axis, in addition to the strain field 

caused by lattice ~smatch between the multilayers and the substrate (or the Ag layer), may 

cause rocking scan curve widths (2-30) to be larger than that (0.2°) of GaAs substrates. 

It can be concluded that the deposition of a Ag buffer layer enhances the crystalline 

quality of the multilayers and also lead to better epitaxy between the multilayers and the 

substrates. In other words, the Ag buffer layer preven~s the Co/Pt multilayer from growing 

in random orientations and promotes the deposition of the multilayers in a particular growth 

orientation, albeit twin related. 

3. Magnetic anisotropy- structure relation 

It is instructive to note that all the multilayer stacks (samples A, B, and C) have the 

same characteristics at the Co interface layer. Atomic mixing and/or compound formation 

at the interface is clearly evident. However, the presence of an ordered Ll2 phase of 

CoPt3, suggested earlier [9], ~s far from confirmed. Both experimental measurements [24] 

and calculations [18] suggest that the Curie temperature (Tc) for this alloy phase depends 

on the degree of chemical ordering in the alloy and can vary from 420K to 550K (at the 

exact 25~75% composition). T c measurements of these multilayer stacks as a function of 

temperature should provide conclusive evidence about the existence of the ordered alloy 

phase. Deposition of the multilayers on substrates other than GaAs, such as sapphire, is 

required for such measurements. This work is in progress and will be discussed 

elsewhere. 

The twin related grain growth results in a columnar texture in the Co/Pt multilayers. 

In addition, these 30-40 nm size grains are separated by a 1 nm wide non-crystalline 

intergranular phase. In principle, this type of morphology could lead to a magnetically 

connected microstructure - the diffuse Co interface layers in the multilayer stack being 

coupled through the depth of the film by this second phase. The crystallography, 
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chemistry and magnetic properties (anisotropy constants etc) of this phase needs to be 

investigated in detail to create a more exact model. This kind of microstructural 

interpretation could also account for the difference in perpendicular anisotropy observed in 

films grown along various crystallographic orientations. 
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FIGURE CAPTIONS 

Figure 1. Schematic representation of the multilayer structures; (a) sample A; (b) sample B; 

(c) sample C. Each mulilayer is terminated with Pt layer, and a 75 A thick amorphous 

Si3N4 layer is capped on the multilayers to prevent the films from oxidation. 

Figure 2. Magnetic properties (B-H loops) of the multilayers: (a) sample A; (b) sample B; 

(c) sample C. 

Figure 3. Low angle reflectivity data for the multilayers for a range of incident angle 

8=0.8°-5.20. The data are displaced for clarity. Two satellite reflections are seen at 28= 

2° and 4.9o for samples A, B, and C. There is no data in the range 28 = 30 - 4.5o . The 

two sets of data are connected by a straight line. 

Figure 4. Transverse scans across the reflectivity rod (8 scans): (a) at 28=2.0°; (b) 

28=4.9°. In (a) the spectrum shows a sharp specular peak at 8=1.00. In (b) no sharp 

specular peak is observed, i.e., the scattering is entirely diffuse in nature. 

Figure 5. High angle diffraction data (of sample A). The peak positions and widths, 

obtained from rocking scans, are shown in Table 1. 

Figure 6. High angle diffraction data (of samples B and C). The data are displaced for 

clarity. 

Figure 7. Bright field images and corresponding selected area diffraction patterns: (a) & 

(b) sample A; (c) & (d) sample C. 

Figure 8. High resolution image from plan-view specimen of sample C. Three-fold 

symmetry in the individual grains, a non-crystalline second phase and a small 

misorientation between the grains can be seen. 
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Figure 9. High resolution images from cross-section view specimen of (a) sample A; (b) 

sample C. In (a) randomly oriented grains are observed in the multilayers. In (b) well 

textured twin-related grains with the [111] axis parallel to the substrate surface normal are 

seen in the multilayers. 

Figure 10. X-ray emission spectrum form sample C 

Figure 11. A representative area of the high resolution image without any overlapping 

grains. 

Figure 12. Structural models of the interface layer used in image simulation. The 

probability of Co occupation in the interface layer was varied. In each case, the excess Co 

was redistributed in the adjascent Pt layers to give rise to a smoothly graded interface. 

Figure 13. Results of the image simulation for a range of defocus (in lOOA steps) and two 

sample thicknesses. (a) Sharp interface monolayer with 100% Co occupancy and (b) 

graded interface with 40% Co at the interface layer - Note that the Co· layer is barely 

resolved. 
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Table I. Peak positions and widths in thl· high angle diffraction data. 

29(degrees) l\B(FWHM) 

Sample. A 38.6 No preferred orientation 

40.6 Pt (111) No preferred orientation 

42.1 Weak ordering 

47.3 Pt(002) No preferred orientation 

Sample B 30.5 Pt (n=-2) 2.5° 

35.5 Pt (n=- I) 3.0° 

38.2 Ag 1.20 

40.6 Pt (n=O) 3.0° 

45.6 Pt (n= I) 4.5° 

Sample C 30.5 Not measured 

35.5 2.3° 

38.2 1.30 

40.54 2.5° 

45.7 4.0° 

GaAs substrate ( 1 1 1) 27.3 

XBL 924-573 
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Models for Image simulation 
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