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Abstract 

The magnetic properties of thin films produced by vacuum 

evaporation depend on the deposition conditions, such ~s incident 

angIe (a) and substrate temperature. These effects have been 

investigated in CoNi oblique incidence thin films by transmission 

electron microscopy. Both incident angle and substrate temperature 

are observed to have significant effects on the magnetization easy 

direction in the films. Low angle films(as60°) are magnetically 

continuous with in-plane easy axes and reverse their magnetization by 

domain wall motion. On the contrary, high angle films are magnetically 

isolated with an out-of-plane easy axis and reverse their 

magnetization by an incoherent rotation process. 

Microstructural results show that a c-axis texture increases with 

increasing incident angle. In high angle films, the columns are single 

crystals and have a high defect density. The c axis of the columns does 

not coincide with the column axis. Thus, it is concluded that the origin 
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of the magnetic anisotropy in low angle films is mainly due to shape 

anisotropy. On the other hand, in high angle films, crystalline 

anisotropy and stress anisotropy should be taken into account in 

addition to the shape anisotropy. 
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INTRODUCTION 

For high density recording tape applications, the oblique-incidence 

deposition technique, which induces magnetic anisotropy by controlling 

the angle of incidence of the vapor flux with respect to the substrate 

normal, has being extensively studied1 ,2,3. In such a process, the 

magnetic properties of deposited thin films are very sensitive to the 

deposition conditions, e.g., by modifying the angle of incidence and 

substrate temperature, a film of a given composition can be made to be 

isotropic or anisotropic, of low or high coercivity, of parallel or 

transverse in-plane easy axis. 

The angle of incidence has been reported to have the following . 

effects: 1. direction of easy axis, which was found3· 4 ·5 to switch from 

perpendicular (to the in-plane projected incident direction) in low 

· angle films to parallel in high angle films at a critical angle of 60°, 2. 

columnar diameter, which was reported by Speliotis et. al.6 to increase 

from 20-30A at normal incident to ao-1 ooA at 65° and about 1 oooA at 

75° and by Ozawa et. al.7 to increase with the film thickness, and 3. 

coercivity, which was observed to increase drastically from around 

100 Oe in low angle films to >1 000 Oe in high angle filmss,s,s. In 

addition, the substrate temperature has been reported by Kondorsky and 

Denisov 1 O to have significant effects on the direction of the in-plane 

easy axis in the thin films. 

It is known that thin film properties are related to morphology, 

microstructure, domain structure, and magnetization reversal 

mechanism. However, with regard to oblique-incidence films, these 

relationships are not yet precisely known. Therefore, the present study 

was undertaken to investigate in obliquely deposited CoNi films, the 
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effects of incident angle and substrate temperature on the coercivity, 

squareness ratio, magnetic domain structure and microstructure. The 

latter were characterized by transmission electron microscopy, 

including Lorentz imaging and convergent beam diffraction. 

Magnetization reversal mechanisms in the oblique incidence films were 

also studied by rotational hysteresis analysis. 

EXPERIMENT 

Thin films investigated in this study were deposited by 

electron-beam evaporation from an alloy slug with a Co-20ato/oNi 

nominal composition onto plastic films (Kapton) and carbon coated 

mica at various oblique incidence angles (ex), where ex is the angle 

between the incident vapor direction and the substrate normal. The 
~ 

angles ranged from 40° to 85°. The incident plane, which will be 

frequently referred to in the text, is defined also by the incident vapor 

direction and the substrate normal. These parameters are illustrated 

in Fig. 1. 

The deposition conditions include: a deposition rate of 10-15 Als, 

a base pressure during deposition on the order of 1 .... 2 x1 o-5 Torr, and a 

source to substrate distance of SOcm. The substrate temperatures (Ts) 

used were room temperature .(AT) and 250°C. Throughout this paper, 

thin films will be specified by the two parameters studied: substrate 

temperature and incident angle, e.g., 40°, 250°C film, or 85°, AT film. 

Static magnetic properties were measured using a vibrating sample 

magnetometer(VSM) with an applied field of 10 KOe. Rotational 

hysteresis was measured as a function of the applied magnetic field in 
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the film plane using a torque magnetometer. 

Transmission electron microscopy, including Lorentz microscopy 

and convergent beam diffraction, was performed using a 1 OOKV Philips 

400 microscope. Films were prepared by two methods for transmission 

electron microscopy, namely, ion-milling for plan-view specimens and 

ultramicrotomy for cross-section specimens. 

EXPERIMENTAL RESULTS 

In Fig. 2, the squareness ratios(S, measured both parallel and 

perpendicular to the incident plane) of the Co-20Ni thin films of 

constant thickness(-1500A) are plotted against the angle of incidence. 

In 250°C films, S has higher values (around 0.9) along the perpendicular 

and parallel directions in 40°, and in 75° and higher angles,, 

respectively, with a cross-over at 60°. In RT films, S has a higher 

value (also around 0.9) along the parallel direction in all films. Fig. 3 

shows the coercivity (also measured both parallel and perpendicular to 

the incident plane) of these oblique incidence films as a function of 

incident angle. It is clearly seen that high angle(cx > 60°) and low 

Ts(RT) films have much higher coercivity values than those of low 

angle(cx ~ 60°) and high Ts(250°C) films. 

In order to understand the origin of these magnetic properties, the 

structure of the films was characterized using various methods of 

electron microscopy and diffraction. The results of Lorentz microscopy 

on the oblique incidence films are shown in Fig. 4. Lorentz microscopy 

reveals magnetic domain structures in two ways: Fresnel imaging(Figs. 

4a and c), which uses an under-focusing method to image domain walls 
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as dark or white lines, and Foucault imaging (Figs. 4b and d), which 

utilizes a displaced-aperture method to obtain diffraction contrast in 

the domains which then appear as dark or white regions. As shown in 

Fig. 4a, the 4a 0
, 25aoc film has very large magnetic domains with their 

easy directions lying perpendicular to the incident plane. The sizes of 

the domains are of the order of several tens of microns and the reverse 

domains seen in Fig. 4a are edge domains formed in an, effort to reduce 

the magnetostatic energy of the film. In Fig. 4b, the sao, 25aoc film 

consists of two sets of elongated domains crossing each other. The 

averaged long axis directions of the domains, which are also the easy 

directions, are approximately parallel and perpendicular,· respectively, 

to the projected incident vapor direction (Fig.1 ). In figure 4c, which 

shows elongated domains in both. 4a 0
, RT, and sao, RT films, the 

averaged long axis direction is observed to lie along the projected 

incident direction. These results indicate that in low angle 

films(c:x~Sa 0), the easy axes of the oblique incidence films change from 

perpendicular (to the incidence plane) at 4ao, 25a°C, to 

biaxial(in-plane) at S0°, 250°C, and to parallel at 4ao and S0°, RT. 

These domain structures and images of cross-tie walls(arrowed, Fig. 

4c) reveal that the corresponding films are magnetically continuous, 

i.e., exchange interaction occurs between the grains. 

In contrast to low angle films, no domain structure has ever been 

observed in high angle films(75°and 85°, both RT and 25a°C), as shown 

in Fig. 4d (the observed contrast is non-magnetic, amplitude contrast 

due to the columnar grain and high porosity of the films). However, as 

shown in Fig. Sa, stray fields(arrowed) can be seen around the high 
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angle films viewed in plan. These stray fields, which when imaged in 

the Foucault mode, show dark and white contrast due to the reversed 

directions of flux lines near the film edges, as is also shown in Fig. Sb. 

Fig. Sb is an 85°, AT sample thinned from the substrate side and 

appears as chains of clusters due to the particle-like structure of the 

film. Although these stray field images may not represent the actual 

sizes of the smallest magnetic clusters due to magnetostatic 

interaction in as-deposited films, they nevertheless indicate the 

dimensions of the order of tenths of a micron. 

The microstructure of a 40°, 250°C film is shown in Fig. 6. The 

film is observed to have a chain-like morphology(Fig. 6b) with averaged 

direction perpendicular to the incident plane and to have a hexagonal 

clos·e packed (hcp) structure with no preferred crystallographic 

directions(Fig. · 6a). The electron diffraction pattern and several other 

diffraction rings that appear in other films( e.g., Fig. 1 0) are illustrated 

and indexed in Fig. 7. These data suggest that the magnetic 

anisotropy(Fig. 6c) in the film is mainly due to the shape anisotropy of 

the chain-like morphology. 

However, in contrast to the 40°, 250°C film, the morphologies of 

the rest of the films (including 60° and higher angle, 250°C films and 

all AT films) show a canted columnar structure with columns growing 

toward the incident direction(Fig. 8). In a 60°, 250°C film, the 

columnar structure viewed in plan is shown in Fig. 9a; in addition, a 

weak c-axis texture, as manifested by the slight arcing in the 0002 

ring in Fig. 9b, is observed.· Two sets of magnetic domains crossing 

each other can be seen in the Foucault images of Figs. 8c and d, in 

which the arrows indicate opposite magnetic contrast, suggesting that 
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both shape anisotropy due to the chain-like morphology and magnetic 

anisotropy due to the columnar morphology and weak c-axis texture 

operate together. 

The canted columnar structure is clearly shown in Fig. 8 for 

various RT films: (a), (b); and (c) are 40°, 60°, and 75° films of similar 

thickness ( -1500A), respectively, and (d) is an 85° film of -3oooA 

thick. The angle of the canted columnar structure(i.e., ~olumn axis 

direction, 13) is observed to increase with increasing incident angle. 

However, the tangent rule: tan a = 2 tan 13 11 , which has been used to 

describe the relation of the incident angle and the column axis 

direction, is not followed by these films. The columnar diameter is 

about 1 ooA in all fi~ms regardless of the incident angle and the film 

thickness, and the aspect ratio of the columns can be as high as 60, as 

in a 1500A thick 75° film(Fig. 8c). 

High angle films are observed to have a porous structure which 

enables one to examine the columns individually in a ·cross-section 

specimen. Convergent beam diffraction and dark field imaging 

techniques employed on such specimens show that the columns are 

single crystals with a very high fault defect density on the basal 

planes, as shown in Fig. 11 for an 85°, 250°C sample. 

The selected area diffraction patterns of the RT films viewed in 

plan are shown in Fig. 10. It is clearly seen from these results that the 

c-axis texture increases with increasing incident angle, as the arcing 

in 0002 rings becomes more evident with increasing incident angle. 

Furthermore, the arced pairs of the 0002 rings are oriented along the 

projected incident vapor directions ·in the film planes. The porous 
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Furthermore, the arced pairs of the 0002 rings are oriented along the 

projected incident vapor directions in the film planes. The porous 

structure of the high angle films is also verified by the diffraction 

patterns, as CoO rings become evident in Fig. 1 Oc and d, suggesting 

there may be physical separation of the columns which allows CoO to 

form and grow between them. In addition, a faint ring which can be 

indexed as face-centered cubic(fcc) {200} can also be observed in the 

diffraction patterns. 

In contrast to the uniform columnar diameter observed in RT 

films, columns with a conical shape, similar to those report~d by 

Ozawa et.al.7 on iron films, are observed in an 85°, 250°C film(Fig. 

11 a). The columnar diameter in such . films ranges from 1 ooA to 1 oooA. 

Convergent electron beam diffract.ion(Fig. 11 d) probed along the column 

at positions marked 1, 2, 3, and 4, and dark field imaging( Fig. 11 b) 

show that the entire column must remain as a single crystal even at 

4000A in length. However, the c axis of the column, which is normal to 

the fault planes as shown in Fig. 11 b and c, is not aligned with the 

column axis. 

The fringe contrast parallel to the trace of the (0001) basal 

planes (e.g., Fig. 11 b) is frequently observed in evaporated and 

sputtered films, and is probably due to growth faults formed during 

deposition. In Fig. 11 c, the variation in the intensity of diffraction 

spots, and the appearance of forbidden reflections such as (0001 ), are 

consistent with such an interpretation. Such faults can change the 

ABAB hcp stacking to ABCABC fcc stacking, and can account for the 

faint fcc ring in Fig. 10. 
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DISCUSSION 

The observed variation in squareness ratio reflects the change of 

magnetization easy axis, from perpendicular to the incident plane, to 

biaxial and. then to parallel to the incident plane. Bearing in mind that 

the ·incident angle contributes to directional mobility12 so that 

adatoms move preferentially along the projected direction, of the 

incident vapor direction, and that substrate temperature contributes to 

random mobility, then the magnetic switching phenomenon simply 

reflects the competition between the two processing parameters. 

Thus, in the 40°, 250°C film, the mobility due to the higher substrate 

temperature predominates so that the adatoms at nuclei tend to diffuse 

randomly to form a spherical shape in order to reduce surface energy. 

The film then develops into a chain-like structure due to a 

self-shadowing mechanism, as first proposed by Smith et.aL 13, and is 

observed in many other low angle films14. In the 60°, 250°C film, 

while the effect of the chain-like morphology remains visible, i.e., 

domains have their long axis perpendicular to the incident plane, the 

directional mobility due to the higher incident angle facilitates growth 

of the columnar structure with the development of a c-axis texture. 

Such a process will induce another set of domains to be oriented with 

their long axis parallel to the incident plane. The observed biaxial 

anisotropy suggests that the effects due to incident angle and 

substrate temperature are balanced with each other. In the 75° and 

85°, 250°C films and all RT films, the directional mobility of atoms 

arising from the incident angle effect predominates, and therefore, 

only the anisotropy parallel to the incident plane is observed. 

It is important to note that these results indicate that the 
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incident angle is not solely responsible for the switching phenomenon 

as reported by several authors3·4 , but is affected rather significantly 

by the substrate. temperature as reported by Kondorsky and Denisov 1 0 . 

o The in-plane magnetic domain structures and the similar low 

~ 

coercivity (-1 00 Oe) measured along both parallel and perpendicular 

directions in the low angle films indicate that the films are 

magnetically continuous. Although the magnetic domain structure 

varies in these low angle films, the magnetization reversal may take 

place by a common mechanism, namely, domain wall motion. The 

observed weak or no c-axis texture in the low angle films suggests 

that magnetic anisotropy is primarily due to the shape anisotropy, 

either as a result of the chain-like morphology( in 40°, 250°C film) or 

of the columnar morphology(in RT films). 

In high angle films, however, stray fields(Fig. 5) imply that the 

columns behave like single domain particles and interact with each 

other to form small cluster units(like small magnets), and they give 

rise to the observed stray fields. The stray field, the high coercivity, 

and the CoO rings all suggest that the films have a magnetically 

isolated structure. In order to elucidate the possible coercivity 

mechanism, rotational hysteresis analysis was . undertaken 15. The 

rotational . hysteresis integrals RH obtained, indicate that the reversal 

mechanism is by an incoherent rotation process which also supports 

the observations that the films have a magnetically isolated structure. 

If the faults in the high angle films are growth faults, they can be 

characterized by a c axis or component of this displacement vector 

equivalent to a stress axis. In this case, such a stress anisotropy may 
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add to the crystal anisotropy. The observed single crystal structure of 

the columns, their c-axis texture, and high (0001) fault density show 

that besides the shape anisotropy due to the large aspect ratio of the 

columns, the crystalline anisotropy(c-axis texture) and stress 

anisotropy(high defect density) may all contribute significantly to the 

total anisotropy. Hence, the columns should possess a mixed anisotropy 

with the easy axis lying between the c-axis direction and the column 

axis direction. Indeed, this out-of-plane easy axis has been observed 

from the results of angular variation of coercivity measurements 16. 

Since the conical-shaped columns cannot be examined by Lorentz 

microscopy, because Lorentz microscopy can only be done with the 

objective lens turned off and thus sacrifices spatial resolution, the 

differences in coercivity between the RT and the 250°C high angle 

films cannot be explained in terms of defects and conical shape. 

However, a higher substrate temperature generally increases the 

dispersion of the column axis direction with respect to the incident 

vapor direction, because of the higher random atomic mobility. Since a 

dispersion in the column axis direction represents a dispersion in the 

easy axis direction, a lower value of coercivity can be expected from a 

higher degree of easy axis dispersion in 250°C films. 

SUMMARY 

The magnetization easy axes in oblique incidence Co-20Ni thin 

films are observed to vary with incident angle and substrate 

temperature. A high incident angle contributes to an easy axis parallel 

to the incident plane, whereas a high substrate temperature 

contributes to an easy axis perpendicular to the incident plane. Low 
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angle films(a ~ 60°) are magnetically continuous with in-plane easy 

axes and, in spite of the differences in the domain structures, may 

reverse their magnetization by domain wall motion. On the contrary, 

~ high angle films(75° and 85°) are magnetically isolated with an 

. out-of-plane easy axis. Rotational hysteresis analysis indicates that 

the reversal mechanism in high angle films is by an incoherent rotation 

process. 

Microstructural results show that c-axis texture increases with 

increasing incident angle and is oriented along the projected incident 

vapor direction. In high angle films, the columns are single crystals 

and ·have a high fault density; the c axis of the columns does not 

coincide with the column axis. 

The origin of the magnetic anisotropy in small angle films is 

mainly due to the shape anisotropy. On the other. hand, in high angle 

films, the crystalline anisotropy due to a c-axis texture and the stress 

anisotropy due to the high stacking fault density should be taken into 

account in addition to·, the shape anisotropy. 
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FIGURE CAPTIONS 

Fig. 1 Illustration of technical terms related to oblique-incidence 

deposition. 

Fig. 2 The squareness ratio of the 250°C films(a) and the RT films(b) 

plotted as a function of incident angle. 

Fig. 3 The coercivity of the 250°C films(a) and the RT films(b) plotted 

as a function of incident angle. 

Fig. 4 Magnetic domain structures of oblique incidence films; 

preparation conditions are specified in each micrograph. 

1.0. is for projected incident vapor direction. Arrows depict the 

magnetization directions in the films, see text. 

Fig. 5 Foucault images of a 75°, AT film(a) and an 85°, RT film(b), . 
showing stray fields(arrowed) around the films. These stray 

fields indicate that the columns in high angle films behave like 

single domain particles. 

Fig. 6 Diffraction pattern(a), bright field image(b), and Fresnel image 

(c), of a 40°, 250°C film, showing no c-axis texture, a 

chain-like morphology and magnetic anisotropy perpendicular to 

the incident plane. Arrows in (c) indicate magnetization 

directions. 

Fig. 7 Schematic illustration of electron diffraction rings(a) 

commonly observed in the Co-Ni specimens, and (b) their 

corresponding indices. 
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Fig. 8 Bright field images of cross-section samples of thin films 

deposited at 40°(a), 60°(b), 75°(C), and 85°(d). The column axis 

direction is observed to increase with increasing incident 

angle. 

Fig. 9 Bright field image(a), diffraction pattern(b), Foucault images 

(c and d) of a 60°, 250°C film, showing biaxial anisotropy. 

Fig. 10 Diffraction patterns of the AT films in Fig. 7 viewed in plan. 

The c-axis texture increases with increasing incident angle. 

Fig. 11 Bright field image of an 85°, 250°C film(a), showing columns 

with a conical shape; dark field image of such a column with 

conical shape(b), and convergent beam diffraction(c and d) of 

the column in (b), showing that the column is a single crystal, 

stacking faults on {0001} and the column axis is not. aligned to 

the c axis direction . 
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