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1.0        Introduction: 
The proposed goal of this project is to obtain quantitative measurements of the microstructural, 

microchemical and micromagnetic properties of surfaces and interfaces of ultrathin films composed of 
magnetic materials deposited on non-magnetic, antiferromagnetic (metal) and insulating substrates. 
Surface microanalytic methods based on a unique ultrahigh-vacuum scanning transmission electron 
microscope/scanning electron microscope (UHV-STEM/SEM) equipped with in-situ thin film 
preparation and characterization tools are being used. Magnetic characterization is performed in-situ 
using the surface magneto-optical Kerr effect (SMOKE). Additional magnetic microstructure 
measurements are being conducted in a novel STEM based electron holography system where absolutely 
calibrated nanometer resolution magnetometry is possible. The measurements are designed to clarify the 
relationship between observed real-space micro-structure of interfaces, ultrathin magnetic films and 
superlattices with magnetic properties, such as surface anisotropy. The dependence of magnetic 
properties on film morphology, which may be a function of the deposition parameters during the initial 
stages of growth, and on structural properties such as strain and interface roughness is being studied. We 
are exploring the electron beam modification of CaF2 and CoF2, both as an electron beam resist and as a 
damagable material for preferential nucleation, as a means of defining one and two dimensional 
nanometer sized epitaxial magnetic devices. Here, we report on our progress in year 2 of this 3 year 
project. 

2.0       Fe/CaF2/Si(lll) 
Iron was deposited at a rate of 0.1-0.2 ML/min (1ML=7.7X10

14
 atom/cm2) using an electron- 

bombardment Fe evaporator. The evaporation rate was measured by RBS, AES, and quartz-crystal 
microbalance techniques. The base pressure of the system was less than 5x10"n mbar but increased to 
2xl0"9 mbar during Fe growth. The substrates were held at a constant temperature between 20 and 400 
°C. 

The initial stages of Fe growth proceed by three-dimensional islanding on CaF2(l 11) surfaces. 
Surfaces with less than 7 ML of Fe could not be analyzed because of a poor signal-to-noise ratio of the 
SE microscopy images, as was the case for bulk specimens. Iron film coverages of 7-8 ML yielded nearly 
hemispherically-shaped islands such that an average Fe island diameter [D=2(cross-sectional area/ n)'] 
could be determined from the micrographs. The statistical analysis performed on these images yielded 
the following information for Fe coverages between 7 and 8 ML grown on 10-25 nm thick CaF2/Si(l 11) 
substrates maintained at a constant temperature of 20 through 300 °C: (1) an average Fe island diameter 
of 2.0 ± 0.3 nm; (2) a range of Fe island diameters where 85% of the population will lie within 2.0 ± 1.0 
nm; (3) a 23% coverage of CaF2(l 11) with Fe islands; (4) the number of Fe islands per unit area is 
7.4xl012 islands/cm2; (5) the mean distance between Fe island centers is approximately 3.7 ± 0.6 nm; 
(6) no geometric ordering of the islands was observed based on fast Fourier transform image analysis. 

Particle size analysis of the SE images revealed no statistical difference between the diameters 
and spatial distributions of Fe islands grown on CaF2/Si(l 11) substrates held at room temperature 
through 300 °C. Figure 2.1 exhibits the island distributions on four different CaF2/Si(l 11) surfaces held 
at various temperatures during Fe growth. All of the CaF2 films are approximately 10 nm in thickness 
and covered with 7-8 ML of Fe. All of these films were observed at room temperature. Figures 2.1(a), 
2.1(b), 2.1(c), and 2.1(d) are SE images taken of surfaces which were grown while the substrates were 
held at a fixed temperature of 20, 140, 300, and 400 °C, respectively. As can be seen in Figs. 2.1(a)- 
2.1(c), the Fe island size and spatial distributions are nearly identical for Fe films grown on substrates 
held between room temperature and 300 °C. The lack of a temperature dependence on the Fe island size 
and spatial distributions, for those films grown between 20 and 300 °C, implies that the island nucleation 
density is not determined by a diffusion length. A more probable explanation for the temperature 
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FIG. 2.1. Fe island distributions for four different CaFj/Si(l 11) substrates held at a constant temperature of (a) 20, (b) 140. (c) 
300, and (d) 400 °C during growth. All of the CaF2 films are approximately 10 nm thick and covered with 7-8 ML of Fe. A 
relaxed CaF: film was used as a substrate in (b). CaFi decomposition at higher temperatures is responsible for the change in 
nucleation density observed in (d). 

independent distributions is the existence of Fe-receptive chemical bonds or atom-trapping defects on the 
substrate 

Venables has applied the kinetic growth model to the Fe/CaFa system. A value of 4.28 eV and 
1.1X10

1J
 Hz for the sublimation energy (L) and adsorption frequency, respectively, were computed using 

the Einstein model so that the calculated vapor pressure matches experimental results. This computed 
value is in complete agreement with the experimental sublimation energy of 4.28 ± 0.01 eV. An Fe atom 
binding energy, Et,, equal to 1.00 eV yields an island surface density consistent with our observations, even 
though the experimental binding energy of Fe is 1.04 ± 0.22 eV in vacuo rather than on a two-dimensional 
surface. For a hexagonal lattice the binding energy reduces to L = Ea + 3Eb for nearest neighbor pair bonds, 
resulting in an adsorption energy, Ea, of 1.28 eV. Venables has determined, after incorporating these 
parameters into the model, that a stable Fe cluster size of one atom is consistent with the theory from 20 to 
400 °C. In addition, an adsorption energy of 1.28 eV will give complete condensation of Fe atoms up to 
around 300 °C. The model also predicts a diffusion energy, Ed, of 0.5-0.6 eV for the room-temperature 
depositions resulting in 7-9xl012 Fe islands/cm2. A diffusion energy of -0.5 eV is comparable with, but 
slightly higher than similarly calculated values for Au/KCl (0.279-0.294 eV) and Au/NaF (0.120-0.385 
eV). The model has been employed for Ag on Mo(100) and Si(100) experimental results which give Ag 
adatom diffusion energies of 0.45 and 0.7 eV, respectively. However, it underestimates the Fe island 
density on CaF2 near T=300 °C by more than a factor of 20. This failure to accurately predict the Fe 
island density from 20<T<300 °C is probably due to CaF2 surface imperfections. Venables' model does 
not explicitly include surface defects, although defects essentially reduce the diffusion coefficients. Metallic 



depositions performed on NaCl surfaces which were formed in situ (by cleaving the crystal) had a lower 
island surface density than for surfaces which were exposed to normal atmospheric conditions. Since CaF2 

is also very hygroscopic it is likely that island nucleation is enhanced (and constant from 20<T<300 °C) 
because the samples were not grown in situ, rather, they were introduced to UHV conditions after CaF2 

film production. Annealing the CaF2 to temperatures near 400 °C was not effective in restoring the original 
UHV-produced CaF2(l 11) surface. As a result, constant Fe island nucleation is favored for a substantial 
temperature range. The in situ growth of CaF2 followed by Fe deposition is expected to verify this 
hypothesis. 

Iron films of various coverages were deposited on 10-nm thick, unrelaxed CaF2 films to characterize 
the Fe morphology as a function of Fe coverage. Iron coverages of 7.5, 10, 15, 20, 30, and 48 ML grown 
on room-temperature substrates are shown in Figs. 2.2(a)-2.2(f), respectively. The 7.5 ML Fe film of Fig. 
2.2(a) displays the resulting hemispherical Fe islands. As the Fe growth proceeds, the islands enlarge [Fig. 
2.2(b), 10 ML of Fe] until one "meandering" island is composed of two to three of the original 
hemispherical islands. A comparison of the 15 ML film in Fig. 2.2(c) with the 7.5 ML film of Fig. 2.2(a) 
exhibits the initial stages of "meandering" island formation. Further Fe depositions [i.e. 20 ML film in Fig. 
2.2(d) and 30 ML film in Fig. 2.2(e)] yield a network of still larger "meandering" islands. The islands 
increase in size by branching out and connecting with other "meandering" islands until only one island 
exists. Although not continuous within the surface plane, Fig. 2.2(f) displays a completely connected (one 
island in the field of view) film for a 48 ML deposition. Table 2.1 summarizes the particle statistics of 
these six surfaces. 

Unlike most metal on insulator systems, the Fe islands on these CaF2 surfaces do not grow into larger 
round-shaped structures with successive depositions. If we calculate the number, Nj, of Fe atoms/island at 
all Fe coverages, we see that Nj is proportional to the volume for total coverages less than 15 ML and that 
Nj is proportional to the area for total coverages more than 15 ML. In situ magnetic measurements have 
reconfirmed the existence of two-dimensional island growth because the effective magnetic moment is 
proportional to the Fe island area rather than to the volume. The two growth processes may be due to a 
high concentration of Fe-receptive chemical bonds which trap Fe adatoms. The island diameter grows once 
a single adsorbate atom nucleates at one of these sites. In addition, the number of Fe-receptive surface sites 
must be comparable to the nucleation density just before two-dimensional growth is initiated (i.e., -7x10 
sites/cm2 from Table 2.1). Two-dimensional island growth occurs because the available atomic sites have 
become saturated and the Fe adatoms are able to travel to and bond with pre-existing Fe 
islands. The Fe adatoms minimize the energy of the system by covering the relatively high energy Fe 
surface rather than covering the remaining, exposed CaF2 surface. Therefore, "meandering" island growth 
is favored for Fe deposited on ex «ru-created CaF2(l 11) surfaces. 

TABLE 2.1. Particle statistics for various coverages of Fe on 10 nm thick CaF2 surfaces. 

Fe Coverage 
(ML) 

CaF2 

Surface Coverage (%) 
Average Fe 
Island Area 
(nm2) 

Number of Islands 
per Area 
(xlO"2 islands/nm2) 

7.5 19 ±2 2.65 + 0.25 7.15 ±0.44 

10 25 ±4 3.22 ±0.64 7.71 ±0.56 

15 29 ±2 6.0010.92 4.83 ±0.44 

20 42 ±2 15.2 ±2.5 2.82 ±0.43 

30 48 ±5 35.0 ±14.8 1.55 ±0.46 

48 62 ±2 NA NA 



FIG. 2.2. Secondary electron images of (a) 7.5, (b) 10, (c) 15, (d) 20, (e) 30, and (f) 48 ML Fe films grown at room 
temperature on 10-nm thick, unrelaxed CaF2. A 7.5 ML Fe film (a) is characterized by a uniform coverage of 2-nm diameter 
Fe islands. As more Fe is deposited the hemispherically-shaped islands form into "meandering" islands [(c), (d), and (e)]. The 
"meandering" islands eventually become completely connected when the Fe coverage approaches 48 ML (f). 

The initial stages of Fe/CaF2(lll) growth proceed by three-dimensional islanding on relaxed, 
unrelaxed, 10, -800 nm, and bulk CaF2 surfaces. As an example of this, Figs. 6.12(a)-6.12(d) display four 
CaF2(ll 1) surfaces with nominally 7.5 ML of room-temperature grown Fe. Visual inspection of these SE 
images portrays the independent Fe island size and spatial distribution of Fe on various CaF2(l 11) 
surfaces. A relatively even distribution of 2.0-nm diameter Fe islands was measured on the 10 nm thick 
relaxed and unrelaxed surfaces shown in Figs. 2.3(a) and 2.3(b), respectively. Due to electron-beam 
induced charging of -800 nm thick and bulk CaF2 substrates, island size analysis was not possible. Since 
the bulk CaF2 surface had not been exposed to solvents during 3-mm disc preparations and since the island 
distributions are similar for all four surfaces, it is doubtful that disc preparations affected the observed 
growth mode. All four surfaces were, however, exposed to normal atmospheric conditions prior to vacuum 
insertion. An Fe island size independence on these four vastly differing CaF2 substrates implies that CaF2 



growth conditions and 3-mm disc preparations are not responsible for the observed Fe film morphology. 
The deposition of a less reactive material (i.e. Ag or Au) on any of these surfaces, or the in situ production 
of a true CaF2(ll 1) surface is necessary to more fully determine the involved growth mechanisms. As 
such, silver has been deposited with various coverages on room-temperature CaF2 substrates and is 
discussed in a following section. 

FIG. 2.3. Room temperature, -7.5 ML Fe growth on (a) 10-nm thick relaxed, (b) 10-nm thick unrelaxed, (c) 800-nm thick 
relaxed, and (d) bulk CaF2(l 11) surfaces. The nucleation density is nearly equal for all four surfaces, therefore the observed 
nucleation density is not dependent upon specimen preparation. Due to specimen charging, image (d) has a poor signal-to- 
noise ratio compared to the thin film samples (a)-(c). 

The stable state of a large ferromagnetic crystal, in the absence of an applied magnetic field, is 
characterized by magnetic domains arranged such that the magnetic flux lines are contained almost entirely 
within the specimen. This multiple domain configuration minimizes the total energy of the magnetic 
system. As the dimensions of a magnetic specimen are reduced, surface energies contribute more to the 
total energy of the system than do volume energies. Therefore, magnetic measurements performed on the 
Fe/CaF2/Si(l 11) system with ~2-nm diameter Fe islands are expected to reveal magnetic properties unlike 
those obtained from bulk, ferromagnetic samples. These properties may include increased coercivity and 
permanent saturation magnetization. Since domain boundaries no longer exist, high coercivity may result 
because spin rotation is required to change the magnetization of a specimen. This is due to the inhibition of 
spin rotation motion by anisotropy forces, which are typically much larger than the forces which oppose 
domain boundary motion. In addition, the single-domain particles individually behave as if magnetized to 
saturation in one direction. An array of single domain, ferromagnetic particles (above a critical 
temperature) can behave magnetically similar to moment-bearing atoms which display Langevin 
paramagnetism. This is termed superparamagnetism because the single-domain particles are composed of 
as many as 104 individual atoms with their own magnetic moments. The summation of these moments may 
result in a total particle moment more than 104 times that of an isolated atom. The temperature at which 



thermal stability of the superparamagnetic moments is compromised (such that the majority of moments are 
no longer magnetically aligned) can be approximated by setting kBT equal to [J.H, where kB is Bolztman's 
constant, T is the temperature, \i is the magnetic moment of the single-domain particles, and H is the 
applied magnetic field. An array of single-domain particles should exhibit paramagnetic hysteresis loops 
when observed above this temperature. 

The ~2-nm diameter Fe islands for the Fe/CaF2/Si(l 11) system are composed of approximately 178 
atoms, assuming a hemispherical shape and a mass density (pm = 7.87 g/cm3) similar to that of bulk Fe. If 
a magnetic moment of 2.2 Bohr magnetons (p.B) is assumed for each Fe atom in each island, a total moment 
of 392U.B results. Therefore, a temperature above 26 K thermally destroys the magnetic ordering of the 
panicle array for fields up to 1 kOe. It is for this reason that room-temperature ferromagnetic behavior 
cannot be observed for this system. Our in situ characterization facility does not allow for low-temperature 
magnetism studies of surfaces, hence low-temperature measurements were not performed. 

The islands observed in Figs. 2.1, 2.2(a) and 2.3(b) are smaller than the critical single domain size 
and separated by less than the mean free path of conduction electrons in metals (near 30 nm at room 
temperature for Cu). These properties make this system of nanometer-sized Fe islands on an insulator, 
when covered by a noble metal, an excellent candidate for room-temperature giant magnetoresistance 
(GMR) studies. In addition, if the Fe island diameters could be controlled so that all of the particles are of 
equal magnetic moment, then the magnetization curve could be fit to the Langevin function. Upon inserting 
the SE microscopy-determined volume of the islands into the Langevin paramagnetism equation, the 
magnetic moment per island could be calculated along with the average moment per Fe atom. A 
comparison could be made from this as to whether the average moment per Fe atom is correlated with that 
of a free (4|iB), a surface (3p.B), or a bulk (2.2p.B) Fe atom. For example, a 2-nm diameter island, where a 
0.2-nm thick shell is considered as the surface, is composed of approximately 50% bulk atoms and 50% 
surface atoms. Since surface atoms tend to exhibit a higher magnetic moment due to a decreased 
coordination number, the resulting island structure should have a correspondingly higher total moment 
when composed of a high percentage of surface atoms. Due to the nature of the Fe/CaF2 growth mode, 
hemispherical Fe island size was not controllable within a useful range. The onset of a measurable 
paramagnetic signature occurred for 7 ML Fe films. These islands appeared hemispherically shaped, while 
surface structures produced from depositions greater than 10 ML began forming into "meandering" islands 
rather than larger hemispherical particles. The formation of "meandering" islands does, however, allow for 
a comparison between the average island area and the corresponding Kerr signal. A surface composed of 
"meandering" islands, as compared to discrete 2-nm diameter islands, should exhibit a larger Kerr signal. 
This is due to the availability of more Fe atoms on the surface which can produce a Kerr rotation and also 
a greater average moment per island thus providing stability against thermally induced magnetization 
fluctuations. 

Five of the surfaces shown in Fig. 2.2 were analyzed for magnetic behavior using SMOKE. All five 
films were analyzed in both the IF and 2F modes. In addition, the dc reflectivity level was monitored for 
each surface in both the IF and 2F modes. The dc level must be known so that the resulting Kerr 
intensities can be normalized amongst themselves and quantitative comparisons can be made. For example, 
two identical substrates with similar island size distributions but with a different quantity of islands per unit 
area would yield dissimilar Kerr intensities. This is not due to a larger magnetic moment per island, rather, 
it is due to a greater number of islands from which the Kerr signal was obtained. Correspondingly, 
identical film morphologies on (1) a highly reflective substrate and (2) a completely transmissive substrate 
would yield different Kerr intensities because a highly reflective surface can redirect the scattered light 
back through the islands and to the detector, unlike the non-reflective surface. Since the Kerr rotation is 
additive, the signal is compounded with each successive pass through the magnetic medium and is 
independent of the propagation direction. In fact, suitable coverages of nonmagnetic films on magnetic 
underlayer films result in an enhanced Kerr rotation due to constructive interference. This has often been 



misinterpreted as an enhanced magnetic moment of the magnetic layer rather than an interference effect. 
Computer simulations are necessary to calculate the effects of nonmagnetic overlayers deposited on 
magnetic thin films. A similar condition results for the growth of magnetic films on multilayered substrates 
such as Fe on CaF2/Si(lll). 

Qualitative comparisons can still be made between Fe film coverage and the corresponding magnetic 
behavior. Figure 2.4 displays the polar and longitudinal Kerr signals for five different Fe coverages 
measured in the 2F mode. Figure 2.5 displays the Kerr loops which resulted in the IF mode on four of the 
surfaces. Both modes exhibit a superparamagnetic signal in the polar and longitudinal geometry for Fe 
coverages up to 20 ML. The superparamagnetic signal is indicated by a linear variation in the Kerr signal 
with applied magnetic field. Coverages near 7.5 ML [Figs 2.4(a), 2.4(b), 2.5(a), and 2.5(b)] are weakly 
magnetic and result in noisy, yet unmistakable magnetic signals. Greater coverages yield stronger Ken- 
signals because (1) more Fe is available to produce a Kerr rotation and (2) thermally-induced 
magnetization fluctuations are further reduced by the effects of a larger average moment per Fe island. The 
polar and longitudinal Kerr signals are both observed to increase in strength with subsequent Fe 
evaporations [i.e., see Figs. 2.4(c)-2.4(f) and 2.5(c)-2.5(f)]. Near 30 ML, however, the film displays 
complex magnetic behavior. This is evident by the square hysteresis loop superimposed on a hard-axis 
signal in Fig. 2.4(g). Therefore, the onset of ferromagnetism for room-temperature grown Fe on 
CaF2/Si(l 11) occurs for coverages slightly less than 30 ML. The hard-axis behavior is probably a result of 
anisotropy effects within the ferromagnetic regime rather than superparamagnetic effects. If part of the 
film were superparamagnetic, then both the polar and longitudinal Kerr signals should increase (decrease) 
with large positive (negative) applied fields just as in Figs. 2.4(a)-2.4(f). The ferromagnetic easy-axis is 
within the surface plane since the longitudinal Kerr signal of Fig. 2.4(h) saturates near 200 Oe. A similar 
condition holds for the IF mode Kerr loops displayed in Figs. 2.5(g) and 2.5(h). In the IF mode, however, 
the ratio between the polar and longitudinal Kerr signals is different than for the same film measured in the 
2F mode. Therefore, the resultant loops appear different in their slopes towards saturation as a result of 
the different sensitivities to the Kerr signals in the different modes. 

The IF and 2F polar and longitudinal Kerr loops in Figs. 2.4 and 2.5 were fitted with straight lines 
where the slope is proportional to the zero field susceptibility in the superparamagnetic regime. Only films 
that were superparamagnetic (less than 20 ML of Fe) were used. The dc reflectivity fluctuated by about 
10% as a result of changes in the scattering intensities from differing surface topographies. The vertical 
error bars represent our uncertainty in the magnetization measurement while the horizontal error bars 
represent a distribution of Fe island cross-sectional areas. Figure 2.6(a) illustrates the linearity with which 
the effective magnetic moment per island increases as a function of Fe island area indicating that the 
effective moment is proportional to the average Fe island area for coverages greater than -7.5 ML. The 
solid lines are linear regressions to the data points. In comparison, a plot of this data versus volume (i.e., 
three-dimensional islanding assuming a hemispherical shape) results in a non-linear effective moment 
dependence. Therefore, these magnetic measurements substantiate the previously reported statement that 
Fe island growth proceeds two-dimensionally rather than three-dimensionally for coverages exceeding -7.5 
ML. The linearity of the superparamagnetic response is due to the linearity of the Langevin function for 
small values of u^ffH/kBT (the Langevin function is proportional to !^ffH/3kBT). A comparison between the 
IF, 2F, polar, and longitudinal modes in Fig. 2.6(b) reveals that all four measurements give a linear zero 
field susceptibility dependence on the average Fe island area. The four data sets do not fall on the same 
line (with the same slope) because relative Kerr intensities between the different modes were not accounted 
for. In addition, birefringence effects due to the UHV window, light scattering off the small hemispherical 
islands, and inhomogeneous surface effects cannot be easily quantified. However, the salient feature of 
Fig. 2.6 remains unambiguous. The effective magnetic moment is linearly dependent upon the average Fe 
island cross-sectional area, and thus two-dimensional Fe island growth (for coverages exceeding -7.5 ML) 
is evident from both the magnetic analysis and particle statistical analysis. 
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We have developed a FORTRAN program which calculates all four Fresnel reflection and transmission 
coefficients for a multilayered system. The model, which was adapted from the work of Yeh, is able to 
calculate the plane-wave propagation of electromagnetic radiation in an arbitrarily layered birefringent 
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medium. This program is capable of predicting the Fresnel reflection coefficients for the Fe/CaF2/Si(l 11) 
and Ag/Fe/CaF2/Si(l 11) systems. Once the Fresnel coefficients are calculated they may be incorporated 
into a generalized Kerr intensity expression. Since the incidence angle is 45° from the surface normal, the 
resulting Kerr loops may provide information about the magnetic response both in-plane and out-of-plane 
for all three Kerr geometries (polar, longitudinal, and transverse). The ratio of the calculated Ken- 
intensities for the polar and longitudinal signals can be used to determine whether the magnetic anisotropy 
of the specimen is directed out-of-plane or in-plane. A similar comparison between the IF and 2F modes 
can be made. 

The utility of this model is hampered by the complexity of the Fe/CaF2 system. Since the initial stages 
of growth favors island formation followed by "meandering" island formation, the scattering geometry 
changes as growth proceeds. Suitable corrections for island growth could be incorporated into the 
dielectric matrices but the varying island shape hinders its practicality. Therefore, non-uniform 
distributions of overlayers produce errors in our calculations. Nonetheless, our calculations provide a basis 
for observing the intensity reflectivity, Kerr rotation, and modulated Kerr intensity trends as a function of 
deposition coverage. 

The program was used to calculate the intensity reflectivity, Kerr rotation, and modulated Ken- 
intensity for the polar and longitudinal Ken geometries in both the IF (loo) and 2F (2cu) modes for 632.8 
nm light arriving at a 45° angle of incidence. In both the polar and longitudinal geometries the reflectivity 
of s-polarized light is greater than that of p-polarized light. The polar Ken rotations are less than 10 
milliradians for a 50-nm thick Fe film while the longitudinal Ken rotations are only 1/5 this value. Since 
the Fe film morphology is not constant with deposition (hemispherical then "meandering") we will define 1 
ML of Fe as being 0.2 nm thick. Therefore, with this assumption, a 7.5 ML Fe film is 1.5 nm thick and 
provides a polar and longitudinal Ken rotation of approximately 1 and 0.15 milliradians, respectively. 
Noisy Ken signals typically result for these films because of the very small polarization rotations provided 
by the ultrathin magnetic films. The modulated Ken intensity for the IF polar geometry is stronger than 
the 2F mode until a thickness of 30 nm is reached. At this point the 2F polar Ken signal becomes the 
dominant signal. These non-intuitive results signify the importance of modeling magnetic thin films 
systems with our magnetic-multilayer program. 

A similar calculation was performed for various Ag coverages on a 1.5-nm (7.5 ML) thick Fe film on a 
10-nm thick CaF2 film on a semi-infinite Si substrate. The results of these calculations are illustrated in 
Figs. 2.7(a)-2.7(f). In this case the reflectivities increased while the Ken rotations decreased with Ag 
coverage. This is expected because Ag is more reflective than Fe. The increased reflectivity also 
diminishes the amount of light which may reach the Fe islands, and hence the Ken rotation is subsequently 
reduced with greater Ag overlayers. The trends in the modulated Ken intensities, however, are not 
intuitively obvious. In the polar geometry [Fig. 2.7(e)] the IF mode modulated Ken intensity decreases 
monotonically with coverage while the 2F mode increases sharply at -10 nm but decreases quickly 
thereafter. In contrast, the longitudinal geometry [Fig. 2.7(f)] provides a weaker Ken signal and exchanges 
the roles of the IF and 2F modes (i.e., the 2F mode monotonically decreases and the IF mode reaches a 
maximum at -10 nm). 
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FIG. 2.7. Calculated reflectivities, Kerr rotations, and modulated Kerr intensities for various Ag coverages on a 1.5 nm Fe/10 

nm CaF2/Si substrate. 
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3.0        Ag/Fe/CaF2/Si(lll) 
Silver was deposited on room-temperature CaF2/Si(l 11) and Fe/CaF2/Si(l 11) substrates so that 

comparisons in the growth modes between Fe/CaF2, Ag/CaF2, and Ag/Fe/CaF2 could be made. Figures 
3.1(a), 3.1(b), and 3.1(c) depict the film morphology for Fei0ML/CaF2, Agi0ML/CaF2, and AgioMt/Fe7.5 
Mi7CaF2, respectively. The Fe islands in Fig.   3.1(a) are slightly larger than 2 nm in diameter and are very 
closely spaced. In contrast, an equivalent amount of Ag produces much larger, distantly spaced islands 
with a correspondingly greater size distribution than the Fe islands of Fig. 3.1(a). When a similar Ag 
deposition is performed on an Fe islanded substrate [Fig. 3.1(c)] the Ag tends not to form into large islands 
as observed in Fig. 3.1(b), rather, the Ag becomes more evenly distributed on a local scale just as the Fe is 
seen to do in Fig. 3.1(a). 

The mechanism responsible for the Ag island formation displayed in Fig. 3.1(c) is that of surface 
energy minimization. Since 25 ± 4 % of the CaF2 surface is covered by Fe islands (for a 10 ML Fe 
deposition at room temperature), the Ag atoms tend to cover the higher surface energy Fe islands rather 
than the lower surface energy exposed CaF2. As a result, the Ag atoms wet the Fe islanded surface much 
more than if no Fe was present. The formation of Ag islands, as shown in Fig. 3.1(b), which are much 
larger than the Fe islands formed from an equivalent amount of Fe may be due to several competing effects. 

Silver atoms are relatively inert compared to Fe atoms. Therefore, the decreased probability of a Ag 
adatom being captured by an Fe-receptive chemical bond will decrease the nucleation density. Silver atoms 
also have a higher mobility than Fe atoms on most surfaces. The increased mobility is due to a smaller 
chemical reactivity. The Ag adatoms diffuse across the surface and are more likely to form larger, greatly 
spaced islands because of their smaller chemical reactivity. 

Higher Ag adatom mobility due to a weaker chemical reactivity and no electron exposure during 
growth possibly increases the Ag island size distribution and decreases the nucleation density for similar 
coverages of Ag adatoms relative to those formed with Fe adatoms. Electron-beam generated surface 
defects are expected to be annealed out at elevated temperatures. This does not imply that Fe growth with 
simultaneous electron exposure at elevated temperatures should result in lowered nucleation densities if the 
defects are more readily annealed out. At higher temperatures the electrons may be more capable of 
venerating defects due to a decreased desorption barrier which may be compensated for by a more efficient 
annealing process. As a result, the nucleation density may remain constant over a large temperature range, 
as has been observed in Fig. 2.1. 

Due to the increased SE yield of Ag atoms (higher atomic number) compared to Fe atoms and the 
formation of larger Ag islands, Ag deposition of less than 2 ML can be easily observed with SE 
microscopy. The room-temperature deposition of 2.5, 10, 20, and 30 ML of Ag on CaF2/Si(l 11) are 
displayed in Figs. 3.2(a), 3.2(c), 3.2(e), and 3.2(g), respectively. All of these surfaces exhibit round- 
shaped islands which are not uniform in size. At coverages near 30 ML the islands begin forming into 
faceted islands. An example of this is the six-sided and elongated island located near the center of Fig. 
3.2(g). As a comparison, similar Ag coverages were deposited at room temperature on CaF2/Si(l 11) which 
was previously coated with 7.5 or 10 ML of Fe. These four images are displayed in Figs. 3.2(b), 3.2(d), 
3.2(f), and 3.2(h) next to the corresponding Fe-free surface with similar Ag coverage. In all four cases the 
Ag is shown to produce oddly shaped islands with a greater cross-sectional area as compared to the Fe- 
free, Ag islanded surfaces. The irregularly-shaped islands are also more uniformly sized and equally 
separated on all sides. This implies that the Ag adatoms are sufficiently mobile that small bands (-2-4 nm) 
of Ag-free regions can be maintained between the Ag islands. 

Tables 3.1 and 3.2 list the island statistics for most of the surfaces shown in Figs. 3.2(a)-3.2(h). The 
statistics for Figs. 3.2(b) and 3.2(c) are not listed because the 2.5 ML Ag film was grown on a 10 ML Fe 
film (rather than 7.5 ML of Fe like the other three) and the 10 ML Ag/CaF2 surface was prepared during a 
separate experimental run in which the deposition source was thought to be evaporating at an increased 
rate. Due to these uncertainties, these two data points have been omitted from the tables. In addition to the 
surface coverage, the average island size, and the island concentration are given. Table 3.2 reports the 
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average number of Fe islands covered by an average sized Ag island. The mean number of Fe particles 
covered by the Ag islands will be used to analyze the magnetic response of these films as observed by 

SMOKE. 

FIG. 3.1. Secondary electron images of three surfaces indicating the size and spatial distributions of (a) 10 ML Fe, (b) 10 ML 
Ag, and (c) 10 ML Ag/7.5 ML Fe grown at room temperature on 10-nm thick, unrelaxed CaF2. 

16 



FIG. 3.2. Secondary electron images of Ag islands formed for room-temperature depositions on clean CaF2 surfaces (left 
column) and 7.5-10 ML Fe/CaF2 surfaces (right column). The CaF2 surface is unrelaxed and 10 nm in thickness. The Ag 
coverages are (a)-(b) 2.5, (c)-(d) 10, (e)-(f) 20, and (g)-(h) 30 ML. 
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Table 3.1. Particle statistics for various coverages of Ag on 10-nm thick CaF2 surfaces. 
Ag Coverage 
(ML) 

CaF2 

Surface Coverage 
(%) 

Average Ag 
Island Area 
(nm2) 

Number of Islands 
per Area 
(xlO-2 islands/nm2) 

6 ±3.5 22 ±1 9.63 ±0.88 2.59 ± 0.43 
20 34 ±2 27.9 ±2.1 1.23 ±0.15 
30 43 + 2 46.4 ±6.5 0.93 ±0.17 

Table 3.2. Particle statistics for various Ag coverages on 7.5 ML Fe/10 nm Ca "-> surfaces. 
Ag Coverage 
(ML) on 
7.5 ML Fe 

CaF2 

Surface 
Coverage 
(%) 

Average Ag 
Island Area 
(nm2) 

Number of 
Islands per Area 
(xlO'2 

islands/nm2) 

Average 
Number of Fe 
Islands beneath 
a Ag Island 

10 38 ±2 18.4 ± 1.4 2.06 ± 0.27 3.47 ±0.67 
20 50 ±2 64.0 ± 1.9 0.78 ±0.05 9.18 ± 1.12 
30 61 ±1 126 ± 15 0.48 ±0.07 14.8 ±2.9 

For both the Ag/CaF2 and Ag/7.5 ML Fe/CaF2 systems, the number of Ag islands per unit area 
decreases with Ag coverage. This is a direct result of island growth where two or more closely spaced 
islands coalesce to form one larger island, hence the island population density decreases with evaporant 
coverage in this regime. This lends credence to the possibility of Fe-receptive chemical-bonding 
nucleation of Fe because the Ag does not grow into "meandering" islands like the Fe does. 1.6 times 
more Ag is needed to cover a bare CaF2 surface than one which has a uniform distribution of ~2-nm 
diameter Fe islands. This results from the Fe islands which are spatially fixed and spaced less than 4 nm 
apart (between island centers), and have a higher surface energy than the CaF2 substrate. The Ag 
adatoms nucleate on the individual Fe islands because of the high surface energy difference between Fe 
and CaF2. Since the Fe islands are immobile and closely spaced, the Ag islands eventually coalesce into 
larger islands with continued depositions. As a result, the larger Ag islands cover several ~2-nm 
diameter Fe islands. If the Fe was not present, there would be fewer initial nucleation sites and 
correspondingly longer surface diffusion lengths leading to the formation of larger three-dimensional 
islands, hence less surface area would be covered. 

Various amounts of Ag were deposited on a 7.5 ML Fe/10 nm CaF2/Si(l 11) substrate to monitor the 
change in magnetic behavior as a function of Ag coverage. As is evident from Figs. 3.2(b), 3.2(d), 3.2(f), 
and 3.2(h), the number of Fe islands covered by a single Ag island increases with Ag coverage. 
Therefore, if the effective magnetic moment increases with Ag island size then the Ag atom conduction 
electrons must mediate the magnetic interaction of the enclosed Fe islands. This is a form of mediated- 
exchange. For ferromagnetic-like long-range exchange, the effective moment should increase as more Fe 
islands are enclosed within the Ag islands because u^ffH is a larger percentage of kBT. For 
antiferromagnetic-like mediated-exchange the effective moments would decrease and if no long-range 
exchange is present then the effective moment would remain unchanged as a function of Ag island size. 

2F polar and longitudinal Kerr loops for the Ag/7.5 ML Fe/10 nm CaF2/Si system (by definition 7.5 
ML is equivalent to 1.5 nm) were acquired. The peak-to-peak superparamagnetic signals were averaged 
for both the polar and longitudinal geometries. This gives an average modulated Kerr intensity for each 
surface in both SMOKE geometries. The modulated Kerr intensities from the Ag coated surfaces, 
however, represent the magnetic signature from both covered and uncovered Fe islands. The magnetic 
signal from the uncovered Fe islands must be subtracted from the total magnetic signal in order to 
correctly compare effective magnetic moments as a function of Ag coverage. The amount of Kerr signal 
subtracted for the Ag-coated surfaces is determined by the fraction of uncovered surface area (no Ag 



islands) multiplied by the Kerr signal for an uncovered Fe islanded-only surface. The uncovered surface 
area for each Ag deposition is 1.00 minus the CaF2 surface coverage listed in the Tables. The amount of 
Kerr signal from only the uncovered Fe islands is subtracted from the total Kerr intensity for the three 
Ag-coated surfaces, therefore, the Kerr signal for only Ag covered islands results. These values must be 
compared to the corresponding magnetic signal from just the Fe islands within the same cross-sectional 
area. The uncovered Fe island signal is proportional to the percentage of surface area covered by Ag 
islands times the magnetic signal for an Fe islanded-only surface. IrTthis fashion, equivalent total areas 
are compared for Ag-covered and Ag-uncovered Fe islands. A plot of this data is depicted in Fig. 3.3(a). 
A similar graph is shown in Fig. 3.3(b) with the adjustments for the changing optical scattering 
coefficients. The adjustments are necessary because the Kerr signal diminishes slightly with Ag 
coverage due to an increased reflectivity. This has already been discussed earlier and is evident from 
Figs. 2.7(a)-2.7(f). 

The two graphs of Fig. 3.4 reveal the increased effective magnetic moment as a function of Fe 
islands contained within an average Ag island (related to cross-sectional area and listed in the Tables). 
Since equivalent areas of Ag-covered and Ag-uncovered Fe islanded regions were compared, the slope of 
the curves for both polar and longitudinal Kerr would be zero if the Ag did not mediate the magnetic 
exchange between Fe islands enclosed within a Ag island. In both the optically uncorrected [Fig. 3.3(a)] 
and optically corrected [Fig. 3.3(b)] plots, the longitudinal Kerr intensity increases with the number of Fe 
islands. This signifies that the Ag atoms do help correlate the in-plane magnetic moments between 
individual Fe islands contained within a single Ag island. If the long-range exchange mechanism 
completely coupled the moments within the Fe islands covered by a Ag island, the slope of this line 
would be exactly one. The corrected longitudinal signal of Fig. 3.3(b) gives a slope of 0.25 rather than 
1.00. In comparison, the corrected polar signal has zero slope within the measurement uncertainty. 
Since the in-plane slope is unmistakably present while the out-of-plane signal is absent, this suggests that 
the Ag atoms induce an in-plane anisotropy which favors in-plane magnetic alignment. An explanation 
for a non-unity slope in the longitudinal Kerr effect may be due to the increased Fe atom coordination 
number. Since Fe surface atoms have a higher magnetic moment than bulk atoms, the Ag coating may 
have reduced the moments of Fe atoms existing on the Fe island surfaces. Assuming that originally 50% 
of the Fe atoms are surface atoms (with a magnetic moment of 3u,B), while the remainder are bulk 
(2.2HB), implies that the slope of the effective magnetic moment versus number of Fe islands should 
decrease by only 15% [(1.0)(2.2)/{(0.5)(3) + (0.5)(2.2)} = 0.85] rather than the observed 75%. Even if 
all the atoms within an Fe island are considered as surface atoms the slope would only decrease by 27% 
[(1.0)(2.2)/(1.0)(3) = 0.73]. Therefore, the effect of an increased coordination number does not 
completely account for the non-unity slope in the longitudinal geometry. A weakened super-exchange 
mechanism may be responsible for part, or all of, the missing longitudinal moment. Since super- 
exchange mechanisms are dependent upon the spatial separation of magnetic moments, it is possible that 
the Fe islands are separated by a distance that does not allow the Fe island moments to completely orient 
themselves relative to each other when covered by an individual Ag island. For example, in the RKKY 
interaction the exchange constant oscillates with magnetic moment separation. Therefore, two moments 
may be aligned, anti-aligned, or unaligned depending on the separation. A mechanism such as this is 
probably responsible for the missing longitudinal magnetic moment. 
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average Ag island. 
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4.0        [Co/Cu]xCo/Si(100) 
Oscillatory exchange coupling across Cu interlayers has attracted considerable attention from 

both the fundamental and application viewpoint. The relatively simple nature of the Cu Fermi surface 
makes Cu a suitable candidate for the verification of exchange coupling theories. We have prepared 
[Coi.5nm/Cut]n (7<n<13) superlattices by evaporating on Si(100) oriented crystals, Corning cover glass 

slides and holey carbon film covered grids. 6.0 nm thick Co layers were grown at 250°C as buffer layers 
on the substrates. It was found that use of a buffer layer gave the best GMR properties. Our STEM and 
LAXS results of pure Co thin films indicates that the 6.0 nm thick Co buffer layer will lead to flat Co and 
Cu layers. 4.5 nm thick Co capping layers covered the superlattices, making the sandwich symmetric. 
The total superlattice thickness ranged between 40 and 46 nm sufficiently thin so as to be electron 
transparent to 100 KeV electron beams so that we can characterize the magnetic microstructure using 
electron holographic methods. All films were grown at room temperature in a dual e-beam UHV 

evaporation system. Deposition rates were 0.3~lA/sec at a base presure 5x10"^ mbar. A growth 

pressure of 5x10"° mbar can be maintained with a low growth rate of 0.3Ä/S. In-situ thickness 
calibration using a quartz crystal microbalance was confirmed with Rutherford backscattering. 

The x-ray spectra were measured using a Rigaku D/Max-II diffractometer with Ka radiation 

from a fixed Cu anode. The 9-26 scan speed was typically 0.5°/sec with steps of 0.004° for Small 

Angle X-Ray Scattering (SAXS) and 4°/sec with steps of 0.02° for Large Angle X-Ray Scattering 
(LAXS). The Large Angle X-Ray Scattering (LAXS) data, as shown in Fig. 4.1(a), are characterized by 
a fee (111) Co (Cu) peak indicating that the multilayers have a (111) out-of-plane texture. Some films 
show a very weak fee (200) Co (Cu) peak. The peak positions shifted slightly from fee (111) Co peak 

position (29=44.2°) towards the fee (111) Cu peak position (29=43.5°) as the Cu spacer thickness 
increases. Fig. 4.1(b) shows the spacing d<i i ]> vs the Cu spacer thickness tCu, showing d<i ] ]> 
increases as the Cu spacer thickness increases. 
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Figure 4.1(a)   Large Angle X-Ray Scattering on superlattices of Si/[Co( 1.5 nm)/CuJn, n is the bilayer number between 7-13. 

The Cu spacer thickness of all films and the fcc-Co, fcc-Cu peaks are marked. The FWHI ß of fee (111) is decreasing as a 
function of Cu interlayer thickness, (b)   Atomic plane spacing d<| 11> vs the Cu spacer thickness (note that in pure Co and pure 

Cu crystal, d<i i i>c0 =2.048A, d<] ] \>£u =2.078A) in the series of superlattices Si/[Co(1.5 nm)/Cot]n (6<n<13), calculated 
from LAXS data. 
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The average grain sizes of the films calculated from the full width at half intensity (HWHI) ß of 

the fee (111) peak ranges between 10-14 nm. The FWHI ß of the fee (111) peak decreases from 0.8°- 

0.6° as a function of increasing Cu interlayer thickness indicating an increase in grain size and fewer 
defects in the layer structures because of a smaller number of grain boundaries. 

SAXS profiles of the superlattices are shown in Fig. 4.2(a). Only first order SAXS Bragg peaks 
with superlattice character Kiessig fringes were observed for the films with Cu interlayer thickness 
thinner than 1.2 nm indicating the presence of relatively rough interfaces and wavy layers. The rms- 
roughness of the interface estimated by fitting the SAXS spectra is ±0.2-0.4 nm. Fig. 4.2(b) is the SAXS 
profile of the film with the structure of Si/Co(4.5 nm)/[Co(L5 nm)/Cu(2.0 nm)]8/Co(6.0 nm), together 
with an offset (for clarity) SAXS spectrum calculated with a standard dynamical scattering model (the 
simulation program was developed by M.R. Scheinfein). In order to match the spectral structures and 
damping rate, the interface roughness and layer spacing have to be correctly defined. The fits were 
simulated with a 2.0 nm SiO layer between Si substrates and the very first Co buffer layer, a 4.5 nm 
topmost CoO rough layer, and the interface roughness is ±0.2 nm for the lower half of the superlattice 
stack, and ±0.4 nm for the top half. Considering the roughness ±0.2-0.4 nm estimated from the 
dynamical SAXS simulation program, the bilayer thickness is in good agreement with the nominal values 
with an error less than 5%. The observed broadening of the higher-order Bragg peaks and the 
disappearance of the high-order low angle amplitudes may arise from interfacial interdiffusion and 
cumulative random variations in layer thickness. 

2 6 (degree) 
2 3 4 

20 (degree) 

Figure 4.2 (a)   SAXS measurements for the series of Si/Co(4.5nm)/ [Co(1.5nm)/Cut]n/Co(6.0nm) multilayers. The Cu interlayer 

thickness and the number of bilayers are marked for each film, (b) SAXS profiles of the superlattice with the structure of 
Si(100)/Co(4.5nm)/[Co(1.5nm)/Cu(2nm)]8/Co(6nm). The top profile is measured data, and lower one is the simulation with the 

parameters given in the text. 
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Characterization methods based on the transmission electron microscope (TEM) enable the local 
microstructure of a material to be visualized directly in a manner that is not possible with bulk techniques 
such as x-ray diffraction and Rutherford backscattering. Diffraction contrast and defocussing techniques 
were used to study the presence of texturing and long-range orientational relationships. The successive 
layers of native oxide SiO (~2nm), Co buffer layer (~6nm), Co/Cu multilayer, and epoxy mount can be 
distinguished, illustrating clearly that the superlattice structures have sufficient quality to maintain 
separation of the layers. The TEM images showed that the layers are coherent over several hundred A, 
which again is consistent with our x-ray diffraction data. The flatness and continuity of the layers does 
not support the view that the MBE and evaporation growth of (11 l)-oriented samples is particularly 
prone to pinhole formation. Typical interface roughness statisitics extracted from TEM images are given 
in Tables 4.1 and 4.2. 

Table 4.1    Multilayer Roughness Estimated from Profiles of TEM Image Line Scans for the Superlattice 
with a Nominal Structure Si(100)/Co(4.5nm)/ [Co(1.5nm)/Cu(2.0nm)]8 /Co(6.0nm).*" 

position 1 position 2 position 3 position 4 Average 

<t>Co (A) 15.7 15.6 16 16 15.83 

a2 (Ä) 1.23 4.56 4.45 5.7 3.99 

a (Ä) 1.11 2.13 2.1 2.4 1.94 

<t>Cu (A) 19.3 19.76 19.6 19.4 19.52 

02(A) 2.28 1.63 2.91 1.02 1.96 

a (A) 1.51 1.28 1.71 1.1 1.4 

Table 4.2   Multilayer Roughness Analysis for Each Individual Layer Estimated from Profiles of TEM 
Image Line Scans for the Superlattice with a Nominal Structure 
Si(100)/Co(4.5nm)/[Co(1.5nm)/Cu(2.0nm)]8/Co(6.0nm).*'" 

line 1 line 2 line 3 line 4 <t> a2 a 

SiO 22 22 22 22 22 0 0 
Co 60 57.7 58.4 57.1 58.3 1.57 1.25 
Cu 20.7 19.6 19.82 18.32 19.61 0.96 0.98 
Co 15.3 15.25 14.3 15.1 14.99 0.22 0.47 
Cu 16.3 17.4 19.2 20.5 18.35 3.48 1.87 
Co 14.2 13.1 15.4 11.9 13.65 2.24 1.5 
Cu 18.5 21.8 18.72 20.5 19.88 2.44 1.56 
Co 16.34 18.5 14.3 20.5 17.41 7.18 2.68 
Cu 19.6 19.6 22 18.32 19.88 2.36 1.54 
Co 17.4 14.2 18.7 16.2 16.63 3.66 1.91 
Cu 20.7 19.6 17.6 19.4 19.33 1.65 1.29 
Co 16.34 18.5 17.6 15.1 16.89 2.2 1.48 
Cu 20.6 19.6 22 20.5 20.68 0.98 1 
Co 16.34 16.3 18.7 17.24 17.15 1.26 1.12 
Cu 18.5 20.7 17.6 18.3 18.78 1.8 1.34 
Co 14.2 13.1 13.2 16.2 14.2 2.1 1.44 
*A11 units for thickness 
**Each position of line 

are in 
scans 

A, the average tCo=15.85±1.53Ä, tcu=19.5±0.83Ä. 
sampled is 5Ä apart to each other. 



GMR and 90° Coupling Oscillation in Co/Cu Multilayers 

We have shown that our Co/Cu multilayers are well characerized layered structures with 
interface roughness of ±0.2-0.4 nm. All films show fee (111) texturing with an average grain size of 10 
nm and grain-to-grain epitaxial coherence. In order to investigate the origin of the GMR and coupling in 
these superlattices, we have carried out a study of the magnetic alignment within adjacent Co layers with 
the combined three-axis Magneto-Optical Kerr Effect (MOKE). In order to obtain the transverse in- 
plane component of the magnetization, My, both the sample and the magnetic field are rotated until both 

the easy-axis and the applied field direction are perpendicular to the scattering plane. Without modifying 
the position of any optical elements, calibrated Mx and My components of the magnetization can be 
recorded during the switching process. The components can be added together in quadrature as a 
measure of the total magnetization, Ms. When the normalized total magnetization differs from one, there 
are regions where the magnetization is misaligned. The misalignment can be due to domain formation 
within a given layer(s) of the superlattice, or may due to small regions of anti-alignment between 
adjacent layers. It has been shown that the interfaces between Co and Cu get rougher with increasing 
distance from the substrate surface. In order to assess effects due to cumulative roughness in layered 
structures, Kerr effect hysteresis loops were measured from both sides of samples grown on glass 
substrates. No obvious difference was observed in hysteresis loops measured from the top or the bottom 
of the superlattice stack. OurTEM micrographs showed no obvious difference in roughness observed at 
the lower part of the superlattice stack and at the top of the stack near the surface because the total 
thickness of our superlattices is limited to below 50 nm and the number of bilayers limited to below 13. 

The magnetoresistance (MR) was measured on both strip-shaped (5x8mm2) and patterned, 

dumbbell shaped (5x0.2 mm2) Si(100)/Co(4.5nm)/[Co(1.5nm)/Cu(t)]n/Co(6.0nm) (6<n<13) 

superlattices. The oscillation period of interlayer coupling was about I nm (see the APL preprint in 

Appendix C for MR curves and MO hysteresis loops). The peaks in the 90° oriented magnetization 
correspond with the peaks in the magnetoresistance data at approximately tQu of 0.8, 2.0 and 2.8 nm. 
In all films examined, Hc was approximately 35 Oe. During the switching process, the magnetization 

reorients itself along a direction 90° from the easy axis and the field for Cu layer thicknesses where the 

MR is maximum. This is clear evidence that there is 90° domain formation in the superlattice which 

appears as 90° coupling (see APL). 

Interlayer Coupling and Magnetotransport Mechanisms 

A much debated issue concerns the appearance of giant magnetoresistance (GMR) in samples 
that show little or no evidence of antiferromagnetic (AF) interlayer coupling. It has been suggested that 
AF interlayer coupling may be masked in the Co-Cu (111) system by stacking faults and pinholes, and 

90° coupling may arise from spatial nanoscopic fluctuations in the interlayer coupling through the non- 

magnetic spacer layer. Erickson et al. calculated antiferromagnetic (180° or bilinear) interlayer coupling 

constant A12 and biquadratic (or 90°) interlayer coupling constant B12 based on a free-electron model 
and found that both A\2 and B]2 oscillate with spacer-layer. The overall amplitude of B12 is generally 

smaller than that of Ai2- The criterion for biquadratic coupling is Bi2<-|Ai2|. This may happen at the 
nodes of the Aj2 oscillation curves when A] 2 is near zero at certain regions of spacer-layer thickness. 

The AF coupling is sufficiently strong to overcome random coercive or pinning forces that oppose 
realignment within the magnetic layers only for ideal (perfect) layer structures. However, near the nodes 
where the AF coupling goes through zero and for large spacer thickness, the AF coupling is no longer 
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strong enough compared to the pinning forces to define uniquely the magnetic configuration of the 
multilayers. 

The experimental data for the period of AF coupling oscillation in fee (111) Co-Cu multilayers is 
about 5-6 ML. The magnitude of the coupling at the first AF coupling maximum is Aj2 =0.15-0.3 erg 

cm"2 at T=0; this value decreases by roughly 10% at room temperature. For the same system (assuming 
a roughness parameter o=0.25), a theoretical calculation based on modified RKKY model gives the 

period A*4.5 ML, A 12=0.25 erg cm"2 at T=0, and a 5% decrease of A]2 at room temperature, which are 
in good agreement with the experimental data. It is reasonable for us to discuss the effect of roughness in 
our fee Co-Cu (111) superlattices with imperfect interfaces by using the theoretical data from Bruno and 
Chappert, calculated for fee Co-Cu (001) system (A=2.56 and 5.88 ML for short- and long-oscillation) at 
T=0 and interfacial roughness CJ=O. We apply the interfacial roughness of a » ±0.2-0.4 nm extracted 
from TEM and SAXS data to our imperfect interface model. For a Gaussian distribution of interfacial 
roughness, the intensity and period of the interlayer coupling are to be modulated by convolution with a 
Gaussian function as 

An{t,tx) = {cjJlYX pi12(£-r)exp(-£2 / 2CT
2
)^ 

where t is the spacer-layer thickness. Fig. 4.3 shows results of our modeling where the solid line is the 
convoluted theoretical data from Bruno and Chappert for an ideal fee Co/Cu superlattice, and A0 is about 

13 erg cm~2. it can be seen clearly that the period of oscillation spreads out and the intensity of AF 
coupling is diminished as the roughness increases. The intensity of the coupling for an rms roughness of 
0.2 nm is only 20% ofthat compared to the theoretical curve representing perfect layers with zero 
roughness. At this roughness (0.2 nm), very weak AF coupling appears at the Cu spacer thickness of 0.9, 
2.0, 3.0, and 4.0 nm, as shown in Fig. 4.3. This period is consistent with the accepted range of Cu spacer 
thickness indicating that the interfacial roughness and incomplete AF coupling should be considered in 
interpreting experimental data reported so far for Co/Cu superlattices. This weak AF coupling is totally 

masked at the roughness of 0.4 nm leaving the possibility for 90° coupling. Only after the interlayer AF 

(180°) coupling is masked by interlayer roughness, does the 90° coupling become dominant. This 90° 
coupling is the main reason for observing the GMR effect in our superlattices with imperfect interfaces. 
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Figure 4.3   Oscillation curves of AF interlayer coupling constant Aj2 (normalized to A0) for fee Co-Cu multilayers as a function 

of the Cu spacer thichness showing that the intensity is diminished and the period spread out as the roughness increases. 
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In a simplest possible model, GMR values due to 90° coupling arising from interfacial roughness can be 
calculated using simple linear relationships as follows: 

(AR\ 

■"■    measured ^ R) ideal 

We apply our 90° coupling factor a (My/Ms) plotted in Fig. 1 of the APL in Appendix C to the GMR 
data at room temperature from Mosca et. a.. The modulated MR data in Fig. 4.4(c) fits very nicely with 
the experimental MR oscillation curve for our series of Co/Cu superlattices except that the value of the 
MR in our sample with Cu spacer thickness of 0.8 nm at the first oscillation peak is strongly supressed. 
This modeling suggests that the principal reason why the magnetoresistance values of imperfect Co-Cu 

multilayers fall below some ideal value is the competition between the 180° coupling and the 90° 
coupling in the regions of AF coupling. This competition leads to the complicated magnetic 
configuration and domain structure of the superlattices. The effect of interfacial roughness on interlayer 

coupling masks the 180° coupling and gives rise to 90° domains. However, 90° coupling can not totally 
dominate (a is less 50% in our experiment) due to the small coupling constant. The coefficient (1-ct) 
represents the degree of ill defined magnetization states at zero field in the regions where the AF 
coupling is masked. These ill defined magnetization states reduce AR/R primarily by decreasing the 
resistance of the zero-field state. The suppression of the MR value, at the first oscillation position in our 
superlattice with Cu spacer thickness of 0.8 nm having a wavy layered structure and very rough 
interfaces confirmed by TEM and SAXS measurements, implies that interface scattering is not favorable 
in the Co/Cu system to produce high values of MR. In contrast, GMR in Fe/Cr multilayers results from 
spin dependent interface scattering which leads to an increase in the MR value . As shown in Table 4.3, 
the resistance Rs at the saturation field increases as thickness decreases indicating that the suppression of 
MR values at the thinnest Cu spacer thicknesses in superlattices with rough interfaces is mainly caused 
by diffuse surface scattering and the increasing of the sheet resistance. 

Table 4.4   Dependence of MR Values and Saturation Resistance Rs at Saturation Field Hs (14KOe) on 

Cu Spacer Thickness for Si(100)[Co(4.5nm)/[Co(l .5nm)/Cu(t)]n /Co(6nm) with n from 6-13. 

Cu spacer thickness t(nm) Rs(Hs=14KOe)(Q) MR% 

0.7 6.036 0.6 

0.8 5.088 1.67 

2.0 1.47 7.14 

3.5 1.585 3.6 
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Figure 4.4 MR and coupling oscillation curves, (a) 180° coupling constant A|2 with roughness of 0.2 and 0.4 nm; (b) The 

lower curve shows the calculated GMR and the upper curve is MR data at room temperature from Mosca et. al.; (c) Our 
experimental MR oscillation curve for Co/Cu at room temperature (lower) is compareded with the calculated data (upper) from 
(b). 
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5.0        Electron Holography of Superlattices and Small Particles 
We have developed the electron holographic technique as a means of performing absolutely 

calibrated micromagetic measurements. In this section, we show examples of how we have applied this 
method to analyzing the micromagnetic structure of magnetic superlattices and small particles. Although 
the development of this technique was not supported directly by the ONR grant, we have used the 
advanced micromagnetic characterization as an important tool in poceeding with our ONR funded 
research. Additionally, we have applied for an AASERT in order to fund this holography work in parallel 
with the ONR magnetism in small structures initiative. We therefore include in this annual report 
applications of the electron holography method important to our ONR funded research. 

A Co/Pd multilayer structure (Pd(20nm)/[Co(lnm)Pd(l.lnm)]io) with a dominant in-plane 
magnetization was studied. The Fresnel mode images (Fig. 5.1a and Fig. 5.1b) display a typical 
distribution of magnetic domain walls appearing as white and dark lines (note in Fig. 5.1a the broad dark 
biprism shadow and the edge which is parallel to the biprism at the bottom of Fig. 5.1a). Near an edge or 
hole, the domain walls become nearly parallel to each other, running approximately perpendicularly to the 
specimen's edge. Further away from the edge, the magnetization begins to curl forming typical 'w' 
shaped domain 
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Figure 5.1 (a) and (b) Fresnel mode images of Co/Pd multilayer structures. 

walls (Fig. 5.1b). A phase image, reconstructed from a hologram acquired in the absolute mode of STEM 
holography (Fig. 5.2a) and a three-dimensional map of the marked area (Fig. 5.2b) show that the 
magnetization is oriented perpendicularly to the edge of the sample and rotates by 180° when crossing 
the domain wall, a result consistantly observed in different specimen regions. A line scan of the phase, 
taken along the edge and averaged over a region 80 nm across (Fig. 5.2c) shows the linear dependence of 
the phase inside the domains I and II and the location of the domain wall. The slope of the phase 
absolutely determines the magnitude of magnetization inside the domains for uniform thickness films. In 
this case the phase gradient is 28.0 mrad/nm in domain I and 10.9 mrad/nm in domain II. The value in 
domain I agrees well with the theoretically predicted value for all Co layers ferromag-netically aligned 
throughout the superlattice stack. Assuming a total Co hickness of 10 x 1.0 nm = 10 nm with uniform 
bulk spontaneous magnetization of 1440 emu/cm^ (1.8096 T) the phase gradient equals 27.49 mrad/nm, 
i.e. within 2% of the measured value. The magnetization in domain II is ~ 39.6% of the expected 
ferromagnetically aligned bulk value. This suggests that not all magnetic layers in domain II are 
magnetized in the same direction (assuming only in-plane magnetization). The measured value indicates 
that the magnetization vectors in the layers must be oriented with 7 layers in one direction and three 
layers in the opposite direction producing a net projected (integrated) magnetization of 40% of the 
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saturated value. The phase gradient at the wall core (in direction parallel to the wall) is 11.5 mrad/nm. 
This suggests that not all layers rotate in the wall in the same direction. 
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Figure 5.2 Holography of Co/Pd multilayer structures : (a) - partially unwrapped phase image of domain structure near the edge 
of a film, (b) - three-dimensional plot of the phase in the region marked in (a), (c) - line-scan of phase along specimen edge, 
averaged across 80 nm. 

While observing the magnetic structure near the specimen edge, a strong magnetic flux leak was 
observed into the surrounding vacuum (Fig. 5.3). The reconstructed, unwrapped phase (Fig. 5.3a) and 
contour image (Fig. 5.3b) of the same area displays the periodically changing phase; the contours are 
equimagnetic-induction lines and make the flux-flow more visible. The line-scan in Fig. 5.3c, taken in a 
direction perpendicular to the film edge, shows the decay of the leakage field. The gradient of the phase, 
which is proportional to the projected component of the magnetic induction approximately parallel to the 
edge, reveals that the this field falls to 1/e of its maximum value at a distance approximately 250 nm from 
the edge. The ripple in the right part of the profile is due to the Fresnel fringes of the biprism. A 
comparison of the line-scan parallel to the film's edge (approximately 150 nm off-edge, Fig. 5.3d) and a 
Fresnel image of the same area shows that the domain walls terminate at inflexion points of the phase 
curve and near the center of a domain the phase is a maximum or a minimum. The corresponding 
maximum phase gradients are 7.1, 5.3 and 9.8 mrad/nm. A three-dimensional plot of the phase in the 
space near the edge is shown in Fig. 5.3e. 

Investigations of the magnetic microstructure in regions far away from a hole are carried out in the 
differential mode of STEM holography (Fig. 5.4). In this mode, the phase represents a direct measure of 
the magnetic field in the specimen and displays a constant phase value in regions of constant 
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magnetization. This is advantageous for the investigation of domain wall profiles. A series of holograms 
(positions 1 through 3 in Fig. 5.4a) yields a set of 3 domain wall profiles for each of the two marked 
domain walls A, B. The average domain wall width, as determined from Figs. 5.4b and 5.4c, is 245 nm 
(wall A) and 200 nm (wall B). The difference in mean domain wall width is related to the presence of 
partial antiferromagnetic coupling within the superlattice stack. 
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Figure 5.3 Leakage fields in Co/Pd multilayer films : (a) - unwrapped phase image, (b) - contour image of same area as in (a) 
where one contour corresponds to 7t/10 rad, (c) - line-scan of thephase perpendicular to the edge and its gradient, (d) - line-scan of 
the phase parallel to the edge, (e) - three-dimensional plot of phase outside the specimen. 

Magnetic coupling between adjacent ferromagnetic layers in a superlattice composed of alternating 
ferromagnetic and nonmagnetic layers is present when giant magnetoresistance is observed. A series of 
multilayer structures with varying seed layer thickness, number of bilayers and bilayer geometry have 
been grown under ultra-high vacuum conditions. Samples grown on thin amorphous holey carbon films 
are observed in the Fresnel mode with the beam perpendicular to the layers of the superlattice (not cross- 
sectional view) and holograms of identical regions yield quantitative information about the magnetic 
microstrucrure. The variation of the magnitude of magnetization can be used to determine the interlayer 
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coupling assuming in-plane magnetization. For example, the Fresnel image of a Co(6nm)/ 
[Cu(3nm)Co(1.5nm)]6/Cu(3nm) superlattice shows five domains aligned in a flux vortex (Fig. 5.5a). 
From the hologram (Fig. 5.5b), the maximum phase gradients (in each of the five domains) are 41.2, 41.8, 
39.8, 36.7 and 40.7 mrad/nm. The average maximum phase gradient in domains 1, 2, 3 and 5 is 41.0±0.8 
mrad, which differs from the predicted bulk value for a cobalt film of 15 nm total thickness (41.4 
mrad/nm) by less than 1%. This indicates that the domains penetrate the sandwich and are uniformly 
(ferromagnetically) aligned. The phase gradient in domain 4 is 36.7 mrad/nm, which is approximately 
90% of the expected uniformly magnetized value (37.3 mrad/nm). This magnetization amplitude loss is 
outlined in Fig. 5.5c. The magnetization in one of the layers (10% of the active thickness) is rotated by 
90° with respect to the magnetization in the other layers. The amplitude must then be calculated as a 

vector sum, i.e. the magnetization amplitude equals to VO.l" +0.9   = 0.906 and is therefore 
approximately 10% lower than the aligned value. If a single layer were antiferromangetically aligned in 
the superlattice stack within this domain, the phase gradient would have to be 80% of the maximum 
value. The existence of 90° coupling between layers has been confirmed by hysteresis loop 
measurements performed on the same sample (see APL in Appendix C). This confirms that we are able 
to determine the magnetization orientation of domains in a superlattice and thereby are capable of 
correlating macroscopic giant magnetoresistance measurements with micromagnetic structure. 
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Figure 5.4 Domain walls in Co/Pd multilayer films : (a) - hologram with marked walls and line profile positions, (b) - profiles of 
broader wall A, (c) - profiles of wall B. 
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Figure 5.5 Holography of Co/Cu multilayer structures : (a) - Fresnel mode image (underfocus), (b) - unwrapped phase image 
(absolute mode), (c) - proposed magnetic structure in the multilayer stack. 

Small (fine, ultrafine) particles can be defined as structures with dimensions limited in more than 
one direction, i.e. needles (limited in two dimensions) and genuine small particles (platelets, cubes, etc.). 
Properties of ultrafine magnetic particles differ considerably from those of the corresponding bulk 
materials. Magnetic properties are strongly dependent on the surface layers which constitute a relatively 
large fraction of ultrafines particles. Surface properties are sensitive to the environment and a rigorous 
investigation requires the application of ultra-high vacuum techniques and in-situ growth and 
characterization. 

Details of the micromagnetic structure, for example the transition between multidomain and 
single domain behavior, is difficult to determine experimentally due to the small particle size. The critical 
dimensions, at which this transition occurs, is usually below the resolution limit of conventional magnetic 
imaging techniques. Most of the published results are based on computational techniques. The particle 
has a critical length when the micromagnetic stray field energy of the single domain approximately equals 
the sum of the stray field and domain wall energy of the two-domain state. The transition state depends 
on the aspect ratio of the particle. Particles of dimensions below approximately 10 nm (depending on 
material) exhibit superparamagnetic relaxation. When the particle is small enough, the energy barrier due 



to anisotropy (proportional to volume) can be overcome by thermal fluctuations, resulting in a flip of the 
direction of magnetization. Several flips may occur during the measurement, yielding a smaller or zero 
average value of magnetization and the relaxation time depends strongly on the dimensions . An 
ensemble of such small particles behaves in a non-zero applied field as an ensemble of paramagnetic 
atoms (no hysteresis, but saturation when all particles aligned). Magnetic dipolar interactions may be 
present in these ensembles as well. The interaction depends on the arrangement of particles, varying from 
a regular lattice-like structure of identical particles to a disordered assembly of non-identical particles. A 
strong magnetic interaction between ferro- and ferrimagnetic particles may result in ordering of the 
magnetic moments of particles at temperatures at which they would be superparamagnetic if they where 
non-interacting. 

Qualitative experimental observations of small particles have been carried out using the dry 
colloid Bitter technique, accompanied by SEM observations, Lorentz microscopy and TEM holography 
techniques. Direct quantitative investigations of the magnetic microstrucrure in small magnetic particles 
have been limited by the relatively low spatial resolution of commonly used micromagnetic analysis 
techniques (magneto-optical methods, magnetic force microscopy, Bitter-pattern method, etc.). The 
Fresnel and Differential Phase Contrast (DPC) modes of Lorentz microscopy reveal the in-plane 
component of magnetization as well as the local microstrucrure at high spatial resolution, but do not allow 
accurate quantitative measurements. The deflection angle in the DPC mode is too small (~ 10"-" rad) and 
in the Fresnel mode, only strong magnetization changes (domain walls, ripple) are observed; an image 
deconvolution with an exact value of defocus and known wall profile would be required to explicitly 
extract the micromagnetic structure. Electron holography, carried out in a STEM, provides quantitative 
information about the magnetization in the specimen at nanometer resolution and therefore represents a 
valuable tool for the determination of the magnetic microstrucrure in small particles. 

Micromagnetic calculations of the three-dimensional magnetic fields and phase differences must 
be carried out for comparison with experimental phase images. The intuitive and straightforward 
interpretation of phase images can be done only for in-plane distributions of the magnetization and flux 
density. In the following simulations we will consider the absolute mode. Both beams propagate along 
the z-axis, the reference beam propagates through a field-free region only and its phase is set to zero. The 
rotation angle § of the beam path in the magnetic field is small, 

t 

2mvJ 

where the flux is nonzero (not negligible) over a distance t. Consider a 100 nm thick sample with 
magnetization component Bz = 10 kOe. The rotation angle (j) equals 5.4 100 rad and is therefore 
negligible in phase calculations (and quantitative measurements of the phase). 

The magnetic contribution to the phase difference depends upon the orientation, determined by 
the separation of the two probes. For a point magnetic dipole, located at the origin and oriented along the 
positive x-axis (Fig. 5.6), the simplified scalar potential is 

^/ N P'r X 
0(x,y,z) = ^3   -   

r-        Kx2+y2+z2^ 

and the components of the flux density can be written as 

B 
3x2-(x2+y2 + z2 

x   +y   +z 
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Figure 5.6 Geometry of the calculated magnetic dipole fields. 

When the beam separation is along the x-axis, the phase difference depends on the y-component of the 
flux density, 

Acp(x,y) = -f J(jBydz)dx = -|j      4xy      dx 4xy 

The integrand, the projected y-component of the magnetic flux, is shown in Fig. 5.7a and coincides with 
the image observable in the differential mode. The second integration yields the phase shift as shown in 
Fig. 5.7c (compare with measured phase shifts). 

e    -2y 
Acp(x,y) = --— 2" 

fi x  +y 

When the beam separation is along the x-axis, the phase difference depends on the y-component of the 
flux density, (Figs. 5.7b and 5.7d) 

A<p(x,y) = ~ J(|Bydz)dx. 
n 

-oo    —oo 

The integrand (By) is an odd function of z and the z-integration must be equal zero. Similarly, with the 
probes separated along the y-direction, 

34 



A<p(x,y) = -- J ( J*Bxdz)dz = 0 
—oo    —oo 

and no magnetic contrast is observed when the beam is parallel to the dipole axis. 

Figure 5.7 Phase image simulations for a magnetic dipole : (a) and (b) - projected y- and x-component of magnetic flux density, 
(c) and (d) - projected y- (x-) component integrated along x (y), (e) - three-dimensional view of (d). 
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Figure 5.8 Phase image simulations for a physical magnetic dipole : (a) and (b) - projected y- and x-component of the magnetic 
flux density, (c) and (d) - projected y- (x-) component integrated along x (y), (e) - three-dimensional view of (d). 

In the previous calculations we assumed a point dipole and therefore no information can be 
extracted about the inner structure of the dipole. For simulations accounting for the inner magnetic 
structure of the dipole (which differs for an electrostatic and magnetic dipole), micromagnetic 
calculations must be carried out. An example of such a calculation for a 640 nm x 80 nm x 40 nm 
rectangular particle with magnetization moment of 400 emu/cm^ is shown in Fig. 5.8. The integrated y- 
and x-components of the flux density, coinciding with the differential mode image, are shown in Fig. 5.8a 
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and 5.8b. The corresponding phase images obtained by integrating By along x and Bx along y (Fig. 5.8c 
and 5 8d) display the characteristic areas of bright and dark contrast outside the particle, the large gradient 
of the phase inside the particle and the flux leak from the particle's ends. A detailed simulation near one 
end of a dipole and its possible imaging representations are shown in Fig. 5.9. 

X 

®-+~ 

Figure 5.9 Phase image simulations near one end of a physical magnetic dipole : (a) - unwrapped phase image, (b) - contour 
image, (c) - wrapped phase image, (d) - three-dimensional view of phase image. 

Cr02 particles are elongated 'stretch shaped1 particles (approximately 50-100 nm wide and 500-800 
nm long) with a magnetic moment of 400 emu/cm3 and a coercive field of 405 Oe. Holograms of single 
particles acquired in the absolute mode confirm the prediction that the particles are typically uniformly 
magnetized. CrC>2 particles are flat needles of nearly constant cross section, therefore we neglect the 
phase changes due to thickness variations. Micromagnetic calculations of the three-dimensional magnetic 
fields and phase differences have been carried out for comparison with experimental phase images. A 
typical example of a Cr02 particle (640 nm long and 80 nm wide) with magnetic dipole structure is 
shown in Fig 5 10a  Typical bright and dark contrast observed outside the particle is in good qualitative 
agreement with the calculated phase image. Absolute phase shifts caused by the magnetic dipole can be 
determined. The experimental line-scan across the particle (Fig. 5.10b) shows that the phase gradient 
inside the particle is approximately 30 mrad/nm, which compares favorably with the calculated image 
(28 1 mrad/nm). It must be noted here that the phase gradient for an in-plane magnetization distribution 
(no boudaries) of same thickness corresponds to 30.5 mrad/nm, hence the effects of the demagnetization 
field is apparent. An accurate value of the thickness is required and is obtamed by imaging the particle m 
bright field using a tilt stage. The volume of the observed particle is approximately 2 . 10"3 urn3, which 
corresponds to a magnetic moment of ~ 10"12 emu. This means that we are capable of safely detecting 
magnetic moments of approximately 4 orders in magnitude smaller than detectable with SQUID 
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magnetometry. Under (near) ideal imaging conditions we can detect phase gradients of several mrad/nm, 
corresponding to a minimum particle volume of approximately lnm x lnm x 5nm. This corresponds to a 
magnetic moment of approximately 10-16 - 10-17 emu and presents our current ultimate limit for 
magnetization measurements. 
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Figure 5.10 Quantitative measurements of a CrC>2 particle : (a) - wrapped absolute phase image, where the arrow marks the 
measured component of B, (b) - line-scan across particle in direction perpendicular to arrow in (a), (c) - line-scan from calculated 
dipole 
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Figure 5.11 A cluster of CrC>2 particles with strong magnetic flux leak : (a) - wrapped absolute phase image, (b) - unwrapped 
absolute phase image, where the arrow marks the measured component of B, (c) - contour image of phase, where one contour 
corresponds to approximately Tt/11, (d) - STEM bright field image of the cluster. 
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A cluster of strongly interacting CrOo particles is shown in Fig. 5.11. The magnetizations of the 
two CrCh panicles near the edge of the supporting carbon film (Fig. 5.1 la - 5.11(c) - phase and contour 
images) are aligned parallel, which manifests itself as a strong leakage field. A high resolution 
investigation of the tip of the leaking particle (Fig. 5.12) shows striking resemblance with the simulated 
images of a dipole end in Fig. 5.9. In comparison, the two CrC>2 particles in Fig. 5.13a and 5.13b (phase 
and contour image) are aligned antiparallel, therefore the magnetic flux is closed and no flux leak is 
observed. The three line-scans (Fig. 5.13c) are acquired in the direction of the probe 
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Figure 5.12 Tip of CrC>2 particle with strong magnetic flux leak : (a) - unwrapped absolute phase image, where the arrow marks 
the measured component of B, fb) - contour image of phase, where one contour corresponds to approximately 7t/l 1, (c) - three- 
dimensional plot of a part of (a), compare to Fig. V.7. 

40 



«ratete 
ml 

igaifeMiiilMSBIwa 

Wmämm 

m 

111 

6.0 

4.0 

£    2.0 |- 

%     0.0 
.c 
a 

-2.0 

-4.0 

-6.0 

,.,.,..,,,, 1 
i  ■         .  i  ....   |   i  i   i   i 

- 
 overlap ■ 

 right  particle 

"-•% *                     ■*■ v\                     / 
- •>                        »w                                   — 

^"V       ' 

1 /,/                             *AA        1 
r              ^H: 

.!                                         V 
5                              1 
/' 

// 
F 

A'I^IT*      1    ^^»^    N -\ c ; 
50 100      150      200      250      300 

distance [nml 

Figure 5.13 Two CrOi particles with magnetizations aligned antiparallel: (a) - unwrapped absolute phase image, where the thin 
arrow marks the measured component of B, (b) - contour image of phase, where one contour corresponds to approximately nil 1, 
(c) - three line-scans of phase in direction perpendicular to the (thin) arrow in (a) at positions marked by lines. 

separation (perpendicular to arrow in Fig. 5.13a). In the left particle the phase is increasing linearly with 
an average gradient of 37.8 mrad/nm, while in the right particle the phase is decreasing linearly with an 
average gradient of -31.1 mrad/nm. In the region of particle overlap the phase is nearly constant (1.1 
mrad/nm). Practically no magnetic flux leak is observed outside the particles, supporting the model of the 
antiparallel orientation of magnetizations in this case. 
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6.0        Research Plans : Year 3 
Year three will continue with the metal/metal interface characterization in both the Co/Cu(100) 

and Fe/Ag(100) systems. The Fe/CaF2/Si(l 11) and Ag/ Fe/CaF2/Si(l 11) has yielded some very 
important results. These experiments will be continued with Co as the ferromagnetic transition metal. 
We v\ '.1 attempt to measure the giant magnetoresistance in these well characterized two dimensional 
films by searching for an appropriate surface passivation layer for transfer our of UHV. We have been 
moderately successful at micropatterning 10 nm square Fe regions on the CaF2 surface. We are 
exploring alternative methods to fabricate nm diameter ferromagnetic regions microscopically using both 
scanned probe and scanned electron beam methods in inorganic transition metal halide materials such as 
CoF2. Initial results of these studies were very promising and will be continued. We have studied the 
Co/Cu(100) system which has had the highest reported thin-film magnetoresistances to date. We are 
systematically exploring the role of in-plane magnetic order, 90° coupling and domain formation with the 
giant magnetoresistance properties of these films. These studies will be completed this year with a 
comprehensive study of the domain structure resulting from intralayer coupling such that the role of 
intralayer and interlayer scattering in GMR structures may be isolated. 

7.0       Appendix A: Associated Staff 
We currently have 8 people associated with projects supported by this grant. Mike Scheinfein, 

an Associate Professor in the Department of Physics and Astronomy receives 2 months of summer salary 
from the grant. Gary Hembree, an Associate Research Scientist in the Department of Physics and 
Astronomy is on a 12 month University salary and receives no salary from the grant. Jeff Drucker, 
formerly a Research Scientist in the Center for Solid State Science received 37.5% ($15,000) of his 
salary from the grant during the first six months of 1994. Jeff accepted an assistant professor position at 
the University of Texas at El Paso and left in July. Doug Bradley, Steve Coyle, Kevin Heim, Marian 
Mankos and Zhijun Yang are/were graduate research associates in the Department of Physics and 
Astronomy. Kevin Heim and Zhijun Yang were supported 100% time for spring and fall 1994. Both 
students received their PhD degrees in December. Kevin will take a post-doctoral position at the Jet 
Propulsion Laboratory in Pasadena. Zhijun is still looking for a post-doctoral position and will remain 
with the group until June. Marian Mankos was supported on a Department of Energy grant with John 
Cowley in the spring and on this grant in the fall. Marian has accepted a post-doctoral position in R. 
Tromp's lab at IBM Yorktown Heights. Steve Coyle has been working with our group for 18 months 
now. His original support was through a department of education grant (GAANN). He as supported on 
this grant 100% time in the fall of 1994. He will continue to be supported as he follows up on Kevin 
Heim's work on small particles and growth in the CaF2/Si(l 11) system. Doug Bradley is our newest 
student and has been working with the group for 6 months. Doug has been growing Fe/Ag on NaCl 
substrates for low dimensional relaxation studies. He is supported by a GAANN grant until the end of 
summer 1994. We will likely pick him up on this grant in the fall of 1994. As with all of our students, a 
trial period of at least one year is used prior to accepting them for support on this grant. 
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STEM Holography: Quantitative Characterization of Magnetic Microstructure at Nanometer Spatial 
Resolution, M. Mankos, M.R. Scheinfein, J.M. Cowley, in Electron Holography* Delta Series, 
eds. A. Tonomura, L. Allanrd, G. Pozzi, D. Joy, Y. Ono, Elsevier Science BV (in press -1994). 

90° Domains in Co/Cu Giant Magnetoresistance Superlattice, Z.J. Yang, M.R. Scheinfein, Appl. Phy. 
Lett, (in press-1994). 

Absolute Magnetometry of Thin Cobalt Films and Co/Cu Multilayer Structures at Nanometer Spatial 
Resolution, Marian. Mankos, Z.J. Yang, M.R. Scheinfein, J.M. Cowley, IEEE-Trans. MAG 
30(6), 4497 (1994). 

Far Out-of-Focus Electron Holography in a Dedicated FEG STEM, M. Mankos, A.A. Higgs, M.R. 
Scheinfein, J.M. Cowley, Ultramicrosc. (in press - 1994). 

Absolute Magnetometry At Nanometer Spatial Resolution : STEM Holography Of Thin Cobalt Films, M. 
Mankos, M.R. Scheinfein, J.M. Cowley, J. Appl. Phys. 75(11) 7418 (1994). 

Ultra High Vacuum Scanning Electron Microscopy Characterization of the Growth of Fe on 
CaF2/Si(l 11): Selective Nucleation on Electron-Beam Modified Surfaces, K.R. Heim, G.G. 
Hembree, M.R. Scheinfein, J. Appl. Phys. (in press - 1994). 

Structural and Magnetic Properties of Epitaxially Grown fee Fe/Cu(100) and Fe/CaF2/Si(l 11), M.R. 
Scheinfein, S.D. Healy, K.R. Heim, Z.J Yang, J.S. Drucker, G.G. Hembree, Proc. Mat. Res. Soc. 
vol. 323, Determining Nanoscale Properties of Materials by Microscopy and Spectroscopy, eds. 
M. Isaacson, M. Sarikaya, K. Wickramisinghe, 473 (1994). 

Surface Magnetization Processes Investigated by the Combined Surface Magneto-Optical Kerr Effects in 
fee Fe/Cu(100) Thin Films, Z.J. Yang, S.D. Healy, K.R. Heim, J.S. Drucker, G.G. Hembree, 
M.R. Scheinfein, J. Appl. Phys. 75(10), 5589 (1994). 

The Initial Phases of Epitaxy of fee Fe/Cu(100): Supersurface and Subsurface Island Formation, S.D. 
Healy, K.R. Heim, Z.J. Yang, J.S. Drucker, G.G. Hembree, M.R. Scheinfein, J. Appl. Phys. 
75(10), 5592 (1994). 

Combined Three-Axis Surface Magneto-Optical Kerr Effects in the Study of Surface and Ultrathin Film 
Magnetism, Z.J. Yang, M.R. Scheinfein, J. Appl. Phys. 74(11) 6810 (1993). 

Correlations Between Ultrathin Film Microstructure and Magnetic Properties in Epitaxial Films of fee 
Fe/Cu(100), K.R. Heim, S.D. Healy, Z.J. Yang, J.S. Drucker, G.G. Hembree, M.R. Scheinfein, J. 
Appl. Phys. 74(12), 7422 (1993). 

Field Induced Metastable States in Ultrathin Films of fee Fe/Cu(100), G.G. Hembree, J.S. Drucker, S. 
Healy, K. Heim, Z. Yang, M.R. Scheinfein, Appl. Phys. Lett. 64(8), 1036 (1993). 
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Conference Proceedings and Extended Abstracts (ONR: N00014-93-1-0099) 
January 1, 1993 - December 31, 1994 

Nanomagnetometry: Electron Holography of Small Particles, M. Mankos, J.M. Cowley, M.R. Scheinfein, 
IEEE Intermag-95 Digest, Intermag-95, 18-21 April, 1995, San Antonio, TX. 

90° Couping in Co/Cu Giant Magnetoresistance Superlattices, Z.J. Yang, M.R. Scheinfein, IEEE 
Intermag-95 Digest, Intermag-95, 18-21 April, 1995, San Antonio, TX. 

STEM Holography: Quantitative Characterization of Magnetic Microstructure at Nanometer Spatial 
Resolution, M. Mankos, M.R. Scheinfein, J.M. Cowley, Proc. of the Internatinal Workshop on 
Electron Holography, Oak Ridge National Laboratory, 28-31 August 1994, p. 8.3 (1994). 

STEM Holography of Small Metal Particles, M. Mankos, G. Matteucci, M.R. Scheinfein, J.M. Cowley, 
Proceedings of ICEM-13, Paris, France, 17-22 July 1994, p. 1179. 

Quantitative Investigations of Magnetic Microstructure: Electron Holography in a Scanning 
Transmission Electron Microscope, M. Mankos, Z.J. Yang, M.R. Scheinfein, J.M. Cowley, 
Proceedings of ICEM-13, Paris, France, 17-22 July 1994, p. 317. 

Characterization of Magnetic Microstructure at High Spatial Resolution, M.R. Scheinfein, Proceedings 
of the 51st Annual Microscopy Society Of America (MSA), G. W. Bailey, Ed.,(San Francisco 
Press, San Francisco, CA 1993) p. 5. 

Arizona State Department of Physics Dissertations (ONR: N00014-93-1-0099) 
January-1,1993 - December 31,1994 

Kevin R. Heim, "Magnetic and Structural Characterization of Ultrathin Iron Films on Metallic, 
Semiconducting and Insulating Surfaces," Arizona State University, December 1994. 

Marian Mankos, "Electron Holography and Lorentz Micrsoscopy of Magnetic Materials," Arizona State 
University, December 1994. 

Zhijun Yang, "Giant Magnetoresistance and Magnetic Coupling in Co/Cu Superlattices Investigated by 
the Combined Three-Axis Magneto-Optical Kerr Effect," Arizona State University, December 
1994. 
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STRUCTURAL AND MAGNETIC PROPERTIES OF EPITAXIALLY GROWN 
FCC   Fe/Cu(100) and  Fe/CaF2/Si(lll) 

MR Scheinfein, S.D. Healy, K.R. Heim, Z.J. Yang, J.S. Drucker*, G.G. Hembree, 
Department of Physics and Astronomy, "Center for Solid State Science, Arizona State University, 
Tempe.AZ 85287-1504 

ABSTRACT 

We have used nanometer spatial resolution secondary electron and Auger electron imaging in an 
ultra-hish vacuum scannine transmission electron microscope to characterize microstructure m 
ultrathin films of Fe/Cu(lO0) grown at room temperature and Fe/CaF2/Si(lll) grown at room 
temperature and 150 C. Tmn film microstructure was correlated in situ with magnetic properties 
by using the surface magneto-optic Kerr effect. 

INTRODUCTION 

Ferromaonetic ultrathin epitaxial films grown on single crystal metal substrates display unusual 
properties charactenstic of two-dimensional ferromagnetism stabilized by magnetic Uurtace) 
anisotropy [1]. The exchange coupling and crystalline anisotropy depend very sensitively on he 
Uttice   Ultrathin films, erown eoitaxially on templates which distort the bulk lattice are often 
hiehly strained enabling metastable film properties to be explored at room temperature^ Tr^most 
studied and perhaps the most complex metal/metal epitaxial system is fee Fe/Cu(100). The tec 
phase of Fe. stable in bulk above 911° C [2], can be grown epitaxially on Cu(lOO) with 0.83% 
lattice mismatch   For fee (fct) Fe, a non-magnetic, high and low spin, or an antnerromagnetic 
hLecan'e stable depending upon the lattice constant [3].  The {"»««" P™^™««'»If 

Fe/CudOO) have been investigated using the surface magneto-optical Kerr effect (SMOkt) [4.0 , 
spin-polar zed photoem.ssiSn [6], spin-polarized secondary eectron spectroscopy [7.8] 
convers on-Mossbauer soectroscopy [9], inverse photoemission [10] and spin-polanzed scann ng 
electron microscopy (SEMPA) [11]. Tne energy balance between surface anisotropy and shape 
„ni.^°" "" u" i. sriL0 f^.-^s Cf *i- -Mckness, growth and measurement temperature [4,11- 
13    deiermme'threasv"a^is"öf masnetizauon.   Interest in this system is stimulated by rich 
truau4™eues Present during "various phases of film .growth [12-18], including Mayer 

trowth during initial phases of epitaxy [15-18], strain-rei.et at intermed.ate thicknesses weak 
surface reconstructions [12], and fee to bec transitions [e.g. 13].   Extensive work has been 
devoted to collating film microstructure with magnetic properties [12,13 19] with empnasis on 
the non-maanetic-to-maonedc transition at 1-2 ML (ML denotes a monolayer, 0.18 nm for tec 
Fe(100)) coverages and the polar-to-longitudinal transition m the easy axis of magneuzauon at 4-8 
ML. 

EXPERIMENTAL RESULTS 

Our masneuc thin film growth and characterization facility is schemadcally depicted in Fig^l The 
foundation of this syslem, shown on the far left-hand side ot Fig. 1, is a modified Vacuum 
Generators HB501-S, field-emission scanning transmission electron microscope (STEM) 124,^j. 
A maenetic parallelize (P) [26] guarantees nearly 100% collection efficiency atSE energies, and 
nearly" 50% collection efficiencies at intermediate Auger energies (->00eV to 500 eV) [2/]. Ihis 
hieh collection efficient and the ability to form subnanometer 100 keV focused electron probes 
allows for the acquisition of nanometer transverse spatial resolution secondary and Auger electron 
imaees [20-''31 A secondary electron detector (SE) located below the sample facilitates in the 
studv of bulk specimens (S). This electron microscope and the attached preparation chamber 
enables «rowth and characterization under UHV conditions using high resolution imaging and 
standard'surface science techniques . A 24 hour, 170°C bakeout of the entire microscope and 
preparation chamber produces base pressures below 5x10^ mbar^ The specimen preparation 
chamber is equipped with a sample heater (H), a Surface Magneto-Optic Kerr Effect (SMOKE) 
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analysis chamber, a Perkin Elmer model 10-155 cylindrical mirror analyzer (CMA) broad-beam 
Auger analysis system, a scanning ion sputtering gun (Ar+), a residual sas analvzer (RGA1 
various Knudsen cell evaporation sources (Kl, K2, and K3), and an electron-bombardment Fe 
evaporator. The combination of in situ SMOKE measurements with nanometer-resolution 
microstructural characterization techniques makes this observation system idea! for correlating thin 
iilm surface m.crostructure (those structures with features larger than 1 nm) with macroscooie 
magnetic properties. * y 

SMOKE 
CHAMBER 

RHEED& 
AUGER 

Fe SOURCE 

AIR 
LOCK 

Ki' Ä '" 

FEG 

Fig. 1: Modifiea VG HB501-S thin film growth and characterization facilitv. The microscope 
column contains; P2, Pl-upper and lower parallelize«, respectively, SE2. SEl-upper and lower 
secondary electron detectors, respectively, S-sample, OL-objective lens, and a FEG-field emission 
gun The specimen preparation chamber consists of a SMOKE chamber for surface magnetism 
analysis, a CMA-cyhndncal mirror analyzer for AES and RHEED, and sample surface preparation 
tools such as an Ar+ ion sputtering gun, an Fe evaporator, annealing stages Al and X^ and 
Knudsen cell evaporators Kl, K2, and K3. Also shown are the Cu crystal,*C the YAG crystal 
Y, and the air lock for fast sample entry. 

Single crystal Cu(100) substrates were machined into 1 mm thick, 3 mm diameter shouldered 
disks and commercially electropolished [28]. After attaining pressures below 5x10"' 1 mbar the 
Cu specimens were sputtered with 600 eV Ar+ ions at 45° from the surface normal Typical ion 
currents were between 200 and 250 nA (current densities of -10 mA/cm?) with an operational 
pressure of 6x10-7 mbar. Specifically, the Cu crystals were first sputtered at room temperature 

r°M l^f' „? H the ^r^f C0 ~330°C and h°«Pu"ered for 4 hours. Following this, the 
a™ an"ea ed at ~600 c for 15 minutes to produce a well-ordered surface, as observed with 
*£!§?■ Recleamng samples with less than 10 ML (1 ML = 1.805 A) of Fe on them reauired a 
-JM L sputter period of 1 hour. Any cleaned surface exposed to ambient vacuum conditions for 
more than several hours or exposed to an electron beam (Auger spectroscopy, RHEED or electron 
mi™°£C°,P<V) WaS' pri0r ? £? deP°sition, cycled through^ -330°C, 15 minute sputter and a 
-600 C, 15 minute anneal The crystal was allowed to cool for 1.5-2.0 hours after the last anneal 
such that a temperature below 40°C was obtained prior to Fe deposition. 
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Followine the surface preparation and Fe deposition, surface structural characterization was 
performed using secondary'electron (SE) microscopy.   SE ™«oscopy contniSMS sensu ve to 
tnnooraDhv P3 29] and local chanaes in the work function [30].   Several ot the cleaned Cu 
urfacesobserWd with SE microscopy revealed small contaminant clusters which we believe to be 

Cu"o (based uoon the most likely copper oxide formed at these temperatures and pressures [31]) 
isla'nds nucleated over the entire Cu surface. Analysis of these SE images indicates that oxygen 
coverages <0 0Ol 1 at.% are well below the sensitivity of the broad-beam AES (typically sensitive 
to no bet^man 1 at.%) used in the preparation chamber. In Figs. 2a-f we display corresponding 
°road beam Auger spectra and SE iLlesfor two idenucally pr «P^ C"|f »^^ ^ 

Oh are the resDective EN(E) and dN(E)/dE spectra acquirea tor a clean Cu(100) sunace.   lru-Sv. 
spe    a*ear^Kii fiWc« AugVpeaksV 105, 776; 840. and 920 eV ,n the, denvauve 
mode) while not detectine the O (503 eV) peak (the sensitivity factors at , keV inmca^ tna O is 
about two times more detectable than the 920 eV Cu signal, from whicn we conduce ihai he 
oxygen coverage is "<2 at.%). The SE image shown in Fig. 2e represents a typical area of the 
clean Cu(100) crvstal surface with less than 1.4x10? oxide panicles/cm^, thus yielding an oxygen 
coverage of 0 016 at %   The tvpical terrace width on these Cu(100) surfaces vary rom 25 nm to 
75 nm Cwhch based on the uniform growth, is greater than the Fe atom diffusion length loruus 
systtm  Thus Sie effects of a rough a^d disordered surface on the magnetic properties have been 
rcdu«d below a detectable level.   Insulators and oxides, in general, have higher se ondary 
electron vields than metals [32], and hence appear bright in SE ™|raPh*p*" "^ ™ 
Auger spectra in Fiss. 2c and 2d also imply a clean Cu surtace, but die SE image of Fig. 2f shows 
larger more numerous (3.6x101° particles/cm? of 10 nm average radius and 3.75 at.%) oxide 
oaSrBopulatin. the enure Cu surface. In situ electron microscopy, with its high sensitivity fo 
mTdetlction of surf«  contamination, was used to guarantee the real space chemical and structure 
inleonty of"all Cu(100) substrates pnor to Fe deposition.  In particular, our cleanest Cu(100) 
surfaces had 1x10? particles/cm? of 3 nm average radius oxide clusters, implying an oxygen 
coverage of order <0.01 at.%. well below the detectivity of standard surface science techniques. 

UOOO i 

E (eV) E (eV) 
Fi„ r Aueer electron sDectroscopy (AES) scans of clean copper in the (a) EN(E) and (b) 
fedE^cSe Ä corxespondS (e) secondary electron (SE) image. The, wn.te curves are 
steo bands seoaratine terraces. The average terrace width lies within 25 nm and 75 nm Ah£ 
scans of oxidiLd copper in (c) EN(E) and (d) dN(E)/dE mode indicate no contamination while the 
(f) SE image reveals many oxide. 
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The thickness dependence of SMOKE hysteresis loops of as-grown fee Fe/Cu(100) film, , 
shown m Fig. 3. Fe tilm thicknesses below 2 ML displayed no'masne crepone (no shownf 
Initial magnetic response ,s observed as a zero-remanence. lineares eresis loon i° hZu 

below 5 ML indicating that most of the film (above 2 ML) is maoneticallv artv/ F;7~,K v£ 
exceeding this range (t -> 10 ML) become non-magnetic in S 

b trafe'tourRHEEDmeJ0 ML M **■ ^'T wi,h the tranSverse >»«"" Snst n7£ h substrate (our RHEED measurements permit an evaluation of the in-plane lattice constant to within 
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At low film coverages, 
supersurface island formation 
can be observed locally by 
correlating the SE images with 
the Cu and Fe AE images. One 
such set of spatially correlated 
images is displayed in Figure 4 
for a 0.33 ML thick Fe film. SE 
images are sensitive to both the 
work function and topoeraphv 
of the surface. The SE image in 
figure 4a illustrates supersurface 
Fe islands with the 
corresponding contour plot 
shown in figure 4b. The large 
island (-45 nm in diameter) has 
intensity contours near its upper 
left quadrant indicating that this 
island is composed of more than 
one monolayer of Fe within the 
bulk of the island. The contrast 
of the smaller islands is identical 
to the contrast of the üv of the 
larger island (within the signal- 
to-noise limits of these 
measurements) indicating 
identical Fe island thicknesses^ 
AE images and contour maps 
derived from the Cu (Figs. 4c 
and 4d) and Fe (Figs. 4e and 4f) 
Auger electron signals can be 
directly correlated with the SE 
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image of the Fe islands. The AE images are produced by rastering the finely focused 100 keV 
incident electron beam across the sample surface and collecting most of the Fe (Cu) LMM peak 
Auger electrons using a spectrometer with a 1.5 eV window which is selected to pass electrons 
with the respective energy thus generating a two-dimensional surface map . A background map 
for each Auger map is subsequently acquired by selecting the pass band of the spectrometer to lie 
20 eV higher than the Auger peak energy. The images shown in Figs. 4c and 4e result from 
subtracting the background'map from the peak map, such that the intensity within each pixel of the 
image is proportional to the number of counts within a particular Auger peak, and, therefore, 
proportional to the number of atoms probed by the incident beam (the sensitivity factors for the Cu 
and Fe LMM peaks are almost identical). The black areas in Fig. 4c indicate the lack of a Cu 
signal, while the white areas in Fig. 4e indicate the presence of Fe. It is evident by correlating the 
contrast in the images and contour maps that the large island and several smaller islands are 
composed of Fe. Since the signal-to-noise ratio is much better in the SE image, the island density 
pictured in Fig. 4a likely characterizes the surface. 

Fig. 4: After deposition of 0.33 ML of Fe at room temperature supersurface islands are observed: 
(a)~ secondary electron (SE) image, (b) contour map of SE image indicating island positions, (c) 
Cu LMM Auger electron (AE) image indicating Cu depletion (black) regions, (d) corresponding 
contour map of the Cu AE image. (e~) Fe LMM ÄE image indicating Fe (white) islands, and (f) the 
corresponding contour map of the Fe AE image. Tne correlation of these three signals indicates 
that the island's have formed upon the Cu surface. These three images have identical scale factors. 

Figure 5a-c displays SE, Cu AE and Fe .AE images respectively, all in registry for a Cu substrate 
with 1.7 ML of Fe deposited at room temperature. The bright regions in the SE image are not 
correlated with any structure in the Cu (Fig. 5b) or Fe (Fig. 5c) AE images. However, these same 
Cu and Fe AE images with superimposed contour plots, shown in Figs. 5d and 5e respectively, 
indicate the regions'depleted of Cu are rich in Fe. Since there is no contrast in the SE image, and 
the SE yield for fee Fe and Cu are practically identical (<5Fe=<5Cu=0.38 at 20 keV [33], we 
conclude that there is no topographic structure on the surface in this region, indicating that the 
contrast observed in the AE images is a result of two-dimensional subsurface island formation. 
We have also observed both type's of island growth as well as layer-by-layer growth in the same 
film at different positions along the film. This indicates that these phenomena are controlled by 
locally varying template surface conditions. 
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Si02. In addition, CaF2 layers mSSh^ " ^^ rePlacemen< for the native 
reactive metals such as Fe are noube 10Ü buffer region such that devices utilizine hiehlv 
Fe would enable the fabrication 0?Jly KSÄSl **** ^^ ^ deP°^ * 
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For verv slow growth rates the adsorbaie topology is expected to approximate structures proauced 
under equilibrium conditions. In this regime, the growth mode is controlled by surtace energy 
imbalances. As Bauer has already set forth [34], a system in equilibrium can be characterized in 
terms of the surface energy of the adsorbate (7a). substrate (ys), and the interface between them 

(Yi). When Ta + Yi > Ts the deposited matenal is not expected to spread evenly over the substrate's 
surface. Fe and CaFo(l 11) are known to possess surface energies of 2475 erg/cm- [35] and 450- 
550 erg/cm2 [36]  hence, Fe island formation on CaFo is expected.  We are interested in the 
formation of monodisperse transition metal island size distributions because ferromagnetic or 
naramaenetic granules embedded in a three-dimensional noble metal matrix have been shown to 
exhibit slant maenetoresisuve behavior if the granules are properly spaced and smaller than some 
critical radius [37].   This leads to the natural extension whereoy a two-dimensional array or 
isolated ferromagnetic panicles, such as Fe islands on an insulating CaF2 substrate^covered by a 
noble metal is expected to yield two-dimensional giant magnetoresistance (GMR) etiects.   In 
addition since CaF2 can be chemically altered by electron beam exposure [J8], growth modes 
may be controlled for selected regions of the surface prior to metal deposition by modifying the 
surface composition with an electron beam. A further increase in electron irradiation and exposure 
to residual oxygen allows the CaFo to be used as an electron beam resist [38], thereby expediting 
the fabrication of run-size and low dimensional magnetic devices. 

SE microscopy (100 keV and -10 pA incident beam current), performed before and after 
Tradiatively) annealing the CaF2/Si(l 11) substrates at 300 °C for 60 minutes, revealed that areas ot 
obvious surface contamination were not reduced by heating.   Broad-beam Auger electron 
snectroscopy (AES) displayed no statistically significant changes in the chemical composition ot 
the CaFTsurfacTafter annealing for 60 minutes at temperatures up to 400 °C. Higher annealing 
temperatures do, however, produce significant changes in the surtacemorphology These 
changes have been observed with SE microscopy.   An unannealed CaF2/Si(l 11) specimen is 
shown in Fie 6a. The saw-toothed step edge visible in Fig. 6a is a typical surface feature of the 
manv sampfesobserved.  Fig. 6b indicates that, after a 60 minute 400 °C anneal, numerous 
Smoyst tnaneularly arranged pits are formed. These morphologisch^ 
from the relief of stresses present during the growtn ot tne Car2 [^J. In o.ue. - prewn ^v-.w 
surface modifications (pitting) during cleaning, the substrates were either annealed for 60 minutes 
at 300 °C or for 24 hours at"l70 °C prior to the Fe deposition. Obvious contamination occupied 
small  localized regions of the total CaF2 surface area (10-30%), such that Fe island size 
distributions could be determined from regions between the contaminated areas. Fe was deposited 
usino an electron beam evaporator.   The evaporation rate was confirmed by Rutherford 
backscattering, AES, and quartz-crystal microbalance techniques. The pressure during growth 
was typically less than 2xl0"9 mbar with the substrates held at either room temperature or 140 °C. 

The initial stage of Fe/CaFo growth proceeds by three dimensional islanding. Fig. 6c is an 
example of a 60 minute Fe deposition at a rate of 0.11 A/rain on a room temperature substrate^ 
The relatively even distribution of 2.0 nm diameter Fe islands on a 100 A thick CaF2(111) surtace 
is clearly displayed. Panicle size analysis of the SE images revealed no statistical difference 
between the diameters and spatial distribution of Fe islands grown on 140 C and room 
temperature CaFVSKlll) substrates. A post-growth anneal of 140 °C on room temperature 
crown films did not produce a noticeable change in the Fe island size distribution. Statistical 
analysis performed on a large variety of images yielded the following informationi for a 60 minute 
deposition of Fe (0.11 Win) on room temperature or 140 °C CaF2/Si(111) substrates: (1) An 
average Fe island diameter of 2.0 ± 0.3 nm; (2) A range of Fe island diameters where 85% ot the 
population will lie within 2.0 ± 1.0 nm: (3) An average Fe island separation of 2.0 ± 0.4 nm; (4) 
A 23% coverage of CaF2(Hl) with Fe islands; (5) The number ot Fe islands per unit area is 
7 4xl012 islands/cm2; (6) The mean distance between Fe island centers is approximately 3.7 ± 
0'.6 nm; (7) No geometric ordering of the islands was observed based on fast Founer transform 
image analysis. 
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Uitrahigh-vacuum scanning electron microscopy characterization 
of the growth of Fe on CaF2/Si(111): Selective nucieation 
on eiectron-beam modified surfaces 

K. R. Heim, G. G. Hembree, and M. R. Scneiniein 
Box S71504, Department of Physics and Astronomy. Arizona State University, lempe, Arizona &5287-150* 

(Received 11 November 1993; accepted for publication 31 August 1994) 

The initial stages of re island growth on electron-beam modified and unmodified CaF,/Si(!l!) 
surfaces were*studied with a nanometer lateral spatial resolution uitrahigh-vacuum scanning 
electron microscope. Fe coverages between 7 and 8 ML (deposition rates from 0.12 to 0.19 MUmin. 
1 ML=7.7X10li atom/cm2) grown on room temperamre through 300 °C CaF,/Si(lll) relaxed and 
unrelaxed substrates produced a relatively uniform distribution of islands that cover 22% of the 
substrate with an island density of 7.4X1012 island/cm:. Chemical or defect dominated Fe growth 
on the CaF,/Si(lll) substrates is indicated by the temperature independence of the Fe island 
distributions"for 20 °C<7"<300 °C. Substrate temperatures near 4Q0 °C yielded mottled surfaces 
and an altered island distribution relative to those formed during growth at temperatures between 20 
and 300 °C. Parallel step edges separated by 25-75 nm were observed foMinreiaxeti Sims o: Car; 
on Si(lll), while relaxed Ca~F2 films exhibited a saw-toothed step partem. re coverages of 6 = 21.4 
ML produced a percolation network of connected islands rather than a continuous film covering the 
CaFJ   substrate.'  The   production   of   nanometer-sized   surface   structures   was   evaluated   lor 
electron-beam modified'growth of Fe on CaF,/Si(l 11) substrates. Pregrowth (100 keV, S.2-140 pA) 
electron irradiation doses as low as 1.14 G'cm: altered the re nim morphology on the selectively 
irradiated rerions. Areas dosed with electron irradiation prior to Fe growth were more stable to the 
damaging effects of post-growth electron irradiation as compared to regions that had not been 
exnosed. 

1. INTRODUCTION 

Recent progress in the experimental study of the growth 
and characterizaüon of metals on insulators i^as been moti- 
vated by expectations that these materials will improve upon 
OUT current solid-state device technology. Components suca 
as quantum-interference high-speed electron devices.' triple- 
barrier resonant tunneling diodes," hot electron transistors, 
and    metal-epitaxial    insulator-semiconductor    field-effect 
transistors* have been fabricated or proposed using metals, 
insulators, and semiconductors. Presently, the majority of 
solid state devices are fabricated using Si as the semicon- 
ducting material due to the existence of its native oxide, 
SiO,. Tne lack of an atomically smooth SiO--Si interface 
does, however, impede the production of three-dimensional 
Si-based devices. Rough interfaces not only decrease the mo- 
bility of carriers in devices, but can also destroy the three- . 
dimensional epitaxial ordering of subsequent depositions. 
CaF: k

25 ^en considered as a suitable replacement for SiO- 
since it can be grown epitaxially and atomically smooth on 
Si(lll) substrates.5 A small lattice mismatch (0.69b at 298 K) 
between CaF, and Si, a relatively large band gap (12.1 eV) 
for electronic isolation, and a larger dielectric constant (6.8) 
than Si02 (3.9) for an increased electric field at the insuiator- 
semiconductor device interface are but a few of the many 
reasons for considering CaF2 as an obvious replacement for 
the native Si02.

5 In addition, CaF- layers may be used as a 
buffer region such that devices utilizing highly reactive met- 
als such as Fe are not able to form compounds with the Si 
substrate. Tne patterned deposition of Fe on CaF,/Si(lll) 
would enable the fabrication of fully integrated electronic 

and magnetic devices on a single substrate. Magnetic sen- 
sors.' hiah-speed microwave wave guides, and nonvolatile 
memories (e.g., Ref. 6) are just three of the many applica- 
tions which may result from constructing scnc-state oevices 
using Fe, CaF,. and Si.  _A^   —_— 

dsorbate/bpoiogy should be characterized by an ap^ texop< a rr^cxunateiy^ouilibrinm configuration for ver^Viow^gro^vthl 
Wtes/lln this regime, the growth mode is controlled by sur- 
face energy imbalances. Bauer has characterized' a system in 
equilibrium in terms of the surface energy of the atisorbate 
(ya), substrate (y,), and the interface between them (yj. 
When 7C + 7I>7J Üie deposited material is not expected to 
spread evenly over the substrate's surface. Fe and CaF,(lll) 
axe known to possess surface energies of 2475 erg/cnr (Ref. 
8) and 450-550 erg/cm2 (Ref. 9), hence, Fe island formation 
on CaF, is expected. Since GaF; can be chemically altered 
by electron beam exposure,10 growth modes may be con- 
trolled for selected regions of the surface prior to metal depo- 
sition by modifying the surface composition with an electron 
beam. A further increase in electron irradiation and exposure 
to residual oxygen allows the CaF, to be used as an electron 
beam resist,10 thereby expediting the fabrication of 
nanometer-sized and iow-cimensicnai magnetic devices. 

II. SUBSTRATE CHARACTERIZATION 

In this paper, nanometer lateral spatial resolution struc- 
tural measurements obtained during the initial stages o: 
growth for the Fe/CaF,/Si(iil) system are reported.^Tne 
growth and preparation conditions for the Car, on Si(ill) 
substrates   have   been   described   in   detail   elsewhere." 
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HG l. Secondary electron images of 2 K]axed CaFv'Si(lll) soecimeo (a) 

S r -?P ' by ™ aZSy ******** oriaad pits now cove"nn* 
L£?l ^ ^ ^ <=*-": Sta « *Pproaa«Jy 10 am thick. Sa*' 
tcotned step eoges art a common surface feature for relaxed Car, Sims. 

Samples or 10-nrn-thick [33 triple layers (TL), 1 TL=0 315 
nm -J relaxed and unrelaxed CaF,/Si(lll)13 were cut into 3 
mm casks with an ultrasonic drill. The samples were placed 
^ ^irahigh-vacuum (UHV) chamber which was baked at 

1 ^-T* ±Zn 24 h reSulÜnS in a base pressure less 
tüan_DX10 mbar. Our vacuum chamber is eouipced with 
stanoard sunace science preparation, deposition, "and analysis 
mstrumeotation,1- an in sim sunace magneto-erotic Kerr'ei- 
rect light scattering station and is mechanically connected to 
i^f^^^Gen^rators HB501-S Ültr'ahigb-vacuum 
mv^STEML Uns UHV instrument has be^i conitructed " 

wkhZn/Zm process^ «* subsequent sunace observation 
witn nanometer resolution secondary election (SE) and Au- 
ger electron microscoDy. 

cuJ^CT0SC0?l {]°° keV ** ~10 PA incident beam 
cunem). using a through-the-lens detection schemer per- 

Ca^Si(lll) substrates at 300 °C for 60 min, revealed that 
~eas of obvious surface contamination were not reduced bv 
heatrng. Broad-beam Auger electron spectroscopy (AES) dis'- 
piayed no statistically significant changes in the chemical 
coaposwon of the CaP2 sunace after annealin, for 60 min t 
temperatures up to 400 »C. Higher annealing temperatures 
oo however, produce significant changes in the surface mor- 
phology. Tnese changes have been observed with SE micros- 
copy. An unannealed CaF2/Si(l 11) specimen is shown in Fi* 
1U). The saw-toothed step edge visible in Fie. 1(a) is a rypt- 
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FIG. _ Secoooary electron images of an (a) unrelaxed and a (b) relaxed 10 
na miet Car, Sim grown oc Si(lll). Parallel st» eeees are a typical 
«rae »anm for unreined 51ms, while saw-toothed sten «Is« dominate 
tne sunace of recced Sims. Dak and light banos which cover the relaxed 
film snown m (b) result iron secondary electrons generated at the Car,-Si 
interlace. These bands remain unchanged as thev nass through the saw- 
lootnse sap eajss and are aiso nearly equally spaced to tbe parallel ste-s 

cal surface feature of the many relaxed samples that wer» 
ooserved. Stress relief during growth results in misfit dislo- 
cations at the CaFi-Siflin inrpr-"=~» u TV*,..   •■ ■ „ •   lun/ intenaue.    Tnese aisiocaaons 
greatly anect the growth of subsequent CaF, lavers. A trian- 
gular array oi edge dislocations, comprisin's the three pos- 
sible casiocations with 1/6(112) Burgers' vectors, yields the 
observed triangular step edges for CaF, films that' hav» r- 
venea to the bulk-like, undistoned phase. As an example 
Fig. 1(b) illustrates that after a 60 min, 400 °C anneal nu- 
merous, almost triangularly arranged pits are formed. These 
morphological changes may have resulted from the relief of 
stresses present during the growth of the CaF2.

16 In contrast, 
unrelaxed specimens of a similar thickness do not exhibit 
sue* oramanc morphological  changes upon annealing to 
400  C, as compared to the relaxed specimens. Unrelated, 
tetragonally distorted CaF2 films «suit in a nearly parallel 
and regularly spaced array of line defects. Tne lin° d-fer« 
arise from the j[111] steps (0.31 nm) initially present on the 
M(lll) substrates with small miscut aneles (<1°). 

In order to prevent severe sunace m~odincations (pitting 
during cleaning, the substrates were either annealed for 60 
mm at 300 °C or for 2* h at 170 °C prior to the Fe deposi- 
tion. Two clean CaF:/Si(lll) surfaces are shown in FiV -> 
Figure 2(a) reveals the relatively parallel step eases that are 
commonly observed on an unrelaxed Car," surface. Tnese 
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Steps are typically separated by 25-75 nm. Although the 
structure of step edges on a relaxed Car: surface is generally 
linear and parallel, high-resolution SE microscopy reveais 
jagged, saw-toothed detail along these edges, as depicted in 
Fig. 2(b). In addition, bands of dark and light contrast are 
seen to follow the step edges on the relaxed CaF; surfaces. 
Tnese bands are approximately the same width as the sepa- 
ration between step edges observed on unrelaxed surfaces 
[Fie. 2(a)]. Tnis contrast does not appear to"a surface feature, 
but may be the result of secondary electrons generated at the 
CaF:-Si interface. Research conducted with submicrometer 
size MgO cubes has shown that step edges can be observed 
at the adsorbate-substrate interface through 40 nm of insulat- 
ing MgO.17 Tnis data is consistent with a published value of 
75 nm for the maximum escape depth of secondary electrons 
in insulators.''"9^ Tne penetration depth of 100 keV incident 
electrons is extremely large (S> 1 pm) compared to the CaF2 

overlaye: thickness (0.01 ^m). Since the escape depth of 
secondary electrons in insulators is large, secondary elec- 
trons generated at the CaF--Si interface may be detected. 
This   signal   provides   information   about   the   insulator- 
semiconductor interface. Tne dark and light bands commonly 
pass (unchanged) through the saw-toothed step edges [Fig. 
1(a)] and contaminated regions. Tnis is an indication that the 
contrast bands are not due to surface effects, rather, they 
originate at the CaF2-Si interface. Tne density of dark and 
light bands is consistent with the step density formed on 
Si(lll) surfaces miscut by less than 0.5s from the [111] di- 
rection. 

111. Fe DEPOSITION 

Obvious contamination occupied small, localized re- 
gions of the total CaF2 surface area (109c-309c), such that 
Fe island size distributions could be determined from regions 
between the contaminated areas. Fe was deposited at a rate 
of 0.12-0.1?.MUmin [1 (ML)=7.7X10li atom/cm2] using 
an electron oeam" evaporator. Tne evaporation rate was mea- 
sured by Rutherford backscattering, AES,1" and quartz- 
crystal microbalance techniques. Tne base pressure of the 
system was less than 5X10-11 mbar but increased to 2X10"9 

mbar during Fe growth. Tne substrates were held at a con- 
stant temperature between 20 and 4O0 °C. 

Tne initial stage of Fe/CaF2 growth proceeds by three- 
dimensional islanding on both relaxed and unrelaxed CaF2 

surfaces. Figure 3(a) is an example or 0=7.5 ML of Fe 
deposited (rate=0.12 ML/min"i on a relaxed, room tempera- 
ture substrate. Tne relatively even distribution of 2.0 nm di- 
ameter Fe islands on a 10-nm-thick CaF2(lll) surface is 
clearly displayed. Inset in Fig. 3(a) is the corresponding Fe 
island size distribution. Similarly, the unrelaxed 10-nm-thick 
CaF- film shown in Fig. 3(b) yielded a statistically equiva- 
lent Fe island distribution for 0=7.6 ML (rate=0.17 ML/ 
min), of Fe grown at room temperature. Particle size analysis 
of the SE images revealed no statistical difference between 
the diameters and spatial distribution of Fe islands grown on 
CaFy'Si(ill) substrates held at room temperature through 
300 °C. A post-growth anneal of 140 °C on room tempera- 
ture grown films did not produce a noticeable change in the 
Fe island size distribution. Upon further deposition, the Fe 

36o 

FIG. 3. A (a) 0 = 7.5 ML and (b) 6 = 7.6 ML re Sir: grown on room 
temperature, (a.) relaxed and (b) unrelaxed CaFySi(lll) produces aa equiva- 
lent, well-denned Fe island distribution for both surfaces. The Ordinate and 
the abscissa of the inset histogram in (a) are "Dumber of Fe islands" and 
"diameter of Fe islands (nm)," respectively. Tne vertical scaie varies from 0 
to 25 while the horizontal scale extends from 0 to 5. For greater coverages, 
such as © = 21.4. ML shown in (c). the're film results in a percolation 
network. Pan of a saw-toothed step edge is visible in the upper left comer of 
(a). The —4 nm black region in the upper center portion of (a) is a pinhoie. 
A nonexistent denuded zone surrounding this area indicates that few, if any, 
Fe atoms pass through the pinhoie. 

Sims form a percolation network of Fe islands rather than 
increasing the average Fe island diameter. For the purpose of 
comparison, the resulting island percolation network ic: 
0=21.4 ML of Fe on unrelaxed, room temperature CaF, is 
shown in Fig. 3(c). 

Statistical analysis performed on a large variety of im- 
ages yielded the following information for Fe coverages be- 
tween 7 and 8 ML grown on CaF2/Si(lll) substrates main- 
tained at a constant temperature of 20 °C through 300 °C: (1) 
An average Fe island diameter of 2.0r0.3 nm; (2) a range of 
Fe island diameters where 85% of the population will lie 
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i __~ (Jfi i 23Te coverage of Car:(lll) with re is- 
lands; {f; the number of re islands per unit area is 7.4X 1C1" 
islands/cnr, CÄfthe mean distance between re island centers 
is aoDroxnnateiv 3.7=0.6 run; £3 no geometric ordering oi 
the'islands was observed based^fast Founer transicrm 

image analysis. ^ 
Figure 4 exhibits the island distributions on four differ- 

ent OJfVSi(lll) surfaces held at various temperatures dur- 
ina Fe erowih. All of the CaF: films are approximately 10 
nm in thickness and covered with 0=7-8 ML of Fe. All oi 
these films  were observed at room temperature. Figures 
A(a)-4(d)  are  SE imaees  taken of surfaces wmcn were 
^own Wniie the substrates were held at a temperature ot_20, 
140, 300, and 400 °C, respectively. As can be seen in rigs. 
4(aUA(c), the Fe island size and spatial aistnounons are 
nearly identical for Fe films grown on substrates held be- 
tween room temoerature and 3O0 »C. Higher substrate tem- 
peratures, such as 400 °C, yielded a more mottled sunace 
with neater separation between Fe islands of a similar size, 
as is evident in Re. 4(d). CaF2 decomposition at 400 °C [as 
already shown in Fig. 1(b)], rather than an mcrease m_Fe 
adatom diffusion length, is responsible for the moamea 
nucleation density. The lack of a temperature dependence on 
the Fe island size and suadal distributions, for those films 
crown between 20 and 3CO °C, implies that the island nucie- 
ation density is not determined by a diffusion knew. A more 
probable explanation for the temperature intiepencent distri- 
bution is the existence of Fe-recepuve chemical oonos or 
atom-trapoinc defects on the substrate. The islana diameter 
crows once a sinsie adsorbate atom nucleates at one o: tnese 
sites Island erowtb occurs because the available atomic sites 
have become saturated and the Fe atoms are able to travel to 
and bond with pre-existing Fe islands.15 Tne producnon or 
labvrinthian structures at higher coverages, rather than larger 
islands, is consistent with the fact that diffusion lengtns ,or 
Fe on Fe are larger than the mean Fe island size. 

We are interested in assessing the feasibility of fabricat- 
ing nanometer-dimension micromagnetic devices integrated 
into Si-based technology, and hence, we consider tne mag- 
netic prooerties of these films. A simple energy calculation 
indicates "that a bemispherically shaped, unstressed, and mag- 
netically ordered Fe particle must contain a single magnenc 
domain for diameters on the order of a few tens of nanom- 
eters. This transition is a result of domain formation becom- 
ing, energetically unfavorable as the magnenc panicle be- 
comes smaller due to the domain boundary energy becoming 
a laree percentage of the total energy. Tne islands observed 
in Fies* 3(a) and 3(b) are smaller than the critical single 
domain size and separated by less than the mean-free path of 
conduction electrons in metals (near 30 nm at room tempera- 
ture   for   Cu20).  These  properties   make   this   system   oi 
nanometer-sized Fe islands on an insulator, when covered by 
a noble metal,'an excellent candidate for room-temperature 
giant magnetoresistance (GMR) studies.""" 

Due "to field limitations, in situ surface magneto-optic 
Kerr effect (SMOKE) measurements were unsuitable in the 
detection of a magnetic signal for this metal/insulator sys- 
tem. Our facility is capable of detecting magnetization vana- 
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FIG 4 ~- island distributions for four different CaFJSKlll) s 
held ai a const**; temoeranire of (a) 20. (b) 140. (c) 300. and (c 
curia* srowtk. AU of the Ca=j Sins art approximate 10 na '- 
covewfwith 6 = 7-8 ML of Ft. A relaxed Car, 5ta was used uz 
in (b). Lack of temperature dependent Ft island distnbuoons ^c 
{■>0 °C < T < 300 °C) indicates that Ft atom mobility is not aiu. 
iJed durin» growth. Car, decomposition at bisher temperatures • 
sible for the'ehange in nucitauon density observed in (d). 
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11. 6D 

! j        FIG. i. Secondary electron,fcrmed under the same conditions as rig. 3(a) 
' • but in a repon where some 'CaF: has locally lifted off of the Si(lll) sub- 

rrate. re islands are visible on the Car ?'S i( 111) surface (top), is oxidized 
Si(111) surface (bosom), and the inverted Gar, surface (right). A qualitative 
difference in re nobility can be realized by comparing the mean inter.siand 
separaten in the as and bosom rejions. 

tions resulting from Fe thickness changes as small as 0.22 A 
for ulrrarhin alms of face-centered-cubic Fe/CuUOO).1" 
Therefore, since no signal was detected, we conclude that 
ferromagnetism in the island array is not present. A simple 
Lang evin para magnetism calculation indicated that a super- 
paramagnetic signal would not be apparent using our maxi- 
mum applied magnetic field of approximately i kOe for is- 
lands with a diameter less than 2.S nm, hence, we are not 
abie to distinguish between super-paramagnetic and nonmag- 
netic behavior. This would imply that a larger field and more 
sensitive detection equipment (as with a SQUID) is neces- 
sary to observe the expected re island superparamagnetic 
behavior. Research in our laboratory concerned with cover- 
ing the Fe islands with a nobel metal, such as Ag, has re- 
cently begun. Preliminary results indicate a significant en- 
hancement of the superparamagnetic signal after Ag has been 
deposited in siru. This enhancement may result from an in- 
creased effective island size or an increase in the average 
magnetic moment per Fe island. Although not shown SE 
microscopy performed after the Ag deposition revealed that 
the Ag formed islands on top of the Fe/CaFy'SKlll) surface. 
Tnese new, larger Ag islands may serve to thermally stabilize 
the effective magnetic moment of the many smaller Fe is- 
lands which were enveloped. The result of thermal stability 
at the same measurement temperature (20 °C) is consistent 
with the observed superparamagnetic response from the 
larger Ag/Fe islands. 

Occasionally, CaF2 defects that are approximately 100 
nm in width are observed during electron microscopy. Figure 
5 displays a SE image of Fe islands on a 10-nm-thick relaxed 
CaF2/Si(lii) surface and an oxidized Si(ili) surface. Tne 
oxidized Si region is visible because the CaF2 had locally 
lifted off of the Si crystal, perhaps during 3 rnm disk prepa- 
rations. Tne existence of Fe islands on the Si02 region, while 
also possessing a similar diameter as those on the CaF2 re- 
gion, suggests that the thermodynamically favorable reaction 
of iron suicide formation did not occur with the insulating 
and less reactive Si02 surface. Tne qualitative difference in 
Fe mobility for the two distinct regions is made apparent by 

the difference in mean inter-isianri separation. In atiditior_ 
the position stability of the Fe islands shown in Fis. 5 was 
monitored as a function of eiectron-beam exposure. A SE 
image formed by subtracting two images of the same area 
taken after a total electron dose of 6000 Gem1 revealed thai 
the re islands remained fixed in position on both the Car- 
and the Si02 regions. 

Although the Fe island distributions are due to chemical 
or defect dominated growth. Fe is not expected to form com- 
pounds with CaF2. Tnermochemica! considerations reveal 
that Fe is much less reactive with CaF: than with NaG.13 

Wassermann et at. and Matthews2" found that the Fe/NaCi 
system does not initiate compound formation at the interface, 
hence, there is a high probability of maintaining chemically 
distinct Fe and CaF2 regions when Fe is deposited under 
UHV conditions on CaF- substrates held a: or below 700 °C. 
This does not preclude the existence of other channels for re 
compound formation. For example, it is possible that the 
10-nm-thick CaF; does not completely inhibit iron suicide 
formation. Pinhoies, located within the CaF- film, may be a 
conduit for mass transfer. Although black, round-shaped re- 
gions (pinhoies) were observed via SE microscopy, the ab- 
sence of denuded zones surrounding these black areas and 
the resulting uniform Fe island distribution over the com- 
plete CaF2 surface seems to suggest linie, if any, chemical 
reactivity [see the ~4 nm dark, triangular region near the top 
of Fig. 3(a)]. Nonetheless, based on a hemispherical modei 
of Fe isiantis, particle size analysis implies that at least 209c 
of the Fe is unaccounted for. This deficiency may be attrib- 
uted to the model employed. Cylindrical-shaped islands with 
an axis length equal to the radius would enclose a volume 
50?b larger r'n3ri a hemisnherical island of the same radius. 
Certainly, islands which are siightiy hemispherical at the top 
and cylindrical at the base would indicate that all the Fe is, in 
fact, accounted for. Another possible explanation for the ap- 
parent absence of Fe could be that the film actually grows in 
the Stranski-Krastanov mode. Tne first ML may form a con- 
tinuous film but later, as the depositions continue, develops 
into a mostly islanded system. Tnese islands then allow for 
contrast due to topography and are observed in the SE im- 
ages. Due to the electron-beam-induced damage caused by 
the incident electron probe and a proportionally small num- 
ber of Auger elecnons (within an energy window) relative to 
the  total  number of emitted  secondary  electrons, high- 
resolution Auger elecnon microscopy  was  not  sensitive 

• enough at low electron doses to determine whether or not the 
first ML was, in fact, continuous rather than islanded. 

IV. ELECTRON IRRADIATION AND PATTERN 
FORMATION 

Tne effects on fjirn morphology due to electron-beam 
exposure before and after Fe deposition were explored. Un- 
relaxed 10-nm-thick CaF2 films were selectively irradiated 
with 8.2-140 pA, 100 keV electrons. The'intent was to pref- 
erentially grow nanoscale structures by changing the surface 
energy of the substrate through the conversion of CaF2 into a 
metallic, higher surface energy, Ca-rich surface.10 As a re- 
sult, the growth mode of the Fe would then be modified in 
the irradiated reeions. 
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HG. 6. Pregrowth electron-beam irradiated resions wen observed at lower 
magnincation (2) before and (b) afar 0=21.4 ML of re bid been deposited. 
These equivalent regions of the same crystal display large differences in 
secondary electron contrast. Surface imperfections located at the lower left 
of (a) were no longer visible after the re deposition (b). in contrast, 
eiectron-beain exposed regions remain apparent before and after the re 
deposition. Tne two right-most irradiated regions in (2) best reveal the prox- 
imity esecs of electronic charge dissipation. A pregrowth electron dose of 
5.7S Ocm" changes the Ft nim's morphology, as depicted in (c). Tne much 
more distmct and separated region of (c) beiow the cashed, white line was 
not exposed to irradiation prior to the Fe growth, as had the upper region. 
Tne top-most area of (c) is slightly more continuous and iess distinct be- 
cause of the morphological changes that resulted from the 100 keV, 140 pA 
pregrowth electron irradiation. 

FIG. 7. Secondary electron images depict the pregrowth and post-grow-, 
eiectroo-beam induced effects on Fe aim morphology. A CaF-.'Si(lll) fiir 
was selectively exposed to 4.56 C/cm: of electron irradiation prior to the r 
growth. This region is enclosed by the dotted white line in (a). After 
6=7.1 MLroom-temperamre deposition of Fe, most of the substrate surfac 
is covered with 2-nm-diam Fe islands. Tne region which had been irradiate 
before the Fe growth, however, is much more continuous than the surrounc 
iag area. A post-growth electron dose of 355 Ocm: (enclosed by the dashec 
white line) greatiy affected the Fe film morphology for regions that had nc 
been irradiated before growth (B). Conversely, post-growth irradiation c: 
not affect the Fe Sim morphology for areas which had been exposed : 
electron irradiation prior to the Fe growth (A). A lower magnification sec 
ondary electron image of (a) is shown in (b). Two complete regions c 
pregrowth irradiation are visible in (b). A step edge which runs nearly ve: 
ncal can be seen to the left of the center-most irradiated region in (b). 

Figure 6(a) displays the decreased secondary electron 
yield for eleven regions which were methodically dosed with 
100 keV, 140 pA electrons. From left to right, the charge per 
unit area impinged upon the sample was 1 44 5 78 2 89 
4.81, 7.22, 14.4, 14.4, 28.9, 57.S, 144, and 217 Ocm'2. The 
rwo right-most irradiated regions best reveal the proximity 
effects of electronic charge dissipation. Proximity effects ad- 
jacent to exposed regions obfuscate the comparison between 
unexposed and exposed film morphology. As'depicted in Fig. 
6(b), a 0=21.4 ML deposition of Fe greatly diminishes im- 
age contrast. Although Figs. 6(a) and 6(b) were acquired at 
the same location, surface imperfections which were visible 
on the clean CaF; surface became imperceptible after the Fe 
was deposited. The Fe did not, however, mask the presence 
of the pregrowth irradiated areas. Figure 6(c) illustrates the 
results of a pregrowth electron dose of 5.78 Ocm2 on the Fe 
film morphology. The surface structure shown in the lower 
portion of the image (below the dashed line), which was not 

exposed to irradiation, appears more distinct and separates 
than the upper region. 

As a second example, a 0=7.1 ML film of Fe grown 0: 
a room-temperature CaFj/Si(Ill) substrate, which had beer 
patterned with an electron beam, produced a uniform distri 
bution of Fe islands over most of the CaF2 surface. Tnis fun 
also displayed an expected change in morphology for those 
regions which had been irradiated with more than \.\~ 
Ocm- before the Fe deposition. Figure 7(a) portrays the ef- 
fects of pregrowth and post-growth electron irradiation ef 
fects on the Fe film's morphology. Tne lower left portion c 
Fig. 7(a) (enclosed by the dotted white line) is a regie: 
which had been subjected to 4.56 Gem2 before the Fs 
growth. Tne Fe on the pregrowth exposed region is mucr 
more continuous than on the region which was not exposed. 
Tne contrast observed for this region may be due to islan: 
formation atop a continuous ultra "thin film of Fe. If, fo: 
example, the pregrowth exposed region consisted of island: 
on a finer scale it would be expected that the film wouic 
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suffer similarly to the effects of post-growth electron irratiia- 
uoc as is evident near the center of Fig. 7(a). Tne area 
within the dashed white line of Fig. 7(a) was subjected to 
355 O'cm" of electron irradiation fallowing the re deposi- 
tion. By comparing the intersection of the two highlighted 
regions (A) with that of the remaining are2 within the dashed 
white line (B), qualitative arguments of Fe island position 
stability can be set forth. Tne pregrowth irradiated area (A) is 
more stable to post-growth electron irradiation. In fact, very 
little morphological change is observed for the pregrowth 
irradiated area except near the border of the dosed'tmdoped 
region. Tne occurrence of more damage near the edges is 
simply due to an insufficiently distinct separation of the two 
regions during exposure. Electronic charge dissipation and 
mechanical instabilities (over the course of several tens of 
minutes) allowed slightiy more area to be affected by the 
electron beam rhpn intended. Figure 7(b) is a lower magni- 
fication SH imase obtained immediat; -:g. /(a). :wo 
complete regions of pregrowth irradiation are visible along 
with part of a third area. Since insulators generally have 
higher secondary electron yields than metals," the regions of 
pregrowth irradiation which «we now more metallic (due to 
the fluorine desorption) appear darker than the surrounding 
areas. Tne brighter region in the center of Fig. 7(b) is due to 
post-growth electron irradiation and was formed when the 
image shown in Fig. 7(a) was obtained. This bright contrast, 
though not always observed, probably results from a redis- 
tribution of Car, under specific post-growth electron expo- 
sures. As stated earlier, high-resolution Auger electron mi- 
croscopy would, in this case, drastically change the surface 
before an adequate analysis of the surface chemical compo- 
sition couid be ascertained. Only for greater coverages, such 
as a 0 = 21.4 ML film, does post-growth electron-beam - 
induced damage remain negligible. For instance, both the 
pregrowth exposed region and the unexposed region of the 
0=21.4 ML Fe film shown in Fig. 6(c) were able to with- 
stand 343 Qcm: of post-growth electron irradiation with no 
obvious morphological change, uniike what was observed 
for the 0=7.1 ML (355 C/cm2) regime shown in Fig. 7(a). 

We have shown that pregrowth (100 keV, 8.2-140 pA) 
electron irradiation doses as low as 1.14 Ocm: altered the Fe 
film morphology on selectively irradiated regions of 
CaF,/Si(lll). Post-growth electron irradiation inflicts much 
less damage on pregrowth irradiated regions as compared to 
areas that were not exposed. Proximity effects limited the 
minimum size of selectively irradiated regions. Although the 
nucleation of Fe films on nonirradiated surfaces were not 
drastically different in morphology from those irradiated 
with the electron beam, our studies on the Fe/CaF;/Si(lil) 
system have laid the foundation for future research into 
eiectron-beam induced preferential nucieation and growth. A 
systematic study is currently under way to further investigate 
the effectiveness of creating nanometer-sized magnetic struc- 
tures on other insulating materials which are easily decom- 
posed by electron-beam irradiation. 

V. CONCLUSIONS 

Fe was deposited (0.12-0.19 MUmin) onto electron- 
beam modified and unmodified CaFVSi(lll) substrates so 

that the efficacy oi patterning mesoscopic magnetic devices 
on Si-based substrates couid be determined. Relaxed films 
yielded saw-toothed step edges whiie unreiaxed films re- 
sulted in parallel step edges separated by 25-75 nm. A nar- 
row size distribution of 2.0-nm-diam re isiands was grown 
on 10-nm-thick films of relaxed and unreiaxed CaJrVSi(lll) 
surfaces held at or near room temperature (20 °C<~ 
<300 °C). An observed temperature independence of Fe is- 
land distributions over this range denies the existence of dif- 
fusion limited growth. Chemical or defect dominated 
nucieation is thought to be the controlling factor for growth 
of re on CaF:/Si(lll). This system, an arrangement of pos- 
sibly single domain particles separated by less than the 
mean-free path of conduction elecnons in metals, is an ex- 
citing new candidate for GMR studies. Fe coverages of 
0 = 21.4 ML produced a percolation network of connected 
islands rather fp?^ a continuous fiirr covering the CaF- sur- 
face. Pregrowth (100 keV, 8.2-140 pA) electron irradiation 
as low as 1.14 C/cm* altered the Fe film morphology on the 
selectively irradiated regions. Areas dosed with electron irra- 
diation prior to re growth were more stable to the damaging 
effects of post-growth electron irradiation as compared to 
regions that had not been exposed. Further work must be 
completed to determine whether the Fe is magnetic, affected 
by the inherent oxygen contamination, chemically separated 
from the Si. and controllable so that various size isiands may 
be formed by changing the deposition rate, substrate tem- 
perature, substrate surface energy, and quantity of Fe depos- 
ited. 

Tne authors wish to acknowledge thoughtful discussions 
with D. Lorerto, J. Venabies, J. Drucker. P. Bennett, and W. 
Peruskey. We are also indebted tc D. Lcrettc of Lawrence 
Berkeley Laboratory for supplying the CaF;/Si(lli) samples. 
Tnis work is supported by the Office of Naval Research un- 
der grant No. N0001—93-1-0099. Tne microscopy was per- 
formed at the National Science Foundation supported Center 
for High Resolution Electron Microscopy at Arizona State 
University', grant No. DMR-91-15680. 

'7. Sakasuchi. M. Watanabt, and M. Asaiia. EICE 7rans. E 74. 3326 
(1991)." 

:M. Waanabe. T. Suernasu. S. Muratake. and M. Asada, Appl. Phys. Lee 
62. 300 (1993). 

3 S. Muratake. M. Wannabe. T. Suernasu. and M. Asada. ilecron. Leu IS, 
1002 (1992); T. Suetnasu, M. Watanabe. M. Asaaa. and N. Suzuki. Elec- 
tron Lee. 28. 1432 (1992). 

"T. P. Smith. J. M. Phillips. W. M. Ausustyniak, and P. J. Stiles. Appl. Phys. 
Ltr. 45. 907 (1984). 

3L. J. Schowalter and R. W. Fathauer, CRC CriL Rev. Solid State Mate:. 
Sei. 1£, 367 (1989). 

'E. Schloernann. R. Tustison. I. Weissman. K. J. Van Hook, and T. Variti- 
=os. J. Acs'- Rhys. 63, 3140 (19S8). 

'"E. Bauer. Z. Kirsu 110, 372 (1958). 
'F. R_ de Boe:. R. Boom. W. C M. Martens. A. R. Miedema. and A. K. 
Niessen. Cohesion in Metals Transition Metal Alloys (North-Holland 
Elsevier Science, New York. 1988). 

5J. J. Giiman. J- Appl. Phys. 31. 2208 (1960); G. C. Benson and i. A. 
Claxton. Can. J. Phys. 41.'1287 (1963); P. W. Task;:. J. Phys. (Paris) 41, 
C6-4SS (19S0). 

107. R. Harrison. P. M. Mankiewich. and A. K. Dayerr.. Appl. Phys. Lee 41. 
1102 (19S2). ?. M. Mankiewich. H. G. O-aighead. 7. R. Harrison, and A. 
K. Daverz. Appi. Phys. Lee 44. 468 (1984); M. Scheinfein and M. Isaac- 
son. J.' Vac. Sei. 7echnoi. B 4, 326 (1986); S. Kanemaru. K. Ishiwara. and 

J. Appl. Phys., Vol. 76, No. 12, 15 December 1994 Heim, Hembree, and Scrieinfein 



S. Furuxawa. j. Appi. Phys. 63. 1060 (19SS): A. iaumi. K. Tsutsiu. and S. 
Fu.TiK3v.-a. J. Appl. Phys. 7£, 1307 (1994). 

'C. A. Lucas and D. Lorera. Appl. Phys. Lett. 60. 2071 (1992): C. A. 
Lucas. G. C. L. Wons. and D. Lorero. Phys. Rev. L=r_ 70. 1S26 (1993!-. 
G. C. L. Wong. D Lorrrto. E. Roiencerg. M. A. Oimstead, and C. A. 
Lucas. Phys. Rev. 3 4S. 571S (1993). 

"One CaF:(lll) triple layer (TL) represents the F-Ca-F repeat unit in the 
[ill] direction.. Each triple layer contains 7.735X10''' Ca atom/cm" and 
1.547X1015 F atom/cm:. 

3The CaF,/Si(lll) samples were kindly provided by D. Loreao of 
Lawrence Berkeley Laboratory. 

*K. R. Heim. S. D. Healy. Z. J. Yang. J. S. Drucke:. G. G. Hembret. and M. 
R. Scheiniein, J. Appl. Phys. 74. 7422 (1993). 

i?. Kniit and J. A. Venables. Ultrasicroscopy 25. 1S3 (19SS); P. KruiL 
Adv. Opt. Electron Microsc. 12. 53 (1991); G. Hernbree. J. LYucke:. C. 
Luo, M. Krishnamurthy, and J. Venables, Appl. Phys. Lcn. 5S. 1890 
(1991); G. G. Hernbree and J. A. Venables, Ultramicroscopy 47, 109 
(1992); j. Liu. G. G. Hernbree. G. E Spinnler. and J. A. Venables. Surface 
Science Lee 262. Llll (1992); J. Liu. G. G. Hernbree. G. E SpinnJe:, 
and J. A Vcnables. Catalysis Lern 15. 133 (1992). 

'Private communication with V. Lorertc: 3right held transmission electron 
microscopy performed on the Ca?~'Si(lll) samples reveajec z non uni- 
form distribution of line defects a: the CaF:-Si(l 11) interface for sorce of 
the samples. Tois is an indication that stress relief occurred during the 
CaF; growth, in comparison, an unrelaxcd film will display a parallel 
array of line defects corresponding to the original steps OD the SIv111) 
surface. 

7J. Liu. G. G. Hernbree. G. E. Spinnie:. and J. A. Venables. Ultramicros- 
copy S2. 369 (1993). 

"K. Seiier. .'. Appl. Phys. 54. Rl (1983). 
19 More specific details' about tnc growth mechanisms for this system will be 

published ui a subsequent paper by K.. R. Hein. G. G. Kenbrce. M. R. 
Scheu\feir_ and J. A. Venables. 

^C. Kjctel. iruroauction to Solid Suite Physics. 4th ed. (Wüey. New York. 

1971), p. 259. 

"J. Q. Xiao. J. S. Jiang, and C. L Cnien, Phys. Rev. Lett. 6S. 3749 (1992). 
-C. L. Chiea. J. Appl. Phys. 69. 5267 (1991); A. E. Berkowim. J. R. Mitch- 

ell. M. J. Carey. A. P. Young. S. Zhang. F. E. Spada. F. T. Parker. A. 
Kurten, and G. Thomas. Phys. Rev. Ler. 6S. 3745 (1992); A. E. Berkow- 
im. J. R. Mitchell. M. J. Carey. A. ?. Young. D. Rao. A Star:. S. Zhang. F. 
E. Spada. F. T. Parker. A. Hunen. and G. Tnomas, J. Appl. Phys. 73. 5320 
(1993); K. R. Cofiey. T. L. Kyltom M. A. Parker, and 1. K_ Howard. AppL 
Phys. Ltr. 63, 1579 (1993). 

13 Calculations were made to determine the change in the Gibbs energy 
during formation reactions of Fe with Car, and Fe with NaCl (both at 700 
and 1000 K). The results indicate that a chemical reaction bcficnins wfrr. 
gaseous reactants is more likely than those beginning with soiid reactanm. 
although bom cases favored an Fe-NaC reaction over an Fe-CaF: reac- 
tion. This, coupied with the fact that NaG has a much higher vapor ores- 
sure tnan CaF: (3.2X10"' vs 5.4X10"23 a: 700 K and 3.4X10": vs 
1.9X10"'° at 1000 K. with pressure in mbars), suggests that a gaseous 
reaction involving NaG is more probable than that with CaF;. 

24E. r. Wassermann and W. Sander. I. Vac. ScL TechnoL 6, 537 (1969); J. W. 
Manhews. J. Vac. Sei. TechnoL 3. 133 (1966). 

25 G. W. Goeme. A. K. 3oerio. and M. Green. J. Appl. Phys. 35. 452 (1964); 
G. W. Goeoe. Adv. Electron. Electron Phys. 22. 219 (196S). 

8 J. AppL Phys., Vol. 76, No. 12, 15 December 1994 Keim, Hembree, and Scneinfeir 



^himlfk,!10^ Hl 



I 

SSii&H£K™qBM^^ 

cw/ow^/fea/^0 





90° domains in Co/Cu giant magnetoresistance superiattices 
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The magnetic properties of Co/Cu superiattices grown in a dual-beam electron evaporation chamber 
have been investigated with the three-axis magneto-optical Kerr effect and magnetoresistance 
measurements. The magnetoresistance oscillates with a period of about 1 nm as a function of the Cu 
layer thickness. Tne magnitude of the component of the magnetization perpendicular to the field 
direction oscillates with the same period. The total magnetization, calculated from the two in-plane 
hysteresis loops, is used to determine that 90° domains are formed between ferromagnetic Co layers 
across the Cu spacer layers in the superlattice. Tne correlations between the 90° magnetization 
curves and magnetoresistance measurements suggest that the giant magnetoresistance in 
superiattices with imperfect interfaces results from the 90° orientation of domains within adjacent 
Co layers. © 1995 American Institute of Physics. 

The strength and sign of the interlayer coupling coeffi- 
cient in superiattices composed of ferromagnetic transition 
metals and nonmagnetic spacer layers has been correlated 
with magnetotransport measurements for a wide class of 
systems.1 Experiments have been focused on the bcc Fe/Cr 
and the fee Co/Cu systems3_:i in an effort to confirm quanti- 
tative predictions on the orientation dependence of the inter- 
layer   coupling.6   Models   based   on   Ruderman-Kittel- 
Kasuya-Yosida-like    treatment   wrrieh—eetipie—spanning 
vei-uia uUiutal-'.e-the-Sttpcilatücs lav'crs-tfa-a^oin-e-xgem&i 
poiag-sc-ihs-kaik-Feuui suiiV-'e- have successfully predicted 
the oscillation periods of interlayer coupling. Magnetotrans- 
port modeis which rely on antiferromagnetic alignment of 
adjacent ferromagnetic layers have been used to interpret ex- 
perimental data.' Interlayer coupling can be complicated by 
surface and interface roughness, primarily due to conditions 
during growth.8,9 In addition to antiferromagnetic (or 180°) 
interlayer coupling, 90° interlayer coupling has been ob- 
served in epitaxial systems with wedge-shaped interiayers, 
including Fe/Cr/Fe(100) and Fe/Au/Fe(100).l0~12 Theoretical 
tteaniÄiHs-aeibweIntrinsic 90° degree, or biquadratic cou- 
pling (whieti-is->8-be,contrastea to 90° domain orientation) 

J<" between layers^to spatial nanoscopic variations in the inter- 
layer coupling arising from thickness variations.lj-K Intrinsic 
bilinear (180°) coupling in general coexists with the higher 
order biquadratic (90°) coupling.15 Evidence for 90° domains 
in the coupling in Co/Cu(001) superiattices has been recently 
observed in the nonsvmmetric soin states from Kerr hvster- 

domain formation between adjacent layers in electron beam 
evaporated Co/Cu superiattices as a function of the Cu inter- 
layer spacing when the interfaces are imperfect. 

We have prepared [Co1-5 ,^/Cu.],, (9<n<13) superiat- 
tices by evaporating on Si(100) oriented crystalsr-Csjsiag 
coves^asr^Ges-and-hoie-y-^afbefHiiiB-eovereö-grKis. 6.0- 
nm-thick Co layers were grown at 250 °C as buffer layers on 
the substrates. 4.5-nm-thick Co capping layers covered the 
superiattices, making the sandwich symmetric. Tug tour-sct- 
peFtetaee-thickiisii iaiigeu""berwee'ii 40 auti 46 um. In this 
study all superiattices were grown at room temperature in a 
dual e-beam ultrahigh vacuum evaporation system. Deposi- 
tion rates were 0.3-1 A/s at base pressure 5X10-9 mbar. 
In siru thickness calibration using a quartz crystal microbal- 
ance was confirmed with Rutherford backscattering. 

The crystallographic and superlattice structure was stud- 
ied with x-ray diffraction (Cu-£0 radiation X = 0.i54 05 nm) 
and plan-view scanning transmission electron microscopy 
(STEM). The large angie x-ray scattering data are character- 
ized by a low intensity fee (lll)Co (Cu) peak indicating that 
the multilayers have a weak (111) out-of-plane texture. The 
width of this peak was used to estimate an average grain size 
between 8 and 10 nm, a result confirmed by STEM. Only 
first- and second-order small angle x-ray scattering (SAXS) 
peaks with superlattice character Kiessig fringes were ob- 
served indicating the interfaces were relatively rough, con- 
sistent with the STEM observations. The rms roughness of 
the interface estimated by fittins the SAXS soectra is trO.2- 

es1S loops at the second antiferromagnetic maximum16 due to       0.4 nm.18 The bilayer tiiicknesses calculated from SAXS 
the competmg effects of anisotropy and exchange coupling.      Bragg peaks m k good agreemem Wlth ^ nominal values. 
Elemental specific mj.gin.UL iiysteiesis luOLb'exu acted lium 
Magnetic circular dichroism experiments from Fe/Cu/Co 
trilayers indicates the presence of significant misalignment 
between the orientation of the magnetization in adjacent fer- 
romagnetic layers.1' In this letter, we demonstrate the strong 
correlation between giant magnetoresistance (GMR) and 90° 

Tin. uU^iveJ uiUctiii 

6KTÜ 
Kuini 

disappear and 
r the aiglicr-TAiiea Bragg-ycftUis 

o~l die liitdi-isrde: luv. cu^li i^iiA- 

1'Scheuuein@phYast.la..asu.edu 

tudes-ro&y— aRse-frem-mterf-aetaHnteTdtgraskm and ettmtria- 
tiv^fandotn_vaj^KTOSTirta7eTTh"Äteessri 

Magnetic measurements were made with the combined 
three-axis magneto-optical Kerr effect (MOKE) on 6-mm- 
diam circular samples. A detailed description of our MOKE 
svstem is siven elsewhere.19 Longitudinal Kerr effect hvster- 
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FIG. 1. MR at room temperature (open triangles) and at 77 K (solid tri- 
angles) are plotted as a funcdon of the Cu interiayer thickness of the super- 
lattice [COIJ „Cuj, (9</i<13). The maximum normalized magnetization 
oneated at 90° with respect to the field direction is also shown Mw'Mal. 
The osciilaoons in the 90° oriented magnetization correspond with the os- 
cillations in the MR data. 

esis loops were obtained by orienting the superlattice's in- 
plane easy axis along the applied magnetic field direction in 
the scattering plane. The longitudinal in-plane magnetization 
is M.. In order to obtain the transverse in-plane component 
of the magnetization, My, both the sample and the magnetic 
field are rotated until both the easy-axis and the applied field 
direction are perpendicular to the scattering plane. In this 
orientation, when the field is applied along the in-plane easy 
axis, the detector records magnetization in the scatterina 

19 

-10 0 10 0 -10 0 10 0 10 

H/Hc H/Hc H/Hc H/Hc 

FIG. 2. Components of the magnetization along the easy-axis. M., and 
along the hard axis, My, are recorded during the switching process for fields 
applied along the easy axis. The normalized total (in-plane) magnetization. 
M,. results from adding the two in-plane components together in quadra- 
ture. The MR data are shown in the far right-hand column. Tne Cu interiayer 
thickness is (a)-(d) 0.7 am. (e)-(h) 0.8 nm. (i)-(l) 1.0 urn, and (m)-(p) 2.0 
mn. H. = 35 Oe. such that the maximum range on all plots is =350 Oe. 

eleraenSr-ealibfaieä-AfT-and M... ^umputienia 

tgnr.on can be rcjordcri-dnring tho iwitcr' 

Ji din uibgiie- 

jreeese. Tne 

plane. My.
19 V£thotre-modi^Rg-&e-po5iii€>n of any-optical- Co-~< nm[Coi.5 nmCurJVC°s.o ^SK.IOO) (9<n<13). The os- 

cillation period of interiayer coupling is about 1 nm, within 
the accepted range of Cu spacer thickness values given the 
accuracy of our thickness calibration. Evident is the suppres- 
sion of the first MR maximum and a reduction in the value 
for the MR/'' characteristic of films with rough interfaces.3 

The maximum normalized magnetization oriented at 90° 
with respect to the field direction, My (or M90o/MsJ is also 
shown. The peaks in the 90° oriented magnetization corre- 
spond with the peaks in the MR data at approximately rcu of 
0.8, 2.0, and 2.8 nm. Only three peaks in the oscillating MR 
data are shown as the thickest suüerlattice srown had a Cu 

components can be added together in quadrature as a mea- 
sure of the total magnetization, Mt. When the normalized 
total magnetization differs from one, there are regions where 
the magnetization is misalignedrThc--mijaIig:mi^at cm be 
due to domain formation w4thin a given layer(s) of the-sager- 
lattice-, or ma^-be due to small regions of antialignment be- 
tween adjacent layers. As—ii-i light Ii» auc::GatcJ--Jttrirrg-rts 
EFav«?&al-©i-ifee-*iBerianiee,TEe topmost layers will contrib- 
ute more strongly to the detected Kerr signal.'0 In order to 
assess effects due to cumulative roughness in layered struc- 
tures, Kerr effect hysteresis loops were measured from both 
sides of samples grown on glass substrates. No obvious dif- 
ference was observed irrii^ stadia iwes-seasitfe^-from-the 
teB-ef-dii buuuui of the superkmiee-sack. The variation in 
the absolute value of the Kerr signal as samples are changed 
and the magnet and sample are rotated is less than 5%. 

The MR was measured on both snip-shaped (5X8 mm2) 
and patterned, dumbbell-shaped (5X0.2 mm1) samples using 
the four-probe method at 300 and at 77 K with the field (up 
to 14 kOe) applied in the plane of film, and the in-plane 
current both transverse and parallel to the field. For pure Co 
thin films, anisotropy MR was observed. The maximum 
transverse MR is only 1% for 30-nm-thick films of pure Co. 
We define MR as (RR-R^/R^, where Riai is the satura- 
tion high-field resistance. 

In Fig. 1, the MR at room temperature (open triangles) 
and at 77 K (solid triangles) are plotted as a function 
of    the    Cu    interiayer    thickness    of    the    superlattice 

spacer thickness of rCu = 3-5 nm. Stoag 90° coupling-instill 
present at the first oscillation maximum even though the 
value of the MR is strongly suppressed.8 

In-order to illustrate the correlation between 90° see- 
pfeg and MR in superlattices with rough interfaces, the two 
in-plane components of the magnetization extracted from 
longitudinal and ''transverse"21 Kerr hysteresis loops are 
shown for selected films in Fig. 2 as a function of the nor- 
malized field. In all films examined, Hc was approximately 
35 Oe. The longitudinal Kerr hysteresis loops detect the 
component of the in-plane magnetization along the easy axis, 
Mx, while the transverse Kerr hysteresis loops measure the 
component My, perpendicular to Mx .19 The normalized total 
(in-plane) magnetization, Ms, results from adding the two 
in-plane components together in quadrature. The MR data 
are shown in the far right column. The Cu spacer thickness is 
(a)-(d) 0.7 nm, (e)-(h) 0.8 nm, (i)-(l) 1.0'nm. and (m)-(p) 
2.0 nm. Using the results in Fig. 1. the interiayer coupling in 
the first and third rows of Fig. 2 are seen to be ferromasnetic. 
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Tnis conclusion is verified by the squareness of the hyster- 

esis loops ,an«r^6--veiay,^Ti»K-4Baouiiuot-4RasnefrzatkjirrW v 

pp-"p lil&f-Kr-thc- -axis düF>ng-fe€>fi»aauoa. Tue re- 
sulting MR is small and comparable to the transverse MR 
results for pure Co films. The hysteresis loops in the second 
and fourth rows of Fig. 2 are shown for rcu at the first and 
second oscillation maxima. Typically, the coupling in these 
superlatuces has been identified as antiferromagnetic.1-8 In 
the case of rough interfaces, the stepped, compound easy- 
axis hysteresis loops resulting from anuferromagnetic cou- 
pling are not observed. Rather, the easy-axis hysteresis loops, 
Mx, are canted and rounded. However, during the switching 
process, the magnetization reorients itself along a direction 
90° from the easy axis and the field direction as shown in 
Figs. 2(f) and 2(n). This is clear evidence that there is 90° 
domain formation in the superlattice, wfak.ii aUue"<£rr"äT"90° 
Getroüi«. The MR in Fig. 2(p) can be fit with the My mag- 
netization curve, leaving a smail residual (19b). 

Should antiaiignment between domains with the layers 
or between the layers themselves be present, then the quadra- 
ture sum of the magnetization during the switching process 
should not be constant. The third column in Fig. 2 illustrates, 
within the accuracy of our Kerr measurements, that some 
regions of magnetization are misaligned in each case. Tne 
switching is not solely due to coherent rotation since little 
hard axis magnetization My is detected in the ferromagneti- 
caily coupled superlatuces. In all cases studied here, there is 
no correlation between the percentage of misalignment, ex- 
tracted from the magnitude of the dip in the Ms vaiues. and 
the peivSULdge-oi-MR. TTTC—field vdiue~nnra uuMiruu-uf die 
MR—aaaxiiaa-EKg' 2(p)j and-the Ms rnktkaa-rFlg-r-2(ü)j ail 
the-saae-E&Büa My iz ai30-&-iaaximnrn-(Eig^fo)j. In all 
cases, the estimated change in Ms from saturation to Hc due 
to slope in the easy-axis hysteresis loops is less than 19b. 
Hence we conclude that the MR is correlated with 90° (with 
respect to the field and easy axes) orientation of domains or 
layers within the superlattice. 

The switching behavior of the superlattice can be ana- 
lyzed most simply as the coherent rotation of two exchange 
coupled layers with magnetocrystalline anisotropy, external 
magnetic field, and interlayer coupling energies. In order to 
incorporate roughness into this simple model, a parameter 
which describes the percentage of the films that are antifer- 
romagnedcally coupled is included. When the energy equa- 
tions are expressed in dimensionless format, only two free 
parameters exist; the ratio of the ferromagnetic to anuferro- 
magnetic interlayer coupling strength, and the percentage of 
the films that are antiferromagnetically coupled. No biqua- 
dratic exchange energy terms are necessary to have equilib- 
rium magnetization orientation within domains in adjacent 
layers at right angles to each other during the switching pro- 
cess. When the percentage of anuferromagnetic coupling be- 
tween the layers is about 20%, a value consistent with the 
data in the Ms curves of Fig. 2. ratios of the strengths of the 
ferromagnetic to anuferromagnetic coupling parameters need 
be in the range of 0.0-0.25 for 90° orientations to exist dur- 
ing switching. This is a reasonable range for this ratio.22 

Although  the  computed  magnetization  curves,  simulated 
from the simple model, differ from those actually measured. 

the trends suggest that 90° oriented domains are possible for 
V. reasonable vaiues of the coupling parameters. Hence 90° 

cotrprrrrg^ is—tfajac Cs/€s—felms-ro&ultn ■rionT~fav&F5bi'v ou- 
esrad-f90n) domsiasfeagftSa-.from incomDlete antiferroma°- f<r'i-M 

neoc coupling. The ferromagnetic component of the super- 
lattices serve as the orientation (field) axis at zero field. In 
order to accurately model the data, domain formation within 
the layers must be included.l'"J Aeeurate-wasrkatjye micro- 

haiagiapil^''~4 -".ap-hp.. nsprUo ?ddress &■■?. issue of vrfacihcr 
op-aoL.th^-d^mdi^s-ajg-n'rSfae^eafty-eettplcd throughout the 
eitw-seye.iui.LLe..—Prcforrrrrary—abjcrvatioiis indicat, the 
ares&5£&-af-9$e domain formation within the jupciiatuix- 
^T"^V    ""d   r^^—^rre'SeH^fr—^—dcrr-alrrs—*svltl;'. '■—^^ ^a \ • < 
thomoclycj.'- i        • , 

In conclusion,/we have demonstrated the strong correla- 
tion between 90°Aand MR in Co/Cu superiattices, Gensrsrent 
with-the-fifeGornir.ar.cf; ?.f the biquaa?atk-anergy tenaa-eit- 
ppr;.°rl ;r\_^i^.^;acu»^\^i4^^vyw>f>r^c^u^~ XJo apparent 

correlation between antiferromagnetic alignment (as ex- 
tracted from total magnetizauon curves) and GMR was ob- 
served indicating that the GMR was due to 90° alignment of 
adjacent layers or domains. 
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Abstract—The absolute measurement of magneti- 
zation in thin magnetic specimens at nanometer 
spatial resolution has been made possible by 
implementing two off-axis holography modes in a 
scanning transmission electron microscope 
(STEM). The absolute mode of STEM holography 
displays a linear change in phase difference for 
regions with constant magnetization and the slope 
determines the absolute value of magnetization in 
the specimen. The differential mode of STEM 
holography displays a constant value of phase 
difference for regions with constant magneti- 
zation, which simplifies the identification of 
magnetic structures in the specimen and the deter- 
mination of domain wall profiles. Taking into 
account the high spatial resolution of a STEM 
instrument, STEM holography provides a valuable 
tool for quantitative investigations of magnetic 
structures   at   the   nanometer   level. 

I. INTRODUCTION 

r\i LIJ.IWJ.UI iua^iit~ui.  3i.ii 

sciermric interest cue to men many unique properties wmch 
are often strongiy influenced by their micromagnetic 
structure. Multilayer structures composed of magnetic layers 
separated by nonmagnetic spacers [1] exhibit characteristic 
properties like long range oscillatory coupling and giant 

laüxlCcuiCCiiai.ain-»- rCj.ai.CU tu ttuun-iiuiiia=.iiwi.. rii 

which depend critically on the composition and structure. 
Thin film stresses, alloy segregation, crystal defects and 
surface imperfections play an important role in these 
predominantly two-dimensional systems. At present many 
techniques for the observation of magnetic structure, 

. including_^magaetOrQpxicai jneihodsjj ],_m.agnetic joxce_ 
microscopy [4], the Bitter pattern method [5] and electron 
microscopy [6]-[8], are available. Electron microscopy is the 
only method to date capable of delivering micromagnetic and 
structural information at nanometer (point) spatial 
resolution. Electron microscopes equipped with high 
brightness and coherent field emission sources and efficient 
CCD detection systems and fast image processing techniques 
have accelerated the applications of electron holography [9], 
[10]. In this electron-optical technique, both the amplitude 
and phase of the transmitted electron waves are recorded 
whereas in conventional electron microscopy only the 
modulus of the transmitted wave is recorded. The relative 
phase shift, which can be retrieved from an electron 
hologram, contains absolutely calibrated information about 
the local distribution of scalar and vector potentials and can 
be used to explore the micromagnetic structure of thin 
magnetic specimens. 

Manuscript received April 1. 1994. 

II. TECHNIQUE 

In STEM holography [11], an electron wave emitted from 
the electron source is split by an electrostatic Moellenstedt 
biprism into two wave packets, which are transferred by the 
condenser lens and focused by the objective lens into two 
fine electron probes coherently illuminating the specimen. 
When the objective lens is operated at a large defocus, a 
relatively large area of the specimen is illuminated. The 
beam is held stationary (scanning switched off). The two 
wave packets interfere after passing through the specimen and 
form an interference pattern, a hologram, which is magnified 
subsequently by two postspecimen lenses and appears as a 
fringe-modulated double image in the detector plane. The 
recorded hologram is then reconstructed in the conventional 
way as in TEM holography : a fast Fourier transform of the 
hologram yields a diffractogram with two characteristic 
sidebands, whose separation depends inversely upon the 
spacing of the fringes. One sideband is isolated and its 
inverse Fourier transform reveals the amplitude and phase of 
the comoiex imaee wave, thus readilv eliminating the 
conjugate image which obstructs the image in in-line 
holography. A detailed description of the theory, 
instrumentation and image processing has been published 
elsewhere [12], [13]. The contrast observed in the 
reconstructed holograms can be explained by analyzing the 
wave paths from the electron source through the specimen to 
the detector plane. If a specimen is present, the two split 
electron waves suffer additional phase shifts [12] due to the 
electromagnetic fields present It can be shown that the 
additional phase shift caused bv the specimen is [12] 

1 L              'e 
C0i — CO: = — d>   mvdl 
 : ■ ./J.X ft., 

where v is the velocity, B the magnetic field and S the 
__ßriemed_area.£nclc)sedb.yahe.tw.a43earap2Xhs.--From-th£_first 

term in eqn. (1), — (j>   mvdl, the mean inner potential can 

be determined for a specimen of known geometry.   The 

second term of eqn. (1), —        B-dS, yields information 

about the magnetization distribution in a magnetic specimen. 
In thin magnetic films of nearly constant thickness the first 
term contributes a constant value and the phase shift is 
dominated by the second term, the magnetic phase shift. The 
phase difference is then proportional to the magnetic flux 
enclosed by the two beam paths as they traverse the 
specimen. Two intrinsically different modes of STEM 
holography can be distinguished : an absolute mode and a 

JLIL^L.  CD 
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differential mode. In the absolute mode one of the wave 
passes through vacuum and the other through the specimen 
(Fig.la). Assuming a constant and zero phase in vacuum, 
we can absolutely calibrate the phase shift since the phase 
difference is always measured with respect to vacuum. The 
reconstructed phase difference represents the absolute phase 
shift caused by the specimen. In the case of a magnetic 
specimen the phase difference is evaluated from an area 
llii.W   ii   U.1       l^l-O       WVIIIUUlhU        lU       U.       iillW       llLl>M^lLLl        JWl U1V        llll-ill I       Hiliul 

potential evaluation) and therefore the phase difference, 
measured with respect to vacuum, represents the absolute 
phase shift caused by the enclosed area of the specimen. In a 
domain with uniform magnetization located near a hole in a 
film of constant thickness, the phase will change linearly 
with increasing distance from the edge as the enclosed flux 

increases, JJ     B-dS=:Bnxt, where Bn is the averaged 

component of the magnetic field normal to the plane defined 
by the wavevectors of the two split waves, t is the constant 
thickness and x is the distance from the edge. The gradient 
of the phase will determine the magnitude of Bn in the 
domain. In the differential mode of STEM holography both 
of the split electron waves pass through the specimen. Here, 
the two virtual sources are separated by a very small distance 
when projected onto the sample, typically several tens of nm 
(Fig.lb). The size of the illuminated area which contributes 
to the priase difference (through the magnetic flux), is 
approximately constant for any two points D', D" in the 
detector plane (illumination is almost parallel). The 
sensitivity to local changes in phase difference in the 
direction oeroendicular to the frinses is limited in rfrig mode 
by the separation of the two sources. Since the resolution 
limit in reconstructed holograms is about 2-3 times the 
cosine fringe spacing [10]. a sufficient condition for 
maintaining the resolution is that the separation of the two 
dual images in the recorded hologram be less than 
approximately 3 fringes. If this condition is met. the 
reconstructed phase difference becomes a direct measure of the 
local magnetic structure. In this mode domains with con- 
stant magnetization in a constant thickness film are rerre- 
sented as regions of constant phase difference, in contrast to 

Figure I.a. Absolute mode of STEM holography. 

Figure l.b. Differential mode of STEM holography. 

the absolute mode, where the same domains would appear 
regions of linear phase difference. 

HI. EXPERIMENTAL RESULTS 

We are interested in exploring the micromagnetic structi: 
of giant magnetoresistance superlattice structures. It is w: 
documented [1] that antiferromagnetic coupling betwe: 
adjacent ferromagnetic layers in a superlattice composed 
akemaung ferromagnetic and nonmagnetic layers is Dress 
when giant magnetoresistance is observed;  It is less cie 
whether the role of inrralayer or interlayer electron scatter: 
processes dominate the giant magnetoresistance effect. 
this study, we wish to determine the orientation of doma; 
in a superlattice, with an eye towards identifying whether 
not domains penetrate through the ferromagnetic layers. 

We have prepared several series of pure Co thin films a 
■ [Co(tco)/Cu(tcu)]n multilayers by evaporating on Comi 

cover glass substrates and holey carbon covered grids at ro< 
temperature in a dual e-beam UHV evaporation syste 
Deposition rates were 0.5~2A/s. The magnetoresistance v. 
measured on patterned, dumbbell shaped samples using : 
föur-probe"me~thö3~at fööm~tempeTature~wftrf the field (up 
14 kOe) applied in the plane of film, and the current b'. 

"transverse- (TMR) arrd-panrller- (LMR) tonne field.'- I 
magnetization curves were measured with the combir 
magneto-optical Kerr effect [14]. Both transverse Kerr eff 
and longitudinal Kerr effect hysteresis loops were measu: 
along the easy axis and hard axis, respectively. Transve 
Kerr effect hysteresis loops can be used to determine 
symmetry of the in-plane anisotropy. Kinks in the long: 
dinal Kerr effect hysteresis loops indicated that some a; 
parallel alignment of adjacent Co layers was present in 
superlattices. For pure Co films, only anisotropy magne 
resistance (AMR) were observed in which MR minim 
peaks appear at near the hysteresis loop zero field crossing 

To guarantee that accurate quantitative micromagnt 
structure can be extracted using STEM holography 
preliminary quantitative study of pure Co  films of vari< 



thicknesses was done The magnitude of the saturation 
magnetization can typically be determined to better than 5% 
if the ferromagnetic film thickness is known. In 1 "ig. 2a, an 
absolute hologram phase image is shown of a Co(6nm)/[Cu 
(3nm;Co(1.5nm)]6/Cu(3nm) superlattice. The thickness was 
calibrated with a quartz-crystal monitor, and the super-lattice 
•eriodicity was checked with low-angle x-ray scattering. A 

i'esnel image of the same part of the r'iim is shown in Fig. 
_b. Fresnel images show domain walls as either white or 
black lines. The regions between the walls are the domains. 

We wish to identify whether or not the domains are 
ferromagnetically or antiferromagnetically couoled throush 
the superlattice. We use the absolute calibration in the phase 
image in Fig. 2a where the contours indicate the direction of 
the in-plane component of the magnetization and the 
maximum phase gradient gives the thickness averaged 
magnetization. Assuming bulk magnetization of Co (18.17 
kOe), the calculated maximum phase gradient for uniformly 
magnetized domains penetrating the bulk should be 0.0414 
-ad/nm. We number the domains starting at the edge of the 
hole and proceeding clockwise, 1 through 5 respectively. 
The maximum phase gradient of domains 1,2,3 and 5 are 
Ü.041 x Ü.ÜÜÜ6rad/'nm indicating that tne domains penetrate 
the sandwich and are uniformly (ferromagneticailyj aligned. 
Tne phase gradient in domain 4 is G.0367rad/r.m. This value 
is 107c less than the uniformly magnetized value. If a single 
layer were antiferromangetically aligned within this domain, 
the phase gradient would have to be 207c lower. Therefore, 
the magnetization in one of the layers (107c of the active 
:hickness) is rotated 90° with respect to the magnetization in 
the other layers. When the components are added in quadra- 
ture weighted by the active Co layer thickness, the integrated 
magnetization is 107c lower than the aligned vaiue. 

In conclusion, with STEM based electron holography, we 
are able to determine the orientation of domains in a 
superlattice. It seems as though our goal of correlating giant 
magnetoresistance measurements with micromagnetic 
analysis in order to isolate the role of interlayer and intralayer 
scattering in these structures is feasible. 
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Fig. 2a. Phase image of Cü/Cu multilayer acquired in absolute 
 -i,  „j: ci-tr^  u-i u..  f\   A,,—„i   A,'. \ 
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Fig. 2b. Fresnel image (2.8|imx2.8um) of the same part of the 
film shown in a) with the marked region reconstructed in Fig.2a. 
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Abstract: 

Flexible operation of off-axis holography modes is achieved when a biprism is 

placed in the illumination system of a scanning transmission electron microscope, equipped 

with a field emission electron source. The separation of the two virtual sources created bv 

the biprism can be varied by changing the voltage applied to the biprism or by simply 

changing the excitation of the condensor and/or objective lenses. Two distinct modes of 

holography are used to study the magnetic microstructure in thin magnetic films. In the 

absolute mode the phase difference changes linearly in regions of constant magnetization 

and thickness and the slope determines the magnitude of magnetization. In addition, this 

mode permits the determination of the mean inner potential of a solid of known geometry. 

In the differential mode the phase difference is constant in regions of constant 

magnetization, allowing a simple and straightforward determination of domain wall 

profiles. The contrast obtained in the holography modes is compared to well-known 

contrast in the Fresnel and Differential Phase Contrast modes of Lorentz microscopy. The 

combination of several Scanning Transmission Electron Microscopy based techniques 

presents a powerful tool for the investigation of magnetic microstructure. 



1.  Introduction. 

Recent developments in information storage technology based on new sample 

preparation techniques, such as Molecular Beam Epitaxy (MBE), Metal-Organic Chemical 

Vapor Deposition (MOCVD), Electron Beam Lithography (EBL) and sputtering, permit the 

production of artificial structures with extraordinary accuracy. When the composition and 

geometry of these artificial structures is tightly controlled, devices designed for specific 

applications such as magnetic recording media, magnetic recording head cores and 

magnetic sensors can be fabricated. Properties such as coercivity, micromagnetic features, 

local magnetic moment and anisotropy can be manipulated at the nanometer level [1]. 

Layered structures, composed of alternating magnetic and non-magnetic thin films and 

monolayer thickness epitaxial films of magnetic elements on crystalline metallic, 

semiconductor and insulator substrates, have been produced. Characteristic properties of 

multilayer structures, like long range oscillatory coupling [2] and giant magnetoresistance 

related to antiferromagnetic coupling [3], depend critically on composition and structure, 

which in turn depend on the growth conditions. Similarly, the growth process of epitaxial 

films strongly influences the magnetic properties of interest: the easy axis of orientation of 

magnetization in a material can change from in-plane to perpendicular with subtle changes 

in structure and vary the shape of the hysteresis loop [4].   Crystal defects, thin film 

stresses, alloy segregation and surface imperfections play an important role in these 

predominantly two-dimensional systems.   High spatial resolution magnetic contrast 

imaging techniques are required to solve the structure-properties relationships in these 

materials. 

The HB-5 scanning transmission electron microscope (STEM) at Arizona State 

University, equipped with a field emission source, has been significantly modified to allow 

complex investigations of novel magnetic materials. A highly efficient detector system [5] 



has been installed, allowing the operation of Fresnel and Differential Phase Contrast modes 

of Lorentz microscopy at the lnm level [6, 7]. In addition, the far-out-of-focus scheme of 

STEM holography [8] has become available with the instalation of an electron biprism. 

Qualitative and more importantly, quantitative information can be extracted from a 

hologram, thus allowing the absolute measurement of magnetization in a material at nm 

spatial (point) resolution. The mean inner potential, carrying information about the inner 

structure and composition of a solid, can be measured with high accuracy from off-axis 

holograms. 

2. Principles of Operation. 

2.1.   Instrumentation. 

The electron-optical scheme of the HB-5 STEM adapted for off-axis holography is 

shown in Fig.l. An electrostatic Möllenstedt biprism [9] is placed in the STEM 

illuminating system between the gun and condenser lens. The biprism is a glass rod, 

sputter-coated with a thin layer of platinum for electrical conductivity, approximately 0.5 

urn in diameter and secured across a 3mm hole in a specially built aperture holder. The 

biprism is held at constant potential between 0V to 180V, supplied in our case by a 

continuously variable series of batteries. The aperture rod holding the biprism assembly is 

adjustable in the x and y directions (perpendicular to the optical axis) and is secured with a 

series of tension springs. 

The electron wave emitted from the source is split by the biprism into two wave 

packets, which are transferred by the condenser lens and focussed by the objective lens into 

two fine electron probes coherently illuminating the specimen. Magnetic specimens must 

be located out of the objective lens in order to minimize the effect of the magnetic field of 

the objective lens. A finite-element calculation shows that the residual magnetic field of the 
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objective lens (operated at 12mm focal length) at the specimen position is approximately 50 

gauss, which is sufficiently small for most applications. When the objective lens is 

operated at large defocus, a relatively large area of the specimen is illuminated. The beam 

is held stationary (scanning switched off). The two wave packets interfere after passing 

through the specimen and form an interference pattern, a hologram, which is subsequently 

magnified by two post-specimen lenses and appears as a fringe-modulated double imase in 

the detector plane. The hologram is transferred from the YAG detector by a system of 

optical mirrors out of the vacuum chamber and recorded on a slow-scan CCD camera. The 

large dynamic range and high sensitivity of the CCD camera combined with the direct 14- 

bit digital image output significantly improve the recording process as compared to a low- 

light-level TV camera. 

The fringe spacing and the separation of the twin images in the hologram are 

determined by the electrostatic voltage applied to the biprism and by the excitations of the 

condenser and objective lenses. This combination permits expanded flexibility of our 

system when compared to the classical TEM holography scheme. The maximum number 

of fringes per image is limited by the CCD array of 512 x 512 pixels : a minimum sampling 

of 4 pixels for one fringe spacing permits a maximum number of approximately 130 

recordable fringes. The objective lens excitation determines the magnification (with both 

post-specimen lenses fully excited) of the shadow image : the smaller the defocus, the 

larger the magnification. With a weakly excited condenser lens, a minimum image 

separation of about 3-4 fringe spacings can be achieved at optimum recording conditions 

(optimum biprism voltage). For a strongly excited condensor lens, the maximum image 

separation is more than 150 fringe spacings. A typical set of calibration curves is shown in 

Fig.2. The separation of the images plays an important role in the explanation of the 

contrast observed in the holography modes which is described in sections 2.3 and 2.4. 

The biprism voltage is usually varied from 10V to 25V.  For these small voltages onlv a 
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few fringes appear whereas, for higher voltages the fringes become too fine to sample with 

our finite resolution CCD array. 

The recorded hologram is then reconstructed in the conventional way as for TEM 

holography [10]. A Fast Fourier Transform of the hologram yields a diffractogram with 

two characteristic sidebands, with a separation that depends inversely upon the spacing of 

the fringes. One sideband is isolated and its Inverse Fourier Transform reveals the 

amplitude and phase of the complex image wave, thus eliminating the conjugate image 

which obscures the image in in-line holography. In this paper we reconstruct only the 

phase image. The phase retrieval process yields only the principal values in the interval [- 

7i, +TC]. For strong phase objects, such as thin magnetic films, phase differences of tens of 

radians are common. The phase images reveal this periodicity in the form of characteristic 

'wrapped' images. The wrapped images must be further processed in order to unwrap the 

actual phase by successive additions or subtractions of 2% rad. The reconstruction process 

is illustrated step by step in Fig.3. 

2.2.   Theory. 

The contrast observed in the reconstructed holograms can be understood by tracing 

wave paths from the electron source through the specimen to the detector plane. An 

electron wave from the source is split by the biprism into two wave packets. The effect of 

the biprism can be represented by the formation of two coherent virtual sources Q' and Q", 

as shown in Fig.l. In the detector plane, the two wave packets interfere, and within the 

region of overlap the intensity distribution becomes a modulated pattern of cosine fringes 

Id(r)      = laA(r) exp(27ti kAr) + aB(r) exp(27ii kBr)l2 = 



= laA(r)l2 + laB(r)|2 + 2taA(r)l laB(r)l cos[27i(kA- kB).r + (<p,- <p*)],       (1) 

where kA and_kB are the wave vectors of the two interfering waves and aA(r), aB(r) are the 

corresponding amplitudes. Specific properties of the specimen are contained in the 

amplitude modulation and the phase difference of the two waves. With no specimen 

present the phase shift q>\ - (p-. = 0 and the interference results in a set of up to several 

hundred parallel fringes covering the detector plane. If a specimen is present, the two 

waves suffer additional phase shifts due to the electromagnetic fields present [11]. 

Consider the phase difference between paths QAD and QBD, schematically shown in 

Fig.4: 

(pi-(pi    =2%   j   kdl=— §  pdl=-<f  (mv-eA)dl 

= -j mvdl--JJVxAdS= -<f  mvdl--JJ BdS, (2) 

where p=hk is the canonical momentum, A is the vector potential, B the magnetic field and 

S the oriented area enclosed by the path QADBQ.  From the first term in equation (2), 

— <f>  mvdl, the mean inner potential can be determined for a specimen of known geometry. 
ft l 

The second term of equation (2), - f [ BdS, yields information about the magnetization 
ft.JJ 

distribution in a magnetic specimen. In thin magnetic films of nearly constant thickness the 

first term contributes a constant value and the phase shift is dominated by the second term, 

the magnetic phase shift. The phase difference is then proportional to the magnetic flux 

enclosed by the two beam paths as they traverse the specimen. The enclosed area depends 

upon the separation of the two virtual point sources which in turn depends upon the 

biprism voltage and the excitation of the condensor and objective lenses. 



Two intrinsically different modes of STEM holography can be distinguished, an 

absolute mode and a differential mode. In the absolute mode, one wave packet passes 

through vacuum and the other passes through the specimen as shown in Fig.5a. This 

mode has a direct analogy with TEM electron holography. In the differential mode, both 

waves traverse the specimen as shown in Fig.5b and interfere in the detector plane. In the 

differential mode, no hole in the specimen is required, unlike the absolute (and TEM 

holography) mode. 

2.3.  Absolute  mode. 

In the absolute mode, assuming a constant and zero phase in vacuum, we can 

absolutely calibrate the phase shift since the phase difference is always measured with 

respect to vacuum. With no specimen present, the phase difference in vacuum varies at 

maximum ± 0.3 rad across the region used for phase reconstruction. The reconstructed 

phase difference represents the absolute phase shift caused by the specimen. One of the 

two terms contributing to the phase shift in equation (2) can be eliminated by judicious 

choice of the specimen and its geometry.  An accurate measurement of the mean inner 

potential of a nonmagnetic specimen, with the second term of equation (2) vanishing, 

requires a sharp, well-defined wedge with a preferably linear change of thickness (with 

increasing distance from the edge) [13].   Accurate measurements of the mean inner 

potential are important for low-energy electron diffraction, reflection high energy electron 

diffraction and Fresnel imaging of surfaces, because it determines the sample's electron- 

optical refractive index. A quantitative determination of the mean inner potential can be 

useful for the mapping of heterostructures and buried space charge layers in artificial 

structures.  For a magnetic specimen, constant film thickness is advantageous, since the 



constant contribution of the mean inner potential can be eliminated by taking a gradient of 

the phase shift. 

Although the focus of this paper is not on the mean inner potential determination, 

we measured the mean inner potential of magnesium oxide (MgO) in order to compare our 

STEM results with the accurate measurements made using TEM based electron holography 

[13]. Magnesium oxide smoke crystals form nearly perfect cubes making MgO a suitable 

material for the determination of the mean inner potential. When oriented nearly along the 

[110] orientation (misalignment is neccessary to reduce dynamical scattering effects), the 

electron wave travels through a 90° wedge, where the projected thickness t equals 

approximately twice the distance from the edge. For monoenergetic electrons the phase 

difference is proportional to the mean inner potential U; and projected thickness as [12] 

271 
q>\ - (pi - 

( E0+E^ eUi 
t, (3) 

A, ^2Eo + E j 

where Ais the electron wavelength, Eo is the rest energy (=0.511MeV) and E is the 

electron's kinetic energy (in our case E = 100 keV). Fig.6 illustrates how the mean inner 

potential is determined from holograms extracted from a MgO crystal near the [110] 

orientation. The recorded hologram is shown in Fig.6a and the wrapped phase image is 

shown in Fig.6b. For comparison, an image of the same MgO crystal acquired in STEM 

bright field mode is shown in Fig.6.c. A 105 nm x 35 nm section of the phase image is 

unwrapped in Fig.6d, where the slope of the line-scan perpendicular to the edge gives a 

phase gradient of 0.1168 ±0.003 rad/nm.  The mean inner potential extracted from this 

line-scan is U; = 12.7±0.3V. This value agrees quite well with the accepted value of U; = 

13.01 ±0.6% [13].  This experiment is carried out with the specimen in the out-of-lens 

position, where the error margin stems from the inaccuracy in orientation and variation in 

the vacuum phase. 
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In the case of a magnetic specimen the phase difference is evaluated from an area 

integral (as compared to a line integral for the mean inner potential evaluation) and therefore 

the phase difference, measured with respect to vacuum, represents the absolute phase shift 

caused by the enclosed area of the specimen.  In a domain with uniform magnetization 

located at a sharply defined edge, the phase changes linearly with increasing distance from 

the edge as the enclosed flux increases, JJ    BdS =Bnxt, where Bn is the magnetization 

component normal to the plane defined by k^ and kß, t is the constant thickness and x is 

the distance from the edge. The gradient of the phase difference will determine the 

magnitude and direction of the magnetization in the domain (to within an overall sign). For 

a film of constant thickness, we neglect thickness variations due to the inner potential since 

the phase difference due to the mean inner potential adds a constant to the phase and the 

quantitative magnetic information is derived from the gradient of the phase. Any phase 

changes caused by the inner potential due to thickness variations are small (-0.2 rad/nm for 

cobalt [13]) when compared to the absolute phase changes caused by the magnetic field 

(—IOTC rad). Fig.7 illustrates the absolute mode for an approximately 20nm thick Co film, 

e-beam sputtered on a holey carbon film. The slope of the phase difference determines, in 

this case quantitatively, the magnetization in the specimen. A more detailed analysis of the 

magnetic contrast including a comparison with Fresnel and Differential Phase contrast 

modes of Lorentz microscopy is given in [14]. 

2.4.  Differential  mode. 

In the differential mode of STEM holography, both electron waves pass through the 

specimen. Here, the two virtual sources are separated by a very small distance when 

projected onto the sample, typically several tens of nm (Fig.5b).   The size of the 
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illuminated area which contributes to the phase difference (through the magnetic flux), is 

approximately constant for any two points D\ D" in the detector plane (illumination is 

almost parallel).   The sensitivity to local changes in phase difference in the direction 

perpendicular to the fringes is limited in this mode by the separation of the two sources. 

Since the resolution limit in reconstructed holograms is about 2-3 times the cosine fringe 

spacing [10], a sufficient condition for maintaining resolution is that the separation of the 

two dual images in the recorded hologram should be less than approximately 3 fringes. If 

this condition is met, the reconstructed phase difference becomes a direct measure of the 

local magnetic structure. This limitation can be avoided for simpler magnetic structures (for 

example, a domain wall between two areas of constant magnetization) oriented properly 

with respect to the fringe direction (i.e. domain wall perpendicular to fringes), since the 

magnetization is constant along the wall.    In this mode, domains with constant 

magnetization are represented as regions of constant phase difference, in contrast to the 

absolute mode, where the same domains would appear as regions of linear phase 

difference. For comparison, the same area of a thin Co film is imaged in the absolute and 

differential modes of STEM holography (Fig.8a,b) and well known Fresnel and 

Differential Phase Contrast modes of Lorentz microscopy (Fig.8c,d).   This mode is 

advantageous for the investigation of domain wall profiles (compare [14]) and allows direct 

interpretation of magnetic microstructure. 

3.   Conclusions. 

The far-out-of-focus scheme of STEM holography has been established 

experimentally, revealing qualitative and, more importantly, quantitative information about 

the structure and distribution of electromagnetic fields in the specimen at nanometer spatial 



11 

resolution.  The absolute mode of STEM holography displays a linear change in phase 

difference in magnetic specimens for regions with constant magnetization and thickness, 

and in wedge-shaped crystalline specimens used for mean inner potential determination. 

The slope of the phase difference determines either the absolute value of magnetization in 

the first case or the mean inner potential in the second.  The differential mode of STEM 

holography displays a constant value of phase difference for regions with constant 

magnetization, which simplifies the identification of micromagnetic structures such as 

domain walls and flux vortices in the specimen. In addition, no edge or hole is necessary 

since neither wave packet needs to pass through vacuum.   In combination with other 

STEM-based techniques (Fresnel and Differential Phase Contrast modes of Lorentz 

microscopy), the new STEM holography modes provide a valuable tool for quantitative 

studies of magnetic microstructure at the nanometer level. 
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Figure  Captions. 

Figure 1 :        Electron-optical scheme of the HB-5 scanning transmission microscope 

adapted for holography. 

Figure 2 : Fringe calibration curves for varying biprism voltage and different objective 

lens defoci (underfocus positive), 

a - available range of fringe spacings in nm, 

b - available range of twin-image separations in fringe spacing units. 

Figure 3 :        The hologram reconstruction process. 

a - recorded hologram (field of view approximately 2.5um), 

b - Fourier transform of a), 

c - wrapped phase image, 

d - partially unwrapped phase image, 

e - three-dimensional view of unwrapped section marked in c). 

Figure 4 Schematic diagram for phase difference path integral evaluation. 

Figure 5 :        Schematic diagrams of STEM holography modes with insets of the cross- 

section view demonstrating the enclosed area, 

a - absolute mode, 

b - differential mode. 

Figure 6 :        Extraction of mean inner potential from a STEM hologram (absolute mode), 

a - recorded hologram of a MgO smoke crystal, oriented approximately 
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along the [110] direction, 

b - wrapped phase image, 

c - regular scanned STEM image from the same MgO crystal, 

d - unwrapped 105nm x 35 nm section marked in b). The fine detail in the 

image stems from small Fe islands (~ 2nm in diameter) sputtered on the 

MgO surface. 

Figure 7 :        Determination of magnetization in - 20nm Co film using the absolute mode 

of STEM holography, 

a - wrapped phase image, 

b - partially unwrapped phase image, 

c - three-dimensional view of the section marked in b); the gradient of the 

phase difference taken perpendicular to the edge determines the absolute 

value of magnetization. 

Figure 8 :        Comparison of STEM holography and Lorentz microscopy modes acquired 

from a thin Co film. 

a - differential mode of STEM holography displaying a constant value of 

phase difference inside a magnetic domain, 

b - absolute mode of STEM holography displaying linear change of phase 

difference inside the same magnetic domain, 

c - differential phase contrast mode of Lorentz microscopy; areas of 

different orientation in magnetization show different levels of brightness, 

d - Fresnel mode of Lorentz microscopy reveals walls as dark and bright 

bands. 

Note the arrows localizing the same domain wall in each case a)-d). 
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1. ABSTRACT 

We have been using electron holography in a HB 5 scanning transmission electron 
microscope (STEM) to perform quantitative investigations of magnetic microstructure in thin 
magnetic specimens. Holograms are acquired with the scanning switched off. The objective 
lens is operated at large defocus, such that a relatively large area of the specimen is illuminated. 
Our system allows for flexible operation of off-axis holography modes, Fresnel and Differential 
Phase Contrast (DPC) modes of Lorentz microscopy. This combination of micromagnetic 
analysis techniques in one instrument provides a valuable tool for the investigation of magnetic 
microstructure at 1 nm spatial resolution. STEM holography accompanied by conventional 
Lorentz microscopy techniques has been used to characterize thin magnetic films, magnetic 
multilayer structures and small magnetic particles. 

2. INTRODUCTION 

Recent developments in magnetic information storage technology including magnetic 
recording media, magnetic recording heads and magnetic sensors can be characterized by the 
trend to control the geometry, chemical composition and magnetic microstructure at the near- 
atomic level. New sample preparation techniques, such as Molecular Beam Epitaxy (MBE) and 
Electron Beam Lithography (EBL), permit the fabrication of magnetic devices with properties 
such as coercivity, micromagnetic features, local magnetic moment and anisotropy controlled at 
the nanometer level [1]. For example, multilayered structures, composed of alternating 
magnetic and non-magnetic thin films of monolayer thickness, exhibit long range oscillatory 
coupling [2] and giant magnetoresistance related to antiferromagnetic coupling [3], which 
depend critically on composition and structure. Similarly, magnetic properties of epitaxial films 
of magnetic elements grown on crystalline metallic, semiconducting and insulating substrates 
strongly depend on the microstructure : the easy axis of orientation of magnetization in a 



material can change from in-plane to perpendicular with subtle changes in structure and vary the 
shape of the hysteresis loop [4]. Surface steps, defects, thin film stresses and alloy segregation 
influence the magnetic microstrucure of these predominantly two-dimensional systems. 
Magnetic properties of small particles, which are used in magnetic recording technology, are 
strongly dependent on the size, morphology and magnetic microstructure. The need for a high 
spatial resolution technique, capable of determining qualitative and quantitative micromagnetic 
structure has become eminent. High spatial resolution magnetic contrast imaging techniques, 
available in the STEM, provide a valuable tool for exploring the structure-properties 
relationships in these materials. 

3. TECHNIQUE 

A detailed description of the holography instrumentation and theory is given elsewhere 
[5,6]; here we present a brief review only. In the STEM implementation of electron holo- 
graphy, we split the partially coherent electron source into two virtual electron sources through 
The use of an Möllenstedt electron biprism [7]. The two electron wave packets are transferred 
by the condenser lens and focused by the objective lens into two fine electron probes coherently 
illuminating the specimen. The separation of the two virtual sources can be varied by changing 
the voltage applied to the biprism or by simply changing the excitation of the condensor and/or 
objective lenses. This system has expanded flexibility when compared to standard TEM based 
holography methods. With the beam held stationary and the objective lens operated at a 
relatively large defocus, a shadow image of a relatively large area can be observed. The two 
wave packets'interact with the specimen and form an interference pattern (hologram), which 
appears as a fringe modulated (twin-)image in the detector plane. From the hologram, recorded 
on a slow-scan CCD camera, the amplitude and relative phase of the two electron waves can be 
extracted using methods standard in TEM off-axis holography. A fast Fourier transform yields 
a diffractogram with two characteristic sidebands, whose separation depends upon the fringe 
spacing. One of the sidebands is isolated and its inverse Fourier transform reveals the 
amplitude and phase. 

The amplitude image contains information about the thickness and bulk inelastic mean- 
free-path of electrons in the solid [8]. The relative phase difference A q>, due to electromagnetic 
potentials present in the specimen region, can be expressed as [9] 

A© = -<f  mvdl- - ff  BdS, (1) 

where v is the electron's velocity, B the magnetic induction and S the oriented area enclosed 
by the two electron paths. From the first term in equation (1), the mean inner potential can be 
determined for a specimen of known geometry. The second term of equation (1), involves an 
area integral that contains information about the magnetization distribution in a magnetic 
specimen. In thin magnetic films of constant thickness, the first term contributes a constant 
phase shift, while a magnetic phase shift results from the second term. The phase difference 
A cp is then proportional to the magnetic flux enclosed by the two beam paths as they traverse 
the specimen. In a magnetic specimen of varying thickness, such as a small particle, the 
electrostatic contribution, which cannot be neglected, can be eliminated from the phase image 
with the help of the amplitude image since both terms of the phase difference in equation (1) are 
linearly dependent on the projected thickness. Therefore the magnetic phase image can be 
retrieved by dividing the phase image by the thickness distribution (determined from the 
amplitude image). 

We have developed two distinct holography modes : the absolute and differential [5]. In 
the absolute mode (Fig. la), one of the two electron probes travels through vacuum, while the 
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Figure 1. Absolute (a) and differential mode (b) of STEM holography. 

other passes through the specimen. Assuming zero phase in vacuum we can absolutely 
determine the phase shift caused by the electromagnetic fields present in the specimen. For a 
magnetic specimen the phase shift A <p is proportional to the magnetic flux enclosed by the two 
beam paths. In a uniformly magnetized domain located near the edge of a specimen of constant 
thickness, the phase difference A (p changes linearly with increasing distance from the edge and 
A<p « If BdS = Bnxt, where Bn is the component of the magnetic field normal to the plane 
determined by the wave vectors of the two split electron waves, x is the distance from the edge 
and t is the (constant) thickness. The gradient of the phase determines the magnitude of Bn 
(averaged over the film thickness) in the domain. For a film of nearly constant thickness we 
can neglect the contribution of the constant phase of the electrostatic field present in the 
specimen, since quantitative information is derived from the gradient of the phase difference and 
the phase variation due to the electrostatic potential is small (approximately 0.1 rad/nm of film 
thickness). This straightforward interpretation of the phase image can only be done for 
magnetic fields which are confined to the plane of the magnetic specimen. 

In the differential mode (Fig. Lb), both electron probes pass through the specimen. The 
separation of the beam paths, which is adjustable by the biprism voltage as well as the excitation 
of the condensor and/or objective lenses [6], can be made as small as ten nanometers. The area 
defining the enclosed magnetic flux is approximately constant for every point in the hologram. 
In this mode the phase of an uniformly magnetized domain in a specimen of constant thickness 
is constant, in contrast to the absolute mode, where the same domain has a linearly varying 
phase. The phase difference A cp <* \\ BdS = Bnst, where Bn is the component of the magnetic 
field normal to the plane determined by the wave vectors of the two split electron probes, s is 
the separation of the beam paths projected into the specimen plane and t is the (constant) 
thickness. The differential mode is advantageous for the investigation of magnetic domain wall 
profiles and allows straightforward interpretation of the magnetic microstructure [5]. Since this 
mode does not require a vacuum reference wave, no assumption has to be made about the 
flatness of the phase in vacuum. This becomes advantageous in the case of strong leakage 
fields and for the observation of features far away from any holes in the specimen. 

In far-out-of-focus holography artefactual contrast is contained in the reconstructed phase 
and amplitude images that is a direct consequence of the defocus Af. Fresnel fringes appear 
near edges or holes and may obscure the magnetic contrast of reconstructed holograms. The 



Figure 2. Defocus correction, 
(a - right) Through-focal series of amplitude 
and phase generated from a sideband of the 
hologram. Top row - overfocus, center - in 
focus, lower row - underfocus. 
(b - below) Line scans of five phase images 
corrected by different defoci near the opti- 
mum defocus. 
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defocus aberration can be eliminated by multiplying the isolated sideband by a function 
equivalent to the inverse contrast transfer function of the objective lens, e"2m;,;(q) with a defocus 
phase shift given by £(q) = A2Afq2/ 2, where q is the spatial frequency and A the electron's 
wavelength [10]. The spherical aberration contribution to the phase shift can be neglected for 
the electron-optical conditions employed here (long focal length and resolution limit - lnm). A 
through focal series, shown in Fig. 2a, has been generated from the hologram of a small 
elongated CrCb particle by applying successive defocus phase corrections. Note the false phase 
line contrast present in both under- and overfocus images (arrows). The minimization of the 
standard deviation of the amplitude in vacuum has been found to be the most reliable criterion 
for the determination of optimum defocus, which can be loosely described as the condition for 
the vanishing of Fresnel fringes. A series of five line-scans of phase images corrected with 
defoci near the optimum value has been used for a quantitative evaluation of the phase error as a 
function of defocus. A plot of five line scans (Fig. 2b) reveals a maximum phase variation of 
0.3 rad within a ±2% interval of the apparent correct defocus. This level of phase uncertainty 
is of the same order of magnitude as that due to noise in the phase measurement in vacuum. 

4.  APPLICATIONS 

Both STEM holography modes,accompanied by the Fresnel and Differential Phase Contrast 
modes of Lorentz microscopy have been used to characterize thin magnetic films, magnetic 
multilayer structures and small magnetic particles. Thin magnetic films have been described in 
detail earlier [5]; here we concentrate on multilayer structures and small particles. 

4.1. Multilayer Structures 

4.1.1.   Co/Pd 
A Co/Pd superlattice, Pd(20nm)/[Co(lnm)Pd(l.lnm)]io, which was grown on an 

amorphous carbon film was imaged using STEM electron holography. Hysteresis loop 
measurements indicated a dominant in-plane magnetization with saturation magnetization Ms = 

Figure 3 (a) and (b). Fresnel mode images of Co/Pd multilayer structures. 



1600 kA/m and coercitive field HCn = 7kA/m. 
The Fresnel mode images (Fig. 3a, b) display a typical distribution of magnetic domain 

walls appearing as white and dark lines (note in Fig. 3a the broad dark biprism shadow and the 
edge which is parallel to the biprism at the bottom of Fig. 3a).  Near an edge or hole, the 
domain walls become nearly parallel to each other, running approximately perpendicularly to the 
specimen's edge. Further away from the edge, the magnetization begins to curl forming typical 
'w' shaped domain walls (Fig. 3b).   A phase image, reconstructed and unwrapped from a 
hologram acquired in the absolute mode of STEM holography (Fig. 4a) and a three-dimensional 
map of the marked area (Fig. 4b) shows that the magnetization is oriented perpendicular to the 
edge of the sample and rotates by 180° when crossing the domain wall, a result consistantly 
observed in different specimen regions. The overlapping rectangles in Fig. 4a are remnant of 
the unwrapping process.   The rectangles are pasted sections from phase images with a 
successively added or subtracted constant phase value.  A line scan of the phase, taken along 
the edge and averaged over a uniform region 150nm across (Fig.4c) shows the linear 
dependence of the phase inside the domains I and II and the location of the domain wall. The 
slope of the phase absolutely determines the magnitude of magnetization inside the domains for 
uniform thickness films. In this case the phase gradient is 28.1 mrad/nm in domain I and 11.7 
mrad/nm in domain II. The value in domain I agrees well with the theoretically predicted value 
for all Co layers ferromagnetically aligned throughout the superlattice stack. Assuming a total 
Co thickness of 10 x 1.0 nm = 10 nm with uniform bulk saturation magnetization of 1440 
emu/cm3, i.e. (x 4JI 10"4 =) B = 1.8096 T, the phase gradient in units of rad/nm equals 

A© =¥-= - [[  B-dS /Ax = -Bt= 27.49 mrad/nm, 
Ax       fc JJ P, AX    % 

(2) 

i.e. within 2% of the measured value. The magnetization in domain II is ~ 42% of the expected 
ferromasneticallv aligned bulk value This suggests that not all magnetic layers in domain II are 
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Figure 4. Partially unwrapped phase image (a) of domain structure near the edge of a Co/Pd 
multilayer, (b) three-dimensional plot of the phase in the region marked in a, (c) line-scan of 
phase along specimen edge, averaged across 150nm. 
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Figure 5. Leakage fields in Co/Pd multilayer films : (a) unwrapped phase image, (b) contour 
image of same area as in (a) where 1 contour corresponds to 7i/9 rad, (c) line-scan of phase 
perpendicular to edge and its gradient, (d) line-scan of phase parallel to the edge, (e) three- 
dimensional plot of phase outside the specimen. 



magnetized in the same direction (assuming only in-plane magnetization). The measured value 
indicates that the magnetization vectors in the layers must be oriented with 7 layers in one 
direction and three layers in the opposite direction producing a net integrated magnetization of 
40% of the saturated value. 

While observing the magnetic structure near the specimen edge, a strong magnetic flux leak 
was observed in the surrounding vacuum (Fig. 5). The reconstructed, unwrapped phase (Fig. 
5a) and contour image (Fig. 5b) of the same area displays the periodically changing phase; the 
contours are equimagnetic-induction lines and make the magnetization flow more visible. The 
line-scan in Fig. 5c, taken in a direction perpendicular to the film edge, shows the decay of the 
leakage field. The gradient of the phase, which is proportional to the projected component of 
the magnetic induction parallel to the edge, reveals that the this field falls to 1/e of its maximum 
value at a distance approximately 150nm from the edge. The ripple in the right part of the 
profile is due to the Fresnel fringes of the biprism, which in principle can be removed by 
subtracting a phase image of free space. A comparison of the line-scan parallel to the film's 
edge (Fig. 5d) and a Lorentz image of the same area shows that the domain walls terminate at 
inflexion points of the phase curve and near the center of a domain the phase is at maximum or 
minimum. A three-dimensional plot of the phase in the space near the edge is shown in Fig. 5e. 

Investigations of the magnetic microstructure in regions far away from a hole are carried out 
in the differential mode of STEM holography. In this mode, the phase represents a direct 

0     100  200   300   400  500 
distance [nm] 

Figure 6. Domain walls in Co/Pd multilayer films : (a) hologram with marked walls and line 
profile positions, (c) profiles of broader wall A, (c) profiles of wall B. 



measure of the magnetic field in the specimen and displays a constant phase value in regions of 
constant magnetization. This is advantageous for the investigation of domain wall profiles. A 
series of holograms (positions 1 through 3 in Fig. 6a) yields a set of 3 domain wall profiles for 
each of the two marked domain walls A, B. The average domain wall width is 245 nm (wall A) 
and 200 nm (wall B). The difference in mean domain wall width is likely related to the 
presence of partial antiferromagnetic coupling within the superlattice stack. 

4.1.2.   Co/Cu 
Magnetic coupling between adjacent ferromagnetic layers in a superlattice composed of 

alternating ferromagnetic and nonmagnetic layers is present when giant magnetoresistance is 
observed." A series of multilayer structures with varying seed layer thickness, number of 
bilayers and bilayer geometry have been grown under UHV conditions. Samples grown on 
thin'amorphous holeycarbon films are observed in the Fresnel mode with the beam 

domain phase gradient 
rr [mrad/nm] 

1 41.2 
2 41.8 
3 39.8 
4 36.7 
5 40.7 

Table 1. Phase gradients in 
domains 1-5 measured from 
Fig. 7b. 

Figure 7. Underfocus Fresnel image (a, 1.4am2) and partially unwrapped absolute phase image 
(b) of a Co/Cu multilayer. The proposed micromagnetic structure is shown in (c). 



perpendicular to the layers of the superlattice (not cross-sectional view).   Images reveal the 
position of domain walls as bright or dark bands and holograms of identical regions yield 
quantitative information on the domain. The variation of the magnitude of magnetization can be 
used to determine the interlayer coupling [10] assuming in-plane magnetization. For example, 
the Fresnel image of a Co(6nm)/[Cu(3nm)Co(1.5nm)]6/Cu(3nm) superlattice shows five 
domains aligned in a flux vortex (Fig. 7a). From the hologram, acquired in the absolute mode 
(Fig. 7b), the maximum phase gradients are determined in each of the five domains (table 1). 
The average maximum phase gradient in domains 1, 2, 3 and 5 is 41.0±0.6 mrad, which 
differs from the predicted bulk value for a cobalt film of 15 nm total thickness (41.4 mrad/nm) 
by less than 1%.  This indicates that the domains penetrate the sandwich and are uniformly 
(ferromasnetically) aligned.   The phase gradient in domain 4 is 36.7 mrad/nm, which is 
approximated 90% of the expected uniformly magnetized value (37.3 mrad/nm). A proposed 
explanation of this magnetization amplitude loss is outlined in Fig. 7c. The magnetization in 
one of the layers (10% of the active thickness) is rotated by 90° with respect to the 
magnetization'in the other layers. The amplitude must then be calculated as a vector sum, i.e. 

the masnetization amplitude equals to Vo.l2+0.92 = 0.906 and therefore approximately 10% 
lower than the aligned value. If a single layer were antiferromangetically aligned in the 
superlattice stack within this domain, the phase gradient would have to be 80% of the maximum 
value The existence of 90° coupling between layers has been confirmed by hysteresis loop 
measurements performed on the same^sample [11]. This confirms that we are able to determine 
the orientation of domains in a superlattice and thereby are capable of correlating macroscopic 
giant magnetoresistance measurements with micromagnetic structure. 

4.2.  Small  Particles 
Magnetic properties of small magnetic particles, which are used in magnetic recording 

technology, are strongly influenced by their magnetic microstructure, size and morphology. 
Direct Quantitative investigations of the magnetic microstructure in small magnetic particles has 
been limited by the relatively low spatial resolution of commonly used micromagnetic analysis 
techniques (magneto-optical methods, magnetic force microscopy, Bitter-pattern method, etc.). 
The Fresnel and Differential Phase Contrast (DPC) modes of Lorentz microscopy reveal the in- 
plane component of magnetization as well as the local microstructure at high spatial resolution, 
but do not allow accurate quantitative measurements. The deflection angle in the DPC mode is 
too small (- 10"5rad) and in the Fresnel mode, only strong magnetization changes (domain 
walls, ripple) are observed; an image deconvolution with an exact value of defocus and known 
wall profile would be required to explicitly extract the micromagnetic structure.   Electron 
holography, carried out in a STEM, provides quantitative information about the magnetization 
in the specimen at nanometer resolution and therefore represents a valuable tool for the 
determination of the magnetic microstructure in small particles. Reconstructed amplitude and 
phase images of particles smaller than - lujn are strongly obscured by Fresnel fringes. These 
fringes must be removed with a defocus correction during the holography reconstruction 
process. 

4.2.1.   CI-OT 
Cr02 particles are elongated 'stretch shaped' particles (approx. 50-100 nm wide and 300- 

400 nm long) with a magnetic moment of 93 emu/g (-400 emu/cm3) and a coercive field of 405 
Oe. Holograms of single particles acquired in the absolute mode confirm the prediction that the 
particles are uniformly magnetized. Micromagnetic calculations of the three-dimensional 
magnetic fields and phase differences have been carried out for comparison with experimental 
phase images since phase images of three-dimensional fields from small particles are difficult to 
interpret directly. Fig. 8 shows the calculated phase image of a 640nmx80nmx40nm particle, 
magnetized uniformly (saturation magnetization 400 emu/cm3) along the x axis. The phase is 
obtained by integrating the Bx component along y and z (fringes parallel to dipole, Fig. 8a), 
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Fieure 8. Calculated phase image (a) of a 640nmx80nmx40nm magnetic particle uniformly 
magnetized in the x direction. The line-scan (b) is taken along the line in a. 
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Fieure 9. Absolute phase image of a CrO? particle (a) and line-scan (b) along line in a. 

where the beams propagate along the z axis and the reference wave is assumed to have zero 
phase Typical bright and dark contrast observed outside the particles is in good qualitative 
agreement with the experimental image (Fie. 9a). Absolute phase shifts caused by the magnetic 
dipole can be determined. The experimental line-scan across the particle (Fig. 9b) shows that 
the phase gradient inside the particle is approximately 26 mrad/nm, which compares favorably 
with the calculated imaee (25 mrad/nm). We note that an accurate value of the thickness is 



Figure 10. Interaction of Cr02 particles : (a) and (c) - phase images, (b) and (d) - contour 
images, lcontour coresponds to 7T./10 rad. 

difficult to obtain from the experiment (large tilt or knowledge of the mean free path is 
required). Differences in the line-scans may be due to the non-uniform magnetization of the 
particles, thickness changes or scattering effects at the particle surface (edges). 

The interaction of Cr02 particles is illustrated in Fig. 10. The magnetizations of the two 
CrOo particles near the edge of the supporting carbon film (Fig. 10 (a) and (b) - phase and 
contour image) are aligned parallel, which manifests itself as a strong leakage field. By 
comparison, the two CrO? particles in Fig. 10 (c) and (d) (phase and contour image) are aligned 
antiparallel, the magnetic flux is closed, and no flux leak is observed. 

4.2.2.   FeB 
FeB particles (Hc=605 Oe, magnetic moment 52.8 emu/g) have a hexagonal platelet form, 

typically 100 nm in diameter and ~20nm thick. In Fig. 11, the STEM (a), amplitude (b) and 
phase image (c) of an FeB particle are compared. The phase images display a nearly constant 
phase difference across and around the whole region of the particle confirming that the 
magnetization is perpendicular to the platelet. 



100 nm 

Fisure 11. A STEM (a), amplitude (b) and phase (c) image of FeB platelets. 
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9QQ COUPLING IN CO/CU GIANT MAGNETORESISTANCE SUPERLATTICES' 

Z.J. Yang and M.R. Scheinfein 
Department of Physics Arizona State University Box 871504 Tempe, AZ 85287-1504 

Introduction 
The strength and sign of the interlayer coupling coefficient in superlattices composed of 

ferromagnetic transition metals and non-magnetic spacer layers has been correlated with 
magneto-transport measurements for a wide class of systems [e.g. 1]. Models based on an 
RKKY-like treatment which couple spanning vectors normal to the superlattice layers that join 
extremal points of the bulk Fermi surface have successfully predicted the oscillation periods of 
interlayer coupling. Magnetotransport models which rely on antiferromagnetic alignment of 
adjacent ferromagnetic layers have been used to interpret experimental data [2]. Interlayer 
coupling can be complicated by surface and interface roughness, primarily due to conditions 

during growth. Theoretical treatments attribute 90° degree coupling between layers to spatial 
nanoscopic variations in the interlayer coupling arising from thickness variations [3,4]. Bilinear 

(180°) coupling in general coexists with the higher order biquadratic (90°) coupling [5]. Here, 

we demonstrate the strong correlation between giant magnetoresistance and 90° coupling 
between domains (in adjacent layers) in electron beam evaporated Co/Cu superlattices as a 
function of the Cu interlayer spacing when the interfaces are imperfect. 

Experimental Results 
We   have   grown   [Co 1.5   nm/Cut]n   (7<n<13)   superlattices   by   room   temperature 

evaporation in a UHV dual e-beam evaporation system on Si(100) oriented crystals. 6.0 nm 

thick Co layers were grown at 250° C as buffer layers on the substrates. 4.5 nm thick Co capping 
layers covered the superlattices. The total superlattice thickness ranged between 32 and 46 nm. 

Deposition rates were 0.3~lA/s at a base pressure 5 x 10"9 mbar. 
In Fig. 1, the magnetoresistance at room temperature (solid squares) and at 77K (solid 

triangles) are plotted as a function of the Cu interlayer thickness of the superlattice 
Co4.5nm[Coi.5nmCut]n/Co6.0nm/Si(100) (7<n<13). The oscillation period of interlayer 
coupling is about lnm, within the accepted range of Cu spacer thickness values. Evident is the 
suppression of the first MR maximum and a reduction in the value for the MR, characteristic of 

films with rough interfaces. The maximum normalized magnetization oriented at 90° with 
respect to the field direction, My (or M9o/Msat) is also shown (solid circles). The peaks in the 

90° oriented magnetization correspond with the peaks in the magnetoresistance data at 

approximately tCu °f °-8> 2-° and 2-8 nm- StronS 90 de8ree couPlin§ is stiU Present at the first 

oscillation maximum even though the value of the MR is strongly suppressed. 
The crystallographic and superlattice structure was studied with x-ray diffraction (Cu-Ka 

radiation ?,=0.15405nm), cross-sectional transmission electron microscopy (TEM) and planview 



scanning transmission electron microscopy (STEM). The Large Angle X-Ray Scattering (LAXS) 
data are characterized by a low intensity fee (111) Co (Cu) peak indicating that the multilayers 
have a weak (111) out-of-plane texture. The width of this peak was used to estimate an average 
grain size between 8-10 ran, a result confirmed by STEM. Only first and second order Small 
Angle X-Ray Scattering (SAXS) peaks with superlattice character Kiessig fringes were observed 
indicating the interfaces were relatively rough, shown in Fig. 2. The rms-roughness of the 
interfaces was estimated with a dynamical calculation of the SAXS spectra, also shown (offset) 
in Fig. 2. The interface roughness is ±.2 nm for the bottom half of the superlattice stack and ±.4 
run for the top half of the superlattice stack . The bilayer thicknesses calculated from SAXS 
Bragg peaks are in good agreement with the nominal values. A defocused cross sectional TEM 
(200 keV) image (90 nm across) of Co4.5nm[Coi.5nmCu2.0nm]8/Co6.0nm/Si(100), shown in 
Fig. 3, illustrates the overall integrity of the interface structure. The RMS interface roughness as 
estimated from the TEM images agrees with values extracted from the SAXS simulations. This 
data and theoretical models can be used to set an upper limit on the intrinsic coupling strength. 
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Fig. 1. 90 degree coupling (solid 

circles), MR 77K (solid triangles) 
and MR 300K (solid squares). 

Fig. 2. Measured (top) 

and simlated (bottom) 
SAXS spectra. 

Fig.3.   TEM image of Co4.5nrn 

[Coi.5nmCu2.0nm]8 

/Co6.0nm/Si(100). Si on top. 
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NANOMAGNETOMETRY : ELECTRON HOLOGRAPHY OF SMALL PARTICLES' 

M. Mankos, J.M. Cowley and M.R. Scheinfein 
Department of Physics Arizona State University Box 871504 Tempe, AZ 85287-1504 

Introduction 
We have been using electron holography in an KB 5 scanning transmission electron 

microscope (STEM) to perform quantitative investigations of magnetic microstructure in thin 
magnetic specimens. Holograms are acquired in the far-out-of-focus scheme where the objective 
lens is operated at large defocus, such that a relatively large area of the specimen is illuminated., 
and the scanning is switched off. A detailed description of the holography instrumentation and 
theory is given elsewhere [1,2]. In principle, the electron probe is split into two electron wave 
packets which are transferred by the lenses into two fine electron probes coherently illurninating 
the specimen. The two wave packets interact with the specimen and form an interference pattern 
(hologram), from which the amplitude and relative phase of the two electron waves can be 
extracted. Interactions with magnetic materials produce absolutely calibrated phase differences 
which are proportional to the magnetic flux enclosed by the two beam paths as they traverse the 
specimen. 

Experimental Results: CrO? Small Particles 
Direct quantitative investigations of the magnetic microstructure in small magnetic particles 

has been limited by the relatively low spatial resolution of commonly used micromagnetic analysis 
techniques (magneto-optical methods, magnetic force microscopy, Bitter-pattern method, etc.). 
The Fresnel and Differential Phase Contrast (DPC) modes of Lorentz microscopy reveal the in- 
plane component of magnetization as well as the local microstructure at high spatial resolution, 
but do not allow accurate quantitative measurements. The deflection angle in the DPC mode is 

too small (- 10"5rad) and in the Fresnel mode, only strong magnetization changes (domain walls, 
ripple) are observed. However, electron holography provides quantitative information about the 
magnetization in the specimen at nanometer spatial resolution. 

As an example, we examine the micromagnetic structure of a Cr02 particle with a magnetic 
moment of 400 emu/cm3 and a coercive field of 405 Oe. Holograms of isolated single particles 
confirm the prediction that the particles are uniformly magnetized. Micromagnetic calculations of 
the three-dimensional magnetic fields and phase differences have been carried out for comparison 
with the experiment. Fig. la shows the calculated phase image of a 350 x 50 x 20 nm particle, 
uniformly magnetized along the x axis. Bright and dark phase contrast, typical of dipole fields, is 
observed outside the particle. A line scan across the particle, shown in Fig. lb, has a phase 
gradient of 26 mrad/nm. The experimental image is shown in Fig. 2a. The experimental phase 
gradient across the particle is 25 mrad/nm. The phase change across the particle is directly 
proportional to the total flux along its length, and hence can be used to determine the 
magnetization. Here, the experimental saturation magnetization within the particle is 384 
emu/cm3 , within 4 % of the theoretical value. The magnetization sensitivity of this measurement 



indicates that we can detect 1.4 x 10"13 emu. The limit of this technique as we have implemented 
it is almost 4 orders of magnitude more sensitive (10"" emu), some 8 orders of magnitude more 
sensitive than a SQUID magnetometer. 
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Figure 1. Calculated phase image (a) of a 350 x 50 x 20 nmJ magnetic particle uniformly 
magnetized along the x direction. The line-scan (b) is taken along the mark in a. 
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Figure 2. Absolute phase image of a a 350 x 50 x 20 nm3 Cr02 panicle (a) and line-scan (b) along 

mark in a. 
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STEM HOLOGRAPHY OF MAGNETIC MATERIALS 
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We have been using electron holography in an HB 5 scanning transmission electron microscope 
(STEM) to perform quantitative investigations of magnetic microstructure in thin magnetic 
specimens Holograms are acquired in the far-out-of-focus scheme with the scanning switched 
off The objective lens is operated at large defocus, therefore a relatively large area of the specimen 
is illuminated. Our system allows for flexible operation of off-axis holography modes, while 
allowing for simultaneous observation in Fresnel and Differential Phase Contrast (DPC) modes of 
Lorentz microscopy. This combination of micromagnetic analysis techniques in one instrument 
provides a valuable tool for the investigation of magnetic microstructure at 1 nm spatial resolution. 

We have isolated two distinct holography modes : the absolute and differential [1]. In the absolute 
mode one of the two electron probes travels through vacuum, while the other passes through the 
specimen   Assuming zero phase in vacuum and prior knowledge of the specimen thickness, we 
can absolutely determine the phase shift caused by the electromagnetic fields present in the 
specimen  For a magnetic specimen the phase shift is proportional to the magnetic flux enclosed 
bv the two beam paths. In a uniformly magnetized domain located near the edge of a specimen of 
constant thickness the phase difference <p changes linearly with increasing.distance from the edge 
and <p = JBdS = Bnxt, where Bn is the component of the magnetic field normal to the plane 
determined by the wave vectors of the two split electron waves, x is the distance from the edge and 
t is the (constant) thickness. The gradient of the phase determines the magnitude of Bn (averaged 
over the film thickness) in the domain. For a film of nearly constant thickness we can neglect the 
contribution of the constant phase of the electrostatic field present in the specimen, since 
quantitative information is derived from the gradient of the phase difference. In the differential 
mode, unique to STEM holography, both of the split electron waves pass through the specimen. 
The separation of the beam paths, which is adjustable by the bipnsm voltage as well as the 
excitation of the condensor and/or objective lenses [2], can be made as small as ten nanometers. 
The area defining the enclosed magnetic flux is approximately constant for every pomt in the 
hologram   In this mode the phase of an uniformly magnetized domain is constant, in contrast to 
the absolute mode, where the same domain has a linearly varying phase difference.   The 
differential mode is advantageous for the investigation of magnetic domain wall profiles and allows 
straightforward interpretation of the magnetic microstructure [1]. STEM holography accompanied 
by the conventional Lorentz microscopy techniques has been used to characterize thin magnetic 
films, magnetic multilayer structures and small magnetic particles. 

Magnetic coupling between adjacent ferromagnetic layers in a superlattice composed of alternating 
ferromagnetic and nonmagnetic layers is present when giant magnetoresistance is observed. A 
series of multilayer structures with varying seed layer thickness, number of büayers and bilayer 
geometry have been grown under UHV conditions. Fresnel images of multilayer structures reveal 
the position of domain walls as bright or dark bands. From holograms of identical regions the 
magnetization in the domains is determined quantitatively. The variation of the magnitude oi. 
magnetization is used to determine the interlayer coupling [3]. For example, the absolute hologram 
of a Co(6nm)/[Cu(3nm)Co(L5nm)]6/Cu(3nm) acquired with the beam perpendicular to the layers 
of the superlattice shows that in 4 of 5 neighboring domains forming a flux vortex the maximum 
phase gradient equals to 41.0±0.6 mrad, which agrees favorably with the predicted bulk value for 
a cobalt film of 15 nm total thickness (41.4 mrad/nm). This indicates that the domains penetrate 



the sandwich and are uniformly (ferromagnetically) aligned. The phase gradient in the 5th domain 
is 36.7 mrad/nm. This value is 10% less than the uniformly magnetized value. If a single layer 
were antiferromangetically aligned within this domain, the phase gradient would have to be 20% 
lower. Therefore, the magnetization in one of the layers (10% of the active thickness) is rotated 
90° with respect to the magnetization in the other layers. When the components are added together 
in quadrature, weighted by the active Co layer thickness, the integrated magnetization is 10% lower 
than the aligned value. The existence of 90° coupling between layers has been confirmed by 
hysteresis loop measurements performed on the same sample. With STEM based electron 
holography, we are able to determine the orientation of domains in a superlattice thereby allowing 
macroscopic giant magnetoresistance measurements to be correlated with rnicromagnetic structure. 

Magnetic properties of small magnetic particles, which are used in magnetic recording technology, 
are strongly influenced by their magnetic microstructure, size and morphology. Direct quantitative 
investigations of the magnetic microstructure in small magnetic particles has been limited by the 
relatively low spatial resolution of commonly used micromagnetic analysis techniques (magneto- 
optical methods, magnetic force microscopy, Bitter-pattern method, etc.). The Fresnel and 
Differential Phase Contrast (DPC) modes of Lorentz microscopy reveal the in-plane component of 
magnetization as well as the local microstructure at high spatial resolution, but do not allow 
accurate quantitative measurements. The deflection angle in the DPC mode is too small (~ 10"5rad) 
and in the Fresnel mode, only strong magnetization changes (domain walls, ripple) are observed; 
an image deconvolution with an exact value of defocus and known wall profile would be required 
to explicitly extract the micromagnetic structure. Electron holography, carried out in a STEM, 
provides quantitative information about the magnetization in the specimen at nanometer resolution 
[1] and therefore represents a valuable tool for the determination of the magnetic microstructure in 
small particles. Unfortunately, reconstructed amplitude and phase images of particles smaller than 
-Turn are obscured by Fresnel fringes and must be corrected for during the holography 
reconstruction process [4]. The defocus value is determined within ~ 2% and phase variations 
caused by this inaccuracy are comparable to the noise level of a hologram acquired in free space 
(maximum deviation ~ 0.3 rad). 

Cr02 particles are elongated 'stretch shaped' particles (approx. 50-100nm wide) with a magnetic 
moment of 93 emu/g and a coercive field of 405 Oe. Holograms of single particles acquired in the 
absolute mode confirm the prediction that the particles are uniformly magnetized. Micromagnetic 
calculations of the three-dimensional magnetic fields and phase differences are necessary for 
accurate interpretation of the phase images. For a particle of known geometry, a comparison of the 
calculated and acquired phase shift allows quantitative determination of the particle's 
magnetization. FeB particles (Hc=605 Oe, magnetic moment 52.8 emu/g) have a hexagonal 
platelet form, typically lOOnm in diameter and ~20nm thick. Phase images display a nearly 
constant phase difference across the whole region of the particles, therefore confirming the 
predicted magnetic structure that the magnetization is perpendicular to the platelet 

In conclusion, STEM electron holography with its inherent high spatial resolution and ability to 
deliver quantitative information has become a valuable technique for micromagnetic investigations 
at the nanometer level. 
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