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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. Of the proposed systems for study oulined in the original proposal,
work has begun on Fe/Ag, Fe/Cu, Fe/CaF2 and Fe/CaF2/Si (half of the proposed systems). 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, 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 1 of this 3 year project.

20 Instrumentation

In the first year of this project, we have successfully outfitted our UHV-STEM with the
required metal cleaning, characterization and deposition equipment for the preparation and
analysis of ultrathin ferromagnetic films [See Correlations Between Ultrathin Film
Microstructure and Magnetic Properties for Room Temperature Epitaxial Films of fcc
Fe/Cu(100) by K. R. Heim, S. D. Healy, Z. J. Yang, J. S. Drucker, G. G. Hembree, and M. R.
Scheinfein in the Appendix]. Shown in Fig. 1 is a schematic of our system. The preparation
chamber of the microscope now includes Ar ion beam sputtering, a coaxial cylindrical mirror
analyzer, and a Ce2+:YAG scintillator for RHEED. Currently, one Fe electron beam evaporator
is resident on the instrument. A second (Co) electron beam evaporator has been constructed and
is to be calibrated.

We have developed a unique implementation of the three-axis surface magneto-optic
Kerr Effect (SMOKE) for measuring surface magnetization [See Combined Three-Axis Surface
Magneto-Optical Kerr Effects in the Study of Surface and Ultrathin-Film Magnetism, by Z.J.
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Figure 1: Modified VG HB501-S thin film growth and characterization facility. The salient features of the
microscope column include; P, the lower parallelizer, SE the lower secondary electron detector, 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-cylindrical mirror analyzer for AES and RHEED, and sample surface
preparation tools such as an Ar* ion sputtering gun, an Fe evaporator, annealing stages and Knudsen cell
evaporators K1, K2, and K3. Also shown are the Cu crystal, C, the YAG crystal, Y, and the air lock for fast sample
entry.

Yang and M.R. Scheinfein in the Appendix]. Our measurement scheme for SMOKE, shown in
Fig. 2 is typical in that the system includes a polarized He-Ne intensity-stabilized laser
(1=632.8nm, AV13=0.1%), two Glan-Thompson polarizers (field of view ~30°, resolution ~0°5"),
a fused-silica head photo-elastic modulator (f=S0KHz, 170 nm to 2600 nm transmission) with
anti-reflective coatings optimized for He-Ne light, and a photodiode detector. In analyzing
experiments employing polar, longitudinal and transverse Kerr effects, the direction of the
applied magnetic field must be distinguished from the direction of magnetization during the
switching process. Since the Kerr effect exists for any arbitrary direction of the
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Figure 2: A schematic depiction of our implementation of the three-axis surface magneto-optic Kerr effect .

magnetization (relative to the scattering plane), for non-normal incidence, magnetization loops
obtained from any of the three Kerr effects may contribute to the detected signal. Here, we
distinguish a pure Kerr effect from the general Kerr effect by analyzing the sensitivity of the
detected signals to various magnetization components in the sample to be analyzed. A pure Kerr
effect experiment may, for example, employ normally incident polarized light, and normally




applied magnetic fields to detect only the perpendicular component of the magnetization; the
pure polar Kerr effect. However, at non-normal incidence with different relative orientations of
the three basic optical devices (polarizer, modulator, and analyzer) in the SMOKE system, we
showed that either all three magnetization components or any one of them can be detected. Thin-
film anisotropies and switching modes can be studied by comparing these three combined Kerr-
effect magnetization loops. We derived the normalized light intensity sensed by a photodiode
detector from the three combined Kerr effects, both in the ultrathin-film limit and from a bulk
surface, at general oblique incidence, and with different orientations of the polarizer, modulator,
and analyzer These expressions are shown to reduce to the simple case where no longitudinal
Kerr effect is detected at normal incidence. In this case, the detectivity of the polar Kerr effect
reaches a maximum.

In addition to the instrumentation which was specified in the original proposal, we have
implemented an off-axis STEM holography technique [See Absolute Magnetometry at nm
Transverse Spatial Resolution: STEM Holography of Thin Cobalt Films by Marian Mankos, M.
R. Scheinfein and J. M. Cowley in the Appendix]. We use an electron biprism, a conductive
wire about 0.5um in diameter held at a constant potential, placed in the illuminating system of a
STEM (VG Instruments HB 5). The wave emitted from the electron source is split by the biprism
into two wave packets resulting in the formation of two identical coherent electron probes at the
specimen. If the objective lens is operated at a large defocus, a hologram, the interference
between the two coherent waves, appears as a fringe-modulated image in the detector plane. The
wave vectors and hence the fringe spacing are determined by the electron beam voltage and the
voltage applied to the biprism wire. With a defocused objective lens, a large area of the
specimen is illuminated and the beam is held stationary (no scanning). The hologram is recorded
on a slow-scan CCD camera and reconstructed in the conventional way . A fast Fourier
transform of the hologram yields a diffractogram. The diffractogram has two sidebands whose
separation is dependent upon the spacing of the fringes. This side-band separation in off-axis
holography allows the removal of the conjugate image present in the hologram. One sideband is
isolated and its inverse Fourier transform reveals the amplitude and the phase of the complex
image wave. Magnetic thin films are strong phase objects with phase differences of = 10w rad
common, therefore we analyze only the reconstructed phase image. The contrast in a STEM
electron hologram can be explained by analyzing the wave paths from the source through the
specimen to the detector plane. A single wave emerges from the electron source and is split by
the biprism, forming two coherent virtual sources. There are two different modes of STEM
holography, an absolute mode and a differential mode. In the absolute mode, one wave packet
passes through vacuum and the other passes through the specimen. This mode has analogy with
TEM electron holography and the derivative of the phase is recovered. In the differential mode,




both waves traverse the specimen and interfere in the detector plane and the absolute phase is
recovered. Since the electron beam energy and biprism potentials are absolutely calibrated, the
interference pattern in the electron hologram is absolutely calibrated. We are therefor able to
make direct measurements of thickness integrated magnetization with better than 2 nm transverse
spatial resolution.

We have inherited a dual source electron beam evaporation system from Prof. Mary Beth
Stearns who is retiring. We have made minimal capital investments in this instrument to bring it
into reliable operation. Experiments using this evaporation system designed to explore the
spatial component in giant magnetoresistance systems will be outlined in section 6.0.

Our surface science group has recently acquired a Low Energy Electron Microscope
(LEEM) from the Division of Materials Research at the National Science Foundation. Both M.
Scheinfein and G. Hembree are co principal investigators on this grant and hence have access to
this instrument. We have experiements planned for early winter for the investigation of the
nucleation and growth of fcc Fe/Cu(100).

G. Hembree has designed and constructed a high resolution Auger electron spectroscopy
and RHEED chamber which is being used to develop diffraction enhanced Auger electron
spectroscopy. By using the surface wave resonance in RHEED, enhanced surface selectivity is
possible for the analysis of both chemical and crystallographic surface structure. Initial
experiments have been undertaken in the Ge/Si(100) system. We plan on using this method to
study the nucleation and growth of fcc Fe/Cu(100) as well. Construction of a new high precision
double axis tilt hot stage has been initiated on other funds.

3.0 fcc Fe/Cu(100)

Single crystal Cu(100) substrates were machined into 1 mm thick, 3 mm diameter
shouldered disks and commercially electropolished. The Cu specimens were sputtered with 600
eV Art ions at 45° from the surface normal. Following this, the Cu was annealed at ~600°C for
15 minutes to produce a well-ordered surface, as observed with RHEED. 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.

Following the surface preparation and Fe deposition, surface structural characterization
was performed using secondary electron (SE) microscopy. SE microscopy contrast is sensitive
to topography and local changes in the work function. Several of the cleaned Cu surfaces
observed with SE microscopy revealed small contaminant clusters which we believe to be Cu,;0O
(based upon the most likely copper oxide formed at these temperatures and pressures) islands
nucleated over the entire Cu surface. Analysis of these SE images indicates that oxygen
coverages <0.0011 at.% are well below the sensitivity of the broad-beam AES (typically




sensitive to no better than 1 at.%) used in the preparation chamber. In Figs. 3a-f we display
corresponding broad-beam Auger spectra and SE images for two identically prepared Cu
surfaces. Figs. 3a and 3b are the respective EN(E) and dN(E)/dE spectra acquired for a clean
Cu(100) surface. These spectra clearly exhibit five Cu Auger peaks (58, 105, 776, 840, and 920
eV in the derivative mode) while not detecting the O (503 eV) peak (the sensitivity factors at 3
keV indicate that O is about two times more detectable than the 920 eV Cu signal, from which
we conclude that the oxygen coverage is <2 at.%). The SE image shown in Fig. 3e represents a
typical area of the clean Cu(100) crystal surface with less than 1.4x10? oxide particles/cm2, thus
yielding an oxygen coverage of 0.016 at.%. The typical terrace width on these Cu(100) surfaces
vary from 25 nm to 75 nm, which, based on the uniform growth, is greater than the Fe atom
diffusion length for this system. Thus, the effects of a rough and disordered surface on the
magnetic properties have been reduced below a detectable level. Insulators and oxides, in
general, have higher secondary electron yields than metals, and hence appear bright in SE
micrographs. In contrast, the Auger spectra in Figs. 3¢ and 3d also imply a clean Cu surface, but
the SE image of Fig. 3f shows larger, more numerous (3.6x1010 particles/cm? of 10 nm average
radius and 3.75 at.%) oxide particles populating the entire Cu surface. In situ electron
microscopy, with its high sensitivity for the detection of surface contamination, was used to
guarantee the real space chemical and structural integrity of all Cu(100) substrates prior to Fe
deposition. In particular, our cleanest Cu(100) surfaces had 1x109 particles/cm2 of 3 nm average
radius oxide clusters, implying an oxygen coverage of order <0.01 at.%, which is well below the
detectivity of standard surface science techniques.

The thickness dependence of SMOKE hysteresis loops of as-grown fcc Fe/Cu(100) films
are shown in Fig. 4. Initial magnetic response is observed as a zero-remanence, linear hysteresis
loop in the polar direction, Figs. 4a and 4b. At intermediate thicknesses, 3.5 ML, remanent
polar, Fig. 4c, and longitudinal, Fig. 4d, SMOKE loops are observed. While the in-plane loop is
square, the tilted polar loop displays the effects of shape anisotropy indicating a canted out-of-
plane easy-axis. SMOKE loops from thicker films, 4.7 ML, Figs. 4e and 4f, lose polar
remanence, but have square in-plane loops characteristic of an in-plane easy-axis. The as-grown
in-plane remanence increases nearly linearly for thickness above 2 ML and below 5 ML.
Thicker films (t -> 10 ML) become non-magnetic at room temperature. Films thinner than 10
ML had fcc structure with the transverse lattice constant of the substrate.

One of the unexpected research highlights achieved in Year 1 of this porject was the
identification of a field induced, reversible, metastable transition for magnetization measured
perpendicular (polar) to the film plane [See Field Induced Metastable States in Ultrathin Films of
fcc Fe/Cu(100) by G.G. Hembree, Jeff Drucker, S.D. Healy, K.R. Heim, Z.J. Yang, M.R.
Scheinfein in the Appendix]. Room-temperature grown, fcc Fe/Cu(100) films in the 2.5-3.5 ML
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Figure 3e: Secondary electron image of the surtace ot Cu(100) corresponding to Auger spectra in 3(a) and 3(b). Full
scale (horizontal) is 1.2pm.

"

Figure 3f: Secondary electron image of the dirty surface of Cu(100) corresponding to Auger spectra in 3(c¢) and 3(d).
Full scale (horizontal) is 1.2um.
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were made at room temperature.
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regime possess both in-plane and perpendicular remanence. After application of a 9.0 kOe polar
field, the out-of-plane remanence is lost. This magnetic state is stable until the film is either
heated or subjected to a large in-plane magnetic field. In Figs. Sa-d, longitudinal and polar
SMOKE loops of as-grown films are contrasted with the post-observation (9.0 kOe polar field)
polar and longitudinal SMOKE loops. After exposure to the field, there was no polar remanence.
The in-plane loop remains square, with a small change in the coercivity, indicating an increase of
the in-plane anisotropy constant. This state is stable until heating or application of a 1.5 kOe in-
plane magnetic field. The reversibility of the transition is demonstrated in Figs. Se-f. The
metastable magnetic state induced by the 9.0 kOe field evolves after a small temperature increase
(T =400C) as shown in Fig. Se. After the application of an in-plane magnetic field (H=1.5 kOe),
Fig. 5f, the initial state is nearly restored. It is difficult to explain our field-induced
transformation in the context of two-dimensional fluctuations since large out-of-plane fields
should enhance the in-plane to out-of-plane transition at temperatures below the critical transition
temperature and large in-plane fields should stabilize the in-plane component of the
magnetization. Total energy calculations indicate that a small decrease in the lattice constant can
stabilize a lower energy non-magnetic fcc Fe phase. While a field induced change in the
anisotropy can explain the observed transition, the lack of perpendicular remanence in the
metastable state could result from a local magnetic disordering of the film in the direction
perpendicular to the surface as a result of magneto-elastic strains (compression) induced by the
9.0 kOe magnetic field, stabilized by the presence of a lower energy, non-magnetic state. In this
state, in-plane ferromagnetism may be preserved. Heating slightly expands the lattice, and
locally reactivates the film. The application of large in-plane magnetic fields may compress the
Fe film in-plane, with subsequent out-of-plane expansion, restoring the original state; a
hypothesis which could be tested by performing in-field EXAFS measurements. The in-plane
lattice in Fe is stabilized by the Cu(100) template, and the original response is recovered.

We analyzied film growth at low film coverages and found that supersurface island
formation can be observed locally by correlating the SE images with the Cu and Fe AE images
[See The Initial Phases of Epitaxy of fcc Fe/Cu(100): Supersurface and Subsurface Isiand
Formation by S.D. Healy, K.R. Heim, Z.J. Yang, G.G. Hembree,J. S. Drucker, M. R. Scheinfein
and Structural And Magnetic Properties Of Epitaxially Grown fcc Fe/Cu(100) and
Fe/CaF2/Si(111) by M.R. Scheinfein, S.D. Healy, K.R. Heim, Z.J. Yang, J.S. Drucker, G.G.
Hembree in the Appendix]. One such set of spatially correlated images is displayed in Fig. 6 for
a0.33 ML thick Fe film. The SE image in Fig. 6a illustrates supersurface Fe islands with the
corresponding contour plot shown in Fig. 6b. 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 isiands is
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Figure 6a : Secondary electron micrograph of .33 ML Fe/Cu(100) supersurface islands. The image is 150 nm full
scale (horizontal).

Figure 6b : Secondary electron micrograph contour map of 0.33 ML Fe/Cu(100) supersurface islands. The image is
150 nm full scale (horizontal) and is extracted from 6a..
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Figure 6¢ : Cu Auger electron micrograph of 0.33 ML Fe/Cu(100) gupersurfce islands. The image is 150 nm full
scale (horizontal) and is from the identical region as 6a..

Figure 6d : Cu Auer electron micrograph contour map of 0.33 ML Fe/Cu(1
150 nm full scale (horizontal) and is from the image in 6c..

- [

00) supersurface ilands. The image is
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Figure 6e: Fe Auger electron micrograph of 0.33 ML Fe/Cu(100) supersurface islands. The image is 150 nm full
scale (horizontal) and is from the identical region as 6a..

L) -

Figure 6f: Fe Auger electron micrograph contour map of 0.33 ML Fe/Cu(100) supsurface islands. The image is
150 nm full scale (horizontal) and is from the image in 6e.
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identical to the contrast of the tip 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. 6¢ and 6d) and Fe (Figs. 6e and 6f) Auger electron signals can be directly
correlated with the SE image of the Fe islands. The black areas in Fig. 6¢ indicate the lack of a
Cu signal, while the white areas in Fig. 6e indicate the presence of Fe. Itis 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. 6a likely characterizes the surface.

Fig. 7a-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. 7b) or Fe (Fig. 7c) AE images. However,
these same Cu and Fe AE images indicate that the regions depleted of Cu are rich in Fe. Since
there is no contrast in the SE image, and the SE yield for fcc Fe and Cu are practically identical,
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 types 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. Our observations suggest that in the
regions where subsurface islands occur, a vertical Fe-Cu atomic site exchange occurs. This
process continues until the driving force causing the exchange diminishes. We observed this Fe
coverage to be thicker than 2 ML, beyond which continuous Fe films grew. The lack of
ferromagnetic ordering observed in this sub-2 ML regime is not inconsistent with the observed
growth process.

We explored the role of contamination on the nucleation, growth and magnetic properties
of a 3.1 ML Fe film grown on a Cu(100) crystal. The mean contaminant cluster separation was
approximately 54 nm (2.2x1010 particles/cm? of 4 nm average radius and 1.1% total areal
coverage). This contamination did not appear to affect the Fe film morphology at locations away
from the contaminants. This observed morphology invariance is a result of the diffusion lengths
of metals on metals being much less than the mean contaminant cluster separation. The
associated Kerr loops show polar remanence and the lack of longitudinal remanence just as for
uncontaminated films in the regime near the onset of ferromagnetism (2.3<©<3.5 ML).
Although we did not observe any differences in magnetic properties between clean or slightly
contaminated Cu substrates with a ~3 ML Fe deposition, the results are expected to be dramatic
for other contaminants of different concentrations. Compound formation between oxygen or
copper oxide and Fe comprises many phases. Compounds with non-magnetic, antiferromag-
netic, or ferromagnetic phases would undoubtedly alter the observed magnetic
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Figure 7a: Secondary electron micrograph of 1.7 ML Fe/Cu(100) subsurface islands. The image is 150 nm full scale
(horizontal).

Figure 7b: Cu Auger electron mlcrbgraphvof 1.7 ML Fe/Cu(100) subsurface islands. The image is 150 nm full scale
(horizontal) and is from the identical area as Fig. 7a.
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Figure 7¢: Fe Auger lectron micrograph of 1.7 ML Fe/Cu(100) subsurface islands. The im is 150 nm full scale
(horizontal) and is from the identical area as Figs. 7a and 7b.

behavior while also allowing for the modification of the growth mode due to differences in
surface free energy. In addition, since the magnetic surface anisotropy is very sensitive to the
chemical state of the surface , one is led to suspect that the surface segregated oxygen will
drastically alter the magnetic behavior of ultrathin films of Fe on Cu(100).

We examined the details of the magnetization switching process for as-deposited 4.7 ML
thick Fe where the perpendicular anisotropy just cants into plane.[See Surface Magnetization
Processes Investigated by The Combined Surface Magneto-Optical Kerr Effects in Fe/Cu(100)
Thin Films by Z.J. Yang, S.D.Healy, K.R.Heim, J.S.Drucker, G.G.Hembree, and M.R.
Scheinfein in the Appendix]. In Fig. 8a-d, SMOKE loops are shown for applied fields along the

longitudinal (on plane), 459 from longitudinal (in plane), transverse (in plane), and normal to the

film surface (polar) directions respectively. A coherent rotation model was employed to interpret
these results. The normalized energy functional is given in eqn. 1, where Kjp and Kgyt are the
in-plane and out-of-plane anisotropies, Mg is the saturation magnetization, Hj, H¢, and Hp are the
longitudinal, transverse and polar applied magnetic fields, 0 is the polar angle (from the polar
direction), ¢ is the azimuthal angle (from the longitudinal direction), o defines the out-of-plane
easy axis angle, B defines the direction of the easy axis in the film plane, and c is a constant
whose value is | (2) for uniaxial (cubic) in-plane anisotropy. External fields include the ramping

field and any residual external stray fields. This expression was minimized using a conjugate
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gradient method. The results of this minimization are shown in Fig. 9a-f. The computed loops
are meant to indicate gross structure as a means of interpreting the SMOKE results, and
discrepancies between the computed loops and the measurements are due to the crudeness of the
model (i.e. no domain walls or domain wall motion).

E= %sin’(e -a)+ -zlz%‘i-sinz{c(q) -p)}sin’* 6+ i’:(M‘ cos’ 0 -

out out

M

1)

H
H, sin@cos @ + B in Osing + cos@
ZKOH! 2K0\u ZKGI!
M, M, M,

The in-plane anisotropy is cubic, and oriented at 459 from the longitudinal direction. The
perpendicular anisotropy is uniaxial and oriented 100 out of the film surface. The out-of-plane
anisotropy was twice as large as the in-plane component, and equal to 2ntM,. Figs. 9a-d show
SMOKE hysteresis loops computed for the identical conditions described for Figs. 8a-d. Since
the polar Kerr signal contains both longitudinal and polar components , Fig. 9¢ and f show the
polar and longitudinal components respectively. The polar signal is 5 times as large and of
opposite sign than the longitudinal signal. The general features are the asymmetrical structure on
the comers of the loops in Figs. 8b and 9b, the twin peak structures in Figs. 8c and 9c, and the
canted/inverted loops in Figs. 8d and 9d. When the field is applied in the transverse direction, a
small stray field forces the loops to close in the same direction, thus not completing a 360°
rotation in-plane. This is strong evidence for in-plane biaxial anisotropy. When the field is
appiied along the polar direction, the magnetization rotates from a direction perpendicular to the
plane into the plane as the field is reduced. As the field changes sign, the magnetization rotates
in the plane of the surface first, aligning itself with the projection of the easy magnetization
direction in the plane of the film. As the field is further increased, the linear magnetization curve
is once again observed. Upon return, the magnetization rotates within the film plane thus
completing at least a 1800 rotation within the film plane during the switching process. These
observations provide direct evidence for a canted induced uniaxial anisotropy.
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4.0  bec Fe/Ag(100)

In preparation for the magnetic and growth studies to be performed on the Fe/Ag(100)
system, we attempted to establish a technique for obtaining a clean, well-ordered Ag(100)
surface. Although we were able to clean the silver sample, it was difficult to obtain a well-
ordered, single crystal surface. Fig. 10a shows a secondary electron (SE) image of the Ag(100)
polycrystalline surface. The reason the surface is polycrystalline is because the top layers of the
surface (down to a few microns) were damaged as a result of the mechanical polishing
procedure. This damage was not removed electrochemically.

Although the most common type of electropolishing solution used for silver contains
potassium cyanide, Heinrich et al (Appl. Phys. A 49,473 (1989)) have developed an alternative
technique which is based on the work of Lyles et al (Metallography 11,361 (1978)). The
technique uses a solution consistsing of glacial acetic acid (CH3COOH), sulfuric acid
(H2S04),methanol (CH30H), and thiourea (NH2CSNH3). The results of this electropolish
procedure are shown in Fig. 10b. The contrast in this SE image arises from asperities on the
surface and from step edges. The large terraces, which have a width of ~130nm, are devoid of
any channeling contrast indicating that this procedure eliminated the damage caused by
mechanical polishing and left behind a single crystal surface. We are in the process of growing
bee Fe on these crystals, and given the high Auger sensitivity of this system, we are confident
that we will be able to explore in some detail the initial phases of epitaxy while we explore the
onset of ferromagnetism.

5.0 Fe/CaF/Si(111)

For very slow growth rates the adsorbate topology is expected to approximate structures
produced under equilibrium conditions. In this regime, the growth mode is controlled by surface
energy imbalances where a system in equilibrium can be characterized in terms of the surface
energy of the adsorbate (Ya), substrate (Ys), and the interface between them (Yj). When ¥ + v >
Ys the deposited material is not expected to spread evenly over the substrate's surface. Fe and
CaF2(111) are known to possess surface energies of 2475 c:rg/cm2 and 450-550 erg/cm2 hence,
Fe island formation on CaF?2 is expected. We are interested in the formation of monodisperse
transition metal island size distributions because ferromagnetic or paramagnetic granules
embedded in a three-dimensional noble metal matrix have been shown to exhibit giant
magnetoresistive behavior if the granules are properly spaced and smaller than some critical
radius. This leads to the natural extension whereby a two-dimensional array of isolated
ferromagnetic particles, such as Fe islands on an insulating CaF? substrate, covered by a noble
metal is expected to yield two-dimensional giant magnetoresistance (GMR) effects. In addition,
since CaF7 can be chemically altered by electron beam exposure, growth modes may be
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Figure 10a: Secondary electron micrograph of the recrystallized surface of Ag(100) surface. The image is {.2um
tull scale (horizontal).

Figure 10b: Secondary electron micrograph of the single crystalsurface of Ag(100) surface. The image is 1.2um full
scale (horizontal).
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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 CaF2 to be used as an electron beam resist, thereby expediting the
fabrication of nm-size and low dimensional magnetic devices.

SE microscopy was performed before and after (radiatively) annealing the CaF2/Si(111)
substrates at 300 °C for 60 minutes, revealed that areas of obvious surface contamination were
not reduced by heating. Broad-beam Auger electron spectroscopy (AES) displayed no
statistically significant changes in the chemical composition of the CaF7 surface after annealing
for 60 minutes at temperatures up to 400 °C. Higher annealing temperatures do, however,
produce significant changes in the surface morphology. An unannealed CaF2/Si(111) specimen
is shown in Fig. 11a. The saw-toothed step edge visible in Fig. 11a is a typical surface feature of
the many samples observed. Fig. 11b indicates that, after a 60 minute, 400 °C anneal, numerous,
almost triangularly arranged pits are formed. These morphological changes may have resulted
from the relief of stresses present during the growth of the CaF2. In order to prevent severe
surface modifications (pitting) during cleaning, the substrates were either annealed for 60
minutes at 300 °C or for 24 hours at 170 °C prior to the Fe deposition. Obvious contamination
occupied small, localized regions of the total CaF) surface area (10-30%), such that Fe island
size distributions could be determined from regions between the contaminated areas.

The initial stage of Fe/CaF2 growth proceeds by three dimensional islanding. Fig. 11cis
an example of a 60 minute Fe deposition at a rate of 0.11 A/min on a room temperature substrate.
The relatively even distribution of 2.0 nm diameter Fe islands on a 100 A thick CaF(111)
surface is clearly displayed. Particle 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 CaF2/Si(111) substrates. A post-growth anneal of 140 °C on room
temperature grown 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 information for
a 60 minute deposition of Fe (0.11 A/min) 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% of 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(111) with Fe islands; (5) The number of Fe islands
per unit area is 7.4x1012 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
Fourier transform image analysis.

Fig. 11d displays a SE image of Fe islands on a 100 A thick CaF2/Si(111) surface and an
oxidized Si(111) surface. The oxidized Si region is visible because the CaF2 had locally lifted
off of the Si crystal, perhaps during 3 mm disc preparations. The existence of Fe islands on the
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Figure 11a: SE image of an unannealed CaF/Si(111) surface. The contrast is due to a saw-tooth step edge which
commonly appeared on these surfaces The image is 250 nm full scale (horizontal).

Figure 11b: SE'image of a CaF7/Si(111) sample that was annealed for 60 minutes at 400 °C. Morphological
changes are apparent by the many triangularly oriented pits now covering the entire CaFy surface. The image is 250
nm full scale (horizontal)..
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Fig. 11d: A SE image formed under the same conditions as Fig. Ic but in a region where some CaF7 has locally
lifted off the Si(111) substrate. Fe islands are visible on the CaF2/Si(111) surface (top), the oxidized Si(111) surface
(bottom). and the inverted CaF7 surface (right). A difference in Fe mobility can be observed by comparing the mean
inter-island separation between the top and bottom regions. Full scale is 120 nm (horizontal).
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Si region, while also possessing a similar diameter as those on the CaF2 region, suggests that the
thermodynamically favorable reaction of silicide formation did not occur. It appears that the Si had
been chemically changed into an insulating, lower surface energy, and less reactive SiO?2 surface.
The difference of Fe mobility in the two distinct regions is made apparent by the difference in mean
inter-island separation. In addition, the (position) stability of the Fe islands shown in Fig. 11d
was monitored as a function of electron beam exposure. A SE image formed by subtracting two
images of the same area taken after a total electron dose of 6000 C/cm2 revealed that the Fe islands
remained fixed in position on both the CaF2 and the SiO? regions.

A simple energy calculation indicates that a hemispherically shaped, unstressed, and
magnetically ordered Fe particle must contain a single magnetic domain for diameters on the order
of a few tens of nanometers. This transition is a result of domain formation becoming energetically
unfavorable as the magnetic particle becomes smaller due to the domain boundary energy becoming
a large percentage of the total energy. The islands observed in Fig. 11c 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 nm-size Fe islands
on an insulator, when covered by a noble metal, an excellent candidate for room temperature GMR
studies which are now in progress.

Initial experiments have been performed with the aim of patterning the Fe structures in one
and two dimensions. These studies have been undertaken on unrelaxed CaF2/Si(111) surfaces
such as the one shown in Fig. 12a. Deposition at room temperature of 0.7 and 1.7 nm of Fe, as
shown in Fig. 12b and 12¢ respectively indicate the initiation of a simply connected percollative
network suitable for two dimensional conductivity studies (which are underway currently).
Surfaces such as these have also been coated with Ag in an attempt to passivate the surface and
form continuous conduction paths for non-simply connected regions. In this way we can isolate
contributions of individual conduction paths as being between non-connected ferro or paramagnetic
Fe regions, as in Fig. 12b, or through simply connected regions, Fig. 12¢c. In Fig. 12d, 2 0.7 nm
thick Fe film was irradiated with an electron dose of 4.6 C/cm2. Coalescence of the Fe islands into
a continuous film has been initiated. We are exploring writing patterns in the Fe both before and
after Fe evaporation. After Fe deposition, the islands coalesce. By damaging the CaF surface
and thereby raising the relative surface energy prior to deposition, nucleation may occur
preferentially.
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Figure 12b: The surface of unrelaxed CaF2/Si(111)
is 120 nm (horizontal).

with 0.7 nm of F deosited at room teerature. The full scale
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Figure 12¢: The urface unrelaxed C/Sil 11) wit 1.7 nm of Fe dposnted at room temperatur. The full scale
is 120 nm (horizontal).
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Figure 12d: The surface of unrelaxed CaF2/Si(111) with 0.7 nm of Fe deposited at room temperature, after irradiation
with 4.6 C/sm2 . The full scale is 240 nm (horizontal).
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6.0 Research Plans : Year 2

Year two will continue with the metal/metal interface characterization in both the fcc
Fe/Cu(100) and bee Fe/Ag(100) systems. We will explore the growth of fcc Fe/Cu(100) at
elevated temperatures to test for metastable states. The Fe/CaF2/Si(111) effort is taking off now.
We have very recently begun measurements of giant magnetoresistance in these well characterized
two dimensional films. We have been moderately successful at micropatterning 10 nm square Fe
regions on the CaF2 surface, and we are exploring methods to measure the magnetic properties of
these regions microscopically using both scanned probe and scanned electron beam methods. We
have begun a study of the Co/Cu(100) system which has had the highest reported thin-film
magnetoresistances to date. We will grow films both in-situ in our UHV STEM, and characterize
the interfaces and magnetic properties with SMOKE, while growing other films in our newly
acquired dual source electron beam evaporation system. We are systematically exploring the role
of in-plane magnetic order and domain formation with the giant magnetoresistance properties of
these films. Specifically, we will grow identical films to be used for conductivity measurements,
Kerr measurements, and STEM electron holography measurements. By correlating the SMOKE
with GMR for in-situ and ex-situ grown films, and analyzing the resultant domain structures in
STEM, we will be able to ascertain whether the domains span the spacer boundaries, and whether
or not the main contribution to the GMR effect in intra or inter plane scattering. Now that we have
got the system up and running, in year two, we will also begin our quantitative growth studies,
where measurements will be compared with specific growth models.

7.0 Appendix A: Associated Staff

We currently have 7 people associated with this project. M. Scheinfein, an Associate
Professor in the Department of Physics and Astronomy receives 2 months of summer salary from
the grant. G. 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. J. Drucker,
a Research Scientist in the Center for Solid State Science receives 37.5% ($15,000) of his salary
from the grant. Sean Healy, Kevin Heim, Marian Mankos and Zhijun Yang are graduate research
associates in the Department of Physics and Astronomy. Sean Healy was supported 100% time
for the 1993 year. He will be a department teaching assistant in the spring of 1994 while still
performing research on this project. Kevin Heim was supported (100%) in the fall of 1993 and
will continue in 1994. He will graduate between January and June 1995. Zhijun Yang was
supported (100%) in 1993 and will continue in 1994. He will graduate between January and June
1995. While Marian Mankos is a team member on this project, he is supported on a Department of
Energy grant with John Cowley and thus extracts no stipend.
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.. Correlations between uitrathin film microstructure and magnetic

properties for room temperature epitaxial films of fcc Fe/ Cu(100)

K. R. Heim, S. D. Healy. Z. J. Yang, J. S. Drucker,? G. G. Hembree, and M. R.

Scheintein

Department of Physics und Asronamy, Arizona State University, Tempe, Arizana 85287-1504
(Received 15 July 1993; accepted for publication 30 August 1993)

Correlation studies berween thin film nanostructure and macroscopic magnetic properties in
ultrathin fcc Fe films grown epitaxially on room temperature Cu(100) substrates were
performed in stru using an ultrahigh vacuum scanning transmission electron microscope and the
surface magneto-optic Kerr effect. Nanometer lateral spatial resolution secondary electron
microscopy revealed no gross morphological changes in the 2-10 monolayer thickness range.
The use of broad-beam Auger electron spectroscopy as an indicator of Cu surface cleanliness is
shown to have insufficient sensitivity to detect surface contamination as evidenced by
corresponding secondary electron micrographs. Cu(100) surfaces with both (nearly) perfect
and imperfect surface structure, and identical Fe coverages, possess nearly identical polar and
longitudinal Kerr hysteresis loops. Analysis of reflection high-energy electron diffraction
patterns confirms that Fe films grown on room temperature Cu(100) remain fcc with the same
in-plane lattice constant as the Cu template, for thicknesses up to 10 ML.

1. INTRODUCTION

The transiational symmetry of a perfect crystal is lost
by the formation of a surface. Electronic and magnetic
properties at the surface are modified due to this change in
atomic coordination. One of the spectacular manifestations
of symmetry breaking at the surface is the presence of
surface anisotropy in ultrathin ferromagnetic films. Com-
monly exhibited as a perpendicular magnetic anisotropy,
the surface anisotropy, its direction, and its strength have
been the subject of intense study. [n accordance with Mer-
min and Wagner’s theorem,' the absence of anisotropy dic-
tates that there can be no long-range magnetic order in a
two-dimensional Heisenberg system. Hence, the presence
of (surface) anisotropy stabilizes the magnetization in two-
dimensional ferromagnetic uitrathin film systems. The sur-
face anisotropy, when directed perpendicular to the sur-
face, is often strong enough to overcome the’ shape
anisotropy resulting in perpendicular magnetization and
polar remanence. This behavior-is observed in the fcc Fe/
Cu(100) system where the strength and direction of the
magnetization is a strong function of the growth tempera-
ture, growth conditions, film thickness, and measurement
temperature. It is the complexity of both the structural and
magnetic properties of fcc Fe/ Cu(100) which results in
this system being perhaps the most extensively studied ul-
trathin film ferromagnetic-metal system. Since growth con-
ditions directly affect thin film growth, extreme efforts
were taken to ensure that these measurements represent
the growth of Fe on clean, room temperature Cu(100). In
addidon, the contamination level ascribed to each cleaned
surface establishes a quantitative, rather than qualitative,
value such that any effect on the magnetic behavior of the
sample remains negligible.

The epitaxial growth of ultrathin, metastable Fe films

7 Also with center for Solid State Science.
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on single-crystal Cu(100) substrates has produced a wide
variety of disparate experimental results correlating the
growth mode with magnetic behavior.>'* Unusual mag-
netic properties are associated with the fcc Fe/ Cu(100)
system. These include reversible magnetic anisotropies due
10 temperature changes>’ and large applied magnetic
fields,> live surface layers.® and thickness dependent
anisotropy.57® These observations are inextricably linked
to film morphology established during the initial stages of
growth, variously characterized as layer-by-laver ( Frank-
van der Merwe),'*"*'7 simuitaneous muitilayer,'s
agglomeration, 3415192 segregation,®®2  bilayer-by-
bilayer,®Z% as well as combinations of these growth
modes. Inconsistencies in characterizing the growth and
resulting film structure may well be explained, for example,
by surface oxide contamination,'®?*> thus affecting the
overall growth mode for this system. In this article we
report onr our combined magnetic and high spatial resolu-
tion structural characterization of the Fe/ Cu( 100) system.

The bulk phase of facecentered cubic (fcc) Fe does
Not exist at room temperature.” Metastable, ultrathin films
of fcc Fe, however, have been grown epitaxially on
Cu(100) substrates.?1"1%-242-3 These films possess com-
plex two-dimensional magnetic properties which may re-
suit from physical attributes such as strain in the epitaxial
film due to lattice mismatch and film morphology induced
during initial stages of growth by such parameters as sur-
face and interface free energy differences, diffusion lengths,
substrate temperature, and deposition rates. At room tem-
perature, bulk, crystalline Fe is body-centered cubic (bec,
a=2.86 A)s and ferromagnetically ordered below
T.=770 °C.* The fcc (a=3.6468 A a1 916 °C) y-Fe phase
at 910 °C is not ferromagnetic. The extrapolated room tem-
perature lattice constant of 3.59 A at 20°C is obtained
(using the thermal expansion coefficient) for y-Fe, which
yields 2 0.68% lattice mismatch with the fec Cu( 100) sub-
strate. A tetragonally distorted. ferromagnetic fcc struc-
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'+ ture Has also been reported®?* for the room temperature

grown Fe/ Cu( 100) system.
. The wvarious structural propertiecs of ultrathin
films of Fe on Cu have been studied using methods

such as medium-cnergy electron diffraction
(MEED),'** low-energy  electron diffraction
(LEED) '13.6.7‘10-“.16. 17.19-23.27 30 reflection hlgh-energy

electron diffraction (R!-;}EE_D).S“-":0 electron-energy-loss
spectroscopy ( EELS),'7 Auger electron spectroscopy
(p:ES)."" 5'?0'“'16‘”'10‘2"23'27’29 gAuger electronp?icifﬁ'aczign
(AED) ,= surface extended x-ray-absorption fine-structure
spectroscopy ( EXAFS),” x-ray photoelectron spectros-
copy (XPS),* scanning tunneling microscopy (STM),™
secondary electron microscopy with polarization analysis
(SEMPA),'? secondary electron (SE) imaging,***'*2 and
Auger elecron (AE) imaging.*>33? Magnetic measure-
ments have been performed using techniques such as mag-
non light scattering (MLS),'! surface magneto-optic Kerr
effect (SMOKE),=+"10.113132 sEMPA > spin-polarized
electron spectroscopy,*!2!4 ferromagnetic resonance,® Bril-
louin light scattering,® and conversion-electron Mossbauer
spectroscopy.” '

Our in sitw growth and characterization experiments
were performed using an ultrahigh vacuum scanning trans-
mission electron microscope (UHV-STEM) with an at-
tached analysis and preparation chamber. This combined
surface analysis system includes AES, RHEED, SMOKE,
and high-resolution SE and AE imaging. The capabilities
of this microscope. including a description of the high res-
olution SE and AE imaging, have been reported
elsewhere.’>3 This microscope has been employed in sim-
ilar nanostructural film growth studies.”>® All surface
preparation, growth, and analysis was performed under
continuous uitrahigh vacuum (UHV) conditions.

We conclude that for room temperature growth all
films thinner than 10 ML (ML denotes monolayer) remain
fcc and matched to the Cu(100) template, the onset of
ferromagnetism occurs around 2 ML, growth does not ini-
tially proceed in a layer-by-layer mode (possibly simulta-
neous bilayer-by-bilayer), films within the range of 2.5 and
3.5 ML are capable of reversible, metastable magnétic an-
isotropy transitions,™* films between approximately 2 and
5 ML in coverage are ferromagnetic at room temperature,
and films thicker than 5 ML but less than 10 ML are
nonmagnetic at room temperature. All Cu(100) surfaces
were jon sputtered and annealed so that the effects of con-
tamination and surface roughness were minimized. As a
result, an oxide impurity coverage of 1.1% was not suffi-
cient to alter the magnetic behavior of the Fe films relative
to those possessing more pristine surfaces. [n addition, no
gross morphological changes were observed for coverages
within 2 and 10 ML using nanometer lateral spatial reso-
lution SE microscopy. Therefore, gross structural varia-
tions are not responsible for changes in the magnetic an-
isotropy within the 2-10 ML regime.

Il. EXPERIMENTAL PROCEDURE

.(')ur magnetic thin film growth and characterization
facility is schematically depicted in Fig. 1. The foundation
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Of this system, shown on the far left-hand side of Fig. 1, is
a modified Vacuum Generatars HB301-S, field-emission
scanning transmission electron microscope (STEM).®%
A magnetic parallelizer (P)*' guarantees nearly 100% col-
lection efficiency at SE energies, and nearly 50% collection
etficiencies at intermediate Auger energies (300-500 eV).*?
This high collection efficiency and the ability to form sub-
nanometer 100 keV focused electron probes allows for the
acquisition of nanometer transverse spatial resolution sec-
ondary and Auger electron images.”"" A secondary elec-
tron (SE) detector located below the sample facilitates in
the study of bulk specimens (S). This electron microscope
and the attached preparation chamber enables growth and
characterization under UHYV conditions using high resolu-
tion imaging and standard surface science techniques. A 24
h, 170 °C bakeout of the entire microscope and preparation
chamber produces base pressures below S x 10~ ! mbar.
The specimen preparation chamber is equipped with a
sample heater (H), a surface magneto-optic Kerr effect
(SMOKE) analysis chamber, a Perkin-Elmer model 10-
155 cylindrical mirrer analyzer (CMA) broad-beam Au-
ger analysis system, a scanning ion sputtering gun (Ar™),
a residual gas analyzer (RGA), various Knudsen cell
evaporation sources (K1, K2, and K3), and an electron-
bombardment Fe evaporator. The combination of in siu
SMOKE measurements with nanometer-resotution micro-
structural characterization techniques makes this observa-
tion system ideal for correlating thin film surface micro-
structure ( those structures with features larger than 1 nm)
with macroscopic magnetic properties.

Single crystal Cu(100) substrates were machined into
1-mm-thick, 3-mm-diamy: fouldered disks and commer-
cially electropolished. > Each crystal was rinsed in trichlo-
roethylene (TCE), acetone, and then methanol before in-
sertion into the vacuum chamber. After attaining pressures
below 5x 107! mbar the Cu specimens were sputtered
with 600 eV Ar* ions at 45° from the surface normai.
Typical jon currents were between 200 and 250 nA (cur-
rent densities of ~10 mA/cm?) with an operational pres-
sure of 6x 10~7 mbar. Specifically, the Cu ctystals were
first sputtered at room temperature for 1 h. Next, the Cu
was heated to ~330 °C and hot-sputtered for 4 h. Follow-
ing this, the Cu was annealed at ~600 °C for 15 min to
produce a well-ordered surface, as observed with RHEED.
Recleaning samples with less than 10 ML (1 ML =1.805
A) of Fe on them required a ~330 °C sputter period of 1
h. Any cleaned surface exposed to ambient vacuum condi-
tions for more than several hours or exposed to an electron
beam ( Auger spectroscopy, RHEED, or electron micros-
copy) was, prior to Fe deposition, cycled through a
~330°C, 15 min sputter and 2 ~600°C, 15 min anneal
The crystal was allowed to cool for 1.5-2.0 h after the last
anneai such that a temperature below 40 °C was obtained
prior to Fe deposition.

Following the surface preparation and Fe deposition,
surface structural characterization was performed using
secondary electron (SE) microscopy. SE microscopy con-
trast is sensitive to topography*** and local changes in the
work function.” Several of the cleaned Cu surfaces ob-
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FIG. 1. Modifled VG HBS01-S thin film growth and chacacterization facility. The microscope column contains; electron paraildizer (2P), secondary
eectron detector (SE). sample (S), objective lens (OL), and field emission gun (FEG). The specimen preparation chamber consists of a SMOKE
chamber for surtace magnetism analysis, a cylindrical mirror analyzer (CMA) for AES and RHEED, and sampic surface preparation tools such as an
Ar” ion sputtering gun. and Fe evaporator, a sample heater (#), and Knudsen ceil evaporators (K1), (K2), and (K3). Also shown are the Cu crystal

(). the YAG crystal (Y), and the air lock for fast sample entry.

served with SE microscopy revealed small contaminant
clusters which we believe to be Cu,O (based upon the most
likely co oxide formed at these temperatures and
pressures’") islands nucleated over the entire Cu surface.
Analysis of these SE images indicates that oxygen cover-
ages <0.0011 at.% are well below the sensitivity of the
broad-beam AES (typically sensitive to no better than 1
aL %) used in the preparation chamber. In Figs. 2(a)-(f)
we display corresponding broad-beam Auger spectra and
SE images for two identically prepared Cu surfaces. Fig-
ures 2(a) and 2(b) are the respective EN(E) and dN(E)/
dE spectra acquired for a clean. Cu(100) surface. These
spectra clearly exhibit five Cu Auger peaks (38, 103, 776,
840, and 920 eV in the derivative mode) while not detect-
ing the O (503 eV) peak (the sensitivity factors at 3 keV
indicate that O is about two times more detectable than the
920 eV Cu signal, from which we conclude that the oxygen
coverage is <2 at. %). The SE image shown in Fig. 2(c)
represents a typical area of the clean Cu(100) crystal sur-
face with less than 1.4x 10° oxide particles/cm?® thus
yielding an oxygen coverage of 0.016 at. %. The typical
terrace width on these Cu(100) surfaces varies from 25 (0
75 nm, which, based on the uniform growth, is greater than
the Fe atom diffusion length for this system. Thus, the
effects of a rough and disordered surface on the magnetic
properties have been reduced below a detectable level. [n-
sufators and oxides, in general, have higher secondary elec-
tron yields than metals,*” and hence appear bright in SE
micrographs. In contrast, the Auger spectra in Figs. 2(d)
and 2(e) also imply a clean Cu surface, but the SE image
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of Fig. 2(f) shows larger, more numerous (3.6x 10"
particles/cm? of 10 am average radius and 3.75 at. %)
oxide particles populating the entire Cu surface. These ob-
servations substantiate the assertions of Argile er al.'*®
that an O(520 eV) and Cu(63 eV) peak-to-peak ratio as
low as 9x 10~ may actually result from a Cu surface
capped with a complete monolayer of oxide. The impor-
tance of preparing a relatively oxygen free Cu( 100) surface
prior to Fe deposition is given by Steigerwald er at? [n

situ electron microscopy, with its high sensitivity for the

detection of surface contamination, was used to guarantee
the real space chemical and structural integrity of ail
Cu(100) substrates prior to Fe deposition. In particular,
our cleanest Cu( 100) surfaces had 1 x 10° particles/ cm? of
3 nm average radius oxide clusters, implying an axygen
coverage of order <0.01 at. %, which is well below the
detectivity of standard surface science techniques.

Thin films of fcc Fe(100) were grown only on clean
Cu(100) (verified with SE microscopy) with an electron-
bombardment evaporator. The evaporation rate was 0.14
ML/ min with typical pressures of 1-2x 10~° mbar, never
exceeding 4 x 10~° mbar during growth. The growth rate
was determined by Auger electron spectroscopy (AES),
Rutherford backscattering (RBS), and quartz-crystal mi-
crobalance. The Fe source consisted of a2 1 mm diameter Fe
wire of 99.9985% purity.”® Thermocoupie readings indi-
cated that sample temperatures never exceeded 40 °C dur-
ing growth. All depositions were made normal to the Cu
surface with a source-tip to sample distance of 14.8=.5
cm. Previous to any experiments, all radiant sources, in-
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FIG. 2. Auger electron spectroscopy (AES) scans of clean copper in the (a) EN(E) and (b) dV(E)/dE mode with its corresponding (<) swopc‘lan/
dlectron (SE) image. The white curves are step bands separating terraces. The average terrace width lies within 25 and 75 nm. AES scans of oxidized
copper in (d) EN(E) and (&) dN(E)/dE mode indicate no contamination while the (f) SE image reveals many oxide nodules.

cluding the Fe evaporator and annealing (sample) stage,
were degassed well abave their normal operating tempera-
tures for at least 7 h.

AES is a convenient, efficient, and reliable method of
determining in siru thin film coverages of Fe on Cu. The
combination of AES, quartz<crystal microbalance, and
RBS allowed us to relate an AES-derived coverage to
methods that are not highly dependent on thin film
morphology.*® Fe thickness calibrations were performed in
two ways using the 47 and 58 eV MVV peaks of Fe and Cu,
respectively. All scans were. obtained in the EN(E) mode
but were subsequently converted to the dN(E)/dE mode
Peak to peak heights were measured from the dN(E)/dE
spectra. These measurements were thien used in two
slightly different manners.

The first evaporation rate calibration, shown in Fig. 3,
is simply a plot of the natural log of the normalized Cu
MVYV pesk height, times a constant versus time. A con-
stant is necessary (o obtain a slope in units of ML/ time. A
value of 4.5 A% for the escape depth of 58 eV electrons,
1.805 A/ ML for fcc Fe in the [100] direction, and includ-
ing the effect of the —45° acceptance angie of the CMA
yields the constant —1.76 ML. Although not shown,
within the statistics of our measurements, a plot of the
normalized Cu or Fe MVYV peak height versus time dis-
plays no line breaks thus providing further evidence for a
simuitaneous multilayered growth mode as Argile er al.!
have suggested. The second method assumes an exponen-
tial increase in the Fe MVV peak height, an exponential
decrease in the Cu MVV peak height. and an escape depth

4 J. Appl. Phys., Vol. 74, No. 12, 1S December 1993

of 4.5 A for both Fe and Cu MVV electrons. After adjust-
ing for the different intrinsic sensitivities between Fe and
Cu MVV electrons, the two expressions are equated, allow-
ing the thickness of Fe deposited as a function of time to be
extracted. This method also assumes a simultaneous mul-
tilayered growth mode.'® The SE images recorded follow-
ing the Fe growth substantiate this assumption. Both cal-
ibration methods yield similar results. An evaporation rate
of 0.14 ML/ min was calculated from Fig. 3 using the first
calibration method. Figure 3 also displays the consistency
in which AES lends jtself as a useful tool in quantifying
thin film coverages. Although very little scatter (correla-
tion coefficient R =0.986) is observed over multiple-day
runs, the inset of Fig. 3 depicts even less scatter (R
=0.999) for an experiment on a single day.

The sample was then transferred in situ to the SMOKE
chamber for the analysis of magnetic properties after the
Fe deposition. Polar, longitudinal, and transverse™>! hys-
teresis loops were recorded by scattering modulated, polar-
ized light from a 632.8 nm intensity-stabilized He-Ne laser
at a 45° angle of incidence. Electromagnets located ex siru
(the longitudinal Kerr configuration is shown in Fig. 1)
were used to apply continuous fields of 1.2 and 1.5 kOe in
the polar and in-plane directions, respectively. After
SMOKE analysis, the specimen was then transferred in
situ to the electron microscope for 100 keV high spatial
resolution AES, SE imaging, or AE imaging. Once the
electron microscopy and SMOKE analysis were com-
pieted, the sample was returned to the growth area for
RHEED and broad-beam Auger analysis. The CMA was
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F1G. 3. Evaporation rate calibration using the Cu MVV dectrons at 58
eV. The inset portrays the consistent linear results obtained during a
single day as opposed 10 data acquired over many days. The abscissa and
the ordinate of the inset are identical to those of the large graph.

used as a 3-3 keV electron source for RHEED. Our view-
ing abilities were limited to only one Laue zone where a
l.8-cm-diamiyetm'um-aluminum-gamct (YAG) screen was
used to detect the diffraction pattern at a distance of 8.0 cm
from the sample.

RHEED patterns were observed and recorded on 35
mm T-MAX 400 ISO black and white film. The diffraction
patterns from Fe films of various coverages were used (0,
0.26, 0.70, 0.88, 3.50. 4.20, ~9, and ~10 ML) in calcu-
lations for determining the corresponding Fe crystalline
phase (either fcc or bec). Since only one Laue zone was
visible per diffraction pattern we were limited to in-plane
lattice parameter information. No determination of the Fe
film’s lattice constant in the out-of-plane direction could be
made. Each sample was rotated about its surface normal so
that repeated viewing was possible for the low index direc-
tions: (100) and ( 110). These multiple data.seis resulted
in better confidence intervals computed for the in-plane
lattice constants. The lattice constant for clean fcc
Cu(100) was used to compute the camera length for our
CMA/YAG diffraction apparatus. By measuring the lat-
eral spacing between individual RHEED spots we have
concluded, to within %= 4% standard deviation ( variability
in accurate positioning of the sample surface relative to the
electron source and YAG screen is responsible for the rel-
atively large standard deviation in our lattice parameter
measurements), that films less than 10 ML in thickness
remain in the fcc structure. These observations are consis-
tent with those of Thomassen ez al.® who observed that Fe
films grown on room temperature Cu( 100) substrates are
fcc for coverages less than 11 ML. If the Fe had converted
to its bee bulk-like phase, the change in the in-plane lattice

constant would be greater than 12%, which is well within
our detectability limits. 2
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Il. RESULTS AND DISCUSSION

SMOKE data were obtained by measuring the change
in intensity of reflected polarized light as a function of
applied field™>! at room temperature. Our results indicate
that room temperature grown films thinner than 2.1 ML
exhibit no magnetic behavior. The lack of ferromagnetic
ordering for sub-2 ML films is consistent with the Fe-Cu
atomic site exchange observed™ for these low coverages. A
minimum Fe island size is necessary so that the magnetic
moment is stable against thermal fluctuations. Assuming a
Boltzmann-type probability distribution, it can be shown
that a majority of Fe islands (which average —4 nm in
diameter for sub-ML Fe films®) are below the size thresh-
old for the magnetic moments to be unaffected by thermal
energy. Films between 2.3 and 3.5 ML display ferromag-
netic properties with a disposition towards out-of-plane re-
manence rather than in-plane remanence. Measurements at
room temperature indicate a linear increase in SMOKE
intensity as a function of film coverage in the ferromagnetic
regime, a result in agresment with Thomassen er al.® whose
measurements were made below room temperature (170
K) and extrapolated to 0 K. This magnetic signature is
significantly altered by the subsequent exposure to the
large polar fields required for high spatial resolution anal-
ysis in the electron microscope, as discussed in derail be-
low. A simultaneous increase in the in-plane remanence
and decrease in the out-of-plane remanence occurs for film
coverages from 3.5 to 4.7 ML. However, films thicker than
5 ML but less than 10 ML appeared nonmagnetic at room
temperature. Although many Fe coverages were investi-
gated throughout the course of these experiments, only
characteristic examples from the three main regions of in-
terest (nonmagnetc, out-of-plane, transition to in-piane)
were selected for discussion in this article. Polar (external
field applied normal to surface) and longirudinal ( external
field applied both planar to the sample surface and in the
scattering plane) Kerr hysteresis loops are shown for rep-
resentative thicknesses of thin Fe films in Fig. 4, together
with the corresponding Auger ([dN(E)/dE] spectra and
high resolution SE micrographs.

We have observed a field-induced, reversible magnetic
phase transition,’’ adding yet another unusual property
observed for the fcc Fe/ Cu(100) system. While this mag-
netic phase wansidon occurred for Fe film thickmesses
within 2.5 and 3.5 ML, films of other coverages did not
exhibit a similar phenomena. The objective lens (OL in
Fig. 1) of the STEM subjects the specimen to a 9.0 kOe
polar magnetic field during microstructural analysis. Sub-
sequent SMOKE analysis revealed that the polar Kerr sig-
nal converts from a remanent polar hysteresis loop to that
characterizing either a hard-axis ferromagnetic loop or a
superparamagnetic response, while the in-plane hysteresis
loop is unaltered except for a small increase in coercivity.
A 1.5 kOe in-plane magnetic field was sufficient to return
the film 1o its original polar ferromagnetic hysteresis loop.
Also, but less effectively, a 25 °C temperature increase mea-
sured ex situ (the external stainless steel area surrounding
the sample) returns the sample to the injtial state, where
the polar ferromagnetic loop becomes a superposition of
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both remanent polar and hard-axis (superparamagnetic)
loops. ’
Theoretical calculations®* of fcc Fe magnetic prop-
erties as a function of lattice constant predict that a lower
energy, nonmagnetic phase of fcc Fe can be stabilized by a
small decrease in the lattice constant. Therefore, small in-
teratomic spacing changes normal to the surface could be
responsible for the metastability (in the magnetic state
and/or the magnetocrystalline anisotropy) in these films
within 2.5 and 3.5 ML.>$!! Although we could not mea-
sure the planar separation of the growth-direction Fe
atomic layers, a small decrease in the lattice constant along
the growth direction may result from the application of a
large magnetic field ( magneto-elastic compression) in that
same direction. The effect of heating may serve to re ex-
pand the lattice dimension thereby reproducing the origi-
nal ferromagnetic behavior. Measurements obtained with a
typical RHEED apparatus do not allow for an extremely
sensitive growth-direction lattice constant determination.
As Thomassen er al.® conclude from their LEED experi-
ments, growth-direction lattice spacing measurements with
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(b). (&), (h) longitudinal Kerr, and (¢), (0), (i) secondary electron images for 2.1, 3.5, and 10 ML Fe
respectively. The 10 ML film was grown in five stages over three days time. The insets located within the

is a linear scale from 20 eV to 100 eV. The left-most peak and the right-most

0.02 A resolution are necessary to quantify any lattice di-
mension changes on traversing the out-of-plane to in-plane
magnetic anisotropy transition. Since a unified system pos-
sessing highly sensitive growth-direction lattice spacing
measurements combined with an in siu SE microscope
(for adequate surface characterization) does not exist, we
must rely on separate experiments for our analysis.

SE images, such as those shown in Figs. 4(¢), 41),
and 4(i), indicate that there are no gross morphological
changes (ie, three dimensional island formation) between
ferromagnetic (2.3<@®<5 ML) and nonmagnetic (5
<©<10 ML) Fe films. This conclusion has oeen reached
independently using reciprocal space characterization tech-
niques. Changes in lattice parameter and surface recon-
structions have been observed using LEED,%!! while
EXAFS® indicates that room temperature grown Fe/
Cu(100) has similar in-plane and perpendicular nearest
neighbor distances (interiayer spacings could not be mea-
sured individually with EXAFS). Although the disappear-
ance of ferromagnetism through the reduction in the Curie
temperature could be associated with small changes in the
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Fe film's lattice constant due to .lattice-mismatch strain
reiief (formation of dislocations) and atomic reordering
from energy-minimizing surface reconstructions,*!! there
have been no direct correlations ( repeated in different lab-
oratories) made between such physical and magnetic prop-
erties. Our SE and AE imaging studies reveal that film
coverages less than 2 ML are partially composed of local
in-surface islands where Cu atoms vertically site-exchange
with Fe atoms.” The lack of long-range order could
thereby eliminate ferromagnetism. Simultaneous multilay-
ered growth was observed for 2 ML films resulting in is-
lands of 22 nm radius, typically separated by 13 nm.
Again. this lack of long-range order may be responsible for
the reported*>’ absence of magnetic behavior for ©<2
ML, room temperature-grown films of Fe on Cu(100).
Figure 4 portrays a representative sample of numerous
Fe thin film depositions on room temperature Cu(100).
The Kerr hysteresis loops denote the three regions of mag-
netic behavior for room temperature grown fcc Fe/
Cu(100): Coverages less than about 2 ML are nonmag-
netic, coverages berween 2 and 3.5 ML are ferromagnetic
with the easy axis canted at an oblique angle from the film
normal,”® and films thicker than 5 ML but thinner than 10
ML are no longer ferromagnetic. The SE images show no
large-scale structural changes, thus indicating using real
space techniques, that structural changes greater than 1
nm are not responsible for the anisotropy transition occur-
ring near coverages of 4.7 ML. The growth mode appears
not to have changed dramatically in that no three dimen-
sional island formation was observed. The vertical site ex-
change process appears to be limited to films thinner than
2 ML. No crystallographic contrast changes were ob-
served, consistent with the RHEED observations. A phys-
ical change in the growth direction, or structural changes
that manifest themselves in structure below our nanometer
lateral spatial resolution limit, or a subtle change in the
electronic structure may be responsible for the changes in
magnetic behavior with increasing thickness. No direct
physical changes were observed in the films to account for
the change in magnetic properties at the transition from
perpendicuiar to in-plane anisotropy, and at the transition
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from above to below the Curie temperature.

In order to explore the effects of growth conditions on
the resultant magnetic behavior, we have monitored a Cu
specimen at several stages during interrupted growth. The
film shown in Fig. 4(f) was composed of five unequal dep-
ositions over a period of three days. We have observed that
an interrupted growth process, as that for the 10 ML film,
produces equally smooth and nearly identical magnetic
properties as for those films deposited in a single evapora-
tion cycle. In addition, the four interruptions confirm that
the Fe film’s magnetic behavior throughout all stages
(nearly) matches those of films produced by uninterrupted
growth (slight differences in the thickness dependence are
observed that are within the limits in the accuracy of the
film thickness determination).

A 3.1 ML Fe film grown on a Cu( 100) crystal with a
mean contaminant cluster separation of 54 nm is displayed
in Fig. 5(c). By comparing Fig. 4(f) with Fig. 5(¢c) we
conciude that this small amount (2.2 x 10'° particles/cm?
of 4 nm average radius and 1.1% total areal coverage) of
contamination doés not appear to affect the Fe film mor-
phology at locations away from the contaminants. This
observed morphology invariance is a result of the diffusion
lengths (of order 10 nm) of metais on metals being much
less than the mean contaminant cluster separation. The
associated Kerr loops show polar remanence [Fig. 5(a)]
and the lack of longitudinal remanence [Fig. 5(b)] just as
for uncontaminated films in the regime near the onset of
ferromagnetism (2.3< @< 3.5 ML). Although we did not
observe any differences in magnetic properties between
clean or slightly contaminated Cu substrates with a ~3
ML Fe deposition, the results are expected to be dramatic
for other contaminants of different concentrations. For ex-
ample, the effects of oxygen as a surfactant for the Fe/ Cu
system are discussed by Steigerwald er al® They have
found that an atomic layer of oxygen on the Cu surface
produces better epitaxial growth of Fe overlayers. As the
evaporations proceed the oxygen appears to surface segre-
gate and thereby influences the epitaxial growth of subse-
quent Fe overlavers.

A consequence of oxygen surface contamination may
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be 'réalized in several ways. First. copper oxide particles
fixed-to the Cu surface. depending on their size and con-
Centration. may act as nucleation sites during deposition
thus arfecting the overail growth mode of the system. Sec-
ond. these same copper oxide particles, if large enough,
possessing a lower surface [ree energy than the surround-
ing uncontaminated regions could affect the growth mode
by inhibiting the uniform growth of Fe on the surface of
the copper oxide. Finally, compound formation berween
oxygen or copper oxide and Fe comprises many phases.
Compounds with nonmagnetic, antiferromagnetic, or fer-
romagnetic phases would undoubtedly alter the observed
magnetic behavior while also allowing for the modification
of the growth mode due to differences in surface free en-
ergy. [n addition, since the magnetic surface anisotrospy is
very sensitive to the chemical state of the surface,** one
is led to suspect that the surface segregated oxygen will
drasticaily alter the magnetic behavior of ultrathin films of
Fe on Cu( 100).°

Therefore, the widespread use of broad-beam AES as a
technique for determining Cu surface cleanliness, followed
by Fe growth, may be responsible for the different growth
modes reported for the Fe/ Cu( 100) system. However, reai
space imaging with nanometer spatial resolution affords us
the ability to characterize surfaces (with chemical specific-
ity) over a wide fiefd of view.

IV. CONCLUSION

In siu magnetic and structural characterization of ul-
trathin films of Fe on Cu(100) was performed using
SMOKE, RHEED, broad-beam AES, SE imaging, and AE
imaging. Results indicate that room temperature grown
films are nonmagnetic below 2.1 ML, are ferromagnetic
berween 2.3 and 5 ML, and are no longer ferromagnetic
greater than 5 ML but less than 10 ML. SE and AE images
reveal localized alloying and simultaneous multilayered
growth for films less than 2 ML and no gross structural
changes for films of order 10 ML. AES reconfirms a simul-
taneous muiltilayered growth mode due to the lack of
breaks in the normalized MVV Cu peak-to-peak height
curve as a function of evaporation time. Broad-beam AES
was determined to be inadequate for determining the oxide
contamination of Cu crystal surfaces because of a lack of
detection sensitivity, and may account for the variability in

some growth/ magnetic properties studies in the fcc Fe/
Cu(100) system.
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Combined three-axis surface magneto-optical Kerr effects in the study
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Surface and ultrachin-film magnetocrystailine anisotropy in epitaxial fcc Fe thin films grown on
room-temperature Cu(100) single crystals has been investigated, in situ, by the combined
surface magneto-optical Kerr effects (SMOKE). In polar, longitudinal, and transverse Kerr
effects, the direction of the applied magnetic field must be distinguished from the direction of
magnetization during the switching process. For arbitrary orientations of the magnetization and
field axis relative to the optical scattering plane, any of the three Kerr effects may contribute to
the detected signal. A general expression for the normalized light intensity sensed by a
photodiode detector, involving all three combined Kerr effects, is obtained both in the
ultrathin-film limit and for bulk, at general oblique incidence angles and with different

and longitudinal Kerr-effect magnetization loops show that the easy axis of magnetization
rotates from the (canted) out-of-plane direction to the in-plane direction at a thickness of about
4.7 monolayers. Transverse Kerr-effect measurements indicate that the in-plane easy axes are
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1. INTRODUCTION

The surface magneto-optical Kerr effect (SMOKE),
based on the conventional magneto-optical Kerr effect
(MOKE), has become an important probe in the study of
surface and ultrathin-film magnetism. The main advantage
of SMOKE over conventional methods in obtaining thin-
film magnetization hysteresis loops is its ease in implemen-
tation for in situ magnetic property characterization. Al-
though most implementations of SMOKE are limited to
qualitative information (absolute magnetization calibra-
tion is difficult), SMOKE has been successfully applied to
a variety of materials and thin-film systems. For example,
the longirudinal and polar Kerr effects have been employed
to study the dependence of the magnetic properties on tem-
perature, growth conditions, and film thickness of bec Fe
and fcc Fe single-crystal thin films on Au(100) and
Cu(100) (see, e.g., Refs. 1-4). Longitudinal and trans-
verse Kerr effects have been used to detect two in-plane
orthogonal magnetization components in single-crystal
Fe/GaAs(100) and Fe/GaAs(110) thin films.** SMOKE
has also found widespread application in the study of an-
tiferromagnetic and ferromagnetic coupling in the giant
magnetoresistanice (GMR) systems (see, e.g., Refs. 7 and
8).

Optical effects which exhibit the influence of a mag-

netic field on the emission of light by a source, or on the -

propagation of light in matter placed in the field, are re-
ferred to as magneto-optical effects. Two basic magneto-
optic phenomena are usually distinguished, the Faraday
effect, and the Kerr effect. The Faraday effect is usually
understood to consist of the rotation of the plane of polar-
ization and the change in the ellipticity when an initially
linearly polarized beam of light is propagated through a
magnetized medium. The Kerr effect’ is characterized by a

1 J. Appl. Phys. 74 (11), 1 December 1993
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change in the state of polarization of polarized light re-
flected from a surface of a magnetized medium. Three
magneto-optical Kerr effects (polar, longitudinal, and
transverse) are classified according to the plane of the in-
cidence of the scattered light. Experimental studies of
magneto-optical effects (both Faraday and Kerr effects)
have shown that the rotation of the polarization vector and
the ellipticity are proportional, for a given temperature and
(light) frequency, to the direction of magnetization of fer--
romagnetic specimens.'? A phenomenological theory of the
polar, longitudinal, and transverse Kerr magneto-optical
effects in ferromagnets was originally developed by Voigt
in 1908.!! A more complete theory including derivations of
the Frasnel coefficients were given by Argyws,'2
Robianson,'? Metzger, Pluvinage, and Torguet,'"* and
Hunt.' Since the Kerr rotation is proportional to the
magnetization'® (surface magnetization sensitivity is due
to the near 10 nm extinction lengths for optical radiation in
metals), magneto-optical methods have been used to study
the magnetic behavior of magnetic materials. These in-
clude imaging ferromagnetic (ferrimagnetic) domains us-
ing polar and longitudinal Kerr effects;'’ determining ab-
solute  saturation  magnetization from  optical
measurements;'® and extracting magnetization loops from
thin films (MOKE)'*? and in siru (as-grown) ultrathin
films (SMOKE);"**% as well as exploring new magneto-
optical phenomena of magnetic materials.’® Applications
of the Kerr. effect include the development of magneto-
optical recording, a high-density data storage technology.”’

In analyzing experiments employing polar, longitudi-
nal, and transverse Kerr effects, the direction of the applied
magnetic field must be distinguished from the direction of
magnetization during the switching process. Since the Kerr
effect exists for any arbitrary direction of the magnetiza-
tion (relative to the scattering plane), for non-normal in-

© 1993 American Institute of Physics 1
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cidence, magnetization loops obtained from any of the
thtee Kerr effects may contribute to the detected signal.
Here, we distinguish a pure Kerr effect from the general

- Kerr effect by analyzing the sensitivity of the detected sig-

nals to various magnetization components in the sample to
be analyzed. A pure Kerr effect experiment may, for ex-
ample, employ normally incident polarized light, and nor-
mally applied magnetic fields to detect only the perpendic-
ular component of the magnetization; the pure polar Kerr
effect. However, at non-normal incidence with different rel-
ative orientations of the three basic optical devices (polar-
izer, modulator, and analyzer) in the SMOKE system, we
show that either all three magnetization components or
any one of them can be detected. Thin-film anisotropies
and switching modes can be studied by comparing these
three combined Kerr-effect magnetization loops. A deriva-
tion of the normalized light intensity sensed by a photodi-
ode detector from the three combined Kerr effects, both in
the ultrathin-film limit and from a bulk surface, at general
oblique incidence, and with different orientations of the
polarizer, modulator, and analyzer, is given in Sec. II.
These expressions are shown to reduce to the simple case
where no longitudinal Kerr effect is detected at normal
incidence. In this case, the detectivity of the polar Kerr
effect reaches 2 maximum.' In Sec. III we show resuits
from studies of epitaxial fcc Fe thin films grown at room
temperature on Cu(100) single crystals in the preparation
chamber of 2 UHV scanning transmission electron micro-
scope (STEM). This preparation chamber is equipped
with standard surface characterization and film-growth in-
strumentation including an ion sputtering gun, a broad-
beam Auger electron spectrometer, an electron gun and
reflection high-energy electron diffraction (RHEED)
screen, an annealing stage (7 X800 °C), and several elec-
tron beam and Knudsen cell evaporators, and is described
in detail elsewhere.?® Ve employ the expressions obtained
in Sec. II to interpret the results of our fcc Fe/Cu(100)
SMOKE measurements. For films grown at room temper-
ature, our polar and longitudinal Kerr-effect magnetization
loops show that the easy axis of magnetization rotates from
the (canted) out-of-plane direction to the in-plane direc-
tion at a thickness of about 4.7 ML (monolayer). Trans-
verse Kerr-effect measurements indicate that the in-plane
easy axes are biaxial and along the (100) directions.

il. THREE-AXIS SMOKE TRANSFER MATRICES
The measurement scheme of SMOKE is typically the

same as in conventional MOKE experiments. The distin- -

guishing difference between MOKE and SMOKE is-the
transfer matrix of the optically active medium.2** In
SMOKE, in the ultrathin-film limit, transmission through
and reflection from the underlying substrate must be con-
sidered. We will derive the optical transfer matrices for the
polarized light scattering experiment shown in Fig. 1(a)
for arbitrary polarizer, modulator and analyzer orienta-
tions. The components of the SMOKE system include a
polarized He-Ne intensity-stabilized laser (1=632.8 nm,
Al/I4=0.1%), two Glan~Thompson polarizers (field of
view ~30°, resolution ~0°5’), a fused-silica head photo-

2 J. Appl. Phys,, Val. 74, No. 11, 1 December 1993
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FIG. 1. (a) A schematic diagram showing the Kerr measurement ar-
rangement. The polarizer, modulator.and analyzer angles are 6, 4,,, and
8, , respectively, relative to the scattering plane. The longitudinal, trans-
verse, and polar Kerr effect directions are also shown. (b) The perpen-
dicular and parailel polarization components. (¢) The polarization com-
ponents projected along the modulator axes.

elastic modulator (/=50 kHz, 170-2600 nm transmis-
sion) with antireflective coatings optimizad for He-Ne
light, and a photodiode detector. The plane of incidence,
which includes the sample normal, and both the incident
and reflected light rays, define the coordinate system for
the SMOKE apparatus. Here, the p axis lies in the scatter-
ing plane, and the s axis is perpendicular to the scattering
plane. As shown in Fig. 1(a), the angles of polarizer, the
principle axis of the modulator, and analyzer relative to the
scattering plane (p axis) are 6,, 8,,, and @,, respectively.

The complex electric field for the linearly polarized

light can be expressed in the standard way as a7

E=E,expli(kg-r—wy)] where ky(Hwo/c)no=(wp/c) \ ="

€olito. This beam has two components after transmission
through the polarizer, Eq,=E, sin 6,, and Eg,= £ cos 6,
schematically shown in Fig. 1(b). Following the standard
nomenclature, Ey, is the component of the electric field
perpendicular to the plane of incidence and Eq, is the com-
ponent of the electric field parallel to the plane of inci-
dence. Assume that the retardation angle of the modulator
is p=gg exp(iot) (we will let =g, sin w¢ later). Figure
1(¢c) shows the projections of the plane polarized light
from the polarizer axis onto the modulator axis. The com-
ponent of the electric field projected along the principle
optic axis (the long axis) of the modulator is

(Eqp €08 8, + Eqg sin 0,.)exp(—ip),

whereas the component aiong the snort modulator axis is
(Eqg €08 Oy —E,, sin 8,). Since we are interested in the
electric field relative to_the scattering plane, we express the
modulator transfer function for an arbitrary modulator an-
gle 8,, as a 2X2 matrix My, as follows:

Z_:J. Yang and M. R. Scheinfein 2
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- where
¢ E,
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Here the superscript / refers to the incident beam on the
sample. For some special values of the modulator angle
6, the matrix M, can be simplified as follows:

e—ile/2) 0 -
Mo(9m=0)= ( )1

0 &%)
7\ (9D 0 |
M0(9m=3)=( 0 e-"“’/z)) (3)
™ cos{@/2) ~isin(g/2)
Myl 6, === .
) —isin(@/2) cos(g/2)
These are three most common cases applied in MOKE and
SMOKE.

In terms of the well-known (bulk) Fresnel reflection
matrix R, the amplitude of the reflection from the sample
can be expressed in matrix notation

Ep r Ep i

(2)-2(2). @
where superscripts i and 7 denote the incident (positive
traveling) and the reflected (negative traveling) waves at
boundary of media, and the subscripts p and s denote elec-
tric field components parallel (p) and perpendicular (s) to
the plane of incidence. The reflected electric field received
by the detector is then given by Er=E} cos §,+ E; sin ,,
where 6, is the angle of the analyzer. The normalized in-
tensity detected by the photodiode is I = | E|%/| Eg|%. Ex-
pressions for the normalized intensity depend on the ori-
entations of three main optic devices (the angles 6,, 6,
and 6,) and the bulk Fresnel reflection matrix R. We
briefly describe the components of the Fresnel reflection
coefficients, derived from a phenomenological model of the
bulk Kerr effect,'*!S for two media separated by a single

boundary. We generalize these results in the ultrathin-film
limit for three media with two boundaries.

In general, the applied magnetic-field axes and the ob- .

liquely incident electric-field components E} and-E, may
not coincide with the principle magnetization axes in the
reference plane of the sample. In order to describe the
scattering matrices, we must relate the components of the
magnetization axes of the sample with the applied field
direction for some arbitrarily oriented scattering plane.
Figure 2 shows two coordinate systems, the (xyz) system
referenced to the directions of the applied magnetic field H,
H,, H,, and H,, and the (x"y"z") system referenced to
the principle axes of the magnetic sample. Here we take the
applied magnetic-field directions relative to the scattering

3 J. Appl. Phys., Vol. 74, No._11, 1 December 1993

FIG. 2. The coordinate transformaticn from the (x”y~=") system of the
magnetization to the (xyz) system of the scattering geometry is accom-
plished through two Euler angle rotations, a and 5. The intermediate
coordinate system rotated about the x axis by @ is (x’y’Z’). The second
rotation 8 is about the new axis y°'. -

plane such that H, is in the plane of incidence and in the
plane of the film, H, is perpendicular to the plane of inci-
dence and in the plane of the film, and H., is in the plane of
incidence and perpendicular to the film surface. Assume
that the magnetization M and the dielectric permittivity
and magnetic permeability tensors are defined in (x"y"z").
In our geometry, the y-z plane lies in the plane of inci-
dence, while the x-y plane is parallel to the sample surface.
When only linear terms are retained in the complex
magneto-optic constant Q, the dielectric permittivity and
magnetic permeability tensors in the double-primed coor-

dinate system, €” and p”, are given by (M = M)

€ —iQe, 0

"= iQEq € 0 ,
0 0 €,

! (5)

Mg —iPu, O

#" = iPy-q #q 0 N
.0 0 Hy

where €, (u,) is effectively independent of the direction of
the magnetization M, and Q (P), the complex magneto-
optical constant, can be written in polar form as
Q=0pe™". The magnitude Q, is proportional to the mag-
netization M (odd function of M), and g is the phase. The
value for Q, given by Voigt'! for Fe bulk saturation mag-
netization M, is Q=0.0215¢ =273 Since the real part of
Q is only on the order of a few thousandths (even smaller

. for ultrathin films) and the imaginary part is negligible, the

assumption of retaining terms to first order in Q is valid. In
our treatment of the general Kerr effect, the magneto-
optical constant Q will have a specific value for any given .
magnetic system, while the Kerr effect signal will be pro-
portional to a magnetization component (direction cosines
where my, m,, and m, take valuss between positive and
negative one) along a given direction. This is to be con-
trasted with the usual derivation for the pure Kerr effect
where the magneto-optical constant is a linear funtion of a
particular component of the magnetization. Although

_ these two cases are essentially identical, expressions for the

pure Kerr effect assume a linear dependence of Q upon M.

Z. J. Yang and M. R. Scheintein 3
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The coordinate transformation between the applied field
" direction and the sample magnetization axes necessary to
* derive expressions for the general Kerr effect is given by

"

X x
y =A yll
z z’
cos 3 0 sin B x*
=| sinasin8 cosa —sinacos By

—cosasinf8 sina cosacosf z

(6)
The permittivity tensor, transformed into the (xyz) system
from (x“y"z"") for an arbitrary orientation of magnetiza-
tion M, can be written as follows. Here the direction de-

€ —.iQeq Q
E==|10 ¢ o (10)
0 0 €

q

€(€), &(€), and €(&) are the permittivity tensors for
the transverse, longitudinal, and polar effects, respectively.
The direction cosines of the magnetization axes along the
applied field direction (projection of M onto H) in Eq. (7)
are given  explicitly by m=m.=M_/M=sin§;
m=m,=M /M=—sinacosf; and m,=m,=M/
M =cos a cos B. M,, M,, and M are components of mag-
netization in the (xyz) system which, respectively, cause
the transverse, longitudinal, and polar magneto-optical
Kerr effects. M is the magnetization of the film at whatever

_field H is applied. The magnitude of M will equal the spon-

taneous magnetization M, for single-domain samples or for
multiple-domain samples when the applied field H reaches
the saturation field H,. The surface magnetization (thin
surface layer) from which the reflection of light takes place
gives rise to the SMOKE signal.

The combined magneto-optical (bulk) Kerr-effect
Fresnel reflection matrix R, to first order in Q, can be

pendence for each individual Kerr effect is given explicitly:
e=Ae"d™'

=mie*(€,.0/m,]| +ml(g,,0/m,]
+mie(e,,0/m,]

& —ie,Om. ie,Qm, expressed in the transformed coordinate system as follows:
= iEquz : Eq _iqumx . (7) - 2 .2 2
i Qm,  ie,Om, ‘, R=mr*[Q/m. ) +m P (Q/m)) +m.rF[Q/m,]

Thus, by factoring out the square of a magnetization com-
ponent and letting the pure Kerr effect magneto-optical

constant bey Q/m, the direction-specific dielec-
tric tensors aré :

Fop Tps -

-% %)
The square brackets mean replace @ by Q/m in the expres-
sions for the dielectric tensors. The combined magneto-

(11)

e O 0 - optical Kerr-effect reflection coefficients'* can be written in
€=¢=|0 ¢ —Q¢], (8) the form (total) given in Eq. (12). We vse standard nota-
0 iQe ¢ tion in that subscripts deno*2 the scattering plane depen-
9 q dence of the matrix elements (i.e., 7, couples the incident
[ 0 iQe, s-polarized electric-field component, upon reflection into a
el 0 € 0 (9) p-polarized electric-field component). Superscripts on the
T ? ’ ) Fresnel coefficients are used to differentiate among the lon-

—iQe, 0 ¢ gitudinal /, polar p, and transverse ¢ Kerr effects:

|

~ BNy c0s 8y —uyNycos 6,  2iu N\ N, cos 8, sin 8,m,Q
’pp-#‘Nz cos &, + 1oV cos G, ©d¥, cos 61+ 1Ny cos 9,

- iy Y, cos 6,(m, sin 8;+m_ cos 6,)Q
F 9% ,
» (1414 cos 8y +pylN| cos 62) (paV cos 6y +p4lV; cos 6,)cos 6,

(12)
~ BNy cos 8y —u N, cos 6,

"= 1,N, cos 6, +p N3 cos 6,

- i3V V; cos 6,(m,, sin 6, —m, cos 6;)Q
P (4yIV2 cos 6 +p,N; cos 8;) (1, cos 8 +4N; cos 6;)cos 0,
i, and u, are the permeabilites of media 1 and 2 (see Fig. 2), N, and N, are the complex indices of refraction of the media,

and 6, and 6, are the incident and refracted angles, respectively. 7~(#), P(7), and F(#) are the pure (bulk) Fresnel
reflection matrices for transverse, longitudinal, and polar magneto-optical Kerr effects, respectively, which are defined as

- ¢

7,7 F, 7 A
f‘=r‘=(~_pﬂ ps) )"'=)J==(jp P’) I‘SI"S( % p’). (13)
p ?n ’rsp ?s ’ ?‘P ?"
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The pure (bulk) Fresnel reflection coefficients for each individual Kerr effect can be extracted from Egs. (11) and (12)
are given below for completeness.' !’ The (bulk) polar magneto-optical Kerr-effect Fresnel coefficients, where variables
with overstriked tildes are complex, variables without tildes are real, and the real phase shift &, are

ﬂ-lle cos 9‘ —[J-:iv‘ Cos 92

P = Y 1
o exp(i&)) 121N, cos 6, +p-N, cos 6,

w1V, cos 8y —u ¥, cos 8,

?n=='f’ exp(x&f,) ;,ule CcOs 9[ +“|IVZ COs 91 ’ (14)
a2V (V4 6,0 -
F‘,P=?p.‘ rf, exp(z&’)-— ip4aV V5 cos 6,Q

(12V) cos 6+ N5 cos 8,) (1V5 cos 8|+#2N| cos 6,)
The (bulk) longitudinal Kerr-effect Fresnel coefficients are

N 0y —usN, cos 6,
;;p=?pp =7 exp(z&’)—“‘ 2 COS Uy — Ll CO!

#INZ Cos 91 +#2N] cos 62

2Nl cas 0‘ —[l|Nz cos 92- 15
M3 N, cos O+ ¥y cos 6, ' (13)

r

F=rR=r exp(z&’)—

"FI#ZNINZ Cos 9| sin 92Q
(122N co8 8 + 1\ N; cos 6;) (N3 €08 6+ 412V cos 8;)cos 6;

Pp= —Thy=rlp exp(i8,) = —

i

The (bulk) transverse Kerr-effect Fresnel coefficients are  If we let u(y5y=1 in the expressions for the Fresnel coef-

similarly expressed, ficients {Egs. {11)-(16)), we obtain the standard equations
_ characterizing magneto-optical phenomena in the optical
Top="pp €XP(i8}p) region. In the intermediate frequency region where u,; may
N> €08 6y — N, P differ from one, Q [Eqs. (11)-(16)] should be replaced by
=5 Nz 9l £ Nl cos a’ O*=0Q+ P to include gyromagnetic effects.
* #Vy c08 B +42, cos 6 A thin-film system composed of two dielectric layers
. 2p:N Ny cos 6, sin 6,0 and one optically active (magnetic) layer with two bound-
I (11V7 s By + 5V, cos B7)% aries is shown in Fig. 3.!*!3%* For absorbing films, there
! Lt 2 can be considerable changes in the relative intensity of the
N co8 8, — 1,V cos 6 ) interfering polarized beams. This interference is a function
a=a=r§%p(i6§)—#’ 1 1—H14Y2 2

»  (16)  of film thickness as a result of the Faraday effect. A general
#alVy €05 6, +plV; cos 6, theory of the dependence of the magneto-optical Kerr ef-
Ty =Fl=0. " : fect on the thickness (and the associated dependence of the
optical constants Q and P) has been given by Noskov and
Sokolov.?® Explicit expressions of the combined magneto-
optical Kerr-effect Fresnel reflection coefficients at oblique
incidence for general multiple-film ¥ Are very un-
wieldy, even to first order in Q. However, when the film
thickness exceeds the attenuation length (depth), the ex-

The (complex) refractive index in the optically active me-
dium is defined as N=\,—iV;. sin 8, and cos 6, are com-
plex numbers determined by -the Snell-Descartes
law: N, sin 8;=N,sin 8,; cos’ 6, +sin? G;=1; and
Re(N; cos 8,) > 0. The conditions in Eq. (12) for single-
axis pure polar, longitudinal, and transverse effects are: (i)
polar: m,=m,=0 and m.=1; (ii) longitudinal:
me=m.=0 and m,=1; and (iii) transverse: m,=m,=0 .
and m,=1, and for the pure Kerr effect, Q is proportional \_“' €
to that particular component of m under observation. T e & ﬁ.!
The Kerr rotation 6, and ellipticity 7, (for an individ- - ol ===
ual or combined Kerr effect) are defined from the Fresnel )
coefficients as follows:

. ' Tnoawan | mvuu: .
6= —Re( rpﬁs) , {aeectne) {

Ny N2 Ny T
6y, =Re(F /7
kp (Fip/Top) an FIG. 3. The scattering geometry for the thin-film surface magneto-optical
- - . Kerr effect incorporates the interference between the primary reflected
Na=Im(7,/7s)Re(F,e/ ), waves and the secondary reflected waves. The electric fields resulting from
- the secondary boundary are denoted with an overstrike bar. Each indi-
My =1m(7,,/7,,) /Re(F,,/7)p). vidual reflection and transmission matrix is defined in Appendix A.

-
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pressions simplify to those given above (bulk Kerr effect).
In the other limit, when the film becomes extremely thin,
the Faraday effect for transmitted beams reflected from the
substrate, and their interference, may become important.
Further complications arise from the right- and left-hand-
side-rotating waves, in both the positive and negative prop-
agation directions in the optically active medium, due to
the dependence of the refractive index on the direction of
the magnetic field relative to the propagation direction."?
In this case, the refractive index becomes
N =N,[17{(Q+P)m,). Here, in order to illucidate the
modification of the bulk Fresnel coefficients in the thin-film
limit,'*2* we confine our attention to the simple case of two
interfering beams, and once again we neglect terms second
order and higher in Q.

As indicated in Fig. 3, the total reflected field E}” at
boundary 1 for the two-beam case becomes

E}’-—:e}’-*—?‘,’

=Re{'+ 1,7’
=R+ TryTty)e)
=(R+R")e’

R’ =exp(i24,) -

F -
% ( 2 200 o0

(EPatip+ eaegbpp+ b opptop— (Fapp+ Taa) )

The matrix R’ contains all of the effects of the interfering
beam reflected from the second boundary, and hence R’ is
termed the secondary reflection matrix. Since this matrix is
complex, we can express Eq. (20) as

R = (;;' 3~) = (’5" exP(igpp) 1y exP i) ) 1)
T \Tp T rp explipy,) i explipg)
Upon substituting Eqs (A6)-(Al17) from Appendix A
into Eq. (21), we observe that for polar and longitudinal
Kerr effects that the diagonal terms in matrix ®’, 7,, and
ry, are independent of Q, while the off-diagonal terms,
rys and rg,, are odd functions of Q. For the transverse Kerr
effect, only the diagonal term ’;p is a function of Q. Since

3

ry exp(ip,) +r; exp(ip;) =r exp(ip),

r= ‘l”f+"§+2’1’2 cos(@1—@3), (22) )

ry sin @y +7; sin @,
" Py COS @y +r, COS Py

we can combine the major reflection matrix it and the

secondary reflection matrix R’ into the total thin-film re-
flection matrix R,

R, R
to | PP 2P
Re=R+R _(R’P R”). (23)
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=% €’ (18)

A bar over these electric-field components indicates the
interfering beam reflected from the second boundary, and
the superscript 1 (2) refers 1o electric-field components at
the first (second) boundary. Explicit definitions and ex-
pressions for the reflection matrices 7 and the transmission

matrices ¢ are given in Appendix A. The thin-film trans-
mission matrix T is given'**3 by

T= cos ¢2 exp(i¢2) sin ¢z exp(iéz) 19

| —sin ¢, exp(id;) cos ¥ exp(idy) J° (19)

The phase-retardation parameter ¢,, which is same for all
three SMOKE effects in the optically active medium (me-
dium 2 shown in Fig. 3), is ¢,=(27Nd, cos §,/A,). The
Faraday rotation angle ¢, is different for each Kerr effect:
(i) polar: lpg-——‘ﬂ'dzNzQ/llo; (ii) longitudinal:

. Yh=md,N, tan 6,0/A,; and (iii) transverse: ¥} =0. d, is

the thickness of the optically active magnetic medium and
Aq is the free-space wavelength of the incident beam. Re-
taining only first-order terms in @, the reflection matrix
due to the thin film (part) of the Kerr signal is given

below:

UoPeuptp+ 1o rpefert pPess +_( Fagp+ Facs) phsthn ]

- 20
Il 2clss ) (20

—

Although the exi)mssion for the total reflection matrix
elements are now a function of the magnetic medium thick-
ness (the magneto-optical constant Q also changes with the
film thickness until it reaches its bulk value) and the re-
fractive index of the substrate, the dependence of these
matrix elements on the magneto-optical constant @ is sim-

ilar to €ag'matrix |, for the bulk Kerr effect. The influence (et

.

\

of the secondary reflection matrix on the variation of the =

light intensity with thickness will cause a periodic increase
and decrease in the magneto-optical rotation angle when
medium 2 is a dielectric and medium 3 is the optically
active magnetic material. The magneto-optical rotation as
a function of thickness eventually becomes damped and
periodicity is sharply modified;?® however, this modifica-
tion in the reflectivity due to multiple interfering beams
does not preclude the interpretation of SMOKE magneti-
zation loops acquired as a function of the applied magnetic
field.

Explicit expressions for the normalized light intensity
sensed by a photodiode detector for different orientations
of the polarizer, modulator, and analyzer at oblique inci-
dence can now be generated for our experimental configu-
ration. Referring to Fig. 1(a), let both the analyzer and
modulator angles be set to zero (6,=0, 6,,=0). For this
special case, the incident electric field is given in Eq. (24),

Z J. Yang and M. R. Scheinfein 6
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where the parallel and perpendicular field components are

yet to be defined:”

. (E’)ia (Eo, exp(—i(@/2)] )
E, Egsexp[+i(@/2)] )

(24)

|

I={[(m*

First consider the case of the combined longitudinal
and transverse Kerr effects in which the magnetization vec-
tor lies in the film surface, i.e., mi+mi=1, and m,=0.
The detected intensity becomes (Appendix B)

750+ M () 4 2mimir s, cos(8L,—6L,) |cos? 6,4 m}(rh,)? sin® 6,} +2[mimy 7, cos(8h,—6L)

+m}rh s, c0s(85,—8L,) Isin 6, cos 6, cos @+2[mimy. s, sin(8), 85,) +mjrhrh, sin(84,—64,) Isin 6, cos 6, sin @

= B+2C sin 6, cos §, cos ¢+ 2D sin 8, cos 6, sin .

The explicit functional dependence of the Fresnel reflection
matrices are given in Egs. (14)-(16), and the transverse
reflection coefficient has the following form: 7, [Q/m ]. We
now have to convert to a first order in Q expression. The
first term B is independent of the retardation angle @ of the
modulator. In order to enhance the signal to background,
we want to minimize this dc signal by crossing the analyzer
and the polarizer. The magneto-optical information is ex-
tracted from Eq. (25) by letting =g, sin wt, expanding
sin @ and cos @ in terms of Bessel functions, and retaining
only the two lowest-frequency modes e modulator:

sin @=x2J, (@g)sin we

and

cos psxJo(@o) +2J5(@g)sin(2wt).

For the crossed analyzer and polarizer configuration, 6, is
set very close to 90° (choose 6,~85" such that
sin 6,%0.996 and cos 6,=0.087). For lo detection,
choose the modulator retardation as @y=108" such that
Jo(@o) =0 and J;(@,) =0.582. The combined longitudinal-
transverse Kerr intensity in Eq. (25) reduces to the fol-
lowing expression, to first order in Q, and independent of
the transverse Kerr effect (since to first order /FPQ=r{,,Q),
regardless of the direction of the applied magnetic field:

Tami(7)2+0.2mph rh, sin(8l,— 8l )sinwt.  (26)

Recalling that r{,,c: Q and Q is very small, the second term
is almost 10 times larger than the first dc (signal) term. In
Eq. (26), the longitudinal magnetization dependence m, is
given explicitly, and Q is a small number (a constant for a
given material of given thickness). The key point is that
the modulated signal, which is proportional to the

magneto-optical constant is an odd function of m;. Note™

that the angle of incidence upon the film is explicitly in-
cluded in each of the Fresnel coefficients for each Kerr
effect. .

If the direction of the applied field is perpendicular to
the film surface, or the magnetization can be in any of the
three Cartesian directions (see Fig. 2), then the polar effect
needs be taken into account. Similarly, the normalized
light intensity of the combined three-axis SMOKE can be
expressed approximately -as follows:
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P~

(25)

=my(P) +m}(rh) +2mmyl s, cos(8,—8L)
+0.2r, m,7, sin(8,—&,)sin wt
+0.27, my), sin(8,—54)sin wt. 2N

The expression for the intensity in Eq. (27) now includes
the contributions from both polar and longitudinal Kerr

.effects. Additionally, the magnitude of the response from

the polar Kerr effect is larger than that of the longitudinal

. Kerr effect. Comparing Egs. (14) and (15), and taking

Ag=632 nm and the incident angle
(N;=3.02—i4.14 for an Fe film'®), we have
Pos= —Pog( N7 cOs 83/ N sin 6;) = — 57—,

Equation (27) is the most general expression of the nor-
malized light intensity with three combined magneto-
optical Kerr effects specified for our SMOKE experiment..

of 45°

Ili. EXPERIMENT

The. specimen preparation chamber of an UHV scan-
ning transmission electron microscope (STEM'.”* a Vac-
uum Generators HB501-S, operating at base pressures of
5% 10="! mbar, has been equipped with an in situ SMOKE
characterization system as shown schematically in Fig. 4.
Longitudinal, polar, and transverse hysteresis loops were
recorded by scattering modulated (polarized), He-Ne
{632.8 nm) laser light from magnetic surfaces at an angle
of incidence of 45° as previously described. Electromagnets
situated ex situ produce maximum continuous fields of 1.2
kOe (1.5 kOe) in the polar (in-plane) direction. Nanom-
eter lateral spatial resolution surface microanalysis, using
secondary electron or Auger electron spectroscopy and im-
aging, allows for epitaxial film microstructure to be corre-
lated with magnetic properties.

Single crystal Cu(100) substrates | mm thick and 3
mm in diameter were electropolished and introduced into
the microscope, cyclically sputtered at 330 *C with 600 eV
Ar ions at 45° incident angles, then annealed at 600 °C.
Samples were observed in the electron microscope after the
surface oxygen concentration had been depleted below
minimum detectable limits. Fe films were grown with an
electron-beam Fe source on clean room-temperature
Cu(100). surfaces with average terrace widths between 25

Z. J. Yang and M. R. Scheinfein 7
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FIG. 4. A schematic of the experimental apparatus used for the charac-
terization of thin film microstructure and magnetic properties. The sys-
tem is based on an ultrahigh-vacuum scanning transmission electron mi-
croscope (left-hand side). The associated in-column analysis is
accomplished with high-resolution imaging, electron energy-loss spectros-
copy (EELS), and nanometer resolution Auger spectroscopy with an
electrostatic prism (CHA). The Kerr scattering apparatus and the thin-
film deposition and analysis instrumentation are also indicated.

and 75 nm. Evaporation rates of 0.14 ML/min were cali-
brated by Auger electron spectroscopy, Rutherford back-
scattering, and a quartz-crystal microbalance. Detailed
growth conditions and microstructural analysis will be
published elsewhere. 2%

The thickness dependence of SMOKE hysteresis loops
of as-grown fcc Fe on room-temperature Cu(100) sub-
strates is shown in Fig. 5. For Fe film thicknesses below 2
ML, no magnetic response (not shown) was observed. Ini-
tial magnetic response is observed as a zero-remanence lin-
ear hysteresis loop in the polag direction, with no magne-
tization in plane, Figs. 5(a) and 5(b). At intermediate
thicknesses, 3.5 ML, remanent polar, Fig. 5(c), and lon-
gitudinal, Fig. 5(d), SMOKE loops are observed. While
the in-plane loop is square, the tilted polar loop displays
the effects of shape anisotropy indicating a canted easy
axis. SMOKE loops from thicker films, 4.7 ML, shown in
Figs. 5(e) and 5(f), lose polar remanence, but have square
in-plane loops characteristic of an in-plane easy-axis. As-
grown in-plane remanence and saturation magnetization
both increase nearly linearly with thickness below 5 ML
indicating that most of the film (above 2 ML) is magnet-

ically active. Films thinner than 10 ML had fcc structure -

with the transverse lattice constant of the substrate. De-
tailed analysis of the growth process using ulfrahigh-
resolution secondary electron and Auger electron images
indicates that locally, some surface islands of Fe form at
submonolayer coverages. In-surface islands (segregation)
have been observed in the 1-2 ML regime, while layer-by-
layer growth with some local but well-separated islands
occurs for thicknesses above 2 ML.

We examined the magnetization switching process for
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' FIG. 5. Room-temperature-grown fcc Fe/Cu(100) polar and longitudi-

nal surface magneto-optical Kerr-effect (SMOKE) hysteresis ioops. The
incident angle is 45° for both longitudinal and polar SMOKE measure-
ments: (a) Polar, 2.1 ML; (b) longitudinal, 2.] ML; (c) polar, 3.5 ML;
(d) longitudinal, 3.5 ML; (e) polar, 4.7 ML; and () longitudinal, 4.7
ML. All measurements made at room temperarure.

the 4.7-ML-thick Fe films in the longitudinal, transverse,
and polar directions. In Figs. 6(a)~6(c), polar, longitudi-
nal and transverse (longitudinal polanization, transverse
field) Kerr-effect loops are shown where an easy axis of
in-plane magnetization lies along the longitudinal field
axis. In Fig. 6(d), a longitudinal loop is shown for the field
axis rotated in the plane of the sample away from the easy
magnetization axis by 45°. The effects of the rotation away
from the easy axis are seen as a rounding and tilting of the
hysteresis loop. When the easy axis is aligned with the
longitudinal field axis, a symmetric, nearly square closed
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FIG. 6. Room-temperature-grown fcc Fe/Cu(100) polar and longitudi-
nal surface magneto-optical Kerr-effect (SMOKE) hysteresis loops for
4.7-ML-thick films: (a) polar Kerr effect; (b) longitudinal Kerr effect,
field along the longitudinal direction; (c¢) longitudinal Kerr effect with the
applied-field direction perpendicular to the longitudinal axis in the plane
of the surface; and (d) the longitudinal Kerr effect with the fieid applied
at a 45° angle with respect to the the scattering plane (detection axis) also
in the plane of the surface. -
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FIG. 7. Simple hysteresis loops derived [or in-plane uniaxial and biaxial
anisotropies. (a) Field applied transverse to the longitudinal direction, in
plane with uniaxial easy axes as indicated and (b) the resulting longitu-
dinal detected signal. (c) Field applied transverse to the longitudinal
direction, in plane with biaxial easy axes resuits in cither (d) an irrevers-
ible rotation or (e) a reversible rotation, where reversibie means that the

magnetization does not undergo a full 360° rotation about the sample
normal.

loop will be observed whether the anisotropy is uniaxial or
biaxial (cubic) in the plane of the surface, Fig. 6(b). The
magnetization can rotate in plane completely around the
sample normal, in other words, a 360° in-plane rotation, as
the longitudinal field is cycled. Alternatively, the magneti-
zation can return in the same direction, never fully cycling
about the sample normal. We distinguish between these
two cases by terming the first switching process 2s irrevers-
ible, and the second switching process as reversible. If the
anisotropy is uniaxial or cubic in plane, the curves will be
(nearly) identical independent of the in-plane rotation
mode.

The application of a transverse field only produces a
longitudinal Kerr effect for our experimental arrangement,
as given in Eq. (26). If the film is saturated in the trans-
verse field direction, then the Kerr signal will be zero, Fig.
6(c). The structure of the transverse applied-field, longi-
tudinal Kerr-effect signal can be explained by analyzing the
simplified diagramatic representation in Fig. 7. A detailed
micromagnetic analysis of these hysteresis loops will be
given elsewhere. For simplicity, assume that the magneti-
zation in a single domain in a uniaxial medium (distribu-
tion of uniaxial anisotropies) is oriented at 45° with respect

to the field axis 7 and detection axis L, as shown in Fig.~

7(a). When the field is cycled in the transverse direction,
only one symmetry of hysteresis loop is allowed, Fig. 7(b).
The exact shape of the loop and the position of the maxima
(minima) will be a function of the angle between the ap-
plied field direction and the easy axis (distribution of easy
axes), and in general will depend upon the exact mode of
switching, e.g., coherent rotation or domain-wall motion.
For the biaxial in plane anisotropy case, depicted in Fig.
7(c), two possible rotation modes in plane may be ob-
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_F1G. &. Simbk hysteresis loops derived for in-plane uniaxial and bisxial

anisotropies. (a) Field applied aiong the longitudinal direction, in plane
with uniesial casy axes as indicated and (b) the resulting longitudinal
detected signal. (¢) Field applied at 45° with respect to the longitudinal
direction, in plane with biaxial essy axes results in either (d) a clockwise
rotation or (¢) s counterclockwise rotation about the sampile normal.

served. As in the unaxial case, an irreversible hysteresis
loop as shown in Fig. 7(d) may result. If the easy axes are
oriented at nearly 45°, then a reversible hysteresis loop may
result, as schematically depicted in Fig. 7(e). The revers-
ible loop is stabilized by any longitudinal external stray
field or any internal effective L-directed field. The experi-
mental transverse-field axis hysterisis loop in Fig. 6(c) in-
dicates that the in-plane anisotropy must be biaxial to pro-
vide the observed symmetry. Biaxial structural symmetry
is present in the in-plane [100] directions in the fcc Fe film.
The peaks in the hard field-axis loop coincide with the
transition edges of the longitudinal field-axis loop in Fig.
6(b) (as required), and with the complex structure in the
hard polar-axis loop in Fig. 6(a), which we discuss below.

When the applied field axis is rotated 45° with respect
to the detection axis, Fig. 6(d), additional structure ap-
pears in the hysteresis loops. Once .'e2in, a schematic de-
piction of the switching process is shown in Fig. 8 for
uniaxial and biaxial anistropies. For the uniaxial or biaxial
case, when the applied field is along the detection axis, L in
Fig. 8(a), the hysteresis loop will possess the characteristic
form shown in Fig. 8(b). Once again, the coercivity and
the rounding of the loop transitions will depend on the
details of the switching process and the exact orientation of
the easy axes with respect to the applied-fieid direction.
When the field is applied at an acute angle with respect to
the detection axis, shown in Fig. 8(c), two rotation modes

are possible. We illustrate only the irreversible loops in

Figs. 8(d) and 8(e) with the understanding that the re-
versible loop will be the combination of branch 1 from one
hysteresis loop and branch 2 of the other loop. In Fig. 8(d)
the detected hystersis loop for clockwise rotation can be
contrasted with that of counterclockwise (in-plane) rota-
tion in Fig. 8(e). The characteristic overshoot indicates
which direction in the plane of the film that the magneti-
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. wise rotation is indicated. With this particular
experimental arrangement, we cannot detect the difference
between uniaxial and- biaxial in-plane.symmetry without
resorsing to analyzing the details of the hysteresis loops
and performing micromagnetc simulations. However, we
can define the handedness of the rotation process. Thus,
given the four sets of data shown in Fig. 6, we can ascertain
that the easy axis is in plane (in the sense that the demag-
netization field is much larger than the perpendicular an-
isotropy) and biaxial, and that the magnetization rotation
sense is well defined.

The out-of-plane hysteresis loops are more complex.
Should the incident beam have been directed normal to the
sample surface, then the hysteresis loop in Fig. 6(a) would
have been a straight line. However, we see that according
to Eq. (27) that the longitudinal signal is superimposed on
the polar signal, with an intensity ratio of roughly five to
one. This allows a simultaneous investigation of the out-
of-plane and in-plane rotation modes. It is clear that the
polar curve is a hard axis (deragnetization field forcing
the loop into plane even though there may be an out-of-
plane anisotropy) loop away from the origin. In order to
observe loops such as shown in Fig. 6(a), a canted out-of-
plane uniaxial anisotropy must be present in the film. This
requirement can be examined explicitly by minimizing the
micromagpetic energy during the switching process, but
that analysis is out of the scope of the present article and
will be presented elsewhere. A schematic analysis of the
switching process is shown in Fig. 9. Assume that an out-
of-plane canted easy axis is oriented at an angle 6 with
respect to the polar [100] axis as shown in Fig. 9(a). For
the ensuing analysis, assume that this canted easy axis is
defined for a particular in-plane direction, as shown by the
projection of the easy axis onto [010], which itself may be
arbitrarily oriented with respect to the longitudinal axis,
angle ¢. The anisotropy is uniaxial, but canted, hence it is
connected by projection to an in-plane anisotropy as well.
(This projected in-plane uniaxial anisotropy is independent
of the fourfold symmetric in-plane anisotropy discussed
above.) The contributions to the polar (7,”) Kerr loop are
connected to the rotation of the magnetization depicted in
Fig. 9(b) in the (110) plane (projection). The pure poiar
contribution to the detected signal is shown in Fig. 9(c).
Here the magnetization is saturated by the applied polar
field (1). As the field is decreased to zero, the magnetiza-
tion will equilibrate in the remanent state (3). If the de-
magnetization field is much larger than the perpendicular
anisotropy, there will be no remanence. If, however, the
demagnetization field balances the anistropy at some out-

of-plane angle, as shown in Fig. 9(c), then a finite polar -

remanence will be observed. As the field is increased im the
negative direction, the film oncs again saturates (4), and
returns to a negative remanent state (6) as the loop is
closed. The contributions to the longitudinal (r,,) Kerr
loop are connected to the rotation of the magnetization in
plane and are depicted in Fig. 9(d) for an irreversible loop
(note that a reversible loop will be just one-half of the loop
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F1G. 9. Polar hysteresis loops for canted. out-ofophne uniaxial anisotropy.
(a) The sample normal is {100] and the easy axis lies at angle 6 with
respect to the sample normai. The projected in-plane anisotropy direction

. makes an angle & with the scattering plane, which we have (arbitrarily)

oriented along [010]. The (110) plane projected magnetization is shown
in (b) during the rotation process with the application of a poiar applied
field. Individual positions of the magnetization during the rotation pro-
cess correspond 1o locations along the hysterisis Joops due to the (¢) pure
polar Kerr effect and (d) pure longitudinal Kerr effect. SMOKE at 45°
incidence angle detects both the longitudinal and polar components si-
muitaneously, the resuiting Kerr loop is as shown in (e). Note that these

diagrams are for a 360" mtanon in plane about the sampie normal (irre-
versible).

with return along the same path). When the film is satu-
rated (1), no longitudinal signal is detected. At some angle
v the projection of the magnetization along the detection

axis will be a maximum (2). This angle will in general

depend in detail upon the out-of-plane easy axis orientation
6, the in-plane rotation projection of the easy axis with
espect to the scattering plane ¢, and the angle of incidence
ot\the polarized beam. As the polar field is further reduced
0 zero (3), in-plane remanence resuits from thz in-plane
projection of the easy axis along the detection axis. As the
field is increased in the negative direction, the magnetiza-
tion rotates into the saturated hard-axis direction (4). For
a reversible transition (in plane), upon reversal of the field
direction, the magnetization will repeat its path. For an
irreversible in-plane rotation, the loop is completed
through positions (5) and (6) in the hysteresis loop. When
the two components are added in the proper proportion, a
compound loop such as that shown in Fig. 9(e) (irrevers-
ible loop) results. The experimental loop in Fig. 6(a) is a
compound loop with a reversible in-plane rotation. For
completeness, in Figs. 10(a) and 10(b) [after heating the
film and slightly modifying the anisotropy as indicated by
a change in the in-plane coercive field in Fig. 10(b)], the
reversible and irreversible (in-plane rotation) polar Kerr-
effect loops are shown. Although the loops seem more
complex, it is apparant that the interpretation is direct, and
the the information gieaned about the rotation process is
more complete with a three-axis Kerr arrangement. Thus,
in-plane anisotropy in room-temperature-grown fcc Fe/
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FIG. 10. (a) Reversible and (b) irreversible polar Kerr hysteresis loops
for a 4.7-ML-thick room-temperature-grown fcc Fe/Cu(100) thin flm.

Cu(100) has biaxial symmetry, likely along the four {100]
directions in plane. The out-of-plane anisotropy is charac-
terized by a canted uniaxial component which is weaker
than the demagnetization field but only becomes apparant
in the coupling of the in-plane and out-of-plane magneti-
zation as detected by the three-axis Kerr arrangement.

IV. CONCLUSION ) y

We have shown, for arbitrasy angles of incidence, that
all three magneto-optical Kerr effects (classified relative to
the scattering plane) can be detected. The general expres-
sion of the normalized intensity for three-axis combined
Kerr effect can be simplified by setting the orientations of
the three main optical devices in the SMOKE system. The
transverse Kerr effect can be eliminated from the combined
Kerr effect by setting the appropriate configuration of three
main optic devices. The longitudinal Kerr effect can be
minimized at nearly normal incidence where the polar
Kerr effect signal is maximized. The total reflection matrix,
_.including the effect of interfering beams reflected from sec-
ondary boundaries, can be generalized to arbitrary multi-
layer structures. Modifying the matrix elements to include
multiple interfering beams does not influence the depen-
dence of the magnetization loops on the applied magnetic
field for a film of a given thickness. This conclusionis
essential in analyzing the steplike magnetization loops in
multilayer thin films. Based on the simplified expressions
for the intensity at the photodiode, the interpretation of
SMOKE magnetization loops can provide valuable infor-
mation about the magnetization state and magnetization

switching process in thin films, such as in the fcc Fe/Cu
epitaxial system.
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2u,N, cos 6,
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APPENDIX A: BASIC FRESNEL SCATTERING
MATRICES

According to Fig. 3, all reflection and transmission
matrices at boundaries | and 2 (between media | and 2,
and media 2 and 3, respectively) can be expressed in terms
of the forward (backward)-going waves. Backward prop-
agating waves are distinguished from forward propagating
waves by the superscript bar. Superscripts on the electric
fields indicate those boundaries at which the fields are eval-
ated. Additional superscripts on the field vectors { and »
are used to emphase the incident and reflected directions of
propagation. The subscripts | and 2 on the field vectors
indicate in which medium the fields are evaluated. Finally,

" two subscripts on the reflection 7 and transmission ¢ ma-

trices indicate the two media bounding the interface, the
first subscript being the incident side, and the second being
the opposite side for the given propagation direction:

1 "] -~ =~ T,
(3)-=(2)-(z Z)(z)
lr )= W=l = Vi
€ €1 e Ts/\ €
i - 1i
(i )(%)
“\Np Ra/\) (4%
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(-~

(A4)
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The coefficients of the bulk Fresnel reflection matrix R are
given by Eqs. (12), (14), (15), and (16) in the main text.
The remaining coefficients are given explicitly as follows.!*
The Fresnel coefficients for the polar magneto-optical ef-
fect are

? = ‘ , P=
PPNy cos @y +pu Ny cos 6;° T

Th

P=Te =

< M2y cos 8, (palV] cos® 8 —uNj cos 6 cos 62)Q

Ny cos 6y +p iV, cos 6,

(A6)

) 2u\N, cos 6,

! NZ(u,V; cos 8; +4a3N, cos B) (2N ycos 6, +py Ny cos )’
24V; cos 6, .

({4

% i N1 (N5 cos 6, — N, cos 6,)Q
P

T BV cos 0,4+ cos ;' S N, cos By +py Ny cos 6,

=t Z(FtNZ €os 81 +p3N, cos 82) (pzN( cos 9[ +#|Nz cos 02) ’
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For longitudinal effect, we have
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2 cos 92([1.3N2 cos O3+ 1,¥5 cos 6;) (u2iV3 cos 8343 cos 8,)’

o=

N3 sin 63(u,N; cos 0y —ua N4 cos 85) [1,N5(1 +c052 0;) 413N cos 6, cos 6,10
2N, co8 6,(u3dV, cos 83+ V3 cos 8,) (i144V3 cos 83+ u3 iV cos 6;)
Transverse Fresnel reflection and transmission coefficients are

Ppm—i

?;p pN (l+?) 7n=1+?u, t,=0,=0, | (Al4)
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(A1S)

p2lV3 cos Oy +palV; cos 6,

APPENDIX B: NORMALIZED DETECTED INTENSITY

(16), we have -,
E, R Eqp exp(—ip/2)
E Eq expli@p/2)

=R Egcos 6, exp(-up/Z)
Eqsin 8, exp(ip/2)

L ) can be written as :
Er=E, cos ,+E;sin 6,

+r{,e“‘l *+92) sin 6, sin 6,}. .
The normalized light intensity is

. = ”|N1 -y
R . t'”-m (1+z,,), ?,:l-?,,,"?,,=?p=0,

- #llv; cos 9‘ —by.zNi cos 62 i(}ﬂNz cos 9| —}LzN| cas 92)“2Nl sin 62Q

o T T U N cos B+ N, cos B, - (V3 €08 8+ f23V, cos 6;)7 ’ (A16)
?,= -7 ",,=r,,—0
- 3N cos 8y—p, NN, cos 9z+"(H3Nz cos 6;—p,Ny cos 8;) a2V sin 6,0
T20P™ T 1N, cos By +uxV; cas 6 (3V; cos 63+ lN; cos 6;)° ’ - Al

H2dV3 cos 8y —ulV; cos 6,

?z":— e ?ZJP=?2P‘=0'

First, consider the combmed longitudinal and transverse effects (m;=0) with 8,,=0. From Egs. (2)-(4) and (11)-

18l,~(o)) L) E 18, ()] 118, +o]
74 Q) Eqge =) /) Eo % 6,*""”"5"““ _ (BI)
my Eoe0p= @) 1 ) Bl at(0/2))
where r},( Q) is the second term of r‘ and is liner to Q. The total electric field of the reﬂccted light received by the detector

=Eo{(myr), (Q)e%m '4”2’-{-4,’!“1 ~#2]cos G, cos 6, +m,r’ﬂe‘“l “"m(cos 8, sin 8,+sin 6, cos 8,2~%)

(B2)

I={[mJ},(Q)cos(8!,—/2) +7), cos(8},—@/2) |cos 8, cos 8,+7, sin 6, sin 8, cos(5,+¢/2)
M7y €08 O, sin 6, cOS(Shy+@/2) +mirh, sin 8, cos §, cos(5; —(p/2)}2+{[m,r‘”(Q)sin(6"<—¢/2)

+/ sin(8’ p—P/2)]cos 6, cos 0, +r’ sin @, sin 6, sxn(& +¢p/2)+m,r’ cos §,sin 6, sin(8! utP/2)

+m,r',,, sin 8, cos 6, sin(8},—@/2) Y.

If we set 8,=0, Eq. (B3) is reduced to Eq. (25). Further
% 37\«.«.—3@@&1 be actneved by choosing appropriate settings

ony madulator, which w hown in Sec. II by Egs. (26)
@1%31(27) Anothe is to set 8,=90", 6,,=45",

6,=0; then the norma.hzed mtensxty of the three combmed -

Kerr effects can be written as
I=[{(7}p)* +m7y(Q)1, cos(8},~ 85, ]
- [m/:’p’fp sm(&,,—&‘,’,) +mf£/~ sm(&f,,—&i,) ]
Xsin g— [$(7,,)2 +m/s,(Q)7,, cos(8!,~8),) Icos @.
(B4)

By expanding sin ¢ and cos @ into series exprssxons of
Bessel functions as
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(B3)

sin p=x2J) (@q)sin wt=1.164 sin w,

cos @ 2J5(@o)sin(2w1),

for py=108", and takmg?w mode on the modulator, we \
can reduce Eq (B4) into a simple expression as

I=[(+ L) 2+ miry(Q)r), cos(8},—5h,) ]
—1.164(m,2 1%, sin(8),—&,) +mpl s,

xsin(8f,—5',) Isin . (BS)
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Abstract

The thickness dependence of both the perpendicular and in-plane magnetization is
observed for pseudomorphic ultrathin, fcc Fe epitaxial films grown on room temperature
Cu(100). Ferromagnetically ordered 3.5 ML thick films display both in-plane and
perpendicular remanence. Perpendicular remanence, lost after a 9.0 kQe static field is
applied perpendicular to the film plane, can be restored by either heating or applying
large in-plane fields. These field induced metastable states are interpreted in terms of
magneto-elastic effects which modify the exchange and anisotropy constants both

perpendicular to and within the film plane.

PACS numbers: 75.70.Ak, 68.55.Jk, 75.30.Gw, 75.30.Pd
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Ferromagnetic ultrathin epitaxial films grown on single crystal metal substrates
display unusual properties characteristic of two-dimensional ferromagnetism stabilized by
magnetic (surface) anisotropy (1]. Ultrathin films, grown epitaxially on templates which
distort the bulk lattice are often highly strained enabling metastable film properties to be
explored at room temperature. The fcc phase of Fe, stable in bulk above 9110 C [2], can
be grown epitaxially on Cu(100) with 0.83% lattice mismatch. For fcc (fct) Fe, a non-
magnetic, high and low spin, or an antiferromagnetic phase can be stable depending upon
the lattice constant [3]. The magnetic properties of fcc Fe/Cu(100) have been
investigated using the surface magneto-optical Kerr effect (SMOKE) [4,5], spin-polarized
photoemission [6], spin-polarized secondary electron spectroscopy [7,8], conversion-
Mdssbauer spectroscopy [9], inverse photoemission [10] and spin-polarized scanning
electron microscopy (SEMPA) [11]. The energy balance between surface anisotropy and
shape anisotropy, both strong functions of film thickness, growth and measurement
temperature [4,11-13], determine the easy axis of magnetization. Additionally, rich
structural properties are present during various phases of film growth [12-18], including
bilayer growth during initial phases of epitaxy [15-18], strain-relief at intermediate
thicknesses, weak surface reconstructions [12], and fcc to bec transitions [e.g. 13].
Correlations of film microstructure with magnetic properties [12,13,19] has emphasized
the onset of ferromagnetism at 1-2 ML coverages, the polar-to-longitudinal transition in
the easy axis of magnetization at 4-8 ML, and the fcc to bec transition at high coverages.

In this letter we identify a field induced, reversible, metastable transition for
magnetization measured perpendicular (polar) to the film plane. Room-temperature
grown, fcc Fe/Cu(100) films in the 2.5-3.5 ML regime possess both in-plane and
perpendicular remanence. After application of a 9.0 kOe polar field, the out-of-plane
remanence is lost. This magnetic state is stable until the film is either heated or subjected

to a large in-plane magnetic field.




The specimen preparation chamber of a UHV scanning transmission electron
microscope (STEM) [20], a Vacuum Generators HB501-S operating at base pressures of
5 x 10-11 mbar, has been equipped with surface characterization and film growth
instrumentation. Surface magneto-optic Kerr effect (SMOKE) hysteresis loops were
recorded by scattering modulated (polarized), He-Ne (632.8 nm) laser light from
magnetic surfaces at an angle of incidence of 450. Electromagnets situated ex-situ,
produce maximum continuous fields of 1.2 kOe (1.5 kOe) in the polar (in-plane)
direction. Nanometer lateral spatial resolution surface microanalysis, using secondary
electron or Auger electron spectroscopy and imaging [20] was performed in the magnetic
field of the STEM objective lens. This instrumentation allows for epitaxial film
microstructure to be correlated with magnetic properties.

Single crystal electropolished [21] Cu(100) substrates were cyclically sputtered at
3300 C with 600 eV Ar ions at 459 incident angles, then annealed at 600° C. Samples
were observed in the slectron microscope where contamination coverages of less than
0.01% of a monolayer can be detected [22]. Fe films were grown with an electron beam
Fe source on room temperature Cu(100) surfaces. Evaporation rates were calibrated by
Auger electron spectrosrpy, Rutherford backscattering and a quartz-crystal
microbalance. The pressure during evaporation was normally below 2 x 10-2 mbar;
Auger spectra of prepared films showed detectable C and O peaks.

The thickness dependence of SMOKE hysteresis loops of as-grown fcc
Fe/Cu(100) films are shown in Fig. 1. Initial magnetic response is observed as a zero-
remanence, linear hysteresis loop in the polar direction, Figs. 1a and 1b. At intermediate
thicknesses, 3.5 ML, remanent polar, Fig. 1c, and longitudinal, Fig. 1d, SMOKE loops
are observed. While the in-plane loop is square, the tilted polar loop displays the effects
of shape anisotropy indicating a canted out-of-plane easy-axis. SMOKE loops from
thicker films, 4.7 ML, Figs. le and 1f, lose polar remanence, but have square in-plane

loops characteristic of an in-plane easy-axis. The as-grown in-plane remanence increases
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" nearly linearly for thickness above 2 ML and below 5§ ML. Thicker films (t -> 10 ML)
become non-magnetic at room temperature [13]. Films thinner than 10 ML had fcc
structure with the transverse lattice constant of the substrate [22].

Fig. 2 illustrates characteristic film structure observed using nm resolution UHV-
SEM obtained in-situ subsequent to growth. The clean Cu(100) surface of Fig. 2a has
average terrace widths between 25 and 75 nm, separated by steps (bands) . Nodules are
copper-oxide contamination [22]. As Fe is deposited (2.1 ML and 3.5 ML in Fig. 2b and
2c) large regions where layer-by-layer growth has occurred are seen, separated by small
three dimensional islands. Locally, some surface islands of Fe form at sub-monolayer
coverages. In-surface islands (segregation) have been observed in the 1-2 ML regime,
while layer-by-layer growth with some local but well separated islanding occurs for
thicknesses above 2 ML.

The immersion objective of the STEM obtains nm spatial resolution with a 9.0
kOe polar magnetic field. After microstructural analysis in-situ in STEM, the magnetic
response of the films had been altered. In Figs. 3a-d, longitudinal and polar SMOKE
loops of as-grown films are contrasted with the post-observation (9.0 kOe polar field)
polar and longitudinal SMOKE loops. After exposure to the field, there was no polar
remanence. The in-plane loop remains square, with a small change in the coercivity,
indicating an increase of the in-plane anisotropy constant. This state is stable until
heating or application of a 1.5 kOe in-plane magnetic field. The reversibility of the
transition is demonstrated in Figs. 3e-f. The metastable magnetic state induced by the 9.0
kOe field evolves after a small temperature increase (T =400C) as shown in Fig. 3e.
After the application of an in-plane magnetic field (H=1.5 kOe), Fig. 3f, the initial state is
nearly restored.

The out-of-plane to in-plane magnetization transition in uitrathin ferromagnetic
films has been attributed to fluctuations in the two-dimensional Heisenberg model [23] at

a transition temperature, lower than the Curie temperature. It is difficult to explain our




field-induced transformation in the context of two-dimensional fluctuations since large
out-of-plane fields should enhance the in-plane to out-of-plane transition at temperatures
below the critical transition temperature and large in-plane fields should stabilize the in-
plane component of the magnetization [23].

The easy axis of magnetization and remanence are sensitive functions of the
ultrathin film lattice. Thomassen et al. [13], through the deposition of CO on Fe/Cu(100)
surfaces, concluded that ferromagnetic response resulted from the expanded surface
lattice of the top-most layer while the bulk of the film remained paramagnetic. Covering
the Fe film with Cu [24] greatly modifies the magnetic properties. Magnan et al. [19]
utilized surface extended x-ray absorption fine structure (EXAFS) measurements to show
that room temperature grown Fe/Cu(100) had similar nearest neighbor distances both in-
plane and perpendicular to the surface. Total energy calculations [3] indicate that a smail
decrease in the lattice constant can stabilize a lower energy non-magnetic fcc Fe phase.
While a field induced change in the anisotropy can explain the observed transition, the
lack of perpendicular remanence in the metastable state could result from a local
magnetic disordering of the film in the direction perpendicular to the surface as a result of
magneto-elastic strains (compression) [25] induced by the 9.0 kOe magnetic field,
stabilized by the presence of a lower energy, non-magnetic state. In this state, in-plane
ferromagnetism may be preserved. Heating slightly expands the lattice, and locally
reactivates the film. The application of large in-plane magnetic fields may compress the
Fe film in-plane, with subsequent out-of-plane expansion, restoring the original state; a
hypothesis which could be tested by performing in-field EXAFS measurements. In-plane
lattice constants in the Fe film are stabilized by the Cu(100) template, and the magnitude
of the original magnetic response is recovered.

We have observed a reversible, field induced metastable transition in the room
temperature grown 3.5 ML fcc Fe/Cu(100) system. An interpretation based upon lattice

distortions resulting from magneto-elastic effects is not inconsistent with our results. We
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Figure Captions

Figure 1: Room temperature grown fcc Fe/Cu(100) polar and longitudinal surface
magneto-optical Kerr effect (SMOKE) hysteresis loops. The incident angle is
450 for both longitudinal and polar SMOKE measurements which were made at

room temperature.

Figure 2: High resolution secondary electron micrographs of (a) the clean Cu(100)
surface. The white lines are steps (step bands) between terraces. The surface

after deposition of (b) 2.1 ML and (c) 3.5 ML of Fe.

Figure 3: Room temperature grown 3.5 ML fcc Fe/Cu(100) polar and longitudinal
SMOKE hysteresis loops. As grown, (a) longitudinal and (c) polar loops. After
applying 9.0 kOe polar field, (b) longitudinal and (d) polar loops. (e) Polar loop
after heating to 40 C, and (f) after applying a 1.5 kOe longitudinal field. All

loops are on the same calibrated scale.
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Surface Magnetization Processes Investigated by The Combined
Surface Magneto-Optical Kerr Effects in Fe/Cu(100) Thin Films

Z.]. Yang, S.D.Healy, K.R.Heim, J.S.Drucker, G.G.Hembree, and M.R. Scheinfein
Deparmnent of Physics and the Center for Solid State Science
Arizona State University
Tempe, AZ 85287-1504

(Received 16 August 1993)

Abstract

Surface and ultrathin-film anisotropies in epitaxial fcc Fe thin films grown on room
temperature Cu(100) single crystals in an ultrahigh vacuum has been investigated, in situ, by
the combined surface magneto-optical Kerr effects (SMOKE). When the applied field is
perpendicular to the film surface, rotadon processes occurring between out-of-plane and in-
plane directions suggest the presence of an induced uniaxial (canted) anisotropy directed out

of the plane of the film. This hypothesis is tested with a simple coherent rotation model

PACS numbers: 75.70.Ak, 68.55.Jk, 75.30.Gw, 75.30.Pd
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I. Introduction

The low dimensional propertes predicted for ultrathin ferromagnetic films has
stimulated considerable interest in exploring epitaxial metal/metal systems [1]. The most
studied, and perhaps the most complex metal/metal epitaxial system is fcc Fe/Cu(100).
Interpretation of data from the fcc Fe/Cu(100) system is complicated by rich physical
structure which includes bilayer growth during initial phases of epitaxy [2-6], strain-relief at
intermediate thicknesses, weak surface reconstructions [7], and fcc to bee transidons [8).
Behavior of growth-temperature and film-thickness correlatons with the magnetic spin
orientations have also been intensively studied [2, 9, 10]. Our results for room temperature
epitaxial Fe/Cu(100) thin films {11,12] indicate that subsurface Fe islands can form during
the initial phases of epitaxy. For films thicker than 2 ML, nearly continuous Fe films have
been observed, consistent with the onset of ferromagnetic ordering. Polar and longitudinal
Kermr-effect measurements show that the easy axis transition from out-of-plane to in-plane (of
the film) occurs near a thickness of 4.7 ML. Here, we describe a unique implementaton of a
combined three-axis magneto-optical Kerr effect apparatus which is used to explore mixed in-

plane/out-of-plane rotation modes in ultrathin film Fe/Cu(100).

II. The Combined Three-Axis Surface Magneto-optical Kerr Effects
Three magneto-optical Kerr effects (polar, longitudinal, and transverse effects are
shown in Fig.1) are classified according to the direction of the magnetzation with respect to
the plane of the incidence. Since the Kerr effect exists for any arbitrary direction of the
c -—magnetization (relative to the scattering plane), for non-normal incidence, magnetization
loops obtained from any of the three Kerr effects may contribute to the detected signal. With
different orientations of polarizer, modulator and analyzer, SMOKE can detect either all three

magnetdzation components or any one of them. Thus, thin-film anisotropies and switching

modes can be studied by comparing combined Kerr-effect magnetization loops [13,14]. The
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normalized light intensity of the combined three-axis surface magneto-optical Kerr effects for

our SMOKE measurements can be expressed as [13]

2 !
I= m,.z (rf) + m‘Z(,-"”)z + 2m,m,r:,r:,, cos(4;, - 9,,) -

+0.2r'mm’r:, sin(5f,p - 5:,)sin wt+ 0.2r;m,r;: sin(5;p - 5:,,)511'1 wt,

where m] and mp are the direction cosines of the magnetization axes along the applied field

direction (projection of M onto H) for longitudinal and polar Kerr effects respectively. r;
and 8'9, are the absolute magnitude and the phase angle of the Fresnel reflection coefficients
(superscripts indicate (p) polar or (1) longitudinal Kerr effects), and ® is the angular
frequency of the modulator [13]. The expression for the intensity is independent of the
transverse Kerr-effect regardless of the direction of the applied magnetic field in our SMOKE
arrangement. It includes the contributions from both polar and longitudinal Kerr effects

which allows us to investigate magnetization reorientations between out-of-plane and in-plane

directions simultaneously.

0. Experimental Results

The specimen preparation chamber of a UHV scanning transmission electron
microscope (STEM) [2], a Vacuum Generators HB501-S, operating at base pressures of 5 x
10-11 mbar, has been equipped with an in-situ SMOKE characterization system.
Longimdinal, polér and transverse hysteresis loops were recorded by scattering modulated
* (polarized), He-Ne (632.8 nm) laser light from magnetic surfaces at an angle of incidence of
450 [13]. Nanometer lateral spatial resolution surface microanalysis, using secondary

electron or Auger electron spectroscopy and imaging allows for epitaxial film microstructure

to be correlated with magnetic properties.




Single crystal Cu(100) substrates, were electropolished, cyclically sputtered at 3300
C with 600 eV Ar ions at 459 incident angles, then annealed at 6000 C. The thickness
dependence of SMOKE hysteresis loops of as-grown fcc Fe on room temperature Cu(100)
substrates has been given elsewhere [2]. In summary, for Fe film thicknesses below 2 ML,
no magnetc response was observed. Initial magnetic response is observed as a zero-
remanence, linear hysteresis loop in the polar direction, with no magnetization in-plane. At
intermediate thicknesses, 3.5 ML, remanent polar and longitudinal SMOKE loops are
observed. While the in-plane loop is square, the tilted polar loop displays the effects of
shape anisotropy indicating a canted easy-axis. SMOKE loops from thicker films, 4.7 ML,
loose polar remanence, but retain square in-plane loops characteristic of an in-plane easy-
axis.

We examined the magnetization switching process for the as-deposited 4.7 ML
thick Fe. In Fig. 2a-d, SMOKE loops are shown for applied fields along the longitudinal,
459 from longitudinal (in the plane of the film surface), ransverse, and normal to the film
surface (polar) directions respectively. Applied fields in Fig. 2a-c are in the film plane. A
coherent rotation [14,15] model was employed to interpret these results. The normalized
energy functional is given in eqn. 2, where Kjn and Koyt are the in-plane and out-of-plane
anisotropies, Mg is the saturation magnetization, Hj, Ht, and Hp are the longitudinal,
transverse and polar applied magnetic fields, 6 is the polar angle (from the polar direction), ¢
is the azimuthal angle (from the longitudinal direction), &t defines the out-of-plane easy axis
angle, B defines the direction of the easy axis in the film plane, and c is a constant whose
value is 1 (2) for uniaxial (cut;i;; -in-plane anisotropy. External fields include the rﬁmping
field and any residual external stray fields. This expression was minimized using a conjugate

gradient method. The results of this minimization are shown in Fig. 3a-f. The computed

loops are meant to indicate gross structure as a means of interpreting the SMOKE results, and




discrepancies between the computed loops and the measurements are due to the crudeness of

the model (i.e. no domain walls or domain wall motion).
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The in-plane anisotropy is cubic, and oriented at 45° from the longitudinal direction

03

(in the plane of the film surface). The perpendicular anisotropy is uniaxial and oriented 109
out of the film surface. The out-of-plane anisotropy was twice as large as the in-plane
component, and equal to 2ntM,. Figs. 3a-d show SMOKE hysteresis loops computed for
the identical conditions described for Figs. 2a-d. Since the polar Kerr signal contains both
longitudinal and polar components (eqn. 1), Fig. 3e and f show the polar and longitudinal
components respectively. The polar signal is 5 times as large and of opposite sign than the
longitudinal signal [13]. The general features are the asymmetrical structure on the corners of
the loops in Figs. 2b and 3b, the twin peak structures in Figs. 2c and 3c, and the
canted/inverted loops in Figs. 2d and 3d. When the field is applied in the transverse
direction, a small stray field forces the loops to close in the same direction, thus not
c;t;rﬁpleﬁng a 3600 rotation in-plane. This is strong evidence for in-plane biaxial anisotropy
[13]. When the field is applied along the polar direction, the magnetization rotates from a
direction perpendicular to the plane into the plane as the field is reduced. As the field changes
sign, the magnetization rotates in the plane of the surface first, aligning itself with the
projection of the easy magnetization direction in the plane of the film. As the field is further




increased, the linear magnetzation curve is once again observed. Upon retum, the
magnetization rotates within the film plane thus completing at least a 180° rotation within the
film plane during the switching process. These observations provide direct evidence for a

canted induced uniaxial anisotropy.

IV. Conclusion

Three axis SMOKE measurements were used to determine the switching mode of
intermediate thickness fcc Fe/Cu(100) epitaxial thin films. SMOKE loops observed with
polar applied fields indicate a canted induced uniaxial anisotropy.
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Figure Captions:

Figure 1: A schematic diagram of a SMOKE experiment. The polarizer, modulator and

analyzer angles are 8p, 6m, and 6, respectively relative to the scattering plane. The

longitudinal, transverse and polar Kerr effect directions are also shown.

Figure 2. SMOKE loops are shown for applied fields along the (a) longitudinal, (b) 45

from longitudinal (in the plane of the film surface), (c) ransverse, and (d) normal to the film

surface (polar) directions respectively. Applied fields in a-c are in the film plane.

Figure 3;: Computed SMOKE loops are shown for applied fields along the (a) longitudinal,

(b) 45° from longitudinal (in the plane of the film surface), (c) transverse, and (d) normal to

the film surface (polar) directions respectively. Since the polar Kerr signal contains both




longitudinal and polar cormponents ¢ and f show the polar and longitudinal components (to
3d) respectively. All loops are displayed on the same scale.
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The Initial Phases of Epitaxy of fcc Fe/Cu(100):
Supersurface and Subsurtace Island Formation
S.D. Healy, K.R. Heim, Z.J. Yang, G.G. Hembree,
1. S. Drucker*, M. R. Scheinfein
Departnent of Physics and Astronomy
*Center for Solid State Science
Arizona State University, Tempe, AZ 85287-1504
(Received 22 June 1993)

Abstract

Nanometer transverse resolved real space observations of the initial phases of
room temperature heteroepitaxy of fcc Fe/Cu(100) indicate that vertical atomic site
exchange occurs locally. The formation of two-dimensional supersurface and subsurface
islands has been characterized by secondary and Auger electron imaging. The persistence
of vertical site exchange during the deposition of the first two monolayers is not

inconsistent with the lack of observed ferromagnetism for the room-temperature grown fcc

Fe/Cu(100) at these coverages.

PACS numbers: 75.70.Ak, 68.55.Jk, 75.30.Gw, 75.30.Pd

. — ! N D\-\ "“
!\\'V\ \3\:655 d \?” -‘)"

- B




Ferromagnetic ultrathin epitaxial films grown on single crystal metal substrates
display unusual properties characteristic of two-dimensional ferromagnetism stabilized by
magnetic (surface) anisotropy [1}. Extensive work has been devoted to correlating film
microstructure with magnetic properties of the metastable [2] epitaxial fcc Fe/Cu(100)
system. This has been stimulated by observations of rich structural properties present
during various phases cf film growth [3-10], including bilayer growth during inital
phases of epitaxy [6,7], weak surface reconstructions [3], and strain-relief and fcc to bec
transitons for thicknesses greater than 11 ML [e.g. 4]. Vertical site exchange during the
initial phases of epitaxy have been observed by High-Resolution Low-Energy Electron
Diffraction [11], X-ray Photoelectron forward scattering [12] and scanning tunneling
microscopy [13]. In this paper, we report not only on the supersurface Fe island
formation, but also on real space,.chemically specific, nanometer resolved observations of
what appears to be subsurface island formation during the inital phases of room
temperature epitaxial growth of fcc Fe/Cu(100).

The specimen preparation chamber of 2 UHV scanning transmission electron
microscope (STEM) [14], a Vacuum Generators HBS01-S, operating at a base pressure of
5x10-11 mbar, has been equipped for the in-sim preparation and characterization of
ultrathin magnetic films. This instrumentation includes an ion sputtering gun, a broad
beam Auger electron spectrometer, a RHEED analysis system, a specimen heating stage
(T < 8000 C) and an electron beam evaporator. Magnetic properties are characterized
using a novel three-axis implementation of the surface magneto-optic Kerr etfect
(SMOKE) [15]. Nanometer lateral spatial resolution surface microanalysis, using
secondary electron (SE) and Auger electron (AE) spectroscopy and imaging [14], was
performed in the magnetic field of the STEM objective lens using the parallelizer principle
[14,16]. This instrumentation allows for epitaxial film microstructure to be correlated

with magnetic properties and is described in detail elsewhere [17].

(39




Single crystal Cu(100) substrates , Imm thick and 3mm in diameter, were
electropolished [18], sputtered at 3300 C with 225 nA of 600 eV Ar ions at 459 incident
angles, then annealed at 6000 C. Samples were observed in the electron microscope with
biased SE imaging after the surface oxygen concentration had been depleted below the
minimum detectable limits of our broad beam AE spectrometer. These surfaces often
displayed smali copper-oxide islands [17] at coverages of less than 0.01% of a monolayer
which can be imaged in the microscope. Fe films were grown with an electron beam Fe
source on clean, room temperature (T < 400 C) Cu(100) surfaces. Room temperature
growth ensures longer (surface) diffusion lengths and films with lower defect densities.
Evaporation rates of 0.14 ML/min were calibrated using Auger electron spectroscopy,
Rutherford backscattering ind a quartz-crystal microbalance. The pressure during
evaporation was normally below 2 x 109 mbar.

The thickness dependence of the SMOKE hysteresis loops of as-grown fcc
Fe/Cu(100) films, and the observation of a field induced, metastable state has been
correlated with film microstructure [19]. Here, we focus on the characterization of films
during the initial phases of epitaxy which are observed to be non-magnetic. Fig. 1
illustrates the surface structure of clean Cu(100) as observed, in-situ, using nm resolution
UHV SE microscopy The surface has terraces with an average width between 25 and 75
nm (although some regions of the surface have extremely broad terraces), separated by
steps (step bands) seen as white lines. The widely separated nodules are copper-oxide
contamination remaining after surface preparation. After Fe deposition, RHEED analysis
indicated an fcc film structure with the in-plane lattice constant of the substrate (3.61 A)
for all films thinner than 10 ML. (Our RHEED measurements permit an evaluation of the
in-plane lattice constant to within +4%.)

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 spatally
correlated images is displayed in Figure 2 for a 0.33 ML thick Fe film. SE images are




sensitive to both the work function and topography of the surface [20]. The SE image in
figure 2a illustrates supersurface Fe islands with the corresponding contour plot shown in
figure 2b. The large island (~45 nm in diameter) has intensity contours near its upper left
quadrant indicatng 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
tip of the larger island (within the signal-to-noise limits ot these measurements) indicating
identical Fe island thicknesses. AE images and contour maps derived from the Cu (Figs.
2¢ and 2d) and Fe (Figs. 2e and 2f) Auger electron signals can be directly correlated with
the SE 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. 2c and 2e 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 [14] (the sensitivity factors for the Cu and
Fe LMM peaks are almost identical). The black areas in Fig. 2¢ indicate the lack of a Cu
signal, while the white areas in Fig. 2e indicate the presence of Fe. Itis 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. 2a likely characterizes the surface.

Figure 3a-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. 3b) or Fe (Fig. 3c) AE

images. However, these same Cu and Fe AE images with superimposed contour plots,




shown in Figs. 4a and 4b 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 fcc Fe and Cu are
practically identical ( & pe= 0 c,=0.38 at 20 ke V) [21], we conclude that there is no
topographic structure on the surtace in this region, indicating that the contrast observed in
the AE images is a result of two-dimensional subsurface island formation. This
conclusion is consistent with the work of others {11, 12, 13]. We have also observed
both types 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.

Our observations suggest that in the regions where subsurface islands occur, a
vertical Fe-Cu atomic site exchange occurs. This process continues until the driving force
causing the exchange diminishes. We observed this Fe coverage to be thicker than 2 ML,
beyond which continuous Fe films grew.

The lack of ferromagnetic ordering observed in this sub-2 ML regime is not
inconsistent with the observed growth process. In order for the moment of an Fe island to
be stable against thermal fluctuations, it must have a minimum size. Assuming a
Boltzmann-type probability distribudon, it is straight forward to show that most of the Fe
islands, which are ~4 nm in diameter (Figs. 2a and 2b), are too small for the moments to
be unaffected by thermal energy.

In summary, we have observed both supersurface islanding and subsurface
islanding through vertical atomic site exchange in room temperature grown films of fcc
Fe/Cu(100) in the 0-2 ML regime. We observed no long range order to either the sub- or
supersurface islands. These observations are not inconsistent with the lack of
ferromagnetism observed in room temperature grown sub-2 ML fcc Fe/Cu(100) ultrathin
films.
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" Figure Captions

Figure 1: High resolution secondary electron micrographs of a clean Cu(100) surtace.

The white lines are steps (step bands) between terraces. The terraces have an

average width of 25 to 75 nm.

Figure 2: After deposition of 0.33 ML of Fe at room temperarture supersurface islands are
observed: (a) secondary electron (SE) image, (b) contour map of SE image
indicating island positions, (¢) Cu LMM Auger electron (AE) image indicating Cu
depletdon (black) regions, (d) corresponding contour map of the Cu AE image, (e)
Fe LMM AE image indicating Fe (white) islands, and (f) the corresponding
contour map of the Fe AE image. The correlation of these three signals indicates

that the islands have formed upon the Cu surface. These three iinages have

identical scale factors.

Figure 3: After deposition of 1.7 ML of Fe at room temperature, subsurface islands are
observed. (a) Secondary electron image, (b) Cu LMM Auger electron (AE) image
indicating Cu depletion regions (black), and (c) Fe LMM AE image indicating Fe
rich regions (white). The correlation of the structure in (b) and (c) and the lack of

any contrast in (a) indicates that these islands are within the surface of the substrate.

These three images have identical scale factors.

Figure 4: The same surface as depicted in figure 3: (a) Cu LMM Auger electron (AE)
image indicating Cu depletion regions (black) with superimposed subsurface island
contour lines and (b) Fe LMM AE image indicating Fe rich regions (white) with

superimposed subsurface island contour lines. These two images have identical

scale factors.
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Monodisperse Island Size Distributions for Fe/CaF2/Si(111)
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Abstract

The initial stage of Fe island growth on CaF2/Si(111) was studied with a nanometer lateral spatial
resolution ultra high vacuum scanning electron microscope. A 60 minute deposition at a rate of
0.11 A/min on near room temperature CaF2/Si(111) substrates produced a relatively uniform
distribution of islands that cover 23% of the substrate with an island density of 7.4x1012
islands/cm2. This Fe/CaF2/Si(111) system, with its narrow size distribution of 2.0 + 0.3 nm
diameter (non-ferromagnetic) Fe islands separated by distances less than the mean free path of

conduction electrons in metals, is expected to exhibit giant magnetoresistance when covered with a

noble metal.

PACS numbers: 61.16.Di, 61.80.Fe, 68.55.Bd, 75.50.Bb, 75.30.Pd
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Recent progress in the experimental study of the growth and characterizaton of metals on
insulators has been motvated by expectations that these materials will improve upon our current
sohd state device technology. Components such as quantum-interference high-speed electron
devices 1], triple-barrier resonant wunneling diodes [2], hot electron transistors {3}, and metal-
epitaxial insulator-semiconductor field-effect transistors [4] have been fabricated or proposed using
metals, insulators, and semiconductors. Presently, the majority of solid state devices are fabricated
using Si as the semiconducting material due to the existence of its native oxide, Si072. The lack of
an atornically smooth SiO2-Si interface does, however, impede the production of three dimensional
Si-based devices. Rough interfaces not only decrease the mobility of carriers in devices, but can
also destroy the three dimensional epitaxial ordering of subsequent depositions. CaF7 has been
considered as a suitable replacement for SiO2 since it can be grown epitaxially and atomically
smooth on Si(111) substrates [S]. A small lattice mismatch (0.6% at 298 K) between CaF2 and
Si. a relatively large band gap (12.1 eV) for electronic isolation, and a larger dielectric constant
(6.8) than SiO7 (3.9) for an increased electric field at the insulator-semiconductor device interface
are but a few of the many reasons for considering CaF2 as an obvious replacement for the native
SiO2 [5]. In addidon, CaF7 layers may be used as a buffer region such that devices utlizing
highly reactive metals such as Fe are not able to form compounds with the Si substrate. The
deposition of Fe on CaF2/Si(111) would enable the fabrication of fully integrated electronic and
magnetc devices on a single substrate. Magnetic sensors, high speed microwave waveguides [6],

and non-volatile memories [6] are just three of the many applicatons which may result from

constructing solid state devices using Fe, CaF7, and Si.

For very slow growth rates the adsorbate topology is expected to approximate structures produced
under equilibrium conditions. In this regime, the growth mode is controlled by surface energy
imbalances. As Bauer has already set forth [7], 2 system in equilibrium can be characterized in
terms of the surface energy of the adsorbate (va), substrate (Ys), and the interface between them

(Y1) When 3 + ¥; > s the deposited material is not expected to spread evenly over the substrate's
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surface. Fe and CaF2(111) are known to possess surface energies of 2475 erg/cm? [8] and 450-
‘ 550 erg/cm2 [9]. hence, Fe island formation on CaF?2 is expected. We are interested in the
formadon of monodisperse wransition metal island size disuribudons because ferromagnetic or
paramagnetc granules embedded in a three-dimensional noble metal matrix have been shown 10
exhibit giant magnetoresistive behavior if the granules are properly spaced and smaller than some
critcal radius [10]. This leads to the natural extension whereby a two-dumnensional array of
1solated ferromagnetc particles, such as Fe islands on an insulating CaF2 substrate, covered by a
noble metal is expected 10 yield two-dimensional giant magnetoresistance (GMR) effects. In
addidon, since CaF? can be chemically altered by electron beam exposure [11], growth modes may
be controlled for selected regions of the surface prior to metal deposition by modifying the surface
compositon with an electron beam. A further increase in electron irradiaton and exposure to
residual oxygen allows the CaF2 to be used as an electron beam resist [11], thereby expeditng the

fabrication of nm-size and low dimensional magnetic devices.

In this letter, structural and magnetic measurements obtained during the inidal stages of growth for
the Fe/CaF72/Si(111) system are reported. The growth and preparation conditions for the
CaF2/Si(111) substrates have been described in detail elsewhere [12]. Samples of 100 A thick
CaF2/Si(111) [13] were cut *nto 3 mm discs with an ultrasonic drill. The samples were placed in
an ultra high vacuum (UHV) chamber which was baked at 170 °C for more than 24 hours resulting
in a base pressure less than 5x10-11 mbar. Our vacuum chamber is equipped with standard
surface science preparaton, depositon, and analysis instrumentation [14], an in sine surface
magneto-optic Kerr light scattering station and is mechanically connected to a modified Vacuum
Generators HB501-S UHV-STEM. This UHV instrument has been constructed for in siru

processing and subsequent surface observadon with nanometer resolution secondary electron (SE)

and Auger electron microscopy.




SE microscopy (100 keV and ~10 pA incident beam current), using a through-the-lens detection
scheme [15], performed before and after (radiauvely) annealing the CaF2/Si(111) substrates at 300
°C for 60 minutes, revealed that areas of obvious surface contamination were not reduced by
heating. Broad-beam Auger electron spectroscopy (AES) displayed no statistically significant
changes in the chemical compositon of the CaF7 surface after annealing for 60 minutes at
temperatures up to 400 °C. Higher annealing temperarures do, however, produce significant
changes in the surface morphology. These changes have been observed with SE microscopy. An
unannealed CaF2/Si(111) specimen is shown in Fig. 1a. The saw-toothed step edge visible in Fig.
la is a rypical surface feature of the many samples observed. Fig. 1b indicates that, after a 60
minute, 400 °C anneal, numerous, almost triangularly arranged pits are formed. These
morphological changes may have resulted from the relief of stresses present during the growth of
the CaF7 [16]. In order to prevent severe surface modificatons (pitting) during cleaning, the
substrates were either annealed for 60 minutes at 300 °C or for 24 hours at 170 °C prior to the Fe
depositdon. Obvious contamination occupied small, localized regions of the total CaF? surface area
(10-30%), such that Fe island size distributions could be determined from regions between the
contaminated areas. Fe was deposited using an electron beam evaporator. The evaporaton rate
was confirmed by Rutherford backscattering, AES, and quartz-crystal microbalance techniques.
The pressure during growth was typically less than 2x10-9 mbar with the substrates held at either

room temperature or 140 °C.

The initial stage of Fe/CaF9 growth proceeds by three dimensional islanding. Fig. 1cis an
example of a 60 minute Fe deposition at a rate of 0.11 A/min on a room temperature substrate. The
relatively even distribution of 2.0 nm diameter Fe islands on a 100 A thick CaF3(111) surface is
clearly displayed. Insetin Fig. lc is the corresponding Fe island size distribution. Particle 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 CaF2/Si(111) substrates. A

post-growth anneal of 140 °C on room temperature grown films did not produce a noticeable
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change in the Fe island size distribution. Statistical analysis performed on a large variety of images
yielded the following information for a 60 minute deposition of Fe (0.11 A/min) 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% of 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(111) with Fe
islands; (5) The number of Fe islands per unit area is 7.4x1012 islands/cm2; (6) The mean distance

berween Fe island centers is approximately 3.7 £ 0.6 nm; (7) No geometric ordering of the islands

was observed based on fast Fourier transform image analysis.

A simple energy calculation indicates that a hemispherically shaped, unstressed, and magnetically
ordered Fe particle must contain a single magnetic domain for diameters on the order of a few tens
of nanometers. This transition is a result of domain formation becoming energetically unfavorable
as the magnetc particle becomes smaller due to the domain boundary energy becoming a large
percentage of the total energy. The islands observed in Fig. 1c 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 [17]). These properties make this system of nm-size Fe islands

on an insulator, when covered by a noble metal, an excellent candidate for room temperature GMR

studies [10,18].

In siru surface magneto-optic Kerr effect (SMOKE) measurements were not sensitive enough to
detect a magnetic signal for this metal/insulator system. Our facility is capable of detecting
magnetization variations resulting from Fe thickness changes as small as 0.22 A for ultra thin films
of fcc Fe/Cu(100) [14]. Therefore, since no signal was detected, we conclude that ferromagnetism
in the island array is not present. A simple Langevin paramagnetism calculation indicated that a
superparamagnetic signal would not be apparent using our maximum applied magnetic field of
approximately 1000 Oe for islands with a diameter less than 2.8 nm, hence, we are not able to
distinguish between superparamagnetic and nonmagnetc behavior. This would imply that a larger
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field and more sensidve detection equipment (as with a SQUID) is necessary to observe the
expected Fe island superparamagnetic behavior. Furthermore, AES measurements exhibited
residual oxygen contamination within the CaF? surface layers prior to Fe deposidon. This
contamination could alter the magneuc response of the Fe film if some species of FexOy forms.
The various combinations of FexOy are known to display ferromagnetic, antiferromagnetic, and

ferrimagnedc behavior [19] and thus cannot be overlooked as a possible explanation for the lack of

observed magnetic response.

Fig. 1d displays a SE image of Fe islands on a 100 A thick CaF2/Si(111) surface and an oxidized
Si(111) surface. The oxidized Si region is visible because the CaF2 had locally lifted off of the Si
crystal, perhaps during 3 mm disc preparations. The existence of Fe islands on the Si region,
while also possessing a similar diameter as those on the CaF2 region, suggests that the
thermodynamically favorable reaction of silicide formaton did not occur. It appears that the Si had
been chemically changed into an insulating, lower surface energy, and less reactive SiO2 surface.
The difference of Fe mobility in the two distinct regions is made apparent by the difference in mean
inter-island separation. In addition, the (position) stability of the Fe islands shown in Fig. 1d was
monitored as a function of electron beam exposure. A SE image formed by subtracting two images

of the same area taken after a total electron dose of 6000 C/cmZ revealed that the Fe islands

remained fixed in position on both the CaF) and the SiO7 regions.

Fe is not expected to form compounds with CaF2. Thermochemical considerations reveal that Fe
is much less reactive with CaF7 than with NaCl [20]. Wassermann et al. and Martthews [21] found
that the Fe/NaCl system does not initiate compound formation at the interface. These two
considerations imply that there is a high probability of maintaining chemically distinct Fe and CaF2
regions when Fe is deposited under UHV conditions on CaF2 substrates held at or below 700 °C.
This does not preclude the existence of other channels for Fe compound formation. For example,
it is possible that the 100 A thick CaF2 does not completely inhibit iron silicide formarion.
6




‘Pinholes, located within the CaF2 film, may be a conduit for mass transfer. Although black,

round-shaped regions (pinholes) were observed via SE microscopy. the absence of denuded zones
surrounding these black areas and the resulting uniform Fe island distributon over the complete
CaF surface seems to suggest little, if any, chemical reactivity. Nonetheless, based on a
hemispherical model of Fe islands, particle size analysis implies that at least 20% of the Fe is
unaccounted for. This deficiency may be attributed 1o the model employed. Cylindrical shaped
islands with an axis length equal 10 the radius would enclose a volume 50% larger than a
hemispherical island of the same radius. Certainly, islands which are slightly hemispherical at the

top and cylindrical at the base would indicate that all the Fe is, in fact, accounted for.

A narrow size distribution of 2.0 nm diameter Fe islands was grown on CaF2/Si(111) surfaces
held at or near room temperarure. This system, an arrangement of possibly single domain particles
separated by less than the mean free path of conduction electrons in metals, is an exciting new
candidate for GMR studies. Further work must be completed to determine whether the Fe is;
magneuc, affected by the inherent oxygen contamination, chemically separated from the Si, and
controllable so that various size islands may be formed by changing the deposition rate, substrate

temperature, substrate surface energy, and quantity of Fe deposited.
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P. Bennett and W. Petuskey. We are also indebted to D. Lorenio of La\x;rence Berkeley Laboratory
for supplying the CaF7/Si(111) samples. This work is supported by the Office of Naval Research
under grant No. N00014-93-1-0099 and the National Science Foundation under grant No. DMR
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CAPTIONS:

Fig. la

Fig. 1b

Fig. lc

R ——=

SE image of an unannealed CaF2/Si(111) surface. The contrast is due 10 a saw-

tooth step edge which commonly appeared on these surfaces.

SE image of a CaF7/Si(111) sample that was annealed for 60 minutes at 400 °C.

Morphological changes are apparent by the many wiangularly oriented pits now

covering the entire CaF? surface.

A 60 minute, room temperature Fe deposition at a rate of 0.11 A/min on
CaF2/Si(111) produces a monodisperse Fe island distribution. The results of
statistical analysis performed on high resolution SE images is quoted in the text
The ordinate and the abscissa of the inset histogram are "number of Fe islands” and

"diameter of Fe islands (nm)", respectively. The vertical scale varies from 0 to 25

while the horizontal scale extends from Q to 5.

A SE image formed under the same conditions as Fig. Ic but in a region where
some CaF? has locally lifted off the Si(111) substrate. Fe islands are visible on the
CaF2/Si(111) surface (top), the oxidized Si(111) surface (bottom), and the inverted
CaF?) surface (right). A difference in Fe mobility can be observed by comparing

the mean inter-island separation between the top and bottom regions.
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Absolute Magnetometry at nm Transverse Spatial Resolution:
STEM Holography of Thin Cobalt Films

Marian Mankos, M. R. Scheinfein and J. M. Cowley
Deparment of Physics and Astronomy, Arizona State University
Tempe, AZ 85287-1504, USA

Abstract:

A new method for the absolute measurement of magnetization at nanometer spatial
resoluton in magnetic thin films has been developed. A biprism placed in the illumination
systemn of a scanning transmission electron microscope allows the operation of two distinct
holography modes. The absolute mode displays a linear change in phase difference for
regions of constant magnetization and thickness and the slope determines the magnitude of
magnetization. The differential mode displays a constant value of phase difference in these
regions allowing a simple and straightforward determination of domain wall profiles.
Micromagnetic structure extracted from identcal areas of thin Co films is compared using
the new holography modes, Differential Phase Contrast Lorentz microscopy and
conventional Fresnel Lorentz microscopy in the same instrument.

PACS : 75.25.+Z, 75.60.-d, 42.40.Kw, 07.60.Ly
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1. Introduction

Synthesized magnetic structures and devices are attracting scientific interest due o
their many unique and unusual properties which are often governed by their micromagnetic
structure. Multlayer structures composed of magnetic layers separated by nonmagnetic
spacers!, granular giant magnetoresistance films composed of magnetic and nonmagnetic
metals?, or Fe-Si and Fe-Zr base nanocrystalline soft magnetic alloys? exhibit phenomena
whose interpretation requires knowledge of the micromagnetic structure at nanometer scale.
At present a variety of techniques for the observation of magnetic structure, including the
Bitter pattern method4, magneto-optical methods’, X-ray and neutron topography$.7,
magnetic force microscopy?® and electron microscopy?, are available. Electron microscopy
is the only method to date capable of delivering structural information at nanometer (point)
resolution. Various modes of Lorentz microscopyl%11, revealing the in-plane component
of magnetization as well as the local (microcrystalline) microstructure, have been
implemented in a dedicated scanning transmission electron microscope (STEM). The
improved performance of electron microscopes equipped with high brightness and coherent
field emission sources, the availability of efficient new detection systems (CCD cameras),
and fast image processing techniques have facilitated a wave of new applications of electron
holography12.13, In electron holography, both the amplitude and phase of the transmitted
electron waves are recorded whereas in conventional electron microscopy only the modulus
of the wave amplitude is recorded. The phase shift in the specimen which contains
valuable information about the local distribution of scalar and vector potentials can be
retrieved from an electron hologram!4:15, We use this STEM electron holography to
explore the micromagnetic structure of cobalt thin films e-beam sputtered on holey
amorphous carbon films. Since thése films have well known micromagnetic structurelf, a
comparison with the magnetic structure contrast obtained by the new holography modes is
made with well-known classical Lorentz microsccpy techniques performed simultaneously
on the same samples in the same STEM.




1. Technique and Theory

In off-axis STEM holography!7:18 an electron biprism!9, a conductive wire about
0.5um in diameter held at a constant potential, is placed in the illuminating system of a
STEM (VG Instruments HB 5) as shown in Fig.la. The wave emitted from the electron
source is split by the biprism into two wave packets resulting in the formation of two
identical coherent electron probes at the specimen. If the objective lens is operated at a
large defocus, a hologram, the interference between the two coherent waves, appears as a
fringe-modulated image in the detector plane. The wave vectors and hence the fringe
spacing are determined by the electron beam voltage and the voltage applied to the biprism
wire. With a defocused objective lens, a large area of the specimen is illuminated and the
beam is held stationary (no scanning). The hologram is recorded on a slow-scan CCD
camera and reconstructed in the conventional way as in TEM holography20. A fast Fourier
transform of the hologram yields a diffractogram. The diffractogram has two sidebands
whose separation is dependent upon the spacing of the fringes. This side-band separation
in off-axis holography allows the removal of the conjugate image present in the hologram.
One sideband is isolated and its inverse Fourier transform reveals the amplitude and the
phase of the complex image wave. Magnetic thin films are strong phase objects with phase
differences of = 10 rad common, therefore we analyze only the reconstructed phase
image. However, the phase retrieval process of inverse transformation only delivers the
principal values in the interval (-x,+%). Thus the phase images must be further processed
in order to unwrap the periodicity by successive phase additions or subtractions of 2rx.

In the following we present the first experimental results of electron holography
obtained in a STEM. The contrast in a STEM electron hologram can be explained by
analyzing the wave paths from the source through the specimen to the detector plane. A
single wave emerges from the electron source and is split by the biprism, forming two
waves. The biprism thus forms two coherent virtual sources Q' and Q", as shown in
Fig.la. There are two different modes of STEM holography, 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.1b. This mode has analogy with TEM
electron holography. In the differential mode, both waves traverse the specimen as shown
in Fig.1c and interfere in the detector plane. Within the region of overlap in the detector
plane the intensity distribution becomes a modulated pattemn of cosine fringes
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ID(r) =laa(r) e2mi Kk, r+ ap(r)e2mikyri2 =

=laa(D)?2 + ag(r)l2 + 2las(r)l lapg(r)l cos[2rt(ka- kg).r + (©: = ¢:)], (1)

where k and kp are the wave vectors of the two interfering waves and aA(r), ag(r) are the
corresponding amplitudes. The interference pattern contains the amplitude modulation and
the phase difference of the waves. With no specimen present the phase shift ¢1—¢@: = 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 shifts2! due

1o the electromagnetic fields present. Consider the phase difference between paths QAD
and QBD, schematcally shown in Fig.2 :

p-¢: =21 ¢ kdl=2—:-§ pdl = %39 (mv-eA)dl

QADBQ
- %gﬁ mvdl - %”VxAdS - %§ mvdl - %” BdS, )

where p=hk is the canonical momentum, A is the vector potential, B the magnetic field and
S the area enclosed by the path QADBQ. In thin magnetic films the phase shift is
dominated by the second term, the magnetic phase shift. The phase difference is thus
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 excitation of the biprism.

III. Experiment

A. Absolute Mode

In the absolute mode, well known from TEM holography, one of the waves passes
through vacuum and the other through the specimen (Fig.1b). The phase difference is
measured always with respect to vacuum and the reconstructed phase difference 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 will change linearly with
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increasing distance from the edge as the enclosed flux increases, H BdS =Bpxt, where
Bp is the magnetization component normal to the plane defined by k4 and kg, tis the
constant thickness and x is the distance from the edge. The gradient of the phase will
determine the magnitude and direction of the magnetization in the domain (to within an
overall sign). In the following analysis we neglect the variation of the magnetic film
thickness over the analysis region (typical thickness variations are less than a few nm over
the ten micron field of view) as well as the phase shift caused by the mean inner potential of
the sample. We neglect variations due to the inner potential since it only 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 potental (due 1o thickness variations) are
small (~0.2 rad/nm for cobalt!5 when compared to the absolute phase changes caused by
the magnetic field (~10x rad). Fig.3 illustrates the absolute mode of STEM holography.
Fig.3a shows the recorded off-line hologram from the thin Co film; evident are the dual
images of the edge and domain wall (bright line) and the cosine fringes. The reconstructed
phase image in Fig.3b displays a wrapped phase image where the maximum phase change
is limited from -% to += in each band. A three-dimensional unwrapped phase image of the
marked region is shown in Fig.3c. The zero phase in vacuum is evident in the flat region
in the upper left part of Fig.3c. The linear phase change of 45.9%2.0 mrad/nm indicates
that the film is of nearly uniform thickness and uniform saturation magnetizadon-thickness
of 302+9 kOe-nm. This agrees favorably with the accepted value of the saturation
magnetization in Co for a 17 nm thick film22. The fact that we can make an absolute
determination of the magnetization rests upon the knowledge that the fringe spacing is
absolutely calibrated. Also evident in Fig.3c is the presence of a domain boundary
(108.3%£2.0°). This structure is consistent- with the presence of 71°, 109° and 180°
domain boundaries on (110) surfaces in fcc lattices?3. The proposed magnetization
structure is shown in Fig.3d and will be further verified in Fig.4. The main reasons for
measurement uncertainty were magnification calibration and thickness measurement.

In order to examine the unique contrast revealed by STEM holography we compare
the micromagnetic structure extracted from the data in Fig.3 with two accepted contrast
modes performed in the same STEM instrument without any special adjustment. The
marked area in Fig.4 corresponds to the region of the sample analyzed in Fig.3. In
Figs.4a,b Differential Phase Contrast (DPC) Lorentz microscopy?* and in Figs.4c.d
Fresnel contrast Lorentz microscopy images of the same region of the same cobalt film are
shown. In the DPC mode, images of domains of uniform magnetization can be identified

Ve o e s i e ma




6

as areas of bright or dark contrast!! and the vector nature of the local magnetization can be
revealed. Fig.4a shows the projected magnetization on the arrow indicated, where white
(black) corresponds to the magnetization parallel (antiparallel) to the arrow. Similarly,
Fig.4b illustrates the component of the magnetization projected along the orthogonal in-
plane axis as indicated. The orientation of the domains can be extracted straightforwardly
from these images and agrees with the proposed structure in Fig.3d. In the Fresnel
contrast mode, images of domain walls appear as either black or white bands® for the
irmages recorded in the underfocus (Fig.4c¢) and overfocus (Fig.4d) conditons. Note that
the contrast of the domain walls changes from black to white and vice versa when going
through focus. We can clearly correlate the domain wall structure emanating from the kink
in Fig.4c,d (black in Fig.4c, white in Fig.4d) as the same wall which divides the two
regions of uniform magnetization in Fig.4a,b as well as the structure identified as regions
of uniform magnetization in the reconstructed hologram in Fig.3c. What we are not able to
extract from Fig.4 is the absolute value of magnetization: this would require the accurate
measurement of the deflection angle caused by the magnetization in the DPC mode.
However, this angle is too small (~10-5rad) for an accurate measurement in the electron
microscope. In the Fresnel mode it is even more difficult to evaluate the magnitude of the
magnetization since it requires an image deconvolution of the domain wall with an exact
value of defocus and a known wall profile.

The holographic technique allows the extraction of quantitative information about the
magnetic structure at high spatial resolution and therefore significantly expands the abilities
of STEM as a tool for investigating magnetic materials. Since the Fresnel mode is still the
simplest and fastest way for domain structure observation and the DPC mode provides
necessary information about the magnetization orientation in the particular domains, the
three techniques used in conjuction in the same instrument provide all the necessary
information for complete, calibrated micromagnetic structure determination.

B. Differential Mode

The differential mode of STEM holography has no analogy in TEM holography. Both
of the split electron waves pass through the specimen. Here, the two virrual sources are
separated by a very small distance when projected onto the sample, typically several tens of
nm (Fig.1c). This separation can be varied not only by changing the voltage applied to the
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biprism, but also by simply changing the excitation of the condensor and/or objective
lenses. The size of the illuminated area which contributes to the phase difference (through
the magnetic flux), is approximately constant for every point in the detector plane
(lumination is almost parallel). The sensitivity to local changes in the phase is limited in
this mode by the separation of the virtual sources. Since the resolution limit in
reconstructed holograms is about 2-3 times the cosine fringe spacing??, 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 magnetc structure. 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.

In Fig.5 we show images of a domain wall in the thin Co film, and compare the
information retrievable from the differential holography, DPC and Fresnel modes. Figs.
Sa-c show the reconstructed phase, processed DPC, and Fresnel images of the domain
wall. Figs.5d-f are the corresponding three-dimensional plots of the domain wall profiles
for each of the cited methods respectively, and Figs. 5g-i show the domain wall
magnetization profiles extracted in a direction perpendicular to the domain wall. The
Fresnel mode profile does not allow any direct interpretation of the domain thickness or the
magnetization distribution across the domain wall. Comparing the wall profiles from the
differendal holography and DPC modes, we readily see that the latter displays strong ripple
due to scattering contrast from small particles, hence significantly complicating the
determination of the wall profile. This ripple is suppressed in the holography mode,
because the phase changes caused by these effects are small when compared to the absolute
change of phase from the magnetic flux. The residual slope within the two domains in the
phase image is due to the complicated magnetization structure along the domain wall. The
width of the domain wall (20-80% of maximum value), as determined from the line scans
in Fig.5, agrees in both modes quite well : 104 =4 nm (differential holography) and 98 £7
nm (DPC).




IV. Conclusions

We have developed a new method for the absolute measurement of magnetization in
thin magnetic films by STEM holography. The absolute mode of STEM holography
displays a linear change in phase difference for regions with constant magnetizaton and the
slope determines the absolute value and direction of magnetization. The differental mode
of STEM holography displays a constant value of phase difference for regions with
constant magnetization, which simplifies the identification of magnetic structures in the
specimen. In addition, no edge or hole is necessary since neither wave packet need pass
through vacuum. These results illustrate the power of combining several STEM based
techniques for the investgation of magnetic microstructure. The Fresnel mode is best used
for fast and simple recognition of magnetic microstructure, the DPC mode is best used for
magnetization orientation in domains and most importantly, the holography modes allow
absolute determination of magnetization, the determination of equimagnetization lines in
domains and a straightforward determination 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
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Figure Captions

Figure 1 :

Figure 2 :

Figure 3 :

Figure 4 :

Figure 5 :

e B m it ape— .o S - emame | e e v .

a - Electron-optical set up and ray diagram for off-axis STEM holography.
Ray diagrams for the absolute (b) and differential (c) modes of STEM
holography.

Schematic diagram for the calculation of phase difference which give magnetc
contrast in the phase image.

The absolute mode of off-axis STEM holography.
a - Recorded hologram of a thin cobalt film.
b - Wrapped phase image reconstructed from the hologram.

¢ - Three-dimensional unwrapped phase reconstruction plot of the selection
marked in Fig.3b.

d - Proposed domain structure near the kink in the film.

Classical Lorentz microscopy of the same region as in Fig.4.

a,b - DPC images with magnetization projected along orthogonal axes, as
indicated by the arrow.

¢,d - Fresnel images acquired in underfocus (c) and overfocus (d) condition.

Domain wall profile comparison.

a, b, ¢ - Reconstructed unwrapped phase (2), DPC mode (b) and Fresnel mode
(c) images of a domain wall in a thin Co film.

d, e, f - Three-dimensional plots of images a-c.

g, h, i - Line profiles across the domain wall, averaged over 100nm.
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. STRUCTURAL AND MAGNETIC PROPERTIES OF EPITAXIALLY GROWN
‘ FCC Fe/Cu(100) and Fe/CaF2/Si(111)

M.R. 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
uitra-high vacuum scanning transmission electron microscope to characterize microstructure in
ultrathin films of Fe/Cu(100) grown at room temperature and Fe/CaF7/Si(111) grown at room
temperature and 150 C. Thin film microstructure was correlated in sima with magnetc propertes
by using the surface magneto-optic Kerr effect.

INTROIDUCTION

Ferromagnetic ultrathin epitaxial films grown on single crystal metal substrates display unusual
properties characteristic of two-dimensional ferromagnetism stabilized by magnetic (surface)
anisotropy [1]. The exchange coupling and crystalline anisotropy depend very sensitively on the
lattice. Ultrathin films, grown epitaxially on templates which distort the bulk lattice are often
highly strained enabling metastable film properties to be explored at room temperature. The most
studied, and perhaps the most complex metal/metal epitaxial system is fcc Fe/Cu(100). The fcc
phase of Fe, stable in bulk above 9110 C [2], can be grown epitaxially on Cu(100) with 0.83%
lattice mismatch. For fcc (fct) Fe, a non-magnetic, high and low spin, or an antiferromagnetic
phase can be stable depending upon the lattice constant {3]. The magnetic propertes of fcc
Fe/Cu(100) have been investigated using the surface magneto-optical Kerr effect (SMOKE) [4,5],
spin-polarized photoemission [6], spin-polarized secondary electron spectroscopy {7.8],
conversion-Md&ssbauer spectroscopy [9], inverse photoemission [10] and spin-polarized scanning
electron microscopy (SEMPA) [11]. The energy balance between surface anisotropy and shape
anisotropy, both strong functions of film thickness, growth and measurement temperature [4,11-
13], determine the easy axis of magnetization. Interest in this system is stimulated by rich
structural properties present during various phases of film growth [12-18], including bilayer
growth during initial phases of epitaxy [15-18], strain-relief at intermediate thicknesses, weak
surface reconstructions [12], and fcc to bec transitions [e.g. 13]. Extensive work has been
devoted to correlating film microstructure with magnetic properties {12,13,19] with emphasis on
the non-magnetic-to-magnetic transition at 1-2 ML (ML denotes a monolayer, 0.18 nm for fcc
IE::I(.,IOO)) coverages and the polar-to-longitudinal transition in the easy axis of magnetization at 4-8

EXPERIMENTAL RESULTS

Our magnetic thin film growth and characterization facility is schematically depicted in Fig. 1. The
foundation of this system, shown on the far left-hand side of Fig. 1, is 2 modified Vacuum
Generators HB501-S, field-emission scanning transmission electron microscope (STEM) [24,25].
A magnetic parallelizer (P) [26] guarantees nearly 100% collection efficiency at SE energies, and
nearly 50% collection efficiencies at intermediate Auger energies (300 eV to 500 eV) [27]. This
high collection efficiency and the ability to form subnanometer 100 keV focused electron probes
allows for the acquisition of nanometer transverse spatial resolution secondary and Auger electron
images [20-23]. A secondary electron detector (SE) located below the sample facilitates in the
study of bulk specimens (S). This electron microscope and the attached preparation chamber
enables growth 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 5%x10-11 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 (Art), a residual gas analyzer (RGA),
various Knudsen cell evaporation sources (K1, K2, and K3), and an electron-bombardment Fe
.£vaporator. The combinaton of in situ SMOKE measurements with nanometer-resolution
microstructural characterization techniques makes this observation system ideal for correlating thin

film surface microstructure (those structures with features larger than 1 nm) with macroscopic
magnetic properties.

~-- SMOKE
N CHAMBER
MAGNET
LGHT LIGHT RHEED &
N Ny OUT AUGER
'\ AIONS Fe SOURCE
P2 SE2 \ /
X oL g g AR
P1 1A N
- SE1 ; g
ak A2 K1 K3
=2 maka
/-:ﬂ
i
_FEG _ i - - . - A

Fig. 1: Modified VG HB501-S thin film growth and characterization facility. The microscope
column contains; P2, Pl-upper and lower parallelizers, respectively, SE2, SE1-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-cylindrical 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 A2, and

Knudsen cell evaporators K1, 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 5x10-11 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/cm2) with an operational

pressure of 6x10-7 mbar. Specifically, the Cu crystals were first sputtered at room temperature
for 1 hour. Next, the Cu was heated to ~330°C and hot-sputtered for 4 hours. Following this, the
Cu was annealed at ~600°C for 15 minutes to produce a well-ordered surface, as-observed with
RHEED. Recleaning samples with less than 10 ML (1 ML = 1.805 A) of Fe on them required a
~330°C 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
microscopy) was, prior to Fe deposition, cycled through a ~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.




Folloewing the surface preparation and Fe deposition, surface structural characterization was
performed using secondary electron (SE) microscopy. SE microscopy contrast is sensitive to
topography {23,29] and local changes in the work tunction [30]. Several of the cleaned Cu
surfaces observed with SE microscopy revealed small contaminant clusters which we believe to be
Cu20 (based upon the most likely copper oxide formed at these temperatures and pressures [31])
islands nucleated over the entire Cu surface. Analysis of these SE images indicates that oxygen
coverages <0.0011 at.% are well below the sensitivity of the broad-beam AES (typically sensiuve
to no better than I at.%) used in the preparation chamber. In Figs. 2a-f we display corresponding
broad-beam Auger spectra and SE images for two identically prepared Cu surtaces. Figs. 2a and
2b are the respective EN(E) and dN(E)/dE spectra acquired for a clean Cu(100) surface. These
spectra clearly exhibit five Cu Auger peaks (58, 105, 776, 840, and 920 eV in the derivative
mode) while not detecting the O (503 eV) peak (the sensitvity factors at 3 keV indicate that O is
about two times more detectable than the 920 eV Cu signal, from which we conclude that the
oxygen coverage is <2 at.%). The SE image shown in Fig. 2e represents a typical area of the

clean Cu(100) crystal surface with less than 1.4x10% oxide particles/cm2, thus yielding an oxygen
coverage of 0.016 at.%. The typical terrace width on these Cu(100) surfaces vary from 25 nm to
75 nm, which, based on the uniform growth, is greater than the Fe atom diffusion length for this
system. Thus, the effects of a rough and disordered surface on the magnetic properties have been
reduced below a detectable level. Insulators and oxides, in general, have higher secondary
electron yields than metals [32], and hence appear bright in SE micrographs. In contrast, the
Auger spectra in Figs. 2¢ and 2d also imply a clean Cu surface, but the SE image of Fig. 2f shows
larger, more numerous (3.6x 1010 particles/cm2 of 10 nm average radius and 3.75 at.%) oxide
particles populating the entire Cu surface. In situ electron microscopy, with its high sensitivity for
the detection of surface contamination, was used to guarantee the real space chemical and structural
integrity of all Cu(100) substrates prior to Fe deposition. In particular, our cleanest Cu(100)
surfaces had 1x109 particle:s/cm2 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.
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Fig. 2: Auger electron spectroscopy (AES) scans of clean copper in the (a) EN(E) and (b)
dN(E)/dE mode with its corresponding (e) secondary electron (SE) image. The white curves are
step bands separating terraces. The average terrace width lies within 25 nm and 75 nm. AES

scans of oxidized 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 fcc Fe/Cu(100) films are
shown in Fig. 3. Fe film thicknesses below 2 ML displayed no magnetic response (not shown).
Inital magnetic response is observed as a zero-remanence, linear hysteresis loop in the polar
direction, with no magnetizaton in-plane, Figs. 3(a) ana 3(b). At intermediate thicknesses, 3.5
© ML, remanent pola.r F1° 3(c), and Ionouudmal Fig. 3(d), SMOKE loops are observed. While
the in-plane loop 1s square, the ulted polar loop dlsplays the etfects of shape anisotropy indicatng
a canted easy-axis. SMOKE loops from thicker films, 4.7 ML, shown in Figs. 3(e) and 3(t), lose
polar remanence, but have square in-plane loops characteristic of an in-plane easy-axis. As-grown
in-plane remanence and saturation magnetization both increase nearly linearly with thickness
below 5 ML indicanng that most of the film (above 2 ML) is magnetcally acave. Film thicknesses
exceeding this range (t -> 10 ML) become non-magnetic, in accordance with prior observations
{13]). Films thinner than 10 ML had fcc structure with the transverse latuce constant ot the

substrate (our RHEED measurements permit an evaluation of the in-plane lattice constant to within
+2%).

Polar Longitudinal At low film coverages,

1200 supersurface island formation

= 1000} (@) | | (o) can be observed locally by
@ ~ correlating the SE images with
S 809 11 the Cu and Fe AE images. One
T 600} —~— [ |  such set of spadally correlated
- images is displayed in Figure 4
5 4007 11 for 2 0.33 ML thick Fe film. SE
X 200 ! . images are sensitive to both the
2.1 ML 2.1 ML work function and topography

1200 of the surface. The SE image in

> 1000} | (d) ' figure 4a illustrates supersurface
‘A Fe islands with the
S %9 1  corresponding contour plot
€ 600} i shown in figure 4b. The large
= 7" | island (~45 nm in diameter) has
= 400y - 1 intensity contours near its upper
X o200l I left quadrant indicating that this
. 3.5 ML island is composed of more than

1200 ' : ' one monolayer of Fe within the

> 1000} (e) L (f) |  bulk of the island. The contrast
‘@ of the smaller islands is identical
S 80r i 1 to the contrast of the tip of the
< 600 / I { larger island (within the signal-
= to-noise limits of these
g 400 | 1t meusurements) indicating
X 200t | identical Fe island thicknesses.
4.7ML T | 4.7ML | AE images and contour maps

derived from the Cu (Figs. 4c
and 4d) and Fe (Figs. 4e and 4f)

Auger electron signals can be
H (Ge) H (Qe) directly correlated with the SE

0
900 450 © 450 900-800 -450 @ 450 800

Fig. 3: Room temperature grown fcc Fe/Cu(100) polar and longitudinal surface magneto-optical
Kerr effect (SMOKE) hysteresis loops. The incident angle is 45° for both longitudinal and polar
SMOKE measurements. (a) polar - 2.1 ML, (b) longltudmal 2.1 ML, (c) polar - 3.5 ML, (d)

longitudinal - 3.5 ML, (e) polar 4.7 ML and (f) longitudinal - 4.7 ML.. All measurements made
at room temperature.
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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 Ee (Cu) LMM peak
Auger elecurons 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, (¢) Fe LMM AE image indicating Fe (white) islands, and (f) the
corresponding contour map of the Fe AE image. The correlation of these three signals indicates
that the islands 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 ii: the Cu (Fig. 5b) or Fe (Fig. 5¢) AE images. However, these same
Cu and Fe AE images with superimposed contour plots, shown in Figs. 5d and Se respectively,
indicate the regions depleted c: Cu are rich in Fe. Since there is no contrast in the SE image, and
the SE yield for fcc Fe and Cu are practically identical (8 Fe=68Cy=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 types 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 conditons.
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Fig. 3: After deposidon of 1.7 ML of Fe at room temperature, subsurface islands are observed.
(a) Secondary electron image, (b) Cu LMM Auger electron (AE) image indicating Cu depleuon
regions (black), and (c) Fe LMM AE image indicating Fe rich regions (white). The correlation ot
the structure in (b) and (c) and the lack of any contrast in (a) indicates that these islands are within
the surface of the substrate. Contour plots for (b) and (c) are shown in (d) and (e) respecuvely,
directly beneath the corresponding image. These three images have identcal scale factors.
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Our observations suggest that in the regions where subsurtace islands occur. a vertical Fe-Cu
atomic site exchange occurs. This process continues until the driving force causing the exchange
diminishes. We observed this Fe coverage to be thicker than 2 ML, beyond which conunuous Fe
films grew. The lack of ferromagnetic ordering observed in this sub-2 ML regime is not
inconsistent with the observed growth process. In order for the moment of an Fe islanc to be
stable against thermal fluctuations, it must have a minimum size. Assuming a Boltzmann-type
probability distribution, it is swraight forward to show that most of the Fe islands, which are ~4 nm
in diameter, are too small for the moments be unaffected by thermal energy..

We now rum our attension to the growth of Fe on CaF2. Presently, the majority of solid state
devices are fabricated using Si as the semiconducting material due to the exisience of its native
axide, SiO2. The lack of an atomically smooth SiO2-Si interface does, however, impede the
production of three dimensional Si-based devices. Rough interfaces not only decreasc the mobiliry
of carriers in devices, but can also destroy the three dimensional epitaxial ordering of subsequent
depositions. CaF7 has been noted as a suitable insulator which may be grown epitaxially and
atomically smooth on Si(111) substrates. A small lattice mismatch (0.6% at 298 K) between CaF2
and Si. a relatively Jarge band gap (12.1 eV) for electronic isolation, and a larger dielectric constant
(6.8) than SiO2 (3.9) for an increased electric field at the insulator-semiconductor device intertace
are but a few of the many reasons for considering CaF2 as an obvious replacement for the natve
Si07. In addition, CaF7 layers may be used as a butfer region such that devices utlizing highly
reactive metals such as Fe are not able to form compounds with the Si substrate. The deposition of
Fe would enable the fabrication of fully integrated electronic and magnetic devices on a single
substrate. Magnetic sensors, high speed microwave waveguides, and non-volatile memories are
just three ofS the many applications which may result from constructing solid state devices using Fe.
CaF2, and Si.
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For, very slow growth rates the adsorbate topology is expected to approximate structures produced
under equilibrium conditions. In this regime, the growth mode is controlled by surface energy
imbalances. As Bauer has already set torth (34], a system in equilibrium can be characterized in
.terms of the surface energy of the adsorbate (7a), substrate (¥s), and the interface between them
(n1). When 3 +¥j > ¥s the deposited material is not expected to spread evenly over the substrate's
surface. Fe and CaF2(111) are known to possess surface energies of 2475 erg/cm? {33] and 450-
550 erg/cmz [36], hence, Fe island formation on CaF? is expected. We are interested in the
formation of monodisperse transition metal island size distributions because ferromagnetic or
paramagnetic granules embedded in a three-dimensional noble metal matrix have been shown to
exhibit giant magnetoresistive behavior if the granules are properly spaced and smaller than some
critical radius (37]. This leads to the natural extension whereby a two-dimensional array of
isolated ferromagnetic particles, such as Fe islands on an insulating CaF7 substrate, covered by a
noble metal is expected to yield two-dimensional giant magnetoresistance (GMR) effects. In
addition, since CaF) can be chemically altered by electron beam exposure {38], 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 CaF? to be used as an electron beam resist [38], thereby expediting
the fabrication of nm-size and low dimensional magnetic devices.

SE microscopy (100 keV and ~10 pA incident beam current), performed before and after
(radiatively) annealing the CaF7/Si(111) substrates at 300 °C for 60 minutes, revealed that areas of
obvious surface contamination were not reduced by heating. Broad-beam Auger electron
spectroscopy (AES) displayed no statistically significant changes in the chemical composition of
the CaF surface after annealing for 60 minutes at temperatures up to 400 °C. Higher annealing
temperatures do, however, produce significant changes in the surface morphology. These
changes have been observed with SE microscopy. An unannealed CaF72/Si(111) specimen is
shown in Fig. 6a. The saw-toothed step edge visible in Fig. 6a is a typical surface feature of the
many samples observed. Fig. 6b indicates that, after a 60 minute, 400 °C anneal, numerous,
almost triangularly arranged pits are formed. These morphological changes may have resulted
from the relief of stresses present during the growth of the CaF2 [39]. In order to prevent severe
surface modifications (pitting) during cleaning, the substrates were either annealed for 60 minutes
at 300 °C or for 24 hours at 170 °C prior to the Fe deposition. Obvious contamination occupied
small, localized regions of the total CaF) surface area (10-30%), such that Fe island size
distributions could be determined from regions between the contaminated areas. Fe was deposited
using 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 2x10-9 mbar with the substrates held at either room temperature or 140 °C.

The initial stage of Fe/CaF2 growth proceeds by three dimensional islanding. Fig. 6c is an
example of a 60 minute Fe deposition at a rate of 0.11 A/min on a room temperature substrate.
The relatively even distribution of 2.0 nm diameter Fe islands on a 100 A thick CaF2(111) surface
is clearly displayed. Particle 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 CaF72/Si(111) substrates. A post-growth anneal of 140 °C on room temperature
grown 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 information for a 60 minute
deposition of Fe (0.11 A/min) 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% of 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 CaF7(111) with Fe islands; (5) The number of Fe islands per unit area is

7.4x1012 islands/cmZ; (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 Fourier transform
image analysis.
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Fig. 6: (a) SE image of an unannealed CaF2/Si(111) surtace. (b) SE image of CaF2/Si(111)
surtace that was annealed tor 60 minutes at 400 C. Morphological changes are apparent by the

many triangularly oriented pits now covering the entire surtace. (¢) A 60 minute deposition of Fe
atarate of 0.011 nm/min produces a monodisperse island size distribution.

A simple energy calculation indicates that a hemispherically shaped. unstressed. and magnetically
ordered Fe partcle must contain a single magnetic domain for diameters on the order or a few tens
of nanometers. This transidon is a result of domain tormation becoming energetcally unfavorable
as the magneuc particle becomes smaller due to the domain boundary energy becoming a large
percentage of the total energy. The islands observed in Fig. 6c¢ 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 [40]). These properties make this system of nm-size Fe islands

on an insulator, when covered by a noble metal, an excellent candidate for room temperature GMR
studies [41].

CONCLUSIONS

In siru, magnetic and structural characterization of ultrathin films of Fe on Cu(100) was performed
using SMOKE, RHEED, broad-beam AES, SE imaging, and AE imaging. Results indicate that
room temperature grown films are non-magnetic below 2.1 ML, are ferromagnetic between 2.3
and 5 ML, and are no longer ferromagnetic greater than 5 ML but less than 10 ML. SE and AE
images reveal localized alloying and simultaneous multilayered growth for films less than 2 ML
and no gross strucrural changes for films of order 10 ML. AES reconfirms a simultaneous
multilayered growth mode due to the lack of breaks in the normalized MVV Cu peak-to-peak
height curve as a function of evaporation time. Broad-beam AES was determined to be inadequate
for determining the oxide contamination of Cu crystal surfaces because of a lack of detection
sensitivity, and may account for the variability in some growth/magnetic properties studies in the
fcc Fe/Cu(100) system. Both supersurface islanding and subsurface islanding through vertical
atomic site exchange in room temperature grown films of fcc Fe/Cu(100) in the 0-2 ML regime
was observed. These observations are not inconsistent with the lack of ferromagnetism observed
in room temperature grown sub-2 ML fec Fe/Cu(100) ultrathin films. A narrow size distribution
of 2.0 nm diameter Fe islands was grown on CaF2/Si(111) surfaces held at or near room
temperature. This system, an arrangement of possibly single domain particles separated by less

than the mean free path of conduction electrons in metals, is an exciting new candidate for GMR
studies.
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