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Au/Fe thin-film magnetic multilayer materials: A layer-specific structural analysis
using medium-energy ion scattering
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This paper presents an account of the application of medium-energy ion scattering~MEIS! to the investi-
gation of thin-film metallic multilayers grown using molecular-beam epitaxy. MEIS can provide high resolu-
tion compositional and structural information as a function of depth in the near surface region~0–250 Å!; these
parameters are inextricably linked with the magnetic properties exhibited by materials of this type. Amongst
the information available from MEIS is the accurate determination of the layer spacings, structural information
from individual layers~even at thicknesses close to a monolayer!, and high sensitivity to disorder in the layers.
MEIS therefore provides additional information above that provided byin situ reflection high-energy electron
diffraction monitoring during growth andex situx-ray diffraction measurements so that it represents an ideal
complementary technique for the analysis of thin-film magnetic multilayer materials of this type. An Au/Fe
multilayer sample of a type previously shown to exhibit giant magnetoresistance~GMR! was analyzed. Indi-
vidual gold layers were clearly resolved and a measurement of the bilayer spacing obtained; this parameter
determines the magnitude of the exchange coupling and GMR. Au/Fe/Au trilayer samples grown on both
MgO~100! and sapphire~112̄0! substrates were also analyzed for a series of Fe layer thicknesses between 2 and
16 Å. The MgO~100! grown samples showed unusually high second-layer Au signal consistent with atomic
layer spacings in the Fe layers that lead to enhanced illumination of the second-layer Au. This effect could be
modeled using bcc~100! layer spacings thus confirming the structure to be bcc~100! Fe between fcc~100! Au
layers. In the sapphire-grown samples, twinned fcc~111! structure was observed in the individually resolved Au
and Fe layers. The amplitude of the Fe blocking features was reduced with increasing Fe layer thickness
indicating a reduction in crystallinity until for the highest thickness there was little indication of structure
within the layer. The maximum layer thickness for fcc~111! Fe growth was seen to lie between 8 and 16 Å.
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I. INTRODUCTION

The ability to obtain structural information from the su
face and subsurface region of metallic materials is extrem
important for the investigation of layered magnetic structu
grown by techniques such as molecular-beam epit
~MBE!. An array of bothin situ and ex situ techniques al-
ready exists to obtain chemical and structural informati
with the most widely used structural techniques being refl
tion high-energy electron diffraction1–4 ~RHEED! and x-ray
diffraction ~XRD!.2–4 However, these techniques have lim
tations if the layer structure to be investigated is in the ne
surface region, i.e., less than 250 Å below the surface of
material. RHEED only examines the outermost atomic la
and in x-ray diffraction the layers should generally occu
some fraction of the extinction depth. Further, a number
other surface structural and chemical techniques~e.g., Auger
electron spectroscopy, x-ray photoelectron spectrosc
low-energy electron diffraction! are available, but their pen
etration distance into the material is limited by the mean f
path of the emerging electrons, typically 10–20 Å. Conve
tional Rutherford backscattering measurements are res
tion limited by the detector to about 50–100 Å~Ref. 5! and
although the use of grazing incidence may significantly i
prove this,6 a fixed experimental geometry also limits th
PRB 580163-1829/98/58~8!/4934~8!/$15.00
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amount of structural information that can be obtaine
Clearly there exists a region of about 100 Å from whi
information is difficult to obtain. Medium-energy ion scatte
ing ~MEIS! has the unique ability to provide a combinatio
of compositional and structural information in this regio
with close to layer-by-layer depth resolution. This techniq
has for several years been used in the study of surface
near-surface composition and structure,7–9 although applica-
tions seem principally to have been limited to the study
semiconductor layered structures,10 with very little applica-
tion to metallic thin-film multilayer materials such as tho
discussed here.11,12

Ion scattering techniques rely on an analysis of the pr
ucts of binary collisions between incident ions and posit
cores of the atoms that compose the near-surface reg9

The resultant energy of the scattered particles can be ca
lated from the scattering angle and the masses of the at
involved using well-understood kinematic relationship
hence it is possible to determine the mass of atoms in
near-surface region. Also, as the incident ion penetrates
material, it loses energy due to inelastic loss processes
the energy of the backscattered ions is reduced proport
ally; hence it is possible to distinguish those scattered p
ticles that result from surface collisions from those that ori
nate deeper within the material. In addition, changes
4934 © 1998 The American Physical Society
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PRB 58 4935Au/Fe THIN-FILM MAGNETIC MULTILAYE R . . .
scattered ion intensity as a function of angle give crysta
graphic information about the material. This arises from
ther channeling or blocking caused by the arrangement of
atoms preventing in-going or scattered ions traveling alo
particular orientations within the solid.

In the past 10 years a great deal of work has been car
out in the field of thin-film magnetism. Much of this wor
has concentrated on the study of multilayered structu
since they exhibit magnetic properties such as ‘‘giant m
netoresistance’’~GMR!. Within this field Fe/Au multilayered
structures have been extensively studied, because of the
istence of the exchange coupling effects that give rise to
GMR phenomenon.2,13 Since differences in the structure o
these multilayered materials is expected to influence
magnetic properties of the films, a detailed investigation
the relationship between structure and growth conditi
should provide valuable information, which may in the lo
term lead to the production of better quality materials exh
iting enhanced properties.

The growth of Fe on Au~100! substrates is fairly well
understood,1,2 with the Fe layers able to grow in a bcc co
figuration with a very small lattice mismatch~around 0.6%!
if a lattice rotation of 45° is allowed. However, there a
conflicting results as to how Fe grows on Au~111! substrates,
especially for films around 10 Å thick.3,14,15 Above this
thickness bcc growth will again occur,3 but below this value
the Fe is thought to adopt the fcc structure of the substra14

In this paper, a series of Fe thin films grown on both Au~100!
and Au~111! are investigated, which demonstrate that str
tural and compositional information can be obtained fro
the subsurface layers of interest.

II. EXPERIMENT

A. MBE

MBE is an important tool for the production of materia
of this type due to its highly controllable growth condition
and ability to produce atomically flat surfaces. All th
samples used in this experiment were grown at Leeds in
VG-80M MBE system with a base pressure of
310211 mbar. Deposition rates were calibrated using
quartz film thickness monitor and typical growth rates we
around 0.2 Å/s. The principal diagnostic for samples dur
growth was a 15 kV RHEED gun operated in conjuncti
with a KSA 300 data collection system.

Three separate types of samples were grown: a si
Fe/Au multilayer sample on a MgO~100! substrate, Au/
Fe/Au trilayer samples on MgO~100!, and Au/Fe/Au trilay-
ers on sapphire~112̄0!. Schematic diagrams showing th
layer structure of the samples are given in Fig. 1. Grow
conditions for each of these types will now be discuss
separately.

1. Multilayer sample

The multilayer sample was grown on a MgO~100! sub-
strate with a 10 Å Fe seed layer and a 200 Å Au buf
grown at 200 °C. The multilayer structure comprised 20
peats of 22 Å of Fe and 10 Å of Au grown at room tempe
ture, with the last Au layer acting as the cap. In this config
ration the Au buffer layer is expected to grow as fcc~100!,
the Fe layers are expected to form bcc~100!, and the Au
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layers are expected to adopt an fcc~100! configuration.2,3 The
RHEED patterns observed during growth appeared to c
firm this growth behavior. Samples grown under identic
conditions have been shown to exhibit varying degrees
exchange coupling as evidenced by GMR measurem
with a maximum value of 40% depending on the Fe lay
spacing.16

2. MgO trilayer samples

Trilayer samples were also grown on MgO~100! sub-
strates, again with a 10 Å Fe seed layer and a 200 Å
buffer. An Fe film of either 2, 4, 8, or 16 Å thickness wa
then deposited followed by a 15 Å Au capping layer. He
again, the Au buffer grows as fcc~100!, the Fe is expected to
form bcc~100! with the capping layer also adopting a

FIG. 1. Schematic representations of the samples analyzed u
MEIS. ~a! 20-period multilayer structure grown on MgO@exhibiting
~100!-type growth surface#, ~b! MgO-grown trilayer samples,~c!
sapphire-grown trilayer samples@exhibiting ~111!-type growth sur-
face#.
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4936 PRB 58NOAKES, BAILEY, HUCKNALL, DONOVAN, AND HOWSON
fcc~100! configuration. Again RHEED patterns consiste
with the expected growth behavior were observed through
the growth process.

3. Sapphire trilayer samples

The sapphire trilayer samples were grown on the~112̄0!
surface of single-crystal substrate with a 15 Å Nb buf
layer. The Nb buffer exhibits bcc~110! structure and has a
low lattice mismatch with the Au buffer layer, which in tur
exhibits fcc structure with a~111!-type growth surface.2 On
top of the Nb buffer a 15 Å Au film was deposited, followe
by an Fe layer to the required thickness of either 2, 4, 8
16 Å and finally a 15 Å Au capping layer. Despite the a
sence of a thick Au buffer layer between the Nb and
layers, RHEED indicated sixfold symmetry typical of
~111!-type surface throughout both gold layers and the t
Fe film, consistent with fcc growth.

Prior to analysis, samples were stored and transferred
low vacuum system and briefly exposed to atmosphere
ing transfer into the MEIS apparatus.

B. MEIS

Ion scattering experiments were carried out using
Daresbury MEIS facility. For these experiments a 100 k
He1 ion beam was employed with a current of up to 1mA
and a dose per data set of 5mC. The angle and energy of th
scattered ions are determined using a state-of-the-art toro
electrostatic energy analyzer with position-sensitive detec
This allows the simultaneous collection of ions from a 2
range of scattering angles and with a range of energies e
to 2% of the pass energy. The raw data are thus in the f
of a two-dimensional~2D! array of intensity as a function o
energy and angle. A complete data set is constructed f
several 2D arrays of different angles and energies and
eral examples are shown in the results section. The varia
of backscattered ion intensity over the angular and ene
range is shown by a false color map using the visible sp
trum from violet to red to indicate increasing intensity.

The 2D data can be sectioned to produce a 1D angle s
trum ~or 1D energy spectrum!. The 2D data can also b
processed to ‘‘gate’’ a range of energies that vary with ang
so that the signal from a specific element and/or layer can
isolated from other elements or layers. Examples of 1D an
spectra~blocking patterns! from specific layers within the
samples analyzed are also shown and discussed in the re
section. The blocking dips seen in these spectra can be
tributed to known crystallographic orientations within th
samples. The ratio of the intensity in blocking and nonblo
ing geometries~amplitude of the blocking dip! can be used
as a relative measure of the degree of crystallinity in e
layer.

Another type of data set presented here is the azimu
scan, which involves rotation about the sample normal wh
integrating the detector counts from some area of the de
tor ~often the entire area!. By setting the analyzer energy t
correspond to signal from a particular element or layer inf
mation can be obtained about the structure of that elemen
layer. Scans of this type are also used in conjunction w
similarly collected scans of in-plane and out-of-plane in
dence angle to align the samples prior to collection of the
data sets.
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III. RESULTS AND DISCUSSION

A. Multilayer sample

This sample was chosen as an example of a prac
Fe/Au multilayer that exhibits the GMR phenomenon. Figu
2 shows a full 2D data set for this sample taken using a@110#
incidence geometry~45° off normal in a^100& azimuth!. A
series of bands of intensity can be seen from high energ
much lower energy, arising from the contributions of ea
individual Au layer to the scattering spectrum. In total, abo
4–5 bands can be resolved with the modulation decreasin
intensity as the energy decreases. This decrease arises d
straggling effects in the inelastic energy losses; it is this p
nomenon that effectively limits the probing depth of th
MEIS technique. However, despite straggling, information
available from the resolvable layers and the energy sep
tion of the bands can be used in conjunction with the p
length and stopping power to obtain an independent calib
tion of the periodicity of the multilayer sample. The value
3461 Å calculated from the path length of 2&3depth and
31 eV/Å stopping power17 is close to the value of 32 Å
predicted from the growth conditions. Whilst this valu
strictly represents the distance between Au layers, it a
describes the periodicity of the Fe layers, which is of gr
importance since it determines the magnitude of the
change correlation effect and the observed GMR.2 Whereas
the layer repeat distance obtained from growth is infer
from the deposition rates and exposure times, the value
rived from MEIS is an actual measurement of this parame
The precision is dominated by the accuracy with which
energy loss for each layer can be determined and is there
high due to the good energy resolution of the instrume
There are potential problems associated with the use of s
empirical stopping powers that strictly apply to random m
terials, since in single-crystal channeling orientations
stopping power can vary from the random value.18 However,
in this experiment a comparison of the energy loss in b
blocking and random exit geometries suggests that no
nificant variation in the stopping power occurs, probably b
cause the sample is not a perfect crystal.

In addition, the 2D spectrum from the multilayer samp
shows clear evidence of blocking dips that confirm the cr
talline nature of the epitaxially grown layers. The large a
plitudes of the blocking dips~approximately 30%! show that
the degree of crystallinity is high. MEIS is also sensitive
strain-induced distortion in layered materials of this typ
although in this case the angles between the@111# channel
~surface normal! and @110# channel demonstrate no tetrag
nal distortion within the resolution limit of 1%. Strain
induced distortion is not expected for this materials com
nation because of the very low lattice mismatch.

Figure 3 shows an azimuthal scan taken with the in
dence angle held at 45° off normal~where@110#-type chan-
neling occurs! and the energy window gated to the Au sign
Large intensity dips are seen at 45° intervals, although
periodic repeat distance is actually 90°, indicating fourfo
symmetry. The epitaxial layers exhibit typical behavior of
cubic structure with a~100! surface, as expected for thi
materials combination and indicated by the RHEED patte
observed during growth.
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FIG. 2. ~Color! A two-dimensional data set showing the variation of intensity~color scale! with scattered ion energy and scattering ang
for the MgO-grown multilayer sample. The data were taken using 45° incidence along a^100& azimuth, which corresponds to@110#-type
channeling. Up to five Au layers can be resolved~indicated by the diagonal high-intensity bands! although only one Fe band is clearly visib
superimposed on an Au intensity background.
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In Fig. 2, bands corresponding to the Fe are weake
intensity ~due to the lower scattering cross section! so that
only one or two layers can be seen. The inability to clea
resolve the Fe layers is unfortunate since these are the la
of greatest interest, where the structure is less well un
stood. For this reason studies were carried out on trila
samples specifically grown for MEIS investigation to allo
the Fe intensity to be more easily resolved.
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B. MgO-grown trilayer samples

Results from the MgO~100!-grown trilayer samples ex
hibited unusual behavior not seen in any previous ME
studies. A data set from the 8 Å MgO grown sample is pre
sented in Fig. 4, again using@110# incidence geometry. The
presence of strong@110#-type channeling and blocking fea
tures confirms the~100! nature of the Au as expected from
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4938 PRB 58NOAKES, BAILEY, HUCKNALL, DONOVAN, AND HOWSON
growth and indicated by RHEED. The two Au layers a
well resolved and the Fe layer can be clearly seen above
Au substrate background. The most striking feature of t
data set is the ‘‘island’’ of high intensity seen in the seco
Au layer signal in the@110# channel, with a similar but
slightly less pronounced effect being seen in the Fe sig
The enhanced Au intensity can be attributed to incohe
atomic layer separations in the Au and Fe layers. The dif
ence in atomic layer separation of the Fe with respect to

FIG. 3. An azimuthal scan of intensity from the Au signal in t
multilayer sample using an incidence angle of 45°. The periodi
of 90° is consistent with a fcc~100! growth surface.

FIG. 4. ~Color! A two-dimensional data set for a 8 Å Felayer
sample grown on a~100!-type substrate~using @110# incidence ge-
ometry!. The islands of intensity seen in the second Au layer and
layer arise due to a difference in structure between the layers
leads to the Fe layer thickness being a noninteger number o
layer spacings.
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Au effectively causes a lateral shift in the relative positio
between the top Au layer and second Au layer atoms, allo
ing the second-layer Au atoms to be illuminated by the ch
neled beam. Because backscattered ions can only escap
rectly up an aligned channel the intensity appears only in
blocking direction where double alignment is achieved. T
behavior is consistent with bulklike lattice spacings for bo
fcc Au and bcc Fe layers. Figure 5 shows a plot of intens
versus angle for the second Au layer of each of the f
samples. The island of intensity seen in Fig. 4 moves wit
the channel for different Fe layer thickness as the offset
tween the two Au layers changes, with a maximum offse
a layer thickness of about 8 Å for the samples analyzed.

In order to confirm the interpretation of this data, theVE-

GAS simulation code19 was used to generate theoretic
blocking curves for comparison with experimental data. T
code is more usually employed in the simulation of reco
structed surfaces, where its accuracy in modeling block
curves is generally accepted.7–9 A second column in Fig. 5

FIG. 6. An azimuthal scan of intensity from the Au signal in th
2 Å trilayer sample taken using an incidence angle of 35.3° a
showing channels at a periodicity of 60°, which are consistent w
two domain fcc structure and a~111!-type growth surface.
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FIG. 5. Plots of the intensity in the second Au layer vers
scattering angle for the~100! substrate grown samples. The islan
of intensity is seen to change position and size within the channe
the Fe thickness changes. The second column shows results
VEGAS simulations for the second-layer Au layer intensity. T
simulations model the positions of the intensity ‘‘islands’’ well a
though there are some discrepancies in the size of the feature
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FIG. 7. ~Color! A two-dimensional data set for the 2 Å Fe layer sample grown on a~111!-type substrate taken using@110#-type
channeling~35.3° incidence along â211& azimuth!. Features arising from the different elements comprising the trilayer sample are ma
The @110# blocking dip seen in the Au signal is also present in the buried Fe signal suggesting that it has the same structure.
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shows simulations of the second-layer Au intensity for ea
sample. The simulations were generated using bulk va
for the layer spacings in the Au and Fe layers, with an int
mediate value for the spacing at the two interfaces. T
theory can be seen to give a good qualitative simulation
the experimental data, with the angular position of the f
tures modeled well and consistent trends seen in both ex
ment and theory. The match in the absolute position of
blocking features is good, but not perfect, although this
be easily explained by errors in the actual thicknesses of
layers. However, the intensities of the features are not as
modeled, with the theory tending to overestimate the mag
tude of the effect. This may be because the intensity ar
from focusing effects of the ion beam in the channel, wh
may not be accurately modeled by theVEGAS code due to the
difficulty in correctly describing the interaction potential
The Thomas-Fermi-Moliere potentials20 used in the simula-
tion are better at describing the high-angle, low-impact
rameter interactions involved in backscattering than the lo
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angle, high-impact parameter collisions involved in t
channeling process. Other possible reasons for the disc
ancy include a small amount of interfacial roughness or
even layer thickness that would result in some ‘‘smoothin
of the effect. However, since a large amount of either
these would probably eliminate the phenomenon entirely,
existence of the ‘‘islands’’ of intensity within the blockin
channel suggests a high degree of uniformity in the lay
and hence the good epitaxial quality of the samples. Des
these discrepancies between experiment and the theory
good qualitative match over a range of layer thicknes
shown in Fig. 5 is strong evidence for the bcc structure of
Fe layers. If the Fe layers were fcc in structure the samp
would exhibit bulklike behavior and no additional intensi
would be seen in the lower Au layer.

The Fe signal in these samples also shows intensity wi
the @110# channel and in this case the intensity is seen
gardless of the layer thickness, since the difference in st
ture between the two layers means that nearly all the
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4940 PRB 58NOAKES, BAILEY, HUCKNALL, DONOVAN, AND HOWSON
atoms are illuminated by the incoming ions. Although
channeling occurs within the Fe layers there is still a po
bility of observing blocking in the outgoing Fe scatter
ions. However, in this experiment no structural informati
is readily available from the Fe backscattered ions since
intensity sits on a large background of Au substrate sign

C. Sapphire-grown trilayer samples

An azimuthal scan taken in the gold intensity of the 2
Fe layer sample is shown in Fig. 6 and reveals 60° perio
ity in the Au layers, which is consistent with the formation
twinneddomains of fcc with a~111!-type surface@pure~111!
would give 120° periodicity#. This twinning is not detectable
during growth due to the symmetry of the observed RHE
pattern. Figure 7 shows a large 2D data set for the 2 Å Fe
sample taken using@110# incidence~35.3° off normal in a
^211& azimuth!. At the highest energies two diagonal ban
of intensity are visible that correspond to the Au layers. B
low this there is a broad band associated with the Nb bu
layer and at a lower energy the Fe intensity is seen to
separated from the buffer layer for high scattering ang
Analysis of the Fe intensity as a function of energy reve
that it is comprised of two components, with the highe
energy component being associated with material at the
face. This component has an energy width that is compar
to that of the surface O signal and this indicates that
surface Fe is present in the form of an amorphous ox
This oxide was present for all the sapphire-grown samp
analyzed, perhaps due to the relatively thin capping la
used, although its presence had not been detected pri
this study.

The Fe intensity at lower energy is associated with
buried layer. Similar energy widths were seen for the bur
Fe intensity in each of the 2, 4, and 8 Å samples. Whilst the
instrumental resolution~equivalent to 6 Å in this geometry!
is a factor, it is probable that even with perfect resoluti
similar widths would be seen due to the atomic scale rou
ness brought about by the presence of step edges on
growth surface. Because of this effect it is not possible
rule out phenomena such as islanding of the Fe or a
formation with the surrounding Au. However, the data a
not inconsistent with the formation of homogeneous, we
defined layers of Fe in each sample. In processing the
intensity to produce blocking curves a ratio of approximat
2 was seen between consecutive data sets confirming
presence of the correct amount of Fe in each sample.
angular projections shown in Fig. 8 have blocking featu
that demonstrate periodic structure, with the main block
feature in the Fe signal aligned in angle with the large int
sity dip in the second Au layer. This arises from fcc@110#-
type blocking and demonstrates the similarity in structure
the two types of layer. Figure 8 shows a comparison of
angular projections of the Fe buried layer signal for all fo
samples with a projection of the second Au layer from th
Å sample. It can be seen that the fcc@110# blocking feature is
present for the 2-, 4-, and 8 Å samples, although there is a
indication of reducing crystallinity within the layers as ev
denced by the increase in the ratio of intensity in block
and nonblocking orientations. For the 16 Å sample,
blocking dip has virtually disappeared suggesting very li
i-
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fcc nature in this layer. These results indicate a layer thi
ness limit of between 8–16 Å that can be grown in a we
ordered fcc configuration.

It is apparent that MEIS is far more sensitive to disord
in these samples than the RHEED measurements made
ing growth. Similar well-ordered RHEED patterns were o
served during growth for all four samples despite the obvio
differences in epitaxial quality revealed by MEIS. In MEIS
the intensity seen within a blocking dip arises mostly fro
the disorder in the material, whereas the spots in a RHE
pattern arise due to the ordered fraction of the surface, w
the disordered fraction contributing only to the diffuse bac
ground. This increased sensitivity to disorder represen
real advantage of ion scattering techniques over diffract
techniques such as RHEED and XRD. Whilst RHEED w
remain the primary diagnostic technique used during
growth of materials of this type the value of ‘‘ex situ’’ mea-
surements using MEIS has been clearly demonstrated by
investigation.

IV. CONCLUSIONS

Analysis of a Fe/Au multilayer sample showed that,
though this sample was not ideal for MEIS investigatio
useful information could be obtained. The sample exhibite
measured layer repeat distance of 3461 Å compared with
the value of 32 Å predicted from the growth condition

FIG. 8. Plot of the normalized backscattered intensity~obtained
by dividing through by the mean! versus the scattering angle for th
buried Fe layer in~111! substrate grown samples. Data are provid
for four samples with different Fe layer thickness and a typical
for the second Au layer is provided for comparison. The amplitu
of the blocking dip~shown in brackets for each plot! is identical in
the Au layer and Fe layer of the 2 Å sample. As the Fe laye
thickness increases the magnitude of the dip decreases until fo
16 Å sample there is little evidence of crystallinity.
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Blocking dips revealed a high degree of crystallinity with
the epitaxially grown layers and azimuthal scans dem
strated fourfold periodicity consistent with a~100! growth
surface.

Data from MgO~100!-grown trilayer samples showe
strong features in the backscattered intensity that are co
tent with bcc~100! growth of the Fe interlayer, as expecte
for the materials combination used. The effect could
qualitatively modeled using theVEGAS simulation code.

Trilayer samples grown on sapphire~112̄0! substrates
demonstrated that fcc~111! growth occurs in the Fe layer fo
samples with up to 8 Å of Fe, although there is a visible
decrease in crystallinity with increasing Fe layer thickness
sample with a 16 Å Fe layer exhibited very little fcc chara
ter, indicating a maximum thickness for fcc Fe growth b
tween 8 and 16 Å.

Using MBE-grown layered samples, it has been dem
strated that the technique of MEIS can be applied to g
useful information on thin-film metallic multilayer material
MEIS is a technique that provides a unique combination
high-resolution spectroscopic and crystallographic inform
o
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tion. The technique has allowed an element-specific study
the structure of individual buried layers of thickness from
to 16 Å. Information has been gained on the thickness a
structure of the layers and the degree of epitaxy within ea
layer. MEIS was seen to be more sensitive to disorder in
layers than the ‘‘in situ’’ RHEED analysis during growth and
‘‘ ex situ’’ XRD studies commonly carried out on samples o
this kind and it is therefore an ideal complementary tec
nique.
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