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Abstract
The nanometre-scale materials and devices that are under ever more intense
study at present often depend for their unique properties on buried interfaces
between two phases. Yet the number of experimental techniques that can
specifically probe such interfaces, particularly with magnetic sensitivity,
is limited. We here report a novel type of non-destructive method for
spectroscopically studying buried nanometre-scale interfaces and other
nanostructures with soft x-ray standing waves. Strong standing waves with
a period of 4.0 nm and approximately 3:1 contrast ratios are created via Bragg
reflection from a synthetic multilayer of form [B4C/W]40. By growing a wedge-
shaped Fe/Cr bilayer on top of this multilayer, the mechanical translation of
the bilayer exposed to a fixed and finely focused synchrotron radiation beam
is converted into a translation of the standing wave through the interface.
Analysing various core photoelectron intensities as a function of angle and beam
position permits derivation of layer thicknesses and interface mixing/roughness
scales. Magnetic circular dichroism in photoemission from the 2p and 3p levels
of Fe and Cr further permits derivation of the positions and widths of regions
with decreased (increased) ferromagnetic alignment for Fe (Cr), showing that
normally antiferromagnetic Cr becomes ferromagnetic just below the centre
of the interface but with antiparallel alignment with respect to Fe, and that
the equal-concentration region in the centre of the interface strongly inhibits
magnetic alignment for both species along the direction of net magnetizations
that is probed. The magnetically altered regions in both metals are only 1–2
atomic layers in thickness. 3s spectra from Fe and Cr further indicate that the
local spin moments on both atoms do not change on crossing the interface. This
standing-wave-plus-wedge method should have a range of applications for the
characterization of nanostructures and their interfaces.

(Some figures in this article are in colour only in the electronic version)
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Many current technological devices consist of layered or sandwich structures, the thickness of
whose composite layers is either already in the nanometre (10 Å) range or in the process
of shrinking into the nanometre range. These devices include transistors in integrated
circuits, solid-state lasers and magnetic elements for storing information and for reading
it out. Such interfaces may exhibit intermixing of the components on either side and/or
roughness, as well as altered chemical states or states of magnetic order, and their exact
nature can affect ultimate properties such as electrical conductivity or magnetic stability in
a profound way. As one example of such nanostructures in magnetism, the phenomenon
of giant magnetoresistance (GMR) is based on the change in resistance in a sandwich
structure consisting of alternating non-magnetic and magnetic layers upon being exposed
to an external magnetic field [1, 2]. GMR is today used routinely in the read heads for
highest-density information storage, where it is usually combined with another interface-
driven effect, exchange biasing [3]. Magnetic tunnel junctions have similar properties and are
promising for magnetic random access memory and terabyte-scale hard disk storage device
applications [4]. Since interfaces are believed to play a pivotal role in the behaviour of all
of these effects, extensive theoretical and experimental work has been carried out in order
to unveil the physical and chemical nature of them [1–4]; nonetheless, many fundamental
questions remain. Numerous other examples of important interfaces are found, for example in
semiconductor science and technology. Beyond this are also various nanometre-scale tubes,
wires and clusters which can have buried or hidden interfaces where they make contact with
some kind of supporting substrate or with themselves.

It is thus of interest to develop new, non-destructive, element-specific, spectroscopic tools
for studying the buried interfaces in such nanostructures. Some of the questions to answer with
such a probe are: What are the positions and thicknesses of the compositional intermixing or
magnetic transition layers across the interface? What is the roughness of the interface, both
chemical and magnetic? What are the chemical and magnetic states of the various atoms
involved as a function of position perpendicular to the interface? How does the valence
electronic structure and density of electronic states vary across the interface? How does both
the short-range and long-range magnetic order depend on position relative to the interface?

Some of these questions can be answered at least partially using currently available
methods, and we briefly mention a few of these. One powerful method is scanning transmission
electron microscopy (STEM) with electron energy loss spectroscopy (EELS) [5], but this
technique requires specialized sample slicing and thinning and thus cannot be considered non-
destructive, and in its most sophisticated element-specific form with EELS still cannot provide
both element specificity and magnetic sensitivity at the sub-nanometre scale. Hard x-rays in the
5–10 keV range can be reflected from buried interfaces and planar multilayer nanostructures
so as to set up standing waves that may permit depth-dependent composition, structure and, via
variable light polarization or magnetization direction, also magnetism near buried interfaces to
be derived [6,7]. But these hard x-ray measurements are limited as to both energy resolution and
spectroscopic characterization, and also may due to their shorter wavelengths (∼1–2 Å) exhibit
interference structures from atomic lattice planes that can be much smaller than the nanometre
scale it is desired to probe. Another method uses total reflection of soft x-rays in the 0.5–1.5 keV
range from a buried interface by tuning the photon energy to a core-level absorption edge [8],
and this can determine both chemical and magnetic roughness by working with both right
and left circularly polarized radiation (RCP and LCP, respectively) and/or flipping the sample
magnetization �M between two orientations 1 and 2 and measuring a magnetic asymmetry in
diffuse reflectivity as �RMCD ∝ RRCP − RLCP or ∝RM1 − RM2. However, this method
does not permit detailed spectroscopic studies (e.g. via photoelectron emission) of the buried
interface. Finally, soft x-ray spectromicroscopy using secondary electrons as the detecting
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medium can achieve some sensitivity to buried interfaces, provided that there are sufficient
chemical fingerprints in the x-ray absorption signal to deconvolve the interface contributions
to images [9]. However, any method using lower-energy electrons to study buried interfaces
is inherently limited by the short inelastic attenuation lengths in the 1–5 nm range, which
strongly attenuate the signals.

We here focus on a novel approach making use of photoelectrons (or in future applications
also fluorescent soft x-rays) excited by strong soft x-ray standing waves that are set up in
Bragg reflection from a synthetic multilayer structure of a few nanometres in periodicity. This
multilayer is in turn used as the substrate and sample preparation surface in the experiment.
Soft x-rays in the 0.5–1.5 keV range have much higher cross sections for exciting outer-shell
photoelectrons or fluorescent x-rays than harder x-rays, and these can in turn be analysed
with resolutions in the 1:103 or 1:104 range via suitable spectrometers. By either varying
the angle of incidence around the Bragg angle or varying the thickness of the sample on top
of the multilayer, the standing wave and the spectroscopy which it excites can effectively
be scanned through the interface, thus providing additional depth sensitivity and a method
for non-destructively probing chemical composition, chemical state, structure and magnetism
through a given interface. Some preliminary aspects of this soft x-ray standing wave approach
involving both photoelectron emission [10] and x-ray absorption [11] have been discussed
recently. In the present work, we add two key elements: a wedge-shaped (tapered) sample to
provide the most unambiguous method of probing the interface, and measurements including
magnetic circular dichroism (MCD) and spin-sensitive core-level spectroscopy.

Our basic approach is illustrated in figure 1(a) for the specific example of an Fe/Cr bilayer
grown on a B4C/W multilayer structure consisting of 40 bilayers of period d = 40.5 Å. A beam
of monochromatized soft x-ray synchrotron radiation at 825.0 eV (wavelength λx = 15.0 Å)
emitted from a high-brightness elliptically polarized undulator at the Advanced Light Source
in Berkeley is focused down to a spot of about 0.2 mm in diameter, and is incident on the
surface of an Fe/Cr bilayer consisting of a wedge-shaped Cr underlayer with thickness varying
from 118 Å at one end to 36 Å at the other end and an Fe overlayer with a constant thickness
of 16.0 Å. Strong Bragg reflection from the planes in the multilayer will occur when the x-ray
incidence angle θhν satisfies nλx ≈ 2d sin θhν , with n = 1, 2, 3, . . . the order of the reflection.
For the strongest reflection at n = 1, the resulting standing wave has a period equal to d (in
our case thus 40.5 Å = 4 nm) and it will extend many nanometres above the surface of the
multilayer.

We have chosen to study the Fe/Cr interface as a first demonstration case because of its
importance in GMR, since multilayers of these two materials exhibit one of the highest values
for magnetoresistance [1]. It is thus a prototype system for this effect, even though it is not used
in actual commercial devices, and its properties have been extensively studied [12–19]. The
Fe/Cr interface also is known from prior spectroscopy [12,13], scanning tunnelling microscopy
(STM) [14, 15], x-ray diffraction [15] and theoretical modelling [16–18] studies to involve a
variable degree of intermixing, depending on exactly how it is grown. It has also been shown
from MCD studies in x-ray absorption and photoelectron emission that Cr, which is normally
antiferromagnetic, becomes ferromagnetically ordered to some degree near the interface, but
anti-parallel to the Fe magnetization, and from this and other work that the Cr magnetic
moment may be significantly increased, at least near free surfaces as an overlayer [12,13,19].
Also, the degree of ferromagnetic order of Fe, or perhaps its local atomic magnetic moment,
is thought to be reduced near the interface [19]. However, much prior work has involved
very thin films [12, 13, 17, 19], starting with a single or partial monolayer of Cr and growing
upward from there; thus, it is still not clear as to what occurs at a truly buried interface.
Our goal here is to directly probe this interface with core-level photoelectron spectroscopy



L410 Letter to the Editor

16.0 Å

118.0 Å

10.8 Å
20.25 Å
20.25 Å

extH
Fe

Cr

B4C
W

B4C
W

Si-wafer

e-

MFe

MCr

C+O+B4C

y
x

z

σ̂
θhν≈ θBragg

hν
RCP/LCP

θe

Scanned sample

36.0 Å

   40
periods

|E|20

Strong soft
x-ray
standing
wave

40.50 Å
period =
standing
wave
period

∼1 cm

∼0.2 mm spot

Scanned standing wave

(a)

Figure 1. (a) Schematic diagram of our experimental geometry, including a wedge-shaped Fe/Cr
bilayer on top of a synthetic multilayer standing wave generator. Note the Cartesian axes, with
magnetization along y and the sample scanned along x. (b) Core-level photoemission intensity
ratios I (Cr 3p)/I (Fe 3p) as a function of x-ray incidence angle θhν and Cr wedge thickness dCr
(lines and symbols), together with best-fit calculations (solid curves). (c) The calculated depth-
dependent electric field strength |E|2 as a function of dCr, together with interdiffusion widths at
various interfaces (2σ ) as derived in this study. The σ for the interface between B4C and W was
determined from hard x-ray reflectometry, while the others were obtained from our analysis of soft
x-ray standing-wave photoemission data (see text). Positions B and C are special in that the crest
(B) and trough (C) of the standing wave are situated on the Fe–Cr interface, respectively.

as excited by a standing wave, and to make use of both Fe and Cr core spectra, as well as
MCD in them, to more quantitatively study the interface compositional mixing/roughness, the
individual magnetic moments on both Fe and Cr through the interface and the type and spatial
distribution of magnetic order in both constituents through the interface.

Prior to evaporation of Cr and Fe, the structural parameters and reflectivities of the
[B4C/W]40 standing-wave generator (SWG) have been measured via standard hard x-ray
reflectometry at 8.05 keV, with a theoretical analysis of these data yielding the period d

of 40.5 Å and a Gaussian interface interdiffusion length between the two components of
σ B4C/W = 4.1 Å. The top surface of the multilayer (which was air exposed before being
inserted into ultrahigh vacuum for Cr and Fe deposition) was also characterized by both STM
and atomic force microscopy (AFM), and found to be very smooth, with an average roughness
of about 3.0 Å and a root-mean-square (RMS) roughness of about 5 Å.

Cr and Fe layers were then deposited on this top surface from Knudsen-type evaporation
cells, at ambient pressures of 1–2 × 10−10 Torr; scanning the sample in the x-direction
during growth produced the desired Cr wedge. All bilayer preparation and measurement
was done in the advanced photoelectron spectrometer/diffractomer [20] situated on undulator
beamline 4.0.2 at the Berkeley Advanced Light Source [21], with the beamline providing
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Figure 1. (Continued.)

high-brightness variable-polarization radiation in the soft x-ray range. The Cr/Fe overlayers
were polycrystalline or amorphous, as verified by the lack of structure in core photoelectron
diffraction patterns. The pressures during subsequent spectroscopic measurements were in the
1 × 10−10 range, with little contamination buildup on the top surface as judged by C 1s and O
1s photoelectron spectra (<2 atomic layers in 24 h). The Fe layer was initially magnetized in
plane along the y direction (cf figure 1(a)) by subjecting it to an external field of about 500 Oe.
The radiation polarization could be varied from linear polarized (LP) to right circular polarized
(RCP) or left circular polarized (LCP) via the undulator involved [21].

As a first measurement procedure, scanning the x-ray incidence angle around the expected
first-order Bragg angle for the bare multilayer or multilayer + wedge, thus tracing out its
‘rocking curve’, and comparing the resulting angular-dependent core-level photoelectron
intensities from each constituent (Fe 2p and 3p, Cr 2p and 3p, B 1s, C 1s and W 4f) with
theoretical calculations based on classical x-ray optics [10] permits determination of the Bragg
angle with high accuracy. For the particular sample studied here, it is 11.05◦ ± 0.10◦, in
excellent agreement with theoretical calculations, and very close to the 10.70◦ calculated
from the simple formula above. The discrepancy of 0.35◦ is due to refraction and phase
shifts in the waves reflected and refracted at each of the interfaces involved, as a result of the
small deviations from unity of the complex optical constants (ni) in each layer [22]. For the
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measurements discussed here, the photon incidence angle and energy were fixed at 11.05◦

and 825 eV, respectively, with this energy also being far away from any Fe, Cr, B, C, W or O
absorption edges.

For these conditions, we have also verified via measurements and theoretical simulations
not shown here that the Bragg angle and the phase of the standing wave with respect to the
top surface of the multilayer are negligibly altered by the presence of the Fe/Cr bilayer, as
judged relative to a native multilayer with no overlayer on top of it [23]. Thus, as our primary
measurement procedure, simply moving the sample back and forth along the axis of the slope
of the wedge (the x axis in figure 1(a)) will scan the focused x-ray beam along the wedge, but
with the net effect also of scanning the fixed-phase standing wave through the buried Fe/Cr
interface. In this mode, the number of unknown parameters in the analysis of the data is
reduced considerably, as compared, for example, with the significant changes in the standing
wave if the rocking curve is instead scanned [11].

As a final characterization step after actual spectroscopic measurements, high-resolution
transmission electron microscopy (HRTEM) at a resolution of about 1.6 Å was carried out at
the National Center for Electron Microscopy on sections of multilayer with an Fe/Cr bilayer
grown on top, with this revealing very smooth interfaces having intermixing and/or roughness
over <5–8 Å.

The theoretical calculations used in analysing our photoemission data make use of a
specially written computer program [23] which includes single and multiple x-ray reflections
at the top surface and all buried interfaces, parametrized compositional intermixing at
the interfaces of linear form, several improvements over prior programs for doing such
calculations [24] and all information relevant to quantitatively calculating the depth-dependent
emission of photoelectrons from the structure (e.g. differential photoelectron cross sections [25]
and inelastic electron attenuation lengths [26]) once the depth-dependent exciting electric field
strength squared ( �E(z)∗ · �E(z) = | �E(z)|2) is determined via x-ray optics.

As one example of the results obtained, we have analysed the core-level photoemission
intensity ratio I(Cr 3p)/I(Fe 3p) as a function of both x-ray incidence angle θhν (a rocking curve)
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and Cr thickness dCr so as to derive both the layer thicknesses shown in figure 1(a) and an rms
interdiffusion length above the wedge sample of σ Fe/Cr = 3.4 Å. We have assumed here a linear
variation of composition of both species. Measured values for this photoelectron intensity ratio
are shown in figure 1(b), and they are in excellent agreement with theory, finally permitting us
to determine both the Fe and Cr layer thicknesses (cf figure 1(a)) and the intermixing distances
with accuracies of about ±2.0 Å. Further analysing other core intensities yields a σ Cr/C+O+B4C

of 3.8 Å between Cr and a surface-reacted C + O + B4C layer of about 10 Å thickness on top
of the multilayer, and σ C+O+B4C/B4C of 3.1 Å between this reacted layer and the first B4C layer
in the multilayer. The first B4C layer thus expands by about 50% on air exposure, a result
that we have independently confirmed by STEM images (not shown here) [23]. Very accurate
layer thickness and interface mixing measurements are thus possible with the standing-wave
photoemission technique, and the thicknesses and degrees of interface mixing are shown in
figure 1(c). The final calculated standing-wave strengths | �E(z)|2 in this particular multilayer
+ bilayer are also shown in figure 1(c), and they exhibit a very strong modulation from the
maximum to only about one-third of this value for our experimental incidence angle, with
this modulation decreasing somewhat as the Cr layer becomes thicker, but the standing-wave
phase remaining constant. This modulation thus permits selective probing of the interface by
scanning the x-ray spot over the wedge-shaped bilayer. As noted above, the standing wave is
also primarily a property of the multilayer, as verified by both experiment and calculation, and
is negligibly influenced by the growth of the bilayer on top of it, as long as the photon energy
is chosen well away from any core-level absorption resonances in the bilayer or multilayer
constituents. In figure 1(c), we note that the maximum of the electric field intensity lies at the
interface between Fe and Cr for beam position B (dCr = 62 Å) while the minimum of the field
lies at the interface for position C (dCr = 82 Å). The 20 Å thickness difference between the
two positions represents half of the period of the SWG of 40.5 Å.

We now turn to other spectroscopic measurements via the scanning of the standing wave
through the interface, and in figure 2(a), we first show MCD data based on spin–orbit-split
Fe 2p1/2,3/2 and Cr 2p1/2,3/2 photoelectron spectra, with IMCD = IRCP − ILCP , and a minimal
normalization correction of only a few per cent being needed to bring the left and right
background points of IRCP and ILCP to equality. The x positions of the sample were here
chosen to have the maximum (position B) and minimum (position C) of the standing wave
centred on the interface. Both Fe and Cr show reproducible MCD signals, although that for Fe
is much larger, by a factor of about five. The 2p1/2 and 2p3/2 MCD signals for both elements
are also reversed in sign, being roughly mirror images of one another; this is a well known
result for such ferromagnetic metals [27] and confirms the accuracy of our measurements.
Note also that the signs of the two signals are reversed, with for example the Fe 2p3/2MCD
going negative, then positive, as binding energy decreases, and the Cr MCD 2p3/2 MCD going
positive, then negative. Because the MCD measurement has an external spin reference, via
the polarization in the incoming x-ray beam, which is very close to parallel (anti-parallel) with
the Fe layer magnetization direction for RCP(LCP) radiation, we can thus conclude that Cr
shows weak ferromagnetism along the y-direction near the interface, but that the orientation
of its magnetization is opposite to that of Fe, a result consistent with prior studies [12, 13].
From these measurements alone, we do not derive any information on other components of
the magnetization in the two directions x and z perpendicular to the primary Fe magnetization
direction, but with modification of the experimental geometry, scanning in both x and y, and
the addition of magnetic linear dichroism (MLD) measurements [23,28], it should be possible
in future experiments to determine the x-, and perhaps also the z-magnetization.

Further confirmation of these MCD results is also found in analogous MCD data for Fe 3p
and Cr 3p emission (not shown here) [23]. From both the 2p and 3p MCD data, it can also
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Figure 2. (a) 2p spectra for Fe and Cr for both RCP and LCP excitation, respectively, together with
their difference curves (MCD) for the two special x-positions B and C. (b) 3s spectra for Fe and Cr at
the same two x-positions. (c) Fe and Cr 2p and 3p MCD results as a function of dCr (or equivalently
of the position of the standing wave with respect to the interface). The experimental data (lines
and symbols) are compared with theoretical simulations for the best-fit set of parameters z and σ ,
as defined in part (d) (solid curves). Vertical black lines represent estimated errors in the MCD
measurements. The other curves shown represent some choices at the outside of our estimated error
range in determining these parameters. (d) Top panel: model for the variation of composition and
y-component of net magnetic moment (magnetization) around the Fe–Cr interface. In the lower
panels I and II, the electric field strengths (black solid curve) and distribution of the y-component
of ferromagnetic order (blue solid curve: Fe, red solid curve: Cr) are shown as a function of depth
from the surface. The single-hatched regions represent Fe (yellow) and Cr (blue) layers while the
double-hatched indicate the intermixed region of Fe and Cr. In panels III and IV, the photoelectron
intensities from depth z for Fe 2p (blue curves) and Cr 2p (red curves) are shown, and in panels V
and VI, the contribution to MCD intensity from depth z due to the ferromagnetic distributions for
Fe 2p (blue curves) and Cr 2p (red curves) is plotted. The Cr intensities are amplified for enhanced
visibility (compare the left and right ordinates).
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Figure 2. (Continued.)

be clearly seen that the Fe MCD strength in position B is considerably larger than that in
position C, while the Cr MCD shows reverse behaviour. This indicates that any long-range (or
even short-range) ferromagnetic order shows a strong dependence on depth near the interface,
and that the alterations in the y-component magnetizations of Fe and Cr have very different
z-dependence.

We now ask via another spectroscopic fingerprint whether these increases (for Cr) or
decreases (for Fe) in the MCD signal in crossing from the Fe to the Cr side of the interface
can be associated with a reduction in the local atomic spin moment, which is the dominant
contributor to the overall magnetic moment on each atom. In figure 2(b), we show a set of Fe 3s
and Cr 3s photoelectron spectra obtained with RCP excitation for the key sample x-positions
B and C in figure 1(c). Such 3s spectra should not show MCD, as spin–orbit splitting is not
present, but are known to provide a qualitative measure of the local atomic spin moment, with
the doublet spacing being proportional to this moment and caused by the 3s core–valence
exchange interaction [29]. It can be seen that the splitting (∼4.5 eV for Fe and ∼3.5 eV for
Cr) and overall shape of these two spectra are essentially identical, irrespective of position.
Other spectra at much finer steps in position confirm this lack of sensitivity to position [23].
The fact that the curves at different positions do not show any systematic differences from one
position to another thus immediately indicates that the local spin moments of both Fe and Cr are
essentially unchanged on passing into the interface. In particular, the Fe spin moment does not
decrease due to its intermixing with Cr, nor does the Cr moment increase due to its proximity to
ferromagnetic Fe, although both of these effects have been suggested previously based on thin-
film deposition experiments [12,13,19]. Finally, we note that this kind of core measurement has
an implicit internal spin reference [30], and so provides no information on the exact orientation
of these moments in the laboratory reference frame, but simply indicates that the magnitude
of the spin moment does not change through the interface. Adding an external spin detector
to the measurement in future studies would yield information on the moment orientation.
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Figure 2. (Continued.)

Turning back to the externally-referenced MCD data, we show in figure 2(c) the
experimental variation of the integrated MCD signals for Fe 2p and 3p and Cr 2p and 3p (with
a sign change for Cr to permit comparison of relative magnitudes more clearly) as a function
of Cr thickness (or equivalently the position of the standing wave relative to the interface).
Within estimated experimental errors as shown by the black vertical lines in the figure, there is
excellent agreement between the 2p and 3p MCD data for both elements. The positions A, B, C
and D of the standing wave (cf figure 1(c)) are also indicated. It is clear from the experimental
results that Fe and Cr exhibit very different behaviour across the interface, with Cr showing a
maximum in its (negative) dichroism where Fe shows a minimum, and vice versa. Since we
know from figure 2(b) that the local atomic spin moments do not change appreciably across
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the interface, we can conclude thus far that Cr becomes slightly ferromagnetically ordered on
approaching the interface (thus increasing its MCD signal), while the net iron magnetization
as seen by MCD is reduced along the reference y direction. This reduction could be due to
a random moment alignment, an antiferromagnetic alignment or the existence of a so-called
‘spin-flop’ transition across the interface in which the Fe moments are aligned along directions
to which we are not in this experiment sensitive [31]. Any one of these effects would reduce
the present Fe MCD signal.

As a final step in quantifying these results, we now use the measured variation of the Fe
and Cr MCD signals with standing-wave position to estimate the positions and thicknesses
of the regions over which the Fe shows reduced, and the Cr increased, magnetization. This
analysis requires only predicting the shapes of the two dichroism curves as a function of depth,
rather than their absolute magnitudes. The MCD strengths have been calculated by assuming
Gaussian regions of decreased (increased) ferromagnetism for Fe(Cr) near the interface, with
the position of the Gaussians (zMagn

Fe and z
Magn

Cr , respectively) and their widths (σMagn

Fe and
σ

Magn

Cr , respectively) being adjustable parameters (cf the top panel of figure 2(d)). Thus, the
magnetization of Fe is assumed to have some saturated value well away from the interface
and to reduce to zero at least by the point at which its concentration goes to zero, and the
Cr is assumed to have zero magnetization except for a Gaussian region somewhere near the
interface. The previously measured compositional variation (cf discussion of figure 1(b)) at
the interface is thus also included in the calculations. The composition of each constituent
and the precise form of the standing wave as calculated via x-ray optics are used as combined
weighting factors at each depth for calculating the dichroism signal. We have tried to fit our
MCD data with a variety of magnetization configurations for both Fe and Cr, especially around
the interface at the middle of which the composition of Fe0.50Cr0.50 occurs. The quality of
these fits has been assessed both visually and by calculating a reliability factor (R-factor) as
R = ∑

j |IMCD
expt,j − IMCD

calc,j |2/ ∑
j [IMCD

expt,j ]2. From this analysis, it is found out that our results
cannot be reproduced unless the net y magnetization for both Fe and Cr at the 50:50 intermixing
region is essentially zero. This is at least consistent with recent results from element-specific
MCD in x-ray absorption for a series of Fe–Cr alloys [32], which indicate that neither Fe nor
Cr shows any net magnetization in an Fe0.50Cr0.50 alloy. The final most self-consistent and
reasonable analysis of both the ratio curves for Fe 3p and Cr 3p (cf figure 1(c)) and the MCD
data of figure 2(c) leads to the values of σintermix = 3.4 Å, z

Magn

Fe = 12.5 Å, σ
Magn

Fe = 2.8 Å
and z

Magn

Cr = 21.1, σMagn

Cr = 2.0 Å and to calculated final forms for the MCD curves as shown
by the smooth curves in figure 2(c) (thick black solid curves). There is very good agreement
between experiment and theory, if allowance is made for the estimated uncertainty in each
MCD value quoted above.

In order to more quantitatively see how sensitive these fits are to these parameters, a few
different choices are also illustrated in figure 2(c), in which either the z position or the σ value
is changed from the best fit values: z

Magn

Fe = 16.5 Å, σ
Magn

Fe = 2.8 Å and z
Magn

Cr = 25.1 Å,
σ

Magn

Cr = 2.0 Å (green lines); z
Magn

Fe = 8.5 Å, σ
Magn

Fe = 2.8 Å and z
Magn

Cr = 17.1 Å,
σ

Magn

Cr = 2.0 Å (pink lines); and z
Magn

Fe = 12.5 Å, σ
Magn

Fe = 7.6 Å and z
Magn

Cr = 21.1 Å,
σ

Magn

Cr = 5.8 Å (orange lines). These fits show good sensitivity to intermixing width and the
forms of the ferromagnetic ordered regions, finally indicating that photoemission spectroscopy
via soft x-ray standing-wave excitation can probe buried interfaces with high resolutions in z

of the order of ∼2–3 Å (about one atomic layer) and in σ of ∼4–5 Å (about two atomic layers).
Our final conclusions concerning the variations of both the concentration and

magnetization as projected along the x-direction near this Fe–Cr interface are thus as
summarized in figure 2(d), where we show not only composition and magnetization, but also
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the calculated field strengths and depth-resolved contributions to intensity and MCD for the
two key positions B and C. Our results are in agreement with prior work in that MCD effects
are reduced in Fe–Cr alloys [32] and that the Cr layers nearest to Fe show some ferromagnetic
alignment, but in an antiferromagnetic sense with respect to Fe [12,13]. However, we can also
rule out certain other models and conclusions such as a significant change of the local magnetic
moments on either Fe or Cr on passing through the interface. Instead spin-flops or frustrated
exchange interactions leading to out-of-plane orientations might explain our results because the
MCD measurements pick up the majority of magnetic moments aligned with photon helicity
orientation only. It is also remarkable from our analysis that the regions over which Fe or Cr
show altered magnetic behaviour along the x-direction are only about two atomic layers in
thickness. Although the picture of this interface that emerges is simple in some respects and
complex in others, we believe that future modelling of it must take account of these effects.
The standing-wave-plus-wedge approach has permitted us to delve into its characteristics in a
much more quantitative way.

We have thus demonstrated that the use of synthetic multilayers as generators of
strong soft x-ray standing waves and as substrates on which various types of nanostructure
can be grown represents a promising method for studying buried interfaces. We have
used photoelectrons as the emitted particles, with total intensities, MCD and exchange-split
core binding energies providing depth-resolved information with a resolution in the few
ångstrom range for composition, net magnetization, and local spin moment at the Fe–Cr
interface, respectively. In the future, other experimental geometries, linear dichroism and
external spin detection should provide additional dimensions of magnetic sensitivity. Future
work could also involve chemical shifts in core binding energies (e.g. in tunnel-junctions [4]),
valence-band photoemission spectra (thus probing the bonding electrons and densities of
states directly), as well as the emission of soft x-ray photons of greater depth penetration
and additional symmetry selectivity via dipole selection rules. Due to the greater penetration
depths, looking at soft x-ray emission would have the additonal advantage over photoelectron
emission of yielding depth-resolved intensity profiles corresponding to those in panels III and
IV of figure 2(d) that would much more closely follow the field strengths shown in black in
panels I and II, and thus provide even greater buried interface sensitivity. This technique is
particularly simple in interpretation when the nanostructure can be grown in (or on top of)
a wedge-shaped geometry, thus permitting a fixed standing wave to be scanned through the
interface simply by moving a focused x-ray beam along the wedge. Although the multilayer
must have a high x-ray optical contrast to set up a strong standing wave (as e.g. the B4C/W
system studied here), various other combinations of materials should be possible6. Growing
the multilayer in situ under better controlled conditions (rather than ex situ with subsequent
transfer in air as in our experiments) should also permit achievement of better epitaxy and/or
structural control in the final structure to be studied. The structure to be studied also does not
have to be layered, but might consist of nanoscale ‘wires’ or ‘dots’, in which case the top, side
and bottom interfaces of these features could be selectively studied. Combining a multilayer
+ wedge sample geometry with a spectromicroscope [9] should also lead to enhanced depth
resolution with this type of experiment. One limitation of the method is that higher-temperature
preparation or annealing of the multilayer plus sample will be limited, as going to a sufficiently
high temperature will lead to interdiffusion in the multilayer, with resulting loss of reflection
efficiency and standing-wave strength. Nonetheless, various possible future applications of
this approach to the study of buried interfaces in nanostructures seem possible.

6 Center for X-Ray Optics, Lawrence Berkeley National Laboratory, summary of multilayer data for various systems
at http://www-cxro.lbl.gov/cgi-bin/mldata.pl.
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