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Abstract

Three forms of electron or x-ray holography ‘by contrast’ are discussed:
they all exploit small changes in diffraction conditions to improve image
quality and/or extract additional information. Spin-polarized photoelectron
holography subtracts spin-down from spin-up holograms so as to image the
relative orientations of atomic magnetic moments around an emitter atom.
Differential photoelectron holography subtracts holograms taken at slightly
different energies so as to overcome the forward-scattering problem that
normally degrades the three-dimensional imaging of atoms, particularly for
emitter atoms that are part of a bulk substrate environment. Resonant x-ray
fluorescence holography also subtracts holograms at slightly different energies,
these being chosen above and below an absorption edge of a constituent atom,
thus allowing the selective imaging of that type of atom, or what has been
referred to as imaging ‘in true colour’.

1. Introduction

The holographic reconstruction of atoms in solids, including surfaces, interfaces and
bulk materials, produces real-space images that locate individual atoms in the immediate
neighbourhood of selected ‘source’ atoms [1—14], often to within a fraction of an Angstrom.
Here we will consider two types of outgoing waves that produce the holograms: photoelectrons
and fluorescent x-rays, as produced via core-level excitations. Because such holograms and
their associated images are produced by element-specific core processes, a key and well-
recognized advantage of such holographies is that they are source-atom specific. That is, the
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local environment of each type of atom in a complex system can be determined separately.
However, such imaging does not readily provide the chemical or magnetic nature of the
neighbour atoms. Also, the accuracy of the imaging, particularly with photoelectrons, is
limited by effects such as the anisotropy of atomic scattering factors (with forward scattering
a major obstacle), multiple scattering and truncation of the experimental data.

By contrasting holographic images measured under slightly different conditions, it
is possible to obtain additional information, such as magnetic structure and chemical
differentiation, and also to improve the quality of ‘normal” holographic images.

This paper describes three methods of such ‘holography by contrast’. In spin-polarized
photoelectron holography (SPPH) [15] holograms measured with spin-up and spin-down
electrons are subtracted from one another to produce a map of the relative orientations of
magnetic moments in the neighbourhood of an atom emitting photoelectrons. In differential
photoelectron holography (DPH) [16], one exploits the fact that the atomic forward-scattering
(FS) peak varies only slowly with energy, such that another difference of holograms, this time
at slightly different energies, is found to largely eliminate disruptive FS effects in imaging
atoms. In resonant x-ray fluorescence holography (RXFH) [17], one uses the rapid change of
the x-ray scattering factors near an absorption edge to selectively image individual chemical
neighbours in a compound material.

Before proceeding to specific examples for each case, we note for clarity that a method
called ‘derivative’ PH has been proposed by Chiang and co-workers [18], and this also is
based on measurements of photoelectron intensity in slightly different conditions (at two
nearby energies). However, the purpose there is to eliminate uncertainties in the experimental
intensities / due to the variation of experimental conditions, by first taking logarithmic
derivatives [d1/0k]/I that are then reintegrated into ‘self-normalized’ intensities; after that
step, the holographic reconstruction is ‘normal’.

Various reconstruction algorithms [3, 4, 6] and measurement methods [19] have been
proposed for photoelectron and x-ray fluorescence holography, many of which are represented
by the formula

2
U(r) = ‘ f W x (k) exp[—ikr + ik - 7] d*k (1)

where U is the image intensity at position r, x (k) = (I (k) — 1)/ Iy is the normalized hologram
based on intensities measured over three-dimensional k space, I, is the intensity in the absence
of any scattering, and the function or operator W permits describing the difference between
algorithms, with W = 1 in the original multi-energy formulations [3]. The three methods to
be described in the following will start from this basic formula, and deviate from it in different
ways.

As a general comment, we note that photoelectron holography involves very strong
electron—atom scattering and thus very easily measured modulations in y (k) that can reach
430%. This strong scattering is nonetheless not ideal for holography, in that it is also very
anisotropic and at higher energies above about 300 eV also strongly peaked in the forward
direction; it also leads to multiple scattering effects that can distort images or produce artefacts.
Multiple-energy images based on equation (1) can improve the image quality and suppress
multiple scattering effects, but scattering anisotropy and phase shift effects may remain.
X-ray fluorescence holography by contrast involves very weak x-ray-atom scattering and
much more difficult to measure modulations in x (k) of typically a few tenths of a per cent.
However, the weak nature of the scattering leads to holograms that are much more ideal, and
to correspondingly more accurate atomic images.
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2. Spin-polarized photoelectron holography (SPPH)

There is great interest in studying near-surface magnetism in various types of nanostructures
for which magnetic order may be significantly different from that of the corresponding bulk
materials. Spin-polarized photoelectron diffraction (SPPD) without direct imaging has already
proven capable of detecting changes in short-range magnetic order as a given transition
temperature is crossed for both antiferromagnets [20] and a ferromagnet [21], but adding
three-dimensional imaging to such measurements would render them much more powerful. It
has previously been demonstrated theoretically [15] that it should be possible to image short-
range magnetic structure by means of photoelectron holography in which the electron spin is
resolved.

The method relies on the difference in the scattering of spin-up versus spin-down electrons
by atoms that carry a net spin magnetic moment. The primary interaction involved is thus
exchange between the photoelectron and the unpaired valence electrons on the magnetic
atom, although spin—orbit effects also may have to be considered for the most accurate
description, especially for scattering from heavier atoms. The photoelectron spin can be
resolved simply by exploiting the energy separation between multiplet-split core levels in
transition metal compounds or ferromagnetic metals. This constitutes an internally referenced
source of spin-polarized photoelectrons, giving magnetic moment orientations relative to that
of the source atom. Adding an external spin detector and/or exciting spin—orbit split levels
with circularly polarized radiation [22] provides the further possibility of making externally
referenced measurements, giving absolute magnetic orientations in the laboratory frame.

If we measure separately the two holograms x, (k) and y (k) for the two different spin
orientations, and if Uy () and U, (r) are their respective reconstructed images using ‘normal’
holographic methods, we can define two separate difference images that focus on just the
spin-dependent aspects of the scattering:

A(r)=Uy(r) = Uy (r) @

and

A (r) =

/exp (—ikr) // exp (ik - ) [xy (k) — xy (k)1k?* dk sin 6y, d6y, dey,|. 3)
k k

The latter is the normal three-dimensional holographic transform of equation (1), but now
applied to the difference of the spin-up and spin-down holograms.

The expectation is that A(r) will show signals of opposite sign at atomic locations with
opposite magnetic moment. It should also show no signal at the locations of non-magnetic
atoms. Because of the overall absolute value, the second image, A’(r), should not show
spin-up versus spin-down sensitivity, but should nonetheless show the location of magnetic
moments, while again suppressing non-magnetic atoms.

The potential of this method is illustrated in figure 1 for a simulated experiment for a small
cluster representing a MnO(001) surface (figure 1(a)) [15,23]. Atomic magnetic moments are
shown in figure 1(a) as cones pointing up or down. Spin-up and spin-down photoelectrons
are emitted from the central Mn?* atom, and they can side-scatter from both O and Mn atoms
in the same plane so as to yield two different sets of holograms. These holograms have been
calculated with full multiple scattering and spin-dependent potentials [24]7. Spin-up electrons
scatter from spin-down Mn>* atoms without the normal exchange potential that is included in
the scattering of electrons from same-spin Mn?* atoms, and therefore, two separate sets of phase
shifts are needed to calculate the electron scattering. The potential is slightly more attractive

7 MSCD photoelectron diffraction program package from http://electron.Ibl.gov/mscdpack/mscdpack.html.
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Figure 1. Theoretical simulation of spin-polarized photoelectron holography (SPPH): (a) a nine-
atom cluster representing the (001) surface of MnO, with an emitter in its centre and eight side-
scattering Mn and O neighbours around it; (b), (c) normal holographic images Uy (r) and U (r)
generated for the two different photoelectron spins using ten energies between 127 and 278 eV; (d)
spin-sensitive holographic image A (7); according to equation (2). (e) Spin-sensitive holographic
image A’ (r) according to equation (3).

when the spin of the photoelectron and the net spin of the Mn atom are parallel. Holograms were
calculated at ten energies between 127 and 278 eV, so as to be able to take advantage of the well
known image improvements possible with multi-energy imaging [2,6,7]. An important detail
in using the spin-dependent image functions in equations (2) and (3) in the most unambiguous
way is that the calculations were performed at the same final electron energy for spin-up and
spin-down electrons, so that the spatially dependent diffraction conditions remain the same
(i.e. same photoelectron wavelength). In practice, this would require an experiment to shift
the incoming photon energy by an amount corresponding to the difference in the two spin-
resolved photoelectron peaks (e.g., about 6.0 eV for the Mn 3s multiplets in the MnO case
considered here) between the spin-up and spin-down measurements, thus again requiring a
tunable synchrotron radiation photon source.
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Figures 1(b) and (c) show standard multi-energy holographic reconstructions (via
equation (1) with W = 1) and produced with spin-up and spin-down electrons, respectively.
They look much alike, due to the relatively small effect of the exchange potential (5—15% of
the total effective scattering potential), and both image the nine atoms of the cluster. Their
difference image A (r) (equation (2)) is shown in figure 1(d): the Mn?** atoms are imaged
with opposite contrast, reflecting their opposite magnetic moments, while the oxygen atoms
are effectively suppressed, as expected. Phase variation across the Mn>* images produces
oscillations in sign, but it is nonetheless clear that the two pairs of Mn scatterers have opposite
orientation. To establish the orientation of the magnetic moments on the scatterers relative to
that on the emitter would require further work, e.g. in comparing experimental and theoretical
images. The second type of difference image A’ (r) (equation (3)) shown in figure 1(e)
also confirms expectations: it images the magnetic moments without being sensitive to their
orientation, and omits the non-magnetic atoms.

Beyond the two simple imaging functions considered here for SPPH, Timmermans
et al have also discussed from a theoretical point of view more detailed vectorial methods,
including spin—orbit contributions to the difference of the spin-up and spin-down photoelectron
fluxes [25]. These methods also show promise for even more precise studies of short-range
magnetic order in future experimental work.

Thus, spin-polarized photoelectron holography represents an intriguing and challenging
experimental possibility for the future, but one well matched to the new synchrotron radiation
sources that are now becoming available. Possible applications would be to some of the strongly
correlated materials and to complex magnetic alloys, for which the interaction between short-
range and long-range magnetic order is thought to play a strong role in producing intriguing
properties.

3. Differential photoelectron holography (DPH)

From the first papers on photoelectron holography, it has been clear that the strong electron—
atom scattering involved was both a blessing in producing large holographic oscillations and
easily measured holograms, and a curse in yielding very anisotropic scattering factors that are
strongly peaked in the forward direction at higher energies above a few hundred eV [2,6,23].
Since the ideal scattering factor for holography would be weak and isotropic, photoelectron
holographic images can often suffer distortions and peak shifts. Some of these aberrations
can be corrected by using a sufficiently large multi-energy data set, but it has still proven
particularly difficult to image bulk-like atoms that are present in the first few layers below a
surface, as recently illustrated for the case of bulk atom emission from W(110) [7].

To overcome the poor imaging quality associated with strong and anisotropic forward
scattering (FS) of electrons, a new approach called ‘differential holography’ has been proposed.
This proceeds simply by replacing x in equation (1) by its derivative with respect to the
magnitude of the photoelectron wavevector k (or equivalently by setting W = 9/dk) or
more conveniently by a numerical difference between two x at slightly different energies
(8x = x(k+6k)—x (k)). FS effects can be greatly suppressed via this method. This method has
been applied to both experimental and theoretical multi-energy holograms for Cu 3p emission
from Cu(001), and results in images that are improved over prior work in several respects.
Applications of this approach in other electron-based holographies also appear possible.

The principle of DPH is as follows: we consider the single-scattering expression of the
hologram yx for an emitter—scatterer pair spaced by a vector r [26]:

I—1y 2|f(k.6b]
x (k)= — ==~ !
0 r

cos [kr(1 — cos 8) + ¢ (k, 6%)] 4
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(a) k=4.6A"1 (81eV), 8k = 0.2A-1 (3E =7 eV)

Figure 2. Comparison of the usual scattering
amplitude |f| and the effective scattering amplitude
of differential holography | fefr|, calculated for Cu—
Cu nearest neighbours (r = 2.56 A) as a function
of scattering angle Qf for two different sets of k and
8k in taking the differential of x: (a) k = 4.6 A~!
(81eV), 8k = 02 A~ (7eV) and (b) k = 8.8 A~!
(295 eV), 8k = 1.0 A=! (67 eV). The final strong FS
data points of | f| at the right of panel (b) are truncated.

/ We have confirmed numerically that equation (3) is a
/] good approximation even in the case of (b), where 8k
has a larger fractional value.
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where [ is the intensity that would be observed without atomic scattering and ¢ is the scattering
phase. If &k is sufficiently small so that 8| f|/| f| < 1, where §| f] is the change in | f|, the
difference of two holograms at k1 = k &8k /2 can be written in a form similar to equation (4):

2| fest|
p

Sx (k) = x(kik) — x (k_k) ~ — sin [kr (1 —cos6) +@(k, 6)]  (5)

where the direction k is defined by angles 6 and ¢, the ‘effective’ scattering amplitude is
defined as | fofr| = 2|f|sin[8kr (1 - cos@rk)/Z + 5(,0/2], and ¢ is the average of the ¢ at k1. In
the FS region (0¥ — 0), | feft| is thus very small, approaching zero in the limitof §¢ — 0. If 8k
is also small, | fefr| is proportional to r; thus, DPH not only suppresses the FS effects, but also
enhances the imaging of distant atoms. However, ¢ still remains in the sinusoidal holographic
oscillation of equation (5), and this could be the origin of small image position shifts.

In figure 2, | f| and | ffr| are plotted as a function of 9,{“ for Cu—Cu nearest neighbours
(r = 2.56 A) and two choices of energy and energy difference. For k = 4.6 A~ and 8k = 0.2
A=1| fur| is significant only in the region of 6¥ > ~90°. Therefore, the imaging of side-
scattering (SS) and back-scattering (BS) atoms is expected, while it will be difficult for this case
to image FS atoms. On the other hand, for k = 8.8 A~! and a larger fractional k = 1.0 A,
| fott] is significant not only in the BS region but also in the range of 6% ~ 30-90°. Since it is
well known that near-neighbour FS diffraction fringes extend out beyond 30° [26,27], we might
expect the latter choice to also permit imaging FS atoms. In this way, the relative sensitivity
of DPH to SS and FS atoms can be ‘tuned’ by selecting the range and step width of k scans.

To demonstrate DPH experimentally, we have applied the method to measured
photoelectron holograms [16]. Photoelectron spectra for Cu 3p emission were measured at
25 energies over k = 4.5-9.3 A~ (E; = 77-330 eV) with a constant step of 6k = 0.2 A~!
(corresponding to §E; = 7-14 eV), along 65 different directions over a symmetry-reduced
1/8 of the total solid angle above the specimen, and with a polar angle range from 6 = 0°
(surface normal) to 70°. A total of 1625 distinct intensities were thus measured.

The photoelectron intensity I(k = k, 6, ¢) was fitted by low-order polynomials with three
variables to obtain the smooth background intensity I, [7,28]. Three kinds of x were obtained
from this fitting: xa by fitting a scanned-angle pattern I; (6, ¢) at each fixed k [5], x5 by
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fitting a scanned-energy curve I;, (k) at each fixed direction k [6] and Xc by fitting to the full
data set of I(k, 6, ¢) at once, with the last being the most accurate from an a priori point of
view [7]. The k-differences from x were also used for DPH in what we will term method D
(i.e. xp = dxc as defined in equation (5)). The proper method of I, subtraction has been the
origin of some controversy concerning the fidelity of reconstructed images, and so warrants
a little more discussion here [9]. It has been suggested [9] that method B has an advantage
over method A in that low-frequency oscillations due to FS events in I; (k) are automatically
removed. However, this also means that the Iy from method B inherently deviates from the
true I defined as the intensity without scattering, especially in the FS direction. In addition,
since each I (k) is independently normalized without considering the continuity of x in the
whole sampled k space, method B could degrade holographic fringes in I (6, ¢). Similarly,
method A could degrade holographic oscillations in I}, (k). In contrast, method C takes into
account the continuity of x over the whole data set, but the FS peaks remain in xc. Method D
(= DPH with yx¢) should suppress these forward scattering effects. Thus, a comparison of
methods A-D is of interest in general from the point of view of holographic methodology
and it also provides a critical test for the efficacy of DPH in reducing FS effects. The simple
original transform was used for all four data sets; but to avoid spurious features due to the
abrupt truncation of the integral in equation (1), W was taken to be the product of a Gaussian
function of k and a Hanning function cos” @, with an additional multiplication by r to make
atoms at larger distances more visible.

Figure 3 shows cross atomic images reconstructed with the four methods in the vertical
(100) plane of Cu(001), with methods A—D being applied to experimental data in parts (a)—(d),
respectively, and methods C and D being applied to an accurate multiple-scattering simulation
of the experimental results in parts (e) and (f), respectively. First considering methods A—C
which are different approaches to standard photoelectron holography, we see the qualitatively
expected results that method A retains strong FS features, requiring a large enhancement factor
of 46x in the bottom part of the image to display BS atoms of types 1 and 3 (figure 3(a)),
that method B indeed suppresses these features strongly, with enhancement by 5x now being
necessary in the top part of the image to see some SS atoms of type 4 (figure 3(b)); and that
method C is intermediate between A and B in requiring somewhat less enhancement (by 29 x
in experiment and 49 x in theory) in the lower part of the image to see some BS and SS atoms
(figures 3(c), (e)). Note also that methods A and C also possess strong elongated images of
the FS atoms of type 6, as seen in a prior application of method A to Cu(001) [5].

Turning now to DPH in figures 3(d), (f), we find method D to be the most robust for
imaging both SS and BS atoms (and to some degree also FS atoms of type 6). All of the BS
and SS atoms of types 1, 2, 3 and 4 are seen clearly in these DPH images, with only a small
enhancement factor of 5x being required in the top half of the image (as with method B, but
with superior image quality to it). Comparing the positions of these images in DPH with the
known atomic positions in Cu, there are shifts in position of approximately 0.1 A for type 1,
0.6 A for 2, and 0.3 A for 3. Such peak shifts relative to the true atomic positions, as observed
in all methods, can be attributed to the neglect of corrections for both the scattering phase and
the inner potential, which have not been included here.

For comparison with experiment, we have also performed multiple-scattering simulations
of I(k), using a cluster method [24]. The theoretical I, was obtained simply as the square of
the zeroth-order wave function without scattering. Images reconstructed from the theoretical x
and § x viamethods C and D are shown in figures 3(e) and (f). The main features in figures 3(c)
and (d) are well reproduced by our simulations, although the artefacts between the images of
atoms 3 are much stronger in experiment for method C, and the relative intensity in the region
of FS atom 6 is stronger in experiment for method D.
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Figure 3. Atomicimages in the vertical (100) plane of Cu(001) reconstructed from Cu 3p holograms
obtained by normal photoelectron holography (PH, methods A—C) and differential photoelectron
holography (DPH, method D), as described in the text. The emitter and scatterer positions are
indicated by squares and circles, respectively, and various near-neighbour atoms are numbered.
Image intensities above or below z. = —0.5 A have been rescaled by the factor shown in each
panel, with this factor being determined so as to make the maximum intensities above and below z
equal. Experimental images: (a) image obtained by method A: normal holography via equation (1)
with Iy determined by fitting its angular variation at each k value. (b) Image obtained by method
B: normal holography with Iy determined by fitting its k variation along each direction. (c) Image
obtained by method C: normal holography with Iy determined by fitting both its angular and k
variations. (d) Image obtained by method D: differential holography with Iy determined by fitting
both its angular and k variations. Theoretical images: (e) as (c) but theoretical. (f) As (d) but
theoretical.

(This figure is in colour only in the electronic version)

Figures 4 and 5 further show three-dimensional representations of the experimental images
in figures 3(a)—(d), with figure 4 first indicating clearly that DPH can effectively image
approximately 20 BS and SS atoms around a given emitter e and up to two planes below
it. In this image, we find in addition to the atoms of types 1-4 and 6 in figure 3, two other
types of near-neighbour BS and SS atoms located in the vertical (110) plane (denoted 2’ and
4’ and situated in the same horizontal layers as 2 and 4, respectively). All of these atoms are
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©®

[001]z(A) —>

Figure 4. Three-dimensional Cu(001) atomic image reconstructed from the experimental
holograms by method D—differential holography with a 3D /; function. Image intensities above
ze = 0.5 A have been multiplied by a factor of 4, and isosurfaces at 50% of the maximum intensity
are shown together with five slices at z = 0 (the emitter plane), £1.81 (the first nearest layers) and
+3.62 A (the second nearest layers). Reconstructed forward-, side- and back-scattering atoms are
numbered, and the corresponding atoms in the crystal model are indicated in the inset. Only the
four features labelled A inside the atomic peaks 3 are weak artefacts that cannot be connected with
a specific atom.

reasonably well imaged, with only a few, such as 2, being significantly shifted in position, but
most within a few tenths of an A of the correct positions in all directions. Even though four
weaker artefacts (labelled A in figure 4) are observed at radii inside of the positions of atoms
3, the three-dimensional image quality is much higher than any of the previous PH images of
bulk substrate emission [5,7].

The experimental images in figure 5 permit a direct comparison of methods A-D in three
dimensions, and confirm our earlier comments concerning the relative importance of back,
side, and FS atoms, and the superiority of the DPH image.

In conclusion, DPH provides an effective method for reducing FS artefacts in images and
significantly improves the imaging of back and SS atoms. With an appropriate choice of the
energy difference and k-space sampling used, FS atoms should also be imaged more accurately
by this method. This method should also be helpful in reducing FS artefacts in other types of
electron holography in which energy can be stepped in a controlled way, as e.g. in Kikuchi [9]
or LEED [10] holography.

Finally, we for completeness point out briefly a couple of other promising methods
that have been suggested by other groups for reducing FS effects and improving images in
photoelectron holography.
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e Near-node photoelectron holography. In this method, as suggested by Greber and
Osterwalder [19] and recently demonstrated experimentally by Wider et al [29], the
experimental geometry is chosen so that the polarization vector is nearly perpendicular to
the electron emission direction. Thus, if the photoelectric cross section is roughly p-like
(as is rigorously true for dipolar emission from an s-subshell), the strength of the wave
emitted in the FS direction is reduced, and significant improvement in imaging BS, SS
and FS atoms has been seen in images produced by Al 2s emission from Al(111) [29].
This method requires using a special experimental geometry, and is most effective for
s-subshell emission, although many non-s subshells have roughly p-like cross sections at
higher photon energies.

e Circular dichroism in photoelectron holography. In one method of this type suggested by
Daimon et al [30], advantage is taken of the fact that photoelectron diffraction features
tend to be ‘rotated’ to the left or right if excited by left or right circularly polarized
radiation [31]. The degree of rotation is in first approximation inversely proportional to
the distance to the scatterer producing a given peak, and thus a kind of stereoscopic image
of the near-neighbour environment can be obtained [30]. In another variant of this, it has
been pointed out by Oelsner and Fecher [32] that taking a difference of two holograms
obtained with left and right circularly polarized radiation and using this difference in an
inversion formula analogous to equation (5) can produce accurate single-energy atomic
images, with the theoretical reasons for this being discussed in some detail.

4. Resonant x-ray fluorescence holography (RXFH)

Since Szoke’s original suggestion of x-ray fluorescence holography (XFH) as one of the
possible inner-source holographies [33], the technique has been pursued first via theoretical
feasibility studies [11], and then developed experimentally in both normal [34] and inverse
modes [35]. Review articles discussing the first experiments and some likely future directions
have also appeared [36,37]. As examples of the current status of XFH, more recent work



Photoelectron and x-ray holography by contrast: enhancing image quality and dimensionality 10527

has demonstrated the ability to image up to 100 atoms in a volume of (10 A)* surrounding a
given emitter and to see a low-Z atom in the presence of a high-Z atom [38], and to image
the local environment in a quasi-crystal lacking long-range periodicity [39]. It has also been
shown previously that the local environment of a dopant at the ~0.1% level can be successfully
imaged in a semiconductor lattice [40].

Even though XFH in either of the two original modes thus offers a powerful method to
probe the local atomic structure around a given atom, it still lacked a key ingredient of the
‘ideal” probe: the technique may be element-specific for the central atom in the structure,
but there was no simple way to determine the near-neighbour atomic identities. Use can be
made of the differences in x-ray scattering strengths between different atoms, but this is only
unambiguous when the atomic numbers are very different. It has thus recently been proposed,
based on theoretical simulations, to perform resonant x-ray fluorescence holography (RXFH)
so as to permit the direct imaging of atoms of a preselected type in solids [17]. This new variant
of XFH thus should provide a unique way to determine chemical order and disorder around
a given type of atom, through spectroscopic ‘true colour’ selection. RXFH thus represents
an important improvement to XFH in the inverse mode (often termed multi-energy x-ray
holography (MEXH) [12]), which should enable the direct discrimination of different atoms in
reconstructed images even for the most difficult cases where the atomic numbers of elements
involved are very close together.

The principle of RXFH is discussed here with the example of a binary compound with close
atomic numbers. As noted above, a considerable amount of experimental work on MEXH has
so far demonstrated that atomic images of this kind of crystal can be obtained with reasonable
accuracy and resolution without special difficulties by using state-of-the-art facilities based on
third-generation synchrotron sources [41]. Thus, it should be technically possible to obtain
additional information on the chemical identities of such atomic images that can lead to more
complete structural characterization of the crystal.

To illustrate the method, we first label the central atom of the reconstructed images to
be of type A: this is the fluorescing atom. The incident photon energy is then tuned across a
strong core absorption resonance of some other atom in the lattice that we label B, so that the
scattering factor of atom B changes rapidly. The anomalous dispersion for element B which
occurs in passing over the absorption resonance is then used to image only atoms of type B. In
RXFH, holograms are thus measured at a few energies in the vicinity of the absorption edge
of element B, EX .

As an example, we consider the compound FeNis; with A = Fe and B = Ni. Figure 6
shows the real and imaginary parts of the corresponding scattering factors £ (0) and f® (0)
in the FS direction, in the vicinity of the K absorption edge of Ni. A choice of three energies
for RXFH is also indicated, with these spanning a small energy region (AE = 197 eV) around
E,fbs (8333 eV). It is seen that as the energy is swept across Ef‘bs, the atomic scattering factor
B (0) of element B changes drastically, while f* (0) remains nearly constant, because E Q)S
is far outside of this energy range (but still close enough to induce Fe Ko radiation sufficient
for realistic experiments).

The portions of an incident x-ray wave scattered by atoms constitute the object waves
in this inverse form of x-ray fluorescence holography, and they interfere with the unscattered
portion of the incident reference-wave to give rise to an interference field at atom A inside
the crystal. Since E > E;“bs (7112 eV), the total strength of the wave field at the atomic
positions of element A can be measured by integrating fluorescent x-rays from A over a large
solid angle. Thus, an x-ray hologram with the central atom A can be obtained at each energy
by recording the intensity / (k, 6, ¢) of fluorescent x-rays as a function of the x-ray incident
direction and then normalizing I by the smooth background intensity Iy, numerically derived
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Figure 6. X-ray scattering factors in the forward direction for Fe (dotted lines) and Ni (solid
curves) atoms as a function of x-ray energy around the K edge of Ni. The real and imaginary parts
are denoted as f1 and f>, respectively, and the real parts are shifted down by the atomic numbers.
Three energies used for the MEXH and RXFH simulations, E, E; and E3, are indicated by vertical
solid lines and correspond to 8235 eV (k = 4.17 A1), 8334 eV (k = 4.22 A~!) and 8433 eV
(k = 4.27 A1), respectively.

from I, as x (k, 0, ¢) = (I — Iy) /1. The contribution to the recorded holograms from atoms
of type A can be largely cancelled out by taking the difference of two holograms at energies
close to E fbs, while such a differential hologram will receive relatively strong contributions
from atoms B resulting from the rapid change in fB.

To more quantitatively develop the holographic transform appropriate for RXFH, the
mathematical expression for the differential x-ray hologram in MEXH [17] is discussed next.
For simplicity, we consider the normalized hologram x for a scatterer—absorber pair, which is
equivalent to equation (4) but in slightly different form:

f (k. 05)
R

x (k) = - exp[ikR — ik - R] +c.c. ©6)

where R is the scatterer position, and 01’3 is the scattering angle between k and R. The
difference between two holograms at ki = k + §k/2 is given in a form similar to equation (6)
but using an effective scattering factor, just as that discussed for DPH above [16,27]:

feff (k, 9113)
R

and with a more accurate form for the effective scattering factor due to the possibility now of

ox (k) = exp[ikR —ik - R] +c.c. @)
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a non-negligible change in f in crossing a resonance:
- Sk A Sk A
" (k, 0F) = 8f exp [i?(R —k- R)} +2if (k_,05) sin [?(R —k- R):| . ®)

Equation (8) shows two contributions to § x. The first is due to the change in the scattering
factor § f, which can appear even for the smallest §k if there is any abrupt change in f, as at
the absorption edge: this term is exploited in RXFH. The second contribution is significant
even when §f is nearly zero as long as 8k is finite: as discussed earlier, it is used in DPH. In
fact, £ = §f in the limit of 8k — 0, so that § ¥ contains structural information about only
the resonant species, as measured relative to the central A atom.

In trying to do element-specific imaging via this approach, we first note that the form of
the x-ray-atom scattering factor is in general

f(kv 91%) = fAtom X fThomson = [fO (Qz) + fl - 1f2] X fThomsun(ef) (9)
where fawm 1S the atomic scattering factor, frhomson 1S the polarization-dependent Thomson
scattering factor, 6 is the angle between the scattered x-ray and the light polarization (here
assumed linear), f; is the tabulated atomic form factor, and f; and f, are the real (refractive)
and imaginary (absorptive) parts of the atomic scattering factor, respectively [42]. The terms
/1 and f are the only quantities which vary strongly with photon energy. One can thus try to
exploit the change in fi, the change in f5, or both. It is clear from figure 6 that the variations
are more gradual in the real part than in the imaginary part, with f; showing a broad dip
near the resonance that sets in before the K absorption edge for Ni is actually reached, and
/> showing an abrupt jump right at the edge. To use the variation in the real part, one could
use the relatively wide energy spacing shown in figure 6, and contrast holograms taken at one
or two off-resonance energies with a hologram taken at the resonance energy. This choice
appears to be better than trying to exploit the variation in the imaginary part. In this latter case,
two energies should be chosen just below and above EX | so that §f* ~ 0 and §® ~ —i8f)*;
while this scheme works in principle, it is found that a very high, but still realistic, signal-to-
noise ratio would be required. Thus, although both approaches should probably work in future
experiments, we will here focus on using the change in the real part, which appears somewhat
easier to achieve in the laboratory.

In the three-energy case shown in figure 6, two differential holograms, § x; = x» — x1 and
d x> = X3 — X2, are obtained from normal holograms at the three energies. The two differential
holograms are then summed for extra signal. However, since the change in the real part of the
scattering factor f has opposite signs on either side of ES | the differences §x; and §x, also
tend to change signs and would largely cancel out in the sum. Therefore we include a sign

ok — kfbs) to compensate for this:

U (r) =/k2dko(k—k§bs)/3x (k) exp [ik - r] d*k (10)

where o (k — kB ) = +1 for k > k5 and o (k —k5 ) = —1 for k < k& ; here the first
integral generalizes the summation to more energies, if desired. In this case, the changes §f.,°
in the imaginary parts above and below the edge are nearly equal (since E, is centred on the
edge) so that their contributions nearly cancel out in equation (10). The overall resonant effect
is mostly due to the change in the real part § /. Furthermore, that difference is comparable in
magnitude to the normal atomic scattering factors of light elements such as C, N and O, with
the last having recently been imaged by MEXH [38,39]. By comparison, the contributions
from atoms A are greatly reduced; thus, we have reason to believe that such an element-specific
contrasted image should be achievable experimentally. It is also easy to show that if either f

or f° is real, the real part of U has a negative peak at the atomic position [42]. Therefore, we
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Figure 7. Comparison of multiple-energy x-ray holography (MEXH) and resonant x-ray
fluorescence holography (RXFH) based on single-scattering simulations for the FeNi3 crystal.
(a) Crystal model of FeNi3 corresponding to the reconstructed images in (b) and (c) and including
eight unit cells with the lattice constant of 3.55 A. The Fe and Ni atoms observed in (b) (marked
as Fe, Fey and Nij) are shown as thin and thick gray circles, respectively, while the Fe atoms not
observed in (b) are shown as open circles. (b) Three dimensional reconstructed image from MEXH
sliced along six {001} planes. (c) Corresponding image from RXFH. The fluorescing Fe atom is
located at the centre of the cubes in (b) and (c). (d) Enlarged reconstructed image from MEXH in
the (001) plane. (e) Corresponding enlarged image from RXFH. The true atomic positions of Fe
and Ni atoms are shown as circles and squares, respectively, with some key atoms labelled.

have used the negative real part of U = —Re [U] for presenting the reconstructed images in the
following, further showing only those parts of this image function that are positive to conform to
theoretical expectations: thus, if Re [U] > 0, image U = 0, and if Re [U] < 0, U = —Re [U].

To quantitatively demonstrate RXFH, x-ray holograms were simulated for the FeNi3 model
crystal, which has the fcc structure with Fe atoms at all corners of the cubic unit cell (see
figure 7(a)). The simulations use a single-scattering cluster model that is suitable for this
application [28]. The spherical cluster has a radius of 30 A, which includes a fluorescing Fe
atom at the centre and approximately 10000 scatterers. The lattice constant is that for the
ordered phase of FeNi; (3.55 A). The non-resonant scattering factors f, (0%) were calculated
from the standard tables [43]. The anomalous dispersion corrections for Ni were calculated
from the experimental absorption coefficient of Ni [44] by using the computer code developed
by Newville and Cross [45], while the slowly varying values for Fe were taken from another
database [35]. A hologram at each of the three energies shown in figure 6 was calculated over
the full solid angle of 47 steradians with a step width of 3° for both polar and azimuthal scans.
Although it is usually impossible to measure a hologram over the full solid angle, in many
cases, a measured hologram can be extended over the full solid angle by using the symmetry
of the crystal (e.g. inversion symmetry, as is the case for FeNis), thereby improving the image
resolution along the vertical direction. The image resolution and the maximum radius within
which the image is reliable for this k-space sampling are expected to be approximately 0.7 and
18 A, respectively [28].

Three-dimensional atomic images have been reconstructed from the theoretical holograms
by both the original MEXH algorithm and the RXFH algorithm based on equation (10), and
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are shown in figures 7(b) and (c), respectively. The MEXH image in figure 7(b) yields five Fe
peaks and four Ni peaks at the respective sites of these atoms on each crystal plane. The atomic
peaks for Fe denoted as Fe; in the figure appear to be split into two parts. Such peak splitting is
often observed in single-energy holography, and since we have used only three energies here,
this could explain this type of image aberration. Nonetheless, all the atomic peaks observed
are fairly well resolved, and their positions are close to the true positions, but of course without
clear distinction between Fe and Ni. On the other hand, in figure 7(c), using the contrasting
mechanism of RXFH, the atomic peaks for Fe are almost completely suppressed, while the
peaks for Ni are clearly visible. In figures 7(d) and (e), a more detailed comparison between
MEXH and RXFH is presented. This shows that RXFH can very effectively discriminate
between two species with close atomic numbers and reveals the chemical order around the
fluorescing atom. The maximum image intensity for Ni in RXFH is approximately 18% of
that in MEXH. This confirms the previous argument, based on the dispersion curve of fi,
that the experimental challenge associated with RXFH can be comparable to that in MEXH
for light elements such as C, N and O, and that RXFH should thus be feasible with current
third-generation synchrotron radiation capabilities.

Thus, the RXFH scheme has been demonstrated theoretically and awaits demonstration
experimentally. To enhance the resonant effects and suppress the contributions from non-
resonant species, the choice of incident x-ray energies is extremely important. From the
experimental point of view, the signal-to-noise ratio of the hologram is the most important
factor. The accuracy in tuning x-ray energies is also critical. Our simulations show that
RXFH should be successful in selectively imaging a single species of atom in a compound.
Therefore, not only the atomic arrangement but also the chemical order around each atom can
be determined by comparing the reconstructed images via MEXH and RXFH. This technique
should be particularly useful for studying such issues as the structural environment of dopant
atoms in compound semiconductors and complex oxides, and the order—disorder transition of
alloys; and it may ultimately find use in studies of active sites in biological molecules.
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We discuss a newly developed x-ray standing-wave/wedge (swedge) method for probing the
composition, magnetization, and electronic densities of states in buried interfaces and layers in
spintronic nanostructures. In work based on photoemission, this method has permitted determining
concentration and magnetization profiles through giant magnetoresistive (GMR) and magnetic
tunnel junctions structures, as well as individual layer densities of states near the Fermi level in a
tunnel junction. Using x-ray emission and resonant inelastic x-ray scattering for detection has
permitted probing deeper layers and interfaces in a GMR structure. Various future applications of
this method in nanomagnetism are suggested, including using more energetic hard x-ray standing
waves so as to probe more deeply below a surface and standing-wave excitation in

spectromicroscopy to provide depth
[DOLI: 10.1063/1.2837481]

I. INTRODUCTION

Multilayer nanometer-scale structures are ubiquitous in
current magnetic devices, and the detailed characteristics of
the layers making them up, including the interfaces between
layers, are often decisive as to ultimate functional properties.
Buried layers and interfaces are thus crucial elements in such
devices, but characterizing them fully presents unique chal-
lenges. Various microscopies such as scanning tunneling,
atomic force, low energy electron without and with spin res-
olution, scanning transmission x-ray, zone-plate focused
x-ray (XM), and photoelectron emission (PEEM) without
and with spin resolution can provide high in-plane lateral
resolution, and for XM and PEEM also element-specific res-
olution of structures, but most of these techniques tend to be
very surface sensitive, and all have limited depth-resolving
ability for buried structures. Soft x-ray scattering on and off
resonant conditions provides the ability to vary the probing
depth, but the scattered intensities must still be fit to x-ray
optical simulations to derive depth-resolved information.
Transmission electron microscopy with electron energy loss
spectroscopy is perhaps the most direct method for looking
in an element-specific way at layered structures and inter-
faces, but it is not nondestructive in requiring the sectioning
of the sample, and is more limited in the range of chemical,
magnetic, and bonding information available than a tech-
nique which could in some way make use of photoelectron
or x-ray emission as the probing spectroscopies. The rela-
tively newly developed standing-wave/wedge or swedge
method that is the primary focus of this paper is such a

“Present address: Physics Department, Otterbein College, Westerville, OH
43081, USA.
YElectronic mail: fadley @physics.ucdavis.edu.

0021-8979/2008/103(7)/07C519/6/$23.00

103, 07C519-1

sensitivity. © 2008 American Institute of Physics.

technique, and we here discuss its applications to a few sys-
tems of interest in spintronics and summarize its advantages
and disadvantages.lf8

The basic principle of the method is illustrated in Fig. 1,
with some specific numbers for the first case studied: the
Fe/Cr interface, a prototype system exhibiting giant
magnetoresistance.3 A well-focussed soft x-ray synchrotron
radiation (SR) beam, in this case from the Berkeley Ad-
vanced Light Source, is tuned to be incident on a multilayer
mirror at the first-order Bragg angle, thus leading to a high
reflectivity and a strong standing wave above the mirror. If
the bilayers making up the mirror, in this example consisting
of B,C and W, have an overall period dyy , then simple geo-
metric considerations lead to the period of the standing
wave, as judged by the square of its electric field, also having
a period of dy;; . On top of the mirror, the sample is grown, in
this case as a wedge of Cr underneath a top layer of Fe of
constant thickness. Since the x-ray beam size is much
smaller than the wedge length and its resulting standing
wave phase is fixed relative to the multilayer surface, scan-
ning the sample along the wedge slope (the x direction in the
figure) effectively scans the standing wave through the
sample. Thus, photoelectron or x-ray emission signals from
different atoms will exhibit oscillatory behavior that can be
directly interpreted in terms of depth distributions, again
with the aid of x-ray optical calculations, but in what we
believe is a more direct way than is possible in the scattering
measurements mentioned above.

Il. APPLICATIONS USING STANDING-WAVE EXCITED
PHOTOEMISSION

As a first example of the kind of results that can be
obtained from such data, Fig. 2 shows both the depth profile
of Fe and Cr concentrations and the depth profile of element-

© 2008 American Institute of Physics
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FIG. 1. (Color online) The basic geometry of the
9 standing-wave/wedge (“swedge”) method for probing
16.0 A buried layers and interfaces via photoelectron emission
A E2|) = or x-ray emission, with some specific numbers relevant
118.0 A Sw (I )= to the study in Ref. 3. Soft x rays are incident at the
""" A J28in6;, first-order Bragg angle for a multilayer mirror substrate
40.50 A ;83;‘,0‘ ~ dML of period dyy, thus creating a strong standing wave
perioc_l = [20:25 Al 1 above the mirror whose period is also dy;; . One layer of
standing . the multilayer sample is grown in a wedge profile, so
weRs 1st order B_ragg' that scanning the sample along the wedge slope (the x
paned A = ZdMLsmeBragg direction) also scans the standing wave through the

specific magnetizations for Fe and Cr that have been derived
by measuring the Fe 2p and Fe 3p, as well as the Cr 2p and
Cr 3p, photoelectron intensities and magnetic circular di-
chroism (MCD) effects.>® From the intensity curves, the
concentration profiles have been derived at the left, and from
the dichroism curves, the magnetization profiles at the right,
with accuracies in the parameters involved that are estimated
to be ~ =2-3 A. From the relative magnitudes and signs of
the MCD effects, it could also be concluded that Cr is
weakly ferromagnetic just under the interface, but it is anti-
ferromagnetically coupled to Fe.

As another example related to magnetic tunnel junctions
(MTTJs), Fig. 3 summarizes some photoemission data from a
sample consisting of an Al,O5 wedge, a layer of CoFe, and a
layer of CoFeB, with a final protective cap of Al,O5. Figure
3(a) shows the B s spectrum, which is split into two com-
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Fe+Cr e o
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intermix) S Ton S et S,
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1-X moments: Fe__
Cr

X Depth (2)

sample. The polarization of the radiation can also be
varied so as to carry out element-specific magnetic cir-
cular dichroism (MCD) measurements.

ponents by what is probably a large chemical shift. Whatever
the source of these two components A and B, they can be
verified as two chemically and spatially distinct species by
looking at either the standing wave scans of the two intensi-
ties in Fig. 3(c) or another type of scan in Fig. 3(b) in which
the x position is fixed and the sample is simply rotated
around the equivalent of the x axis in Fig. 1 (a type of rock-
ing curve). The two components have markedly different be-
haviors in either data set, and the fact that their two oscilla-
tory patterns in Fig. 3(c) exhibit a phase shift relative to one
another of about 7 A immediately suggests that their mean
depths are different by about the same magnitude. Consider-
ing the direction of the wedge slope further implies that peak
B represents atoms closer to the surface. A more precise
analysis of both sets of data in fact yields the concentration
profiles responsible for these two peaks indicated in Fig.

FIG. 2. (Color online) (a) The concen-
tration profiles and element-specific
magnetization profiles of Fe and Cr
through the Fe/Cr interface of the
sample shown in Fig. 1 that have been
derived from Fe 2p and Fe 3p intensi-
ties and MCD measurements, respec-
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tively. (b) A summary of the Fe and Cr
MCD data used to derive the magneti-
zation profiles. The solid curve is the
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best fit from many different choices of
parameters describing the magnetiza-
tion variation of either Fe or Cr
through the interface. The dashed
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several choices of parameters that
were used to estimate the error limits
of ~*2-3 A (from Ref. 3).

o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



07C519-3 Yang, Sell, and Fadley

—
Q
~—
oy}
73
o

Intensity (a.u.)

I

196 194 192 190 188 186
Binding energy (eV)

d
AlOx &

Multilayer

3(d), and the conclusion that some of the B in the CoFeB
layer has segregated out into the interface between CoFeB

and the Al,O5 capping layer.

For the same MTJ sample type as in Fig. 3, it has also
been possible to use several valence-band spectra obtained as
the standing wave is scanned through the sample to yield
layer-resolved densities of states, and in particular, to provide
a microscopic understanding of the marked increase in tun-
nel magnetoresistance (TMR) when the CoFe layer is de-
creased in thickness d¢,p, from 25 to 15 Al Figure 4 sum-
marizes these results, with parts (a) and (b) showing a typical
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FIG. 3. (Color online) (a) The boron
Is spectrum from a CoFeB layer on
top of a sample with the configuration
shown in (d). (b) Rocking curves of
the intensity of the two components A
and B in (a), obtained by varying the
x-ray incidence angle around the
multilayer Bragg angle. The experi-
mental points are connected by
straight lines. The smooth curves rep-
resent best fits to the data, as derived
from a fit of x-ray optical calculations
to the data. (c) The variation of the
intensities of peaks A and B as the
standing wave is scanned through the
sample by moving the sample in the x
direction. The curve format is the
same as in (b). (d) The distribution of
the two types of boron in the sample,
as derived from the best fits of x-ray
optical calculations to the data (Ref.
8).

valence spectrum for the two different CoFe thicknesses, af-
ter having been self-consistently fit with five components

A-E. Eleven such spectra were measured for a succession of
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standing wave positions, and the insets in Figs. 4(a) and 4(b)
show the variation in relative intensity of the E component
nearest the Fermi level (as measured with respect to the sum
of the C and D components), compared to an x-ray optical
calculation of the relative importance of emission from FeCo
and FeCoB. There is a clear correlation between the intensity
of E and the degree to which the standing wave is localized
on FeCo. Beyond this, self-consistently analyzing all eleven

FIG. 4. (Color online) Extraction of
layer-specific densities of states in a
magnetic tunnel junction sample. [(a)
and (b)] Typical valence-band spectra
at a certain standing wave position for
two different thicknesses of a CoFe
layer, and with decomposition of the
spectrum into five components by
peak fitting. The insets show the mea-
sured relative intensity of peak E near-
est the Fermi level versus an x-ray op-
tical calculation of the relative
intensity of the CoFe layer compared
to the overlying CoFeB layer. [(c) and
(d)] The layer-specific densities of
states of CoFeB and CoFe, respec-
tively, for two different thicknesses of
the CoFe layer. Note the much en-
hanced peak near the Fermi level for
CoFe with a thickness of 15 A (from
Ref. 5).
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FIG. 5. (Color online) (a) A Co 2p
spectrum from oxidized Co, as ob-
tained from the literature (Ref. 9), in-
dicating the three features expected:
one from Co” and two from Co** (a
main peak and a broad shakeup or
screening satellite). (b) The effect of
scanning the standing wave through
the sample on the Co 2p spectrum.
Note the obvious phase shift between
the Co” and Co?* peaks (from Ref. 8).
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spectra with the assumption that each of the two layers has a
distinct and constant density of states yields the layer-
resolved densities of states shown in Figs. 4(c) and 4(d).
These results finally permit concluding that the enhanced
TMR for 15 A of FeCo compared to 25 A can be linked to a
significantly higher density of states at the Fermi level,
which is further reasoned to be spin polarized, and also to the
fact that the FeCo is thought to go from polycrystalline to
amorphous when its thickness is decreased from above
2510 15 A7

As a final type of MTIJ structure studied using the
swedge method with photoelectron emission, a structure con-
sisting of an Al,O; wedge covered by a constant-thickness
Co layer and a Ru cap has been studied.® For one type of
sample produced with a synthetic procedure involving a 30 s
final plasma oxidation of the Al,O5 just before deposition of
the Co, the Co is found via Co 2p chemical shift analysis to
be highly oxidized. Figure 5(a) shows a reference Co 2p
spectrum from the literature, with one sharp feature from
metallic Co (Co®) and two peaks from Co oxide (Co?*).” We
find the same spectral features, but the swedge measurements
show that the oxide is situated on average above the metallic
Co, rather than below it and adjacent to the Al,O;. Figure
5(b) summarizes a standing wave scan of the Co 2p spec-
trum and, in the same sense that the two boron species A and
B in Fig. 3(a) have a phase shift in Fig. 3(c), so does the
single Co metal component have a phase shift of about 16 A
relative to the two components from Co oxide in the Co**
state. This shift is in turn in a direction indicating that the
oxide is nearer the surface. Beyond this, the oscillatory pat-
terns seen for the various core level intensities of different
atoms from this sample, as plotted in Fig. 6, yield a family of
phase shifts which can be analyzed to determine depth dis-
tributions. For example, O 1s is split into what appears to be
two metal-oxide components, one that is in phase with Co
oxide and nearer to the surface, and one connected with Ru
that is below the surface. The metallic Co signal also seems
to come from not very far below the Ru on average. These
results thus point to a very strong intermixing and/or island
formation in the Co and Ru layers, with the relative weak-
ness of the Ru oscillations also suggesting that it has distrib-
uted itself over depths that must be approaching the wave-
length of the standing wave, which was in this case 40 A. An
approximate picture of the sample profile is shown in the
inset of Fig. 6, and it is very different from what might have
been supposed from the synthetic recipe.

lll. APPLICATIONS USING STANDING-WAVE EXCITED
X-RAY EMISSION

As a final development of this swedge method, we con-
sider detecting photons emitted from the sample, either as
normal x-ray emission spectroscopy (XES) or as the closely
related experiment of resonant inelastic x-ray scattering
(RIXS) in which the incoming photon energy is tuned to a
strong absorption resonance, and the outgoing photons, at
lower energies than the excitation, are measured. The fact
that photons have much greater penetration and escape
depths than electrons of comparable energies makes this type
of measurement capable of looking much more deeply into
multilayer structures, and we will also show that this permits
characterizing both the top and bottom interfaces of a given
layer. In photoemission measurements, the strong attenuation
of the emission from a given layer due to inelastic electron
scattering during escape tends to bias the data strongly to-
ward seeing only the top interface.

This additional type of photon-out measurement is again
illustrated for the case of the Fe/Cr interface, but in this
case, the sample consisted of an Fe layer sandwiched be-
tween an underlying Cr wedge and an overlying Al,O5 cap-
ping layer.7 There are thus two interfaces involved,
Al,O3/Fe on top and Fe/Cr on the bottom. We have in par-
ticular looked at the Cr and Fe L x-ray spectra, as excited by
a photon at the Fe 2p,, absorption edge, which yields a
typical broad-scan spectrum, as shown in Fig. 7. The Fe L
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FIG. 6. (Color online) (a) The oscillatory intensity variations of different
core-level photoelectron intensities as the standing wave is scanned through
a sample with the configuration shown in (b). The different peaks involved
are indicated (from Ref. 8).
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spectra are thus strictly speaking RIXS emission, but the Cr
L spectra would be normal XES. Other x rays are also emit-
ted from Cr, Fe, and O, as indicated in this figure.

Figure 8 shows the oscillatory patterns associated with
Fe L emission; (a) as summed over excitation with left and
right circularly polarized radiation, (b) as the difference be-
tween left and right, and (c) as twice the ratio of these two
quantities, which is the MCD signal. Over three cycles of the
standing wave have passed through the Fe layer, and all three
of the quantities in this figure exhibit clear oscillations of the
order of 25%, 15%, and 10% around their mean values, re-
spectively. As a first conclusion connected with these data,
the fact that there is a nonconstant and oscillatory MCD sig-
nal can be shown rigorously to require that the Fe atoms
contributing to it do not have the same strength in the inter-
face regions.7 The slight phase shift between the summed
intensity in (a) and the MCD signal in (c), which is about
3-4 A in vertical standing wave position, and the greater
asymmetry and width of the peaks in the MCD oscillations
also indicates that the two Fe interfaces do not have the same
magnetization proﬁle.7 The red curves in Fig. 8 are the result
of an analysis involving a large number of x-ray optical cal-
culations for different layers and interface geometries, with
the resulting parameters between two layers i and j, constant-
composition layer thicknesses ¢;;, linear-gradient concentra-
tion interface thicknesses w;;, and Gaussian-profile magneti-
zation half widths gij as shown in Fig. 9. Thus, the
properties of both top and bottom interfaces have been de-
termined via this analysis, something that would not be pos-
sible with photoelectron emission.

IV. FUTURE APPLICATIONS: HARD X RAYS AND
MICROSCOPY

Finally, we comment briefly on two additional interest-
ing developments that could permit the swedge method to
study additional aspects of spintronic structures.

First is the idea of using much harder x rays for excita-
tion of photoelectrons, going from soft x-rays in the
500-1000 eV regime up to 5 or 10 keV, in order to pen-
etrate multilayer structures more deeply. There is presently
growing activity in Europe and Japan in carrying out photo-
emission in this regime,lo’11 and some of these possibilities

i | Fig. 8 (from Ref. 7).

T T
700 750 800

for studies of magnetism have already been discussed in a
recent comprehensive review of x-rays in magnetism.6
Among other things, it has been pointed out that standing
waves above nanometer-scale multilayer mirrors should be
even stronger in this higher-energy regime,6’12 and thus more
accurate characterizations of even deeper structures should
be possible. In recent work that did not involve standing
waves, such hard x-ray photoemission has in fact been used
in connection with chemical shifts and local density calcula-
tions to study interface mixing in the Ni/Cu interface." By
using standing wave excitation, this type of characterization
could be even more quantitatively carried out.

As a final possibility for the future, carrying out soft
x-ray-excited XM or PEEM studies with standing-wave ex-
citation could provide a type of direct depth sensitivity to
these laterally resolving SR techniques, provided that a few
standing wave cycles can be encompassed in a single micro-
scope image. Some first encouraging measurements of this
type have in fact recently been carried out."

V. CONCLUDING REMARKS

The standing-wave/wedge method discussed here thus
has demonstrated the ability to nondestructively determine
buried-interface concentration profiles and element-specific
magnetization profiles, as well as layer-specific densities of
states in a variety of multilayer nanostructures of interest in
spintronics. A limitation of the technique is that a suitable
sample structure must be grown on a multilayer mirror of
sufficient reflectivity, but there nonetheless seem to be a va-
riety of systems for which this should be possible, and a
range of applications areas, both in magnetism and other
fields.* Both photoelectron emission and x-ray emission/
inelastic scattering can be used as probes, with the latter
providing greater bulk sensitivity and the ability to look at
both the top and bottom interfaces of different layers. Using
more energetic x rays will permit studying deeper layers and
interfaces, and using soft x-ray standing waves for imaging
with photoelectron microscopy may also permit adding depth
resolution to this family of techniques.
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FIG. 8. (Color online) The effect of scanning the standing wave through an
Al,03/Fe/Cr trilayer on (a) the sum of the Fe L,+Fe Ly intensities for
excitation with right and left circular-polarized excitations, I cp+/Ircp, ad-
justed for the influence of the elastically scattered exciting intensity and on
(b) the difference of Fe L,+Fe Lg intensities, Iy cp—Igcp. (¢) The MCD
derived from (a) and (b) via MCD=2(1; cp—Igcp)/ (I cp+Ircp) (from Ref. 7).
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