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Resonant x-ray fluorescence holography: Three-dimensional atomic imaging in true color
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We propose resonant x-ray fluorescence holography as a method for selectively imaging atoms of a specific
atomic number as near neighbors around a fluorescing atom of a different atomic number. Theoretical calcu-
lations for FeNi(001 show that the images of Ni atoms neighboring a fluorescing Fe atom can be selectively
reconstructed via the differential contrasts from several holograms obtained as the incident x-ray energies are
varied across the NK absorption edge. Thus, this technique should provide a unique way for determining the
chemical order and disorder around a given atom, through resonant selection of its atomic number or “true
color.”
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INTRODUCTION around a given atom, there still remains one deficiency: the
technique may be element specific for the central fluorescing
Following Szde's original suggestion for inner-source atom in the structurga quality it shares with extended x-ray
x-ray fluorescence holograpli)(FH),! and some initial the- absorption fine structuréEXAFS)], but there is no simple
oretical studies of its feasibility,this technique has been way to determine the near-neighbor atomic identities. Use
experimentally developed in both normahnd inversé can be made of the differences in x-ray-scattering strengths
modes. In the normal modsometimes referred to simply as between different atom@s is done with differences in elec-
XFH [Ref. 4]) modulations in the fluorescence intensity from tron scattering strength in EXAFSbut this is only unam-
a given atomic type as a function of emission direction argbiguous when atomic numbers are relatively far apart, as
measured, yielding a hologram and permitting the threerecently illustrated for the case of O and Ni in Ni@n this
dimensional(3D) imaging of the local environment of that paper, we propose a significant improvement to MEXH,
particular atom. In the inverse modsometimes referred to resonant x-ray fluorescence hologragRXFH), that should
as multienergy x-ray holography or MEXIRef. 4)) the  enable the direct discrimination of different atoms in recon-
modulation in the exciting beam intensity at a given atomicstructed images even for the most difficult cases where
type as a function of incident direction is monitored via atomic numbers of elements involved are very close together.
angle-integrated fluorescence, yielding another type of holol is in this sense that we can speak of atomic images “in true
gram. MEXH has the inherent advantage of allowing thecolor.”
variation of the incident energy, as long as it is above a The principle of RXFH is discussed here for the example
certain absorption edge, with multienergy images being lesef a binary compound oAB; type with close atomic num-
subject to various kinds of artifacts, such as twin images antéiers, specifically FeNiand for whichZy;—Zr.=2 and the
real-twin interference effecfs.With presently available fractional change in atomic number is on#y0.08. Prior ex-
large-solid-angle detectors, MEXH is also inherently fastemperimental work using XFH and MEXH has already con-
due to the angle-integrated signal. Recent advances in exincingly demonstrated that images of the 10-20 atoms
perimental techniquge.g., the high-speed “spiral” rotatiSn ~ which are within about 41 nm)* region surrounding a given
of specimens to suppress the negative effects of fluctuatioatomic type can be obtained for this type of crystal with
in synchrotron radiatior{SR) intensity] have also made it positional accuracies of 0.1-0.3 A. Some closely related pre-
possible to obtain high quality holograms in as little as a fewviously studied systems illustrating this are bccFaysAu,*
minutes, even though the typical modulations in either direcand an AIPdMn quasicrystalUsing third-generation syn-
or inverse measurements are only a few tenths of a percerthrotron radiation and advanced data collection techniques
Further theoretical studies have also been performed by setas also significantly enhanced our ability to obtain such
eral author$so as to more firmly establish the fundamentalimages’ Thus such near-neighbor positional information can
basis of XFH/MEXH. From the studies to d4feit is pos-  be derived from a suitable multienergy dataset, as we will
sible to conclude that a straightforward single-scattetkig  also demonstrate from our theoretical simulations for EeNi
nematical model in which incoming or outgoing radiation is However, obtaining additional information on the chemical
Thomson scattered from the various atoms in a cluster caidentities in such atomic images would lead to a much more
provide a quantitatively accurate picture of XFH/MEXH ef- complete structural characterization of any system, particu-
fects, and that near-field effects can to first order be nelarly one in which possible compositional disorder on the nm
glected. scale is present, and thus to a much broader applicability for
Even though XFH/MEXH in its current formulation thus nanoscale materials characterization. In this study, the central
offers powerful methods to probe the local atomic structureatom of the reconstructed images is always chosen to be
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5 £ (D) and E; “above” the edge(in the sense of both parts being
\\_;_/- relatively constant at post-edge values

/£, (Fe) THEORETICAL APPROACH

Turning now to the specifics of MEXFithe portions of
an incident x-ray wave scattered by both the Fe and Ni atoms
constitute the object waves of holography, and they interfere
1/, (Fe) with the unscattered reference-wave portion to give rise to an
i interference field at a given Fe fluorescent emitter inside the
S e’ crystal. Since all three energies are greater thaiktedge of
Fe,Elf=7112eV, the total strength of the wave field at the
atomic positions for Fe can be measured by detecting &e
X rays over a solid angle that is as large as possible. Thus an
inverse x-ray hologram centered on Fe can be obtained at
] anyE nearEQ‘t',s by recording the intensity(k, 8, ¢) of fluo-
] E E E rescent x rays as a function of incident x-ray direction on the
-10 I T 1 specimen and then normalizindy the smooth background
8200 8300 8400 8500 intensity 15, numerically derived from, as x(k,8,¢)=(l
X-ray Energy [eV] —10)/1o. From Fig. 1, we see that, &is swept acrosE,

o
]
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both components of\', the atomic scattering factor of Ni,

FIG. 1. The atomic x-ray-scattering factofs and f, for Fe change dramatically, with increments or decrements of ap-

(dotted lines and Ni (solid lineg as a function of x-ray energy Proximately four electron units. On the other hand, the
around theK edge of Ni. The overall scattering factor is given by change inf Feis very small, because all absorption edges of
faom=fo(#) +f1—if,, respectively. The three energies used for F€ are far outside of the energy region shown in the figure
the simulations of,, E,, andE; are indicated by vertical solid (but still close enough to induce sufficiently strong ke
lines and correspond to 8235 e\k#£4.17 A1), 8334 ev k  fluorescence for realistic experimentonsequently, the
=4.22 A"1) and 8433 eV k=4.27 A™1), respectively. contribution to the recorded holograms from Fe can be
largely canceled out by taking the difference of two holo-
atomA (Fe in this casp and the anomalous dispersion asso-grams at neighboring energies, while such a differential ho-
ciated with an absorption edge for elem&niNi in this cas¢  |ogram can retain relatively strong contributions due to the
iS Used to Se|eCtive|y image atorﬁSUrrOUnding the Central N| atoms as a resuh'_ Of the rapid Change fm over the
atom. In the usual implementations of MEXH in which both resonance.
atomsA andB are to be equally imaged, the incident x-ray  To develop the holographic transform appropriate for
energiesE are usually chosen in such a way that they areRxFH, we begin with the mathematical expression for the
close enough t&,, the absorption edge of elemehtfor differential x-ray hologram in MEXH. For illustration, the
the efficient excitation of fluorescent x rays frombut also  normalized hologramy for a single emitter-scatterer pair is
far enough from botlE4 .and any edgeES, of atomBthat  considered, although all of our simulations make use of cal-
the anomalous dispersion terms in the x-ray-scattering faczulations over large clusters of atoms, using a program de-
tors for A andB are not significant. In RXFH, by contrast, we veloped by Leret al? For an emitter-scatterer pair,
will choose severaE’s in the vicinity of an absorption edge
ES <of elementB. The basic idea here is thus similar to that (k6%
of multiple-wavelength anomalous diffractiofMAD) for x(k)= R

phase determinations in conventional x-ray-diffraction . . i
studie€® but with the significant difference that there is no Wherek is the photon wave vectoR is the scatterer posi-

phase uncertainty in MEXH. tion, Ak is the scattering angle betwedn and R, and

To illustrate the possible choices of excitation energy forf (K, %) =faomX fhomson  iNCludes  the  polarization-
RXFH, Fig. 1 shows the two energy-dependent parts of th&lependent Thomson scattering cross section. In general,
x-ray scattering factor§, andf, for both elements FéRef.  T(k,08)=|f(k, 6K)|exdie(k 6k)1=|flexdie] and so in-

9) and Nil° as the NiK absorption edge at about 8334 eV is volves both a magnitude and a phase shift, and our numerical
crossed. These curves are based on the best available exp&alculations allow fully for this via the quantities shown in
mental and theoretical data® The overall scattering factor Fig. 1. The difference of two holograms &t = k= 5k/2

in one standard format i&,m=fo(#)+f,—if,, wherefyis  with sk<k (as is clearly the present casmn be written in

the atomic form factor and a function of scattering angfé  a form similar to Eq.(1), but using an effective scattering
The three energiel, , E,, andE; represent choices that are factor, as discussed recently in connection with differential
within a small energy regiofoverall AE~200¢€\) around photoelectron holograpHy,

EN. with E; “below” the edge (at least as far as the ab-

sorptive partf, is concernef E, “at” the edge (in the sense Fefk, alé) : :

of the maximum slope ifi, and the maximum change ), ox(k)= R exlikR-ik-R]+c.c. @

exdikR—ik-R]+c.c., (1)
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Here, the effective scattering factor for differential hologra-way* More precisely, we propose the transform for RXFH
phy is to be

ek, 0K) = of exp{i %k(R—IQR)} U(r):f Ukkzko oxkexdik-ridk, (4
sk where oy is a simple weighting factor and is-1 for k
+2if (k. ,QE)Sir{—(R—R- R)} 3 >kisand —1 for k<kj, and we have here written inte-
2 grals to indicate that many directions and many energies
could potentially be involved. In practice, of course, these
Equation(3) shows two contributions t@y. The first is  would be sums over several scanned-angle holograms at en-
due to the change in the scattering factfrc 5f,—i of, ergies symmetrically placed above and below a given edge.
which can appear even for the smalles if there is an  With this choice of weighting and since th&f}"s for the
abrupt change if, as at the absorption edge. The second igwo differentials are nearly equal, they are canceled out in
significant even whersf is nearly zero, as long ask is  the transform of Eq(4), and the remaining overall resonant
finite. In differential photoelectron holograppPH),'% it effect due tos f}' is approximately 6.5 electrons. This num-
has recently been demonstrated that the second term of Elger of electron is comparable to the normal atomic scattering
(3) can be used to suppress the strong forward-scatterintgctors of light elements such as C, N, and O, with the last
effects inherent to photoelectrons. By contrast, the first ternhaving recently been successfully imaged by MEX®@n
of Eq. (3) is what we wish to emphasize in RXFH. In fact, the other hand, the contribution from Fe can be greatly re-
Eq. (3) shows thatf®=5f in the limit of sk—0, so thatsy ~ duced owing both to the opposite signs @f above and
in that case contains structural information only for the resobelow Egt',sand the very slow change e with energy. It is
nant species relative to the fluorescing atom. This suggestsaiso easy to show that, if eithéor f° is real, as we are now
first option of choosing two energies just below and justeffectively producing with our sum and weighting choice,
aboveEg‘gs, e.g., atE,=~8eV, so that the abrupt jump of then the real part oJ has a negative peak at the atomic
the imaginary part offV' yields 5fFf~0 and dfM~  position!! Therefore we have used the negative real part of
—idfy'. We have confirmed via theoretical calculations onU= —RgU] for presenting the reconstructed images in the
large clusters that this scheme works at least in principle, bubllowing, further showing only those parts of this image
we have also noted that the signal-to-noise ratio required folunction that are positive to conform to theoretical expecta-
accurately making use of resonant effects dué f§' alone  tions: i.e., if RgU]>0, image=0, and if R¢U]<0, image
is very high, if not at presently unrealistic levels. A second= —R€gU]. Positive-going oscillations in Re] have thus
option which effectively amplifies the change in the real partbeen eliminated in these images, in order to emphasize those
N is thus explored here. As can be seen in Fig. 1, a large®spects of the images that are expected based on the funda-
Sk range spanninge; to Es is required to fully utilize the Mental properties of x-ray scattering after the holographic
significant change irf)'. As described further below, the transform. o _ _
contribution from the nonresonant atom Fe due to the second 10 demonstrate the feasibility of RXFH with this ap-
term of Eq.(3) can be greatly reduced by making use df a proach,. x-ray holograms were simulated for a quel cry;tal
sampling that has inversion symmetry with respect to th&’ FeNis, which has the Ni fcc structure, but with all Ni
absorption edge, as is true ff andE; in Fig. 1, which are atoms at the corners _of the (_:ublp unit cell replaced by Fe
chosen such that they equaj+ 99 eV. atoms_[see octet of unit cells in Fig.(8)]. The lattice con-
stant is that for the ordered phase of FgkB.55 A). The
method for simulations is based on the single-scattering clus-
EXPERIMENT SIMULATION AND RESULTS ter model discussed in detail elsewhé&rahis method has
) ) ) . been found to be fully quantitative for describing both direct
For our simulations, two differential hologram@yx:  ang inverse XFH data in prior wofl'? The cluster used
= X2~ X1 @nd dx>= x3~ X2, have been obtained from nor- 45 4 gpherical shape with a radius of 30 A, and it includes a
mal holograms at the three energies ﬁihown in Fig. 1. Th@yorescing Fe atom at the center and approximately 10 000
energyE, (8334 eVk=4.22A™) is atEgp and is centered  gcatterers. The atomic form factofg(65) were calculated
at the midpoint of thleabrupt changefip. The energleﬁl from standard table’s. The anomalous dispersion terrhg
(8235 eV, k=4.17A"") and Eg (8433 eV, k:4-27'5_‘ ) andf, for Ni shown in Fig. 1 were calculated from the
were ChOS%q below and abot# with the same spacing of ayperimental absorption coefficient of Niusing a computer
6k=0.05A"" relative toE, and a fractional change kof  code developed by Newville and Crd€swhile the values
onIyN‘l.lfVKI.' From the curves in Fig. 1 for Ni, it is found that {5, Fe were taken from another datab8sk.hologram at
(6f1',613)=(=3.0,1.7) and3.5, 1.8 over ox; anddx,,  each of the three energi&s, E,, andE; mentioned above
respectively, with units of electrons again. Since the real parjyas calculated over the full solid angle of 4teradians with
of the scattering factof)' decreases and increases beforeg step width of 3° for both polar and azimuthal scans. Al-
and afterE} ., respectively, it is beneficial to change the signthough is usually impossible to measure a hologram over
of 8y, so0 as not to have it cancel out witBy, prior to  more than about 2 steradians, for many systems such a
taking a multienergy holographic transform in the usualmeasured hologram can be extended over the full solid angle
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(c) RXFH Figs. 4d) and(e). The atomic peaks for Fe denoted as e
- it 0 the figure appear to be split into two parts. Such peak split-
3 ° ting is often observed in single-energy holography. Even
g 8 ’ though holograms at three energies are used for the image
: P reconstruction, the small spacing kfdoes not allow the
e complete suppression of twin images and other artifacts as in
normal MEXH. Therefore, the image quality is only compa-
0 rable to that of single-energy XFH. Nonetheless, all of the
°a’a’ Vel oY atomic peaks observed are fairly well resolved, and their
Solor e 0 ol o oFeo | i Rell] positions are close to the true positions. In a real experimen-
= I - @ @\ tal situation, the quality of the MEXH image could be im-
S = © 2 ?Fez ° | Moax proved dramatically by using up to ten or so energies, with
5 0 5 5 0 5 for example, all energies lying above both the Fe andKNi
[100] [100] edges. Thus, from either Fig(2 or a more elaborate use of

_ _ ) normal MEXH imaging, one can consider the atomic posi-
FIG. 2. Comparison of multienergy inverse x-ray fluorescencetions to be determinable with high accuracy, even though the
holographic images based on the negative of the real part of imagesgomic numbers are not as yet. On the other hand, in Fig.
generated using both the star_ldard inversion aIgor[MEXH) and 2(c), using RXFH, the atomic peaks for Fe are almost com-
resonant hologra_phyRXFH) via Eq. (4). These images are based letely suppressed, while the peaks for Ni are clearly visible.
on single-scattering cluster simulations of holograms at the thre%gures 2d) and(e) show even more dramatically the degree
energiesk,, E,, and E, .for an FeNi’i’ crystal containing about to which RXFH very effectively discriminates between two
10000 atoms(a) Near-neighbor atomic model of Fejfor com- species with close atomic numbers, thus revealing the chemi-

parison to the reconstructed images(b) and (c) and including lord d the fi . ¢ A final t
eight unit cells with the lattice constant of 3.55 A. Fe atoms aretd! Order aroun € fluorescing atom. As a final assessmen

lighter gray, and Ni atoms darker gray. The unique types of Fe an(?f the re_latlve _experlrr_]ental _d'ff'C“'tY Qf R_XFH' we nme_ that
Ni atoms observed ifib) are labeled as FeFe, and Nj as thin e maximum image intensity for Ni in Figs(@ and(e) is
and thick gray circles, respectively, while the Fe atoms not observe@PProximately 18% of that in MEXH. This confirms the pre-
in (b) are shown as open circlegh) Three-dimensional recon- VIOUS argument, based on the dispersion curvg othat the
structed image from MEXH in cross section along £01} planes. ~ €xperimental challenge associated with RXFH will be com-
(c) Corresponding image from RXFH. The fluorescing Fe atom isparable to that with MEXH in imaging light elements such as
located at the centers of the cubed@p (b), and(c). (d) Enlarged C, N, and O. Inasmuch as the latter has recently been
reconstructed image from MEXH in th@01) plane.(e) Corre-  successful, RXFH should be experimentally feasible.
sponding enlarged image from RXFH. The true atomic positions of

Fe and Ni atoms are shown as circles and squares, respectively, and

certain key atomic positions are also labeled. CONCLUSIONS

by using the symmetry of the cryst@.g., inversion symme- In summary, resonant x-ray fluorescence holography
try), with the image resolution along the vertical direction (RXFH) as a method for directly determining the atomic
thus being improved, and resolution then in fact beingnumbers of near-neighbor atoms in a crystal has been dem-
nearly/fully isotropic in 3D. Our simulation thus mimics onstrated theoretically via single-scattering cluster calcula-
such a case. Based on a prior analysihe image resolution tions for FeNj (001). To enhance the resonant effects and
and the maximum radius from which the image is reliable forsuppress the contributions from nonresonant species, the
our choices ok space sampling are expected to be approxi-choice of incident x-ray energies is extremely important, and
mately 0.7 and 18 A, respectively. we have considered two options, one based on closely
Three-dimensional atomic images have been reconspaced energies and favoring the change in the imaginary
structed from the theoretical holograms using both the origi{absorptivé part of the scattering factor and the other based
nal multienergy algorithif and the RXFH algorithm of Eq. on more widely spaced energies and favoring the change in
(4). These images are shown in Figgb)2and(c) within the  the real(refractive part. In either case, the sampling points
cube —3.55<x,y,z<3.55A. Thus the length of the cube are taken symmetrically about the absorption edge of Ni, and
sides is twice the lattice constant of FgNEach image con- the modified multienergy transform of E(l) was used for
sists of six slices along thf01-type planes, with the fluo- image reconstruction. Emphasizing the real part allows a
rescing Fe atom at the center of the cube, and image intettarger sk range to be used and also enhances the overall
sities along those planes shown in gray scale. Thanisotropies in differential holograms. RXFH is thus pre-
corresponding unit cells of the FeNattice have been shown dicted to be successful in selectively imaging a single species
in Fig. 2(@). Five image peaks for Fe atomic sites and fourof atoms in a compound, specifically Ni in FgNiVe expect
image peaks for Ni sites are observed on each plane in Fignost aspects of our analysis to apply to other combinations
2(b), consistent with the expectation that such an MEXHof A andB atoms in a given material. As a general method-
image will be about equally sensitive to both Fe and Ni dueology, the detailed atomic arrangement can be determined by
to their cose-lying atomic numbers. Different 2D cross-the previously established MEXH and the chemical order
section renderings over a slightly larger area are shown iand structure around each atomic type can be determined by
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