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Direct reconstruction of three-dimensional atomic adsorption sites by holographic LEED
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We report on the application to measured data of an algorithm for holographic low-energy electron diffrac-
tion (LEED), which overcomes the two most important limitations of the technique to date: the “searchlight”
effect, which tends to highlight only atoms forward scattered by the adsorbates, and the distorting effects on
diffuse LEED intensities due to possible long-range order among the adsorbates. The only experimental input
required is a set of the most reliably measured diffuse LEED patterns from normally incident electrons. The
algorithm is applied to a set of 11 measured diffraction patterns from a(8@Wi surface. A fully three-
dimensional image is reconstructed from these data by compensating for the anisotropy of the reference wave
by an appropriate scattered-wave kerfig0163-182@96)00936-8

I. INTRODUCTION some real promise is that of holographic LEEDWhen
atomic adsorbates form a disordered lattice gas on a crystal

Although low-energy electron diffractidrlLEED) is one  surface, it has been suggestéuht a holographic reconstruc-
of the most important probes of surface crystallography, ition algorithm should be able to recover the local crystallog-
has been somewhat hampered by its usual methodology feaphy of the adsorbates from the resulting diffuse LE®D
extracting structural information from experimental data.DLEED) intensitie§’ found between the Bragg spots from
Conventionally, data are simulated for various model structhe substrate scattering. The basic idea is that all electrons
tures and fitted by means of a trial-and-error procedure. Theontributing to the DLEED intensity must have propagation
problems in such a procedure are twofold:the computer paths that include at least one scattering by an adsorbate
time requirements for the calculation of LEED spectra from(since the ensemble of adsorbates form the only disordered
even a single structurngarticularly one with low symmetjy  part of the surface Thus the DLEED intensity may be re-
and (ii) the sheer number of different structures that need t@arded as arising from a set of spherical waves emerging
be examined. Considerable progress has been made in tlrem each of the adsorbate atoms, suggesting a close analogy
last decade in dramatically reducing the time requirementsvith a diffraction pattern formed by photoelectrons emitted
(i), especially by the technique of tensor LEEBlowever, it  from the adsorbates. In the latter case, the propagation paths
is difficult to see any solution to problefi) in the case of leading directly from the emitter to the detector have been
complicated structures, since the number of structures thadentified with a reference wave, while those involving sub-
need to be evaluated scales exponentially with the number afequent scattering by a substrate atom have been regarded as
structural parameters to be determiried. object waves, allowing a holographic interpretation of the

In an attempt to address probletii) attention has been diffraction patter?'° In DLEED, those propagation paths
devoted towards the possibility of developing matieect leading directly from the last scattering by an adsorbate to
methods for LEED* In this context an idea that has shown the detector play the role of a reference wave, while those
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associated with subsequent scattering by a substrate atom are JH(k, k) dk,
identified with object waves. Ha (kp) = Tk, (3)

As in the case of photoelectron holography, the holo- +
graphic interpretation of a DLEED pattern suggests the posThus the measured intensitiegk, ,k;) enter the reconstruc-
sibility of the recovery of the relative positions of adsorbatetion algorithm (1) only via the functiony, which enhances
and nearby substrate atomisectly from a diffraction pattern the contrast of the oscillations k(k, k), without affecting
by some form of computer reconstruction algorithm. Giventheir periodicities. A practical advantage of replackdy x
the limited range of measurable data on a single DLEEDN the integrand of2) is that the latter function would tend to
pattern, and the relative ease with which different DLEEDfilter out unwanted smooth background contributions to a
patterns from electrons of different energies may be remeasured DLEED pattern from, e.g., thermal diffuse scatter-
corded, it was suggested from the beginfititat data from  ing. A unique feature of this normalization is that perturbing
many such patterns could profitably be combined to produceéffects on the diffraction patterns due to any residual long-
reconstructed images of higher quality. A particularly suc-range order are also divided out during the construction of
cessful multienergy reconstruction algorithm has been prothe x function. This is essential since the holographic inter-
posed by Bartod! A similar algorithm has been applied by pretation of diffuse LEED intensities is dependent on the
Tong and co-workers to photoelectron holographgnd ho- ~ assumption that each of the adsorbates acts as a source of
lographic LEED'® In the latter case, promising results were electrons effectively incoherent relative to all other adsor-
obtained from a disordered K/NI0O) surface of a 5% bates(as they are naturally in the case of core-level photo-
coveragée” Due to the pronounced forward scattering by theelectron diffractiof. In DLEED this is strictly valid only in
adsorbate, only those substrate atoms strongly illuminated bjpe very low-coverage limit of a true lattice-gas adsorbate
electrons forward scattered by the adsorbate atoms were ri&yer. Any residual long-range order among the adsorbates at
constructed, a phenomenon termed a “searchlight’higher coverages is manifested by a structure-factor term
effect’>* This is somewhat disappointing since one of theS(k;) which modulates the DLEED intensities. As the
main appeals of holography is its ability to reconstruct fully function is formed by the ratios of intensities at particular
three-dimensional images. values ofk;, it hence eliminates the contributions of the

Since the “searchlight” effect arises from the anisotropy Structure factor and makes higher-coverage data accessible
of the reference wave, an idea might be to compensate fder the holographic reconstruction.
this anisotropy in analogy with work in Auger and photo-  The kernelK [somewnhat analogous to tiseattered-wave
electron holography. In diffuse LEED, however, one is facedncluded Fourier transforniSWIFT) kernel of photoelectron
with the additional difficulty that the reference waviee.,  holography®* is taken to be of the form
that which leaves the adsorbate for the last time, after all 4 -
prior multiple scattering with the substratas itself deter- K(k, k .r)z(lfa(KO N[+C
mined by the very structure being sought. In this paper we Lo r

describe how this pFOb'efT‘ may be overcome. We V\.'i” ShOV\ﬂNherefa is the scattering factor of an adsorbate atddy,
how a fully three-dimensionalmage of the near-neighbor the wave vector of the incident electrons, andhe unit

scatterer atoms may be reconstructed from diffraction Palector in the direction of. The effect of the kernel is to

terns due to jushormally incic_;lentelectronsl.S Su_ch diffrac- compensate for the “searchlight” effect mentioned earlier.
tion patterns are the most reliably measured, since they aIIO\.L];his is done by correcting for the anisotropy of the holo-

the averaging of symmetry-related sectors of the pattern%raphic reference wave, consisting of a contributigrirom

thus improving the signal-to-noise ratio and overcoming POSthe forward-scattered incident beam, as well as a new fea-

sible inhomogeneities on the fluorescent screen as well 85 he constant approximating the effect of the back-
residual sample misalignments. scattering of electrons previously diffracted by the substrate
(see Fig. 1L Some earlier work by Hu and Kiftapplied to

Il. THEORY the Bragg spot intensitié3from a surface with an ordered

The reconstructed amplitud®(r) at a point specified by adsorbate layer also used a kernel somewhat similar t&our

the position vector relative to an adsorbate atom on the in their reconstruction algorithm. A difference is that their
surface is calculated by the equafion kernel omitted the tern€, and showed no evidence of the

type of fully three-dimensional reconstruction described be-
low.

-1

: 4

B<r>=f f (f K(K, ok inx(k, ke K kiadk,

x e'ki g%k, (1)
We reexamine a subset of the DLEED data from a

wherek, andk, are the components of the wave vedtoof ) . .
a detected electron parallel and perpendicular to the surfack/Ni(00)) surface, measured and analyzed with an earlier

z is the component of perpendicular to the surface, generz_:\tion of recc_)nstruction algorith‘_rﬁ.ln_ the present
work, instead of using data from two directions of incidence

H(k. k) —Hay(ky) of the electron beam as previously, we use only those dif-

x(ky k)= . (k) (2)  fraction patterns from normal electron incidence onto the

avt ol surface. Furthermore, we employed the data from just 11

is a function constructed from the measured diffraction-different patterns of electron energies in the low range from
pattern intensitie$d (k, k;), with 90 to 150 eV, in which they may be measured most reliably,

Ill. EXPERIMENTAL DATA
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FIG. 1. Schematic diagram of the two contributions to the ref- 50 100 150
erence wave from the adsorbate at¢aythe direct scattering of the energy (eV)

incident wave by the adsorbate atom, represented by the modulus of
the strongly forward-peaked atomic scattering fagigiK & -k)|; (b)

the backscattering by the adsorbate of the waves previously re-
flected back from the substrate, represented by the isotropicGerm

and in which the perturbing influence of thermal diffuse scat-
tering is minimized.

As with all DLEED experiments, a considerable amount
of care needs to be taken to filter out extraneous signals to
access the true DLEED intensities. The contributions of ther-
[)nearlirgg;utzea?c; t’fggggerzrtirzlgl‘rgéeg, bgnget;s)rsr?;gt?ag%s XO;% FIG. 2. Diffuse LEED patterns of a K-covered (801 surface

" overage equal to 0.0%neasured at the energies @fper lef},
data additionally measured from the clean surface at eac 7 (lower left, 125 (upper righl, and 145 eV(lower right. The

; ;2021
energy under consideratidfi™* The latter procedure also re- diffraction patterns were background subtracted by the correspond-

moves the influence of static defects in the substrate. F|gur|:;1g intensities of the clean K001 surface and fourfold symme-

2 shows four of the 11 diffraction patterns used in the Presentizeq after the removal of the gun shadow. The variation of diffuse

work, following this background subtraction process. Thejntensity with energy at the position corresponding to a hypothetical
patterns shown have also been subject to fourfold rotationall 1) gragq spot is shown in the middle panel.

averaging, using data from just the three quadrants not con-

taining the shadow of the electron gun. A strong angulaissign DLEED intensities to @mmonk; grid for all elec-
variation of the DLEED intensities is observed in each of thetron energiesy as required for the construction of)th‘anc_
four patterns, as found in previous computer simulations fokion. An advantage of such amergy-independeni, grid is
the analogous case of OBD1).*> A similarly pronounced  that the resulting diffuse intensitiét as functions ok, , for
energy dependence of the intensities, for a particular value &f particulark,, tend to be continuous since, by construction,

the component of the detected electron wave vector parallghey stay away from the vicinity of the Bragg spots at all
to the surfacek,), is seen in the middle panel. This intensity energies®

vs energy [/E) curve corresponds to a position equivalent to
11

that of an imaginanys,s) Bragg spot. _ IV. HOLOGRAPHIC RECONSTRUCTION
The effect of a disordered adsorbate layer on a surface is

generally to redistribute intensity from the substrate Bragg We applied this procedure to the 11 measured diffuse
spots to the diffuse part of the diffraction pattern between the.EED patterns due to normally incident electrons on a dis-
Bragg spots. As a result, a subtraction pattern of the fornordered adlayer of 5% coverage of K(BD1). A striking
just mentioned will tend to produce the diffuse intensity dis-three-dimensional image of a form similar to those from the
tribution we require, except in the immediate vicinity of the earlier theoretical simulatiofisis reconstructed, as displayed
Bragg peaks. Visual inspection suggested that the Bragign Fig. 3. The value of the consta@ used in the present
spots were contained within a circle of radius equal to abouwork was 3.4 A, somewhat higher than for the previous
a fifth of the interspot spacing, and therefore the intensitiesimulations for the differentoxyger) adsorbate. This might
within these areas were subsequently set to zero. be expected, due to the different atomic scattering factor of
It should also be borne in mind that experimental meaX, and thermal vibrations of the K atom on the surface may
surements of the diffuse intensities are made as functions @flso affect the optimum value of this constant. As in the case
detectorangles An interpolation procedure is required to of the theoretical simulation's,the value ofC could be var-
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FIG. 3. Three-dimensional image reconstructed from 11 measured DLEED patterns due to electrons of energies ranging from 90 to 150
eV, normally incident on the K/NDO1) surface. The Cartesian axesndy define a plane parallel to the surface, andzfais the outward
surface normal. The intensity at each voxel is represented by a sphere whose radius is proportional to the intensity, and whose color varies
from blue for the lower values through green to red for the higher ones. The higher intensities correspond to the reconstructed positions of
the nearest substrate Ni atoms relativeatK atom(at the coordinate-system origindsorbed on a fourfold hollow site.

ied over quite a wide range with no significant degradation V. CONCLUSIONS

of the image. In this paper we have described the latest advances in the

_In terms of the Cartesian SéStem of axes of Fig. 3, & Pregechnique of holographic LEED, which allow the reconstruc-
vious conventional LEED study of the same surface had ion of a most striking three-dimensional image of the local

concluded that the positions of the nearest-neighbor SUbSUaH?jsorption geometry from a minimal amount of the most
atoms to the adsorbate were to be foundxay(z) coordi-  rejiably collected data. This has been achieved by using the
nates relative to the adsorbate (4125, 1.25,-2.72 in A, scattered-wave kernél (4) in the integral(1) to cancel out
together with its three companions related to it by fourfoldthe anisotropy of theeferencewave. We have discussed the
rotations about the axis. The nearest atom to the adSOI‘bateprocedure to be followed in the collection of the experimen-
in the second substrate layer was found at the posiich,  tal data and how to overcome any residual long-range order
0.0, —4.4), also in A. It will be seen from Fig. 3 that the red effects with the filter functiory. This feature may indeed be
centers of all five of these atoms are reconstructed close tile crucial step responsible for the particularly high quality
these expected positions, and allow unambiguous identificasf the reconstructed image in Fig. 3. It also opens the way
tion of the adsorption site. for the future use of DLEED data from higher adsorbate
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coverages than the present 5%, to further enhance the signalround the adsorbates and seems therefore to be one of the

to-noise ratio. most promising approaches to direct surface crystallography.
The quality of our reconstructed image compares favor-

ably with any achieved to date by photoelectron holography,

while obviating the need for a synchrotron radiation source. p.K.S. acknowledges the financial support of the US NSF
Even though in recent years Kikuchi holography has seenGrant No. DMR-9320276 the UK EPSRC, and the Ger-
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