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Path-reversed photoelectron diffraction from surfaces: Composite layer treatment
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A computational scheme for photoelectron diffraction, based on a path-reversal formalism, is developed for
crystal surfaces with many atoms per unit cell. We show that the computation may be performed efficiently by
simple modification to a computer program developed earlier for low-energy electron diffraction. We show that
the results are essentially indistinguishable from those from conventional forward-path calculations. Overall
agreement with experimental data from different samples for a (@@ surface is also found.

DOI: 10.1103/PhysRevB.65.134115 PACS nunifer61.14.Qp, 61.14.Dc

[. INTRODUCTION the scatteringvithin the composite layer in a spherical-wave
basis, while retaining the plane-wave expansion for scatter-
In core-level photoemission, an electron wave is excitedng betweencomposite layers. This hybrid scheme is known
from the initial state of an emitting atom and travels throughas thecombined-space methdd
the surface to the detector. A Green’s-function formalism for In Sec. Il, we will show how a path-reversed photoelec-
an ordered slab that follows these multiple-scattering protron diffraction calculation may be performed by a modifica-
cesses forward in t|me was previous'y repo&édl_’here iS tion of the LEED Combined-space method. Section IIl de-
also a renewed interest in this problem for photoemissiorscribes the results of calculations by this method of the
from clusters and disordered structufeRecently, an alter- Photoelectron diffraction from a Mg(001) surface. The re-
native approach based on the reciprocity theorem wagults are compared with those from forward-propagation
proposed’. In this approach’ the electron is propagated backmethOd-S and with eXperimental data. Section IV contains our
ward from the detector to the emitter. Wave amplitudes agonclusions.
different emitters can be found with just a single run of the
algorithm. In contrast, ir_1 the usual_ forward pr(_)pagation ap- Il. THEORY
proach a separate multiple-scattering calculation is repeated
for each emitter and each initial state. Since the later ap- In angle-resolved photoemission, the ampliteig) of
proach is based on essentially path-reversed low-energy elethe measured signal may be characterize# hythe compo-
tron diffraction (LEED), any code developed for LEED may nent parallel to the sample’s surface of the wave vector of the
easily be modified to include the photon-electron coupling atvave entering the detector, namely,
the final stage. The path-reversed method was initially imple-
mented by a modification of the tensor LEED program of C(kp) =(k||GA|¢y), (1)
Rous and Pendfwhich handled just surfaces capable of

being modeled by layers consisting of primitive two- whereG is the Green's function for the electron’s propaga-
dimensional(2D) lattices. That paper described simulationstjon from the emitter to the detectak, is the photon-electron
of Auger diffraction patterns from a Q@01 surface, where jnteraction Hamiltonian, andi$;) represents théth core-

excellent agreement was found for both low and high photogjectron state. Inserting complete sets of eigenvectors of po-
electron energies. The present paper extends this treatmentdgionsr andr’. we may write this as

photoelectron diffraction, and to surfaces modeled by planes
containing more than a single atom per layer unit cell. Al-
though the present application is to a periodic surface, an C(kH):f f<kH|r’><r’|G|r><r|A|r)(r|¢i)dr’dr
adaptation of the method to a representation of the sample by
a nonperiodic cluster of atoms is quite straightforward. Thus
the idea is potentially useful even for the modeling of pho- =J “ (r|G[r'")(r'[—kpdr"|A(r)(r|¢g)dr. (2)
toelectron diffraction from disordered surfaces and nanoclus-
ter structures. . . :

If the scattered wave function between layers of a surfacérhe last equality follows from the reciprocity theorem,
is expandable into plane waves, algorithms like the renor-
malized forward scatterinRFS method'*° may be applied (r[G[r")=(r"|G]|r), 3
to find efficiently the wave amplitudes incident on either side
of each layer. When the spacing between layers is small, thend A(r) is diagonal with respect to the position eigenvec-
plane-wave expansion may not converge well. For sucliors. The theorem is valid even if the potential is taken to be
cases, it is appropriate to combine layers with small intercomplex to represent the effects of inelastic scattering.
layer spacings into a single composite layer, and to calculate The Green’s function®) may be written
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, , , mentum quantum numbérof the radial Schrdinger equa-
(r[G[r")=G(r,r")=G(r,r )+f GO(r,r)T(ry,rz) tion for the jth atom. Therefore, inside the emitter we have
X GO(ry,r")drdr,. 4 i ,
et rdnd. @ (1[Gl =k =1 2 Ae Riklr=r; Yy (r=r)).
Thus the term within square brackets in E2). may be writ- 7t L
ten (10)
(r|G—kp)=(r|G°| —k)+(r|G°TG°| — k). (5) For a periodic composite layer witk atoms per unit cell,

it is convenient to decompose the scattering paths into

The free-space Green’s function in the plane wave repremultiple-scattering processes amddgubplanes, each being

sentation i& a primitive 2D lattice with just a single atom per unit cell. In
- ) other words, the expansion+tG°t ... of the inverse in

1 5, ) Eq. (9 can be written asr+7G°7+--., where 7=t

f d°k k'2 +tG° ... may be thought of as a renormalized atornic
E- 7—i6 matrix which incorporates all multiple-scattering paths

within a single subplane.
i e ik .(r=1") The calculation of the amplitude®) involves summa-
=— — for z>7', (6) tions within a subplane of the form:
04\ —1a—ik-Ry— o= ik'R; 0+~ ik R;

where A is the normalization area: (1=Gh) e mh=e TR Gjte T
1 +GHt- - tGp e R (1)
(rlG° —kp= ZJ GOo(r,r)exp(—iky-r')o(z")dr’ where the lattice vectoR, indicates the position of atom
within the subplane. Note that the general term can be rear-

et ranged in the form

i e

=— for z>7'. (7)
Ak, 4 .
: Git- - -te 'K Rm(Gp ' (Rm~Rnl)t, (12)
This may be regarded as a plane wave of wave veetor
(with a component parallel to the surface ek|) incident As G°,. depends only on the relative positi®},— R,

directly on an atom in the vicinity of. As for the second e may write this as
term in Eg. (5), this represents the wave that reaches the
vicinity of the same atom after all possible scattering pro- G})it' ..te k-Rmgintrag (13
cesses with all atoms of the sample.
The quantity(r|G|—k|) may be calculated by means of where
a LEED computer program for an incident plane wave

exp(—ik-r'). Specifically, the program can calculate the co- Gintra_ 2 G(P)elkP (14)
efficients of a spherical-wave representation of this wave P£0
field, namely,

is the intralayer propagator. Since each subplane is a primi-
i tive lattice, the difference between two lattice vectors is also
(r|Gl—kp)= A > AjLii(Klr=r;DYL(r=r)), (8  a lattice vectorP. Hence the sum is over all lattice points
z L . . . .
except the origin in the subplane. Applying the same argu-
wherej, is a spherical Bessel function of orderY, is a mentto other factors to the left in E(1L3), we may write this
spherical harmonic of angular momentum quantum numberterm as
L=(l,m), and i . .
e |k~RjG|ntrat' X .Glntrat’ (15)
AJ.LZE (1—G°t)jfnL,4wi"Yf,(—l?)e*”"Rn, 9) and hence Eq(11) can be summed to yield
nL’
—ik-R;j intragy \—1
wheret is an atomict matrix. The amplitude#\;, represent € (=G (16
incoming spherical waves at the position of ffth emitter  and the effective scattering factor of an atom in subpiase
after the path-reversed incident plane wave is multiply scat-

tered by the atoma of the sample. On a muffin-tin model, Tj:tj(l_Gintratj)_l- (17)
the total radial wave function just outside the emitter may be o _
written j.(klr—rj|)+t|h|(k|r—rj|), where t,=(e?%—1)/2 A similar argument suggests that the amplitudes of the

and s, is the atomic phase shift of angular momenturfihe ~ SPherical waves incident on the origin atom in subplgne
effects of atomic vibration at a finite temperature on the@fter initial incidence on subplang and subsequent mul-
phase shifts can be calculated in the usual veigch wave tiple scattering between the subplanes, is

matches onto the functioelR,(k|r —r}|) inside the muffin ter —1 —ik.Re

tin, whereR, (k|r —r;|) is the regular solution of angular mo- (1=G™7);re 0, (18
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where the elements of the interlayer propagator matrices,
G\ are MgO(100)0O1s

inter _ —ik-P
Glevj,Lz_g Gy, (1 +Pe kP, (19)
where the quantity;;. is the interlayer vector between sub-
planesj andj’. Hence Eq(9) may be rewritten to give the
final amplitude incident on the origin atom in laygafter
further multiple scattering among the atoms of the same sub-
plane,

intensity (arbitrary units)

AiL = E (1- Gimratj)[l_l/

j’vl—,vl—,/
\
X(1=G"r) A Y (e R (20)
wherej andj’ are subplane indices. [110] [100]
Substituting Eq(20) into Eq.(10) gives an expression for — — — — :
the total wave functior(r|G|—k|) finally incident onto the 80 -80 -40 20 O 20 40 60 80

photoemitter after the multiple scattering of the backpropa-
gated photoelectron wave. Substitution of the resulting ex-
pression into Eq(2) gives FIG. 1. Comparison of calculated O 1s photoelectron diffraction
polar angle distributions along tfi&00] and[110] azimuths from a
MgO(001) surface using the path-reversed algorithm described in
C(k”):f (r[G[=kpA(r){r|gi)dr thg text(dotted lin® anélJ a coﬁventional algori?hm that traces the
path of the photoelectron from emitter to deteqtmolid line).

S (A, (21

multiplied by the amplitudeB;) andB{ ), , and which has
the vector—k in Eq. (20) replaced byK{" andK{™, re-
spectively.

where

ij_ VY (r—r A o
M¢ fR'(k“ HDYE(r=r)Agi(rdr, (22 IIl. NUMERICAL RESULTS AND DISCUSSION

. o my* _: - ) - - - -
usmg the resulh(L—( LY ! whereL =(l,—m), and r_e Figure 1 shows calculated photoelectron diffraction inten-
placing the dummy index with —m under the summation  gjies as a function of polar angle along azimufth€0] and
over L. By the selection rule for atomic photoemissidn, 110 originating at O 1s atomic core electron states from a

=1 andn_1_= m. MgO(001) surface which is assumed to be bulk
The transition rate is given by terminated>**The calculation using the path-reversed algo-
) rithm was performed for a stack of five-composite layers,

d_W(k )= 'A_kout( KOUY2|C (Ky)|2 23) each composite layer consisting of a subplane of magnesium

dQ T 42 z P and a subplane of oxygen atoms. The combined-space

method is necessary here because the two subplanes are co-

Note that the factor of4 in Eqg. (21) cancels those in Eq. planar. The usual LEED package and RFS methotere
(23), and the eXpreSSion for the transition rate is in fact in'emp|oyed for Scattering between Composite |aye|’s_ As a mat-
dependent ofA. ter of fact, the scattering matrices of a composite layer in

Th(_a ab(_)ve treatment assumes all atoms of thg su_rfaq_eEED are proportional tozj,Lef'kf‘RiYL(kf)t“AjL, where
combined into one giant composite layer. In practice, it ISA;, s given by Eq.(20) andk; is the direction of the scat-
Usua”y more efficient to divide the surface into a set of COM-+ered wave. Modifications were made in on|y one of the sub-
posite layers with the wave field between the layers eXroutines that calculates the scattering matrices of a composite
panded into a plane-wave representation. The amplitudggyer. Both the atomic matrix elements and phase shifts are
B(?,Z) andB),, of plane waves of wave vectok|") and  calculated from a potential constructed using the program
Kg‘) respectively, incident on layeyfrom above and below, MmurPOT.®
respectively(where the components of these wave vectors For comparison, the same photoelectron diffraction inten-
parallel to the layers differ by the 2D reciprocal-lattice vec-sities were also calculated by the usual time-forward
tors g of the layers may be calculated by a standard RFSschemé' with the MgQ(001) surface, modeled instead by a
scheme in a LEED computer program. In this case thesingle composite layer of ten subplanes. Excellent agreement
spherical-wave amplitude; will need to be calculated by is found with the results of the path-reversed calculations. It
a sum of terms of the form of Eq20), each of which is should be noted that, although the forward-propagation cal-
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The third set of data is from a sample prepared only by
MgO(100)01s heating to high temperature, and measured with a detector of
higher angular resolution. While different in scale, it can be
air-cleaved seen to resemble the first data set, but with more distinct
features and different peak positions. The significant differ-
ences found among the three sets of experimental data for
these azimuths indicate the photoelectron distribution from
MgO(00)) is quite sensitive to surface preparation. In light
sputtered of these differences, the overall agreement with the simula-
tions is quite satisfactory. The differences from experiment
are found mainly in the range from=20° to =40°, and
aroundf=60°, where significant differences among the ex-
heated perimental results are found.

intensity (arbitrary units)

IV. CONCLUSION

In conclusion, we have developed a path-reversed theory

theol
i of core-level photoemission from ordered surfaces with more
' T T T T T than one atom per unit cell. The calculations may be per-
80 60 40 20 0 20 40 60 80 formed by a conventional LEED computer program, which
(110] 0 (100] needs to be modified only to extract the amplitudes of in-

FIG. 2. Comparison of calculated O 1s photoelectron diffracti ncoming spherical waves at each atomic emitter. If the inter-
- £: ~OMparison of caicu'ate s photoelectro actio layer scatterings are treated by the RFS method, only one run

polar angle distributions alon.00] and [110] azimuths from a of the algorithm is needed to generate the spherical waves for
MgO(001) surface, with experimental data sets from three different alg - 9 e the sp .
Ll emitters and all initial states. This is in contrast with the

samples. The data from the air-cleaved and sputtered samples ah ) . . .
from Ref. 12. Data from the heated sample are from Ref. 14. conventional time-forward photoemission methods, which

sum up scattering paths from each emitter and each initial

culation is also based on a LEED package, in this case atate. In addition, the ease with which the current scheme for

major restructuring of the program is required—one that inthe generation of photoelectron diffraction can be imple-

volves a significantly greater programming effort. mented within conventional LEED codes makes the applica-
We have also performed a fully convergent calculation bytion of the many powerful approximations that have been

the path-reversed algorithm, for 12 composite layers witfleveloped within that discipline for automated structure de-

two subplanes each, with interlayer multiple scattering caltermination[e.g., linear LEED(Ref. 15 and tensor LEED

culated by the RFS scheme. No smoothing has been applid®Ref. 18] straightforward.

to the calculation to account for the effect of the data collec- We have shown that the results generated from the current

tion instrumentation. The calculated results are displayed atlgorithm are reliable, and agree with both time-forward re-

the bottom of Fig. 2 for comparison with three different setssults and the experimental data from M@01). The same

of experimental dat&**The upper two sets of data are from formalism can be applied to cases like photoemission from

air-cleaved samples of Mg001) with different methods of ~disordered clusters or to automated structural searches using

preparation. The first distribution is from a sample on whichphotoelectron diffraction. For the latter, only minor modifi-

no sputtering has been performed. It appears that after spugations to the time-forward algorithfhef the corresponding

tering there is less anisotropy in the azimuthal scan, indicat-EED formalism is required.

ing more surface disorder. The second distribution is from a
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