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Application of x-ray direct methods to surface reconstructions:
The solution of projected superstructures
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The projections of surface reconstructions are normally solved from the interatomic vectors found in two-
dimensional Patterson maps computed with the intensities of the in-plane superstructure reflections. Since for
difficult reconstructions this procedure is not trivial, an alternative automated one based on the “direct meth-
ods” sum function[Rius, Miravitlles, and Allmann, Acta CrystallogA52, 634 (1996] is shown. It has been
applied successfully to the known(4X2) reconstruction of G€01) and to the so-far unresolved
INg0G& oAS (001) p(4Xx2) surface reconstruction. For this last system we propose a modification of one of
the models previously proposed for Gd881) whose characteristic feature is the presence of dimers along the
fourfold direction.[S0163-182@8)50908-3

Unlike most metal surfaces that only show relaxation, theues ¢(h) required for the computation of Eql) are not
majority of semiconductor surfaces reconstruct. One comavailable. Since contains positive and negative values, the
mon mechanism for the reconstruction is the formation ofpower of conventional direct methods to firgh) directly
dimers. Compared to the unreconstructed surface, a recofrom the normalized structure factofE(h)| is weakened.
structed surface shows a large surface unit cell and can ther®ne possible way of solving is through the direct interpre-
fore be described as a surface with a reduced number ahtion of the two-dimensiondPD) difference Patterson-like
lattice points but an increased number of basis atoms. If th&unctions6Py(x) (also called “surface autocorrelation func-
reciprocal space vectors are expressed in terms of the recifiens”) as, e.g., the modulus synthésis
rocal space basisb(,b,,b;) with b; normal to the recon-
structed surface, then this reduction of lattice points causes
the appearance of fractional-order rddsk,l,]. Since the
present paper concerns the solution of projected superstruc-
tures, only rod values with the continuous coordidatequal  This is the procedure normally used for simple reconstruc-
to zero will be considered. These values constitute the set dfons. When the reconstruction involves a large number of
in-plane superstructure reflections,K). atoms or when the interatomic peaks do not show up clearly

The difference functiors is defined as the difference be- in the Patterson map, an automated interpretation procedure
tween the projected superstructyrgand the corresponding like the “direct methods” sum functionis desirable. The
average function(p,) obtained by averaging the electron direct methods sum function can be written in the form of the
density over the superstructure unit cell. It can be expresseittegral
in the form of a partial Fourier synthesis including only
terms of the superstructure reflections

1
SPo(x) =g ; |E(h)| exp(—i27h-x). 2

sf SPo(x) SP(x,P)dx, 3)
S

1
dx)=g ; [E(h)|exdie(h)lexa—27h-x), (1) which measures the coincidence between the observed 2D
difference Patterson-like functio®P, and the calculated one
and has the same symmetry @s (S=area of the surface oP(®) given in terms of the collectivityp of phases of the
unit cell).? In most cases, its determination requires the solargest superstructure reflections. As was demonstrated in
lution of the superstructurp. Unfortunately, the phase val- Ref. 2, the possibility of expressing the difference Patterson-
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FIG. 1. Upper view of the Q@01 c(4X2) reconstruction
showing the dimers and the firdilled circles and second sublay-
ers.

160 A

like function as a function o follows from the assumption
that § resembles its cube. Obviously, integ(d) will be a FIG. 2. 8(x,y) map of the G&01) c(4X 2) reconstruction ob-
large positive quantity if the coincidence between observedained from the phase refinement with the SUMF-TF using only
and calculated difference Patterson functions is good. Impart of the in-plane superstructure reflectidnegative regions of
practice, the starting random values of the phasiég in &  the map are suppressedo help the comparison with Fig. 1, most
are refined by maximizing the direct methods sum functioronds involving the dimers and atoms of the first and second sub-
with an extended tangent formaI&UMF-TF) and minimiz-  layers have been outlined. For the meaning of the arrows, see the
ing X,|C,(®)| wherel denotes the weakest superstructurete’(t'
reflections andC,(®))| the amplitudes of thé® normalized
structure factors. The refined values are then introduced iphase values of the best solution. Comparing Figs. 1 and 2 it
Eq. (1) to compute . For a detailed description of the is evident that the projection of the superstructure can be
method see Refs. 1 and 2. easily recognized from thé map. However, some care is

The 3D version of this procedure has been already used tioecessary, since, according to the definition sfcertain
redetermine the superstructure of mineral “wermlandite” peaks ind must appear slightly shifted from the correspond-
from high-quality x-ray diffraction datdHere, the applica- ing atomic position inp,, (see, for example, the arrows in
bility of the SUMF-TF to solve the projections of two super- Fig. 2).> One promising aspect of this first test is the viability
structures from the intensities of their in-plane superstructuref applying direct methods to partial data séds least for
reflections will be shownii) the already known G601 superstructures involving a reduced number of ajoms
c(4X 2) surface reconstructidnhat is used as a preliminary ~ The Iny 0Ga 9fAS Samples were grown by solid source
test: (i) the projection of the still unresolved molecular-beam epitaxy in a system that includes intercon-
INg 0/Ga g6AS (001) p(4%X2) surface  reconstruction. nected chambers for the growth of IlI-V and II-VI
INo.04Ga ogAS is lattice matched to ZnSe and therefore inter-materialsS® GaAs buffer layers 500 nm thick were initially
esting for blue laser applicatiofis. grown at 600 °C on semi-insulating GaA®01) wafers.

Both experiments were performed at the surface diffracing ¢/Gay ogAS epilayers Zum thick were subsequently grown
tion beamline of the European Synchrotron Radiationat 500 °C with a Ill/V beam pressure ratio of approximately
Facility® The energy for the G801) c(4x2) experiment 1:40, as determined from an ion gauge positioned at the
was 16 keV(fifth harmonic of the undulatprand for the sample location. The indium content was calibrated by
INg 0Ga, 06AS (001) p(4%2) 18.4 keV(seventh harmonjc  means of photoluminescence spectroscBpygiving
Both samples were installed in a UHV system coupled to @.0462). In the growth conditions employed, the GaAs as
six-circle diffractometer operated in tlzeaxis mode’ well as the I3 0/Ga& ogAS buffer layers exhibited a*24 sur-

The capability of the SUMF-TF for solving projected su- face reconstruction, as monitoredsitu by means of reflec-
perstructures was first checked using the experimental set ¢ibn high-energy electron diffractiofRHEED). To protect
the G&001) c(4 X 2) reconstructioriFig. 1), which consists the surface during transport, the samples were capped and
of 46 nonequivalent in-plane reflections specific to thecleaned by annealing up to 450 °C; during decappmsijtu
c(4x2) structure measured in one of the two existing do-RHEED showed the surface symmetry to evolve fr@w4)
mains at the surface. Half-order reflections common to théo (4X2), at which point annealing was stopped. The recip-
structuresc(4x2) andp(2x1) were not considered. The rocal space basis of the average structure was selected with
intensities of the 46 in-plane superstructure reflections werb, and b, parallel to the[1,—1,0] and[1,1,0 directions,
normalized. The phases of the five reflections with the largrespectively, andb; perpendicular to the surface. Their mag-
est normalized intensitie€(values were refined using these nitudes areb,;=b,=2n/a (a=4.011 A and b;=2m/a,
E values and th& values of the six weakest reflections. The with a, (bulk constant=5.672 A. The symmetry of the dif-
number of refined sets was 50 and the number of cycles fdraction pattern isnm. Inspection of the diffraction pattern
each set was six. As was shown in Ref. 2, the best solution iglong b; showed well-defined peaks at positions that are
that which maximizes the integré®). Figure 2 shows th&  multiples of 0.25 indicating the existence of a fourfold re-
map (with suppressed negative regioreomputed with the construction in this directionln situ RHEED experiments
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FIG. 5. Projected “ball and stick” model of thp(4X2) unit
cell derived from thes map in Fig. 4, assuming b glide mirror
relating the Ga dimersR2mg symmetry.

type (h="fractional,” k=2n) which can correspond either

to a superstructurp(4x2) averaged in th¢110] direction

[hereafter denoted bg(4x1)], or to a superstructure(8

X 2) averaged irf1,—1,0] and in[1,1,0] to give the same

\ b p(4x1) cell} The angle of incidence of the x-rays to the

/\M”ﬁ? o AT surface was kept constant at 1° for all measurements. The
in-plane diffraction data were collected at small values of the

perpendicular momentum transfdr,€£0.17). Only one do-

main corresponding to thp(4x2) orientation was formed

) _ after the sample preparation. A total of 151 in-plane

_ FIG. 3. (a) 2D Patterson function calculated with the measureds 5 -tional-order reflections were measured that reduced to 35

intensities of the I§oGa ¢S (001) in-plane superstructure reflec- 04 ivalent reflections with resolution lower than 1 A. At

t('soar::;gg; Zit(ezr_s((::? ;iqu:zgnﬂsgci?érfﬁgrgﬁo%/ Szﬁtg)' f(l)r: higher resolutions, the signal-to-noise ratio of the measured
’ A . P ' intensities was very poor and therefore they were disre-
(a) and (b) we show three similar interatomic vectors. garded

. . . The Patterson map computed with the in-plane super-
3
and an additional in-plane scan aldkg 5 using synchrotron structure reflections assumingmm symmetry is given in

radiation revealed that the half-order lines related to the twox. - : .
fold periodicity in theb, direction were too diffuse to be Fig. 3@); in Figs. 3b) and 3c) we show theoretical Patter

S . son maps for two of the several models proposed in the lit-
measured, which indicates the presence of strong d'sord%rrature for GaA@O01): the one by Skalet al? and the so-
along this directiort! Consequently, the measured in'planecalledﬁ2(4><2) modei13 Even though these 'models apply to
superstructure intensity data only contains reflections of theGaAS surfaces it is réasonable to use them as a first approxi-
mation, given the low In concentration. It is quite clear from
Fig. 3 that the model by Skalet al. has the highest resem-
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) (@ Q O @ blance to the experimental Patterson map, in particular, the
N W/ o ~ ®@ N 1 experimental function shows the presence of a clear atomic
74 kj AN V\‘/ J\kj D correlation alongb, present only in the Skalat al. model
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QM A /mm QM A (0, 0.425 that, as shown later, is due to an In enrichment at
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FIG. 4. 5(x,y) map of I 3/Gay 06AS (001) p(4X 1) as obtained
from the phase refinement with the SUMF-Tikegative regions of FIG. 6. Observed(outer empty semicircl¢gsand calculated
the map are suppressed.ines A and B indicate the As and Ga (filled semicircle$ structure factors of the in-plane superstructure

dimers, respectively. Due to the half population of the Ga dimersreflections of 1§ ¢/Ga gAS (001) p(4X1). The error bars of the
their peak strength is lower than for the As dimers. data are proportional to the area between outer and inner radii.
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TABLE |. Fractional atomic coordinates{y) and anisotropic  half-order peaks alond,); and (i) in a c(8x2) unit cell
temperature coefficient§in A2) for the model refined in the with a mirror plane relating the two neighbor Ga dimers, as
p(4x1) unit cell assuming th®2mm symmetry. Column one in- 1 oh46eq in Ref. 12 on the basis of scanning tunneling mi-
dicates the type, number, and layer of the at@apmost layer:1; .

croscopy images.

bottom | 4. ) . A .
ottom layer: This model was confirmed, refining it with the in-plane

Atom X y 2 Bx) B(Y) data set as well as with the also measurd, (01), and(11)

bulk rods (155 additional observationsThe number of re-
As-1:1  0.07%2) 3 —-0.011) 512 0 fined variables was kept to a minimugh scaling factor, 16
Ga-2:2 0.14®@) 0051 -0.297) 0 0 positional parameters, 8 anisotropic in-plane temperature
Ga-32 0.33®)  0.181) —0.241) 42 0 factor coefficients, and 1 occupational parameteFhe
As-4:3 0 0 -0501) 62 22 atomic coordinates of this preliminary refinement are sum-
As-53  0.2922) 0 —-0531) 52 32 marized in Table I[R(F)=16% for all data used in the
As-6:3 3 0 -0491) 52 39 refinement; R(F)=30% for the in-plane data only The
Ga-7:4 0 2 —0.761) 0 0 temperature coefficients are only used to obtain information
Ga-84  0.25@) 2 —0.791) 0 0 on the sites of the unit cell more affected by the disorder.
Ga-9:4 2 2 —0.721) 0 0 Note the rather high error values given to them.

As for the position of In, we note that th&Fourier map
hows a strong and well-defined peak ®#2,1/2, which we

peaDliseaTgnge F:{]ZSERZ; ?;t:rlspe%::i%dn ?)??heporﬁg}pl) ioslel;:gte en_tatively assign to an In enrichment at th_is site. In _fact_, the
trivial. This rtazp;resents an ideal case for solving the projec_refmement of the occupancy factqr for this atom site |.nd|—
tion (‘)f the superstructure applying the SUMF-TE Thecates a 30-50% In ennchmgnt. Figure 6 shows.grapmcallly
phases refined were those of the eight strongest sur.)erstruth-e results of the flt. The radii of the empty and filled semi-
ircles are proportional to the observed and calculated struc-

ture reflection's. The number Of. amplitudes actively used ir1ure factors, respectively. The still rather highvalue is due
the phase refinement was 21, i.e., 8 strong plus 13 veak o the limited number of observations, which does not allow

values. Since the total number available is 35, this represent e introduction of the proper modeling of the disorder along
GE% of th? mgasurefolg-plagethdata. The nukmger of sde_ts oth directions of the unit cell by taking into accouitthe
phases retined was » and ey were ranxed according i, ;. substitution of Ga by 1f4%) and (ii) the own disor-
their respective figures of merit. The top solution is h|ghlyder produced by the averaging ofpé4x 2) unit cell to a
reproducible since all 25 highest-ranked sets gave the samp(?4>< 1)
solution. Theé Fourier map of the superstructure projection The réfined in-plane distance between As-1:1 forming the
(averaged irb,) f_or the top solution is given in Fig. 4 and dimer is close to 2.5 A. The strong displacemeﬁt of Ga-2:2in
Sh?;\)lsgi?sef;”%/:r';]?h the topmost layetines A): with ref- the b, d_irection_could b_e an indication for tiIte_d A§ dimers.
erence to the Skalat al. model we propose thém to be As The ref_lned projected distance betyvet_'-zn the dlmerlzed.Gz_a—S:Z
dimers : atoms is also close to 2.5 A. As indicated before, this is a
: preliminary refinement performed to confirm the correctness

(b) Dimers are in the second layéinesB), for_the SAME = of the & map. A more complete and detailed one that also
reason as above we propose these to be Ga dimers. The t

(0] . .. .
physically reasonable ways of placing the Ga dimers(gre %Sélﬂgﬁz O}r:re] ;rjé:tg)nue;lsgods Is in progress now, and will be
in a p(4x2) unit cell with ab glide plane relating the two P '

Ga dimers in a zigzag manner, as depicted in Figthe Helpful discussions with L. Sorba and A. Franciosi are
existence of this plane is compatible with the absence ofratefully acknowledged.
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