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A detailed theoretical and experimental study of the Cu(100) surface using spin-polarized low-

energy electron diffraction (SPLEED) is reported. An R-factor analysis of the present SPLEED
data for the 10, 20, and 11 beams provides evidence of multilayer relaxation in Cu(100), and suggests

that the first and second interlayer spacings deviate by —1.2% and + 0.9 fo, respectively, from the

bulk value. The present structural conclusions are in accord with those deduced in earlier LEED I-
V studies, and suggest that combined measurements of spin-asymmetry and intensity profiles should

provide an improved basis for structure determinations on surfaces of greater complexity.

I. INTRODUCTION

Surface structures are frequently deduced by comparing
experimentaHy determined low-energy electron diffraction
(LEED) intensity-versus-energy (I V) profile-s with those
calculated using a range of assumed surface structural
models. Such comparisons have been aided in recent
years by the development of more efficient numerical
techniques and computer codes and by the introduction of
reliability factors (R factors). ' These advances make
possible very detailed interpretation of experimental I- V
profiles and enable the evaluation of increasingly sophisti-
cated surface models that incorporate effects such as mul-
tilayer relaxation, surface rippling, and reconstruction.

With the advent of the GaAs polarized electron source,
it is now possible to measure not only the intensities of
diffracted LEED beams but also how these intensities de-
pend on the spin polarization of the incident electrons. In
the case of nonmagnetic surfaces these spin dependences
result from the spin-orbit effect and provide an additional
test of surface structural models in that these must now
predict correctly both beam intensities and their polariza-
tion dependences.

In the present paper the results of a detailed experimen-
tal and theoretical spin-polarized LEED (SPLEED) study
of the Cu(100) surface are described. Cu(100) was select-
ed because it has been studied extensively using a variety
of surface analytic techniques and a very detailed
structural model of the surface has been developed by
analysis of LEED I- V profiles. ' This model reflects a
surface with multilayer relaxation, but no reconstruction,
and gives the atomic spacings to within -0.01 A. The
present work provides an additional test of this structural
model, and serves as a quantitative benchmark in explor-
ing the potential of SPLEED for improved structural
determinations of more complicated surfaces. Polariza-
tion and intensity studies naturally complement one
another in that they depend in different ways on the

scattering potential, and polarization profiles, tend to em-
phasize regions of ( E,O, Q) space of lower intensity.

Experimental SPLEED data are presented for the 10,
10, 20, and 11 beams at normal incidence. These data are
compared by means of an R-factor analysis with the re-
sults of fully relativistic dynamical calculations. The cal-
culations show that polarization effects are quite sensitive
to the assumed surface structure and demonstrate that
SPLEED measurements are of value in surface structure
determinations. The surface structure derived through
analysis of the present SPLEED data is in good agree-
ment with that determined in earlier LEED I- V studies.

II. EXPERIMENTAL TECHNIQUE AND RESULTS
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FIG. 1. Schematic diagram of the apparatus.

The apparatus used in the present experiment is shown
schematically in Fig. 1 and is similar to that employed in
earlier SPLEED investigations in this laboratory. ' " In
this apparatus a beam of spin-polarized electrons from a
GaAs source is directed at the target surface and the spin
dependence of the intensities of the diffracted beams is
measured. This spin dependence is specified by means of
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a spin-asymmetry parameter A (E,B):

I (Pp ) —I ( —Pp )
A (E,B)=

~
Pp

~

I(Pp)+I( —Pp)

where Po is the spin polarization of the incident electron
beam and I(Pp) and I( Pp) —are the scattered intensities
with the incident electron spins polarized parallel and
antiparallel, respectively, to the y axis defined in Fig. 1.
A laboratory-fixed quantization axis is convenient here
because, for the 11 beam data, the incident electron polari-
zation is not perpendicular to the scattering plane.

The polarized electron source is similar to that
described by Pierce et al. Circularly polarized 807-nm
radiation from a Ga& A1 As diode laser is directed at
normal incidence onto a room-temperature GaAs(100)
surface that has been treated by cesiumation and oxygena-
tion to obtain negative electron affinity. Photoelectrons
ejected from the GaAs surface by the incident radiation
are longitudinally polarized. These electrons are ac-
celerated and directed through a 90 electrostatic deflec-
tor. The emergent electrons, now transversely polarized,
are focused by a series of electron lenses onto the target
surface. The incident current at the target is -0.2 to 0.4
pA. The polarization Po of the incident beam, measured
directly by moving the target crystal so the beam can
enter a Mott polarimeter, " is 28+2%%uo. The polarization
can be simply reversed Po ~—Po, without influencing the
beam current or trajectory, by changing the sense of circu-
lar polarization of the radiation incident on the GaAs
photocathode. In practice, the sense of circular polariza-
tion is modulated at 500 Hz using a Pockels's cell. This
makes possible the simultaneous measurement of the
spin-asymmetry parameter and the spin-averaged intensity
for each diffracted beam. The beam intensities are mea-
sured using a movable Faraday cup. The ac component in
the collected current, which is measured using phase-
sensitive detection techniques, gives directly the spin
dependence of the scattered intensity [i.e.,I (Pp ) —I ( —Pp )]. The average dc current into the Fara-
day cup is measured in parallel by use of an electrometer
and provides the spin-averaged intensity (i.e.,

[I (Pp ) +I( Pp ) ]l2). Th—ese two quantities, together
with the known incident beam polarization, are used to
derive the spin asymmetry parameters A (E,B).

The Cu(100) crystal was cut from the same boule as
those used in earlier LEED intensity studies by Noonan
and Davis. ' The crystal is affixed to the end of a thin
molybdenum can that contains an electrically isolated
tungsten filament used to heat the can, and thus the crys-
tal, either radiatively or by electron bombardment. The
sample surface was prepared by sputtering for -30 min
with 750-eV argon ions at a time-averaged current density
of -30 pA cm following by annealing to -500—550'C
for 30 min. Auger analysis showed that no detectable
contaminants remained on the surface following this
treatment and the observed sharp LEED pattern indicates
that the surface is well ordered. Although copper is rela-
tively inert and remains clean under UHV conditions for
extended periods of time, the sample was routinely
cleaned and annealed before each data acquisition run.

SPLEED measurements are somewhat less susceptible

to systematic errors than are LEED intensity measure-
ments. This results because the spin-asymmetry parame-
ter is a current ratio, thereby eliminating the possibility of
systematic errors associated with absolute measurement of
either the incident or diffracted beam currents. Care was
taken, however, to test for, and eliminate, other potential
sources of systematic error.

In regions of intensity minima, a small, but significant,
contribution to the Faraday cup current can result from
diffuse scattering. This background, which was observed
experimentally to be spin independent and spatially uni-
form, was measured by positioning the Faraday cup adja-
cent to the beam of interest so only diffusely scattered
electrons could enter. Beam currents and spin depen-
dences recorded with the Faraday cup centered on the dif-
fracted beam was then corrected for this background.

Measurements on the complementary 10 and 10 beams
provide a convenient test of crystal orientation. The
scattering geometry in the present experiment is such that
the defined spin quantization axis, i.e., the y axis in Fig. 1,
is aligned with the 01 direction in the crystal face. Sym-
metry considerations therefore require that, for normal in-
cidence, the 10 and 10 beams should have spin-asymmetry
parameters that are equal in magnitude but opposite in
sign. ' The measured asymmetry parameter-versus-
energy ( A- V) profiles for these beams are shown in Fig. 2.
Each profile in this figure (and others) is the statistical
average of data obtained in a number of independent ex-
perimental runs. The vertical extent of each data point in
these (and other) A- V profiles represents the standard de-
viation about the mean of the asymmetry values recorded
at each energy on several separate data acquisition runs
and therefore reflects not only the statistical uncertainties
associated with individual measurements but also the
run-to-run reproducibility of the data. The electron ener-
gies are corrected for the work function difference be-
tween the GaAs photocathode (-0 eV) and the Cu(100)
surface (-4.59 eV) and therefore gives the mean kinetic
energy of the incident electrons in vacuum. The 3- V pro-
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FIG. 2. Comparison of the A- V profiles for the 10 and 10
beams from Cu(100) at normal incidence.
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files in Fig. 2 clearly display the expected asymmetry and
confirm that the electron beam is incident normally on
the face of the crystal.

2- V profiles for the 10, 11, and 20 beams at normal in-
cidence are presented in Fig. 3. The best theoretical fits,
obtained using the procedures described in the following
paragraphs (Sec. III) are also included for comparison.

I I

(a)io

The 10 profile shown is the statistical average of the 10
and (inverted) 10 data. The magnitudes of the observed
asymmetry features are small, typically (6—8 ~o, but are
nonetheless very reproducible. Their small size is not
unexpected given the low atomic number (Z =29) of
copper, which results in a relatively weak spin-orbit in-
teraction. The corresponding I- V profiles are shown in
Fig. 4 together with those reported by other workers. '

The positions and shapes of the present intensity features
are in good agreement with those observed in earlier in-
vestigations. The differences in relative peak heights re-
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FIG. 3. 2- V profiles for the 10, 20, and 11 beams from
Cu(100) at normal incidence. The 10 profile shown is the sta-
tistical average of the 10 and (inverted) 10 data. The solid cir-
cles are the best theoretical fit to the data, which is obtained for
b d l P

———1.2%, kdg3 = +0.9%.

FIG. 4. I- V profiles for the 10, 20, and 11 beams from
Cu(100) at normal incidence. Vertical lines show present results;
solid lines show measurements of Noonan and Davis (Refs. 4
and 5); dotted lines show profiles calculated for Ad&p = —1 ~ 2%,
kdp3 = +0.9%.
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suit because, in the present work, a small aperture was
employed in the Faraday cup to minimize that part of the
total Faraday cup current that resulted from diffuse
scattering. In consequence, only a fraction of the total
diffracted beam current is collected, and although this
fraction is large it is somewhat energy dependent. As not-
ed previously, however, such incomplete collection does
not introduce systematic errors in the measurement of 3-
V profiles.

III. THEORY

To facilitate analysis of the experimental 3- V profiles
fully relativistic dynamical SPLEED calculations are un-
dertaken. These calculations are based on the SPLEED
theoretical formalism given by Feder, although the
present work differs in that multiple scattering between
different atomic layers is treated using a newly developed
spin-polarized extension' of the renormalized forward

scattering (RFS) perturbation theory of Pendry. ' An out-
line of the present theoretical approach is presented below.
The notation used is the same as in an earlier review arti-
cle by Feder, to which the reader is referred for addition-
al details.

As a starting point, the elastic scattering of electrons
from a rigid "muffin-tin" sphere is considered. This is
treated using a relativistic partial-wave analysis (see, for
example, articles by Rose, ' Kessler, ' and Meister and
Weiss' ) that yields, for each orbital angular momentum
quantum number I & 0, two scattering phase shifts 5~+ and
5~ that relate to the total angular momentum quantum
numbers j = l+ —,

' and j = l ——,', respectively. The influ-
ence of atomic vibrations on the scattering is approximat-
ed by use of effective phase shifts 5~- that are complex
quantities obtained from 5~

—
by generalizing a spinless

method proposed by Jepsen et al. ' Values of 5~- may be
derived using the expressions '

(l + 1)Y!++R!——g Br, &, [(l&l&l,000)] [(le+ l)s&+, +l&e!, ]
1),12

(2a)

1/2
(lq+ 1)lq

el +s! g B!! (i + 1)l
(l)lql, 000)(l)lpl, 0—11)(—e! +e! ),

where

e! ——g! —1=exp(2i5! ) —1,
B!!= (2l+1)(21)+1)i '

(2c)

I

where

~=+ for z )0,
(ks) =(ko+g)

(3b)

(3c)

XexP( 2Ark 'j)! ( 2iA—rk'), — (2d)

3A 1 T & xdx—+ (2e)
2Mkz Tz 4 Tz e —1

In these relations, the quantities (l&lzl, m&mzm) denote
Wigner 3-j coefficients, k =

~

k ~, where k is the wave
vector associated with the scattering electron, j~ is a
spherical Bessel function, M is the mass of the atom cor-
responding to the muffin-tin potential, kz is the
Boltzmann constant, T is the surface temperature, and
T~ the Debye temperature.

In the treatment of multiple scattering, as required in a
dynamical theory, it is convenient to adopt a two-step ap-
proach in which the multiple scattering occurring within
a particular atomic layer is first considered followed by
consideration of multiple scattering between layers. The
monochromatic wave field incident on a single layer cen-
tered at z =0 in the xy plane can be written in a plane-
wave representation as

(ks)y ——(ko'+g)y,

( kt) x[2(E+ Vo ) (kt) (ks)y ]

(3d)

(3e)

with

g s=+—1

2

v ~X'exp(i ks r), . (4a)

for z &0. (4b)

The expansion coefficients in Eq. (4a) are related to those
in Eq. (3a) by

I I

v', , = g g g M,",„u', , ,

In the above g denotes the reciprocal lattice vectors of the
two-dimensional layer, P' are the Pauli basis spinors for
spin up (s = + —, ) and spin down ( s = ——, ), E is the ener-

gy (in vacuum) of the incident electron beam and ko' its
wave vector parallel to the surface, and Vp is the complex
inner potential ~ The incident wave field will scatter from
the atomic layer resulting in a scattered wave field that
can be expressed as

g + 1

2

u ,s'Xexp(ik sr), (3a) ~'=+ g' s = —
2

where the scattering matrix elements are given by

2

Mts» —5ss» + pe! g i'C(l' ,'j ';!L!,
' —s, s—)(—1)"

kA (k&+ )z «,p «', p'

~ Y! "+'(kt)(1—X),&„„C(l—,j;p, —s', s')i YP '(kt),
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which is similar to Eq. (33) of Feder, ' use having been
made of the relation

for j =l ——,
'

(8)

and p can take the values —j, —j +1, . . . , j. The defini-
tion of eI follows from Eqs. (2), the C's are Clebsch-
Gordan coefficients, A is the area of the layer unit cell,

ks is a unit vector in the direction of ks [a vector with
complex components defined by Eqs. (3) which thus re-
quires use of Eq. (7)] and 6ss „ is a Kronecker-type sym-
bol equal to unity if ~=~', g =g', and s =s' and zero oth-
erwise.

The results describing scattering by individual atomic
layers are used in obtaining the elements of the (2X2)
scattering matrices Sz that relate scattering, by the whole
surface, of an incident beam into the diffracted beam g
via expressions of the form

v =SQO (9a)

v 1 S11 S12 u 1

Sz1 Szz uz
(9b)

vz

where uo is a Pauli spinor representation of the incident
wave field and vz is a spinor representation of that part of
the total reflected wave field that is elastically diffracted
into the beam g. In calculating the matrix elements of Sz
multiple scattering between different layers is treated us-
ing a spin-polarized generalization' of the RFS perturba-
tion theory of Pendry. ' That is, an assumed incident
wave field is propagated from the vacuum to the first
atomic layer, and then between deeper layers, either in-
wardly or outwardly, by use of propagation matrices I'-+

of the type defined by Eqs. (5.26) in the book of Pendry.
The scattering of a wave field incident upon a particular
atomic layer, either inwardly on its top or outwardly on
its bottom, is calculated by use of Eq. (5). These pro-
cedures are performed, in a perturbative sequence, order-
by-order in the coefficients of the wave field, until ade-
quate convergence of the calculated wave field that propa-
gates outwardly from the surface atomic layer is achieved.
Although this spin-polarized application of RFS is
reasonably straightforward, detailed tests were undertaken
to evaluate its convergence properties and, hence, accura-
cy. These tests will be described in detail elsewhere. '

SPLEED calculations, however, require two separate ap-
plications of RFS at each electron energy; one to deter-
mine the elements S~& and S2~ of Eq. (9b), the other S&2
and Szz. The final, rather lengthy computer codes were
checked for correctness by using them to calculate A- V
profiles for W(001)-(1 X 1) and visually comparing the re-
sults with corresponding calculated profiles available in
the literature. ' Tests were also conducted to ensure

The matrix X is defined by Eq. (30) of Feder, in which,
however, C(l' —,

' j'; p —s, s) must be replaced by
C(l' —,j', p' —s, s). The index x is related to the total
quantum number j by

a= —(1+1) for j=l+ —,

and

that numerical convergence was achieved with the number
of beams, the number of phase shifts, the depth of elec-
tron beam penetrates the crystal, and the number of passes
of RFS. At the highest energies ( —220 eV) considered in
the present calculations 49 beams (i.e., the number of g's
used in RFS) and 10 nonrelativistic (or 19 relativistic)
phase shifts were employed. The incident electron beam
was allowed to penetrate into the crystal to a depth such
that backscattering from the 14th atomic layer was in-
cluded in the RFS calculations, and five to seven passes
(or perturbation orders) of RFS theory were typically per-
formed.

IV. DISCUSSION
To calculate A- V profile both structural and non-

structural parameters must be specified. Earlier LEED
intensity analysis of Cu(100) suggested that the following
nonstructural parameters are appropriate, namely a sur-
face region Debye temperature of 330 K, a truncated free
atom potential with full Slater exchange, an imaginary
component of the optical potential equal to 0.85E' eV
(with E in eV) and a nonreflecting surface barrier (see, for
example, Jepsen et al. ' and Feder and Kirschner ). To
test the sensitivity of calculated A- V profiles to the exact
choice of nonstructural parameters, A- V profiles were cal-
culated as the imaginary component of the optical poten-
tial and the Debye temperature were varied about the
values quoted above. Calculations were also performed
using the Cu band-structural potential of Moruzzi et al.
These calculations, although not totally exhaustive, indi-
cated that the calculated A- V profiles are rather insensi-
tive to the choice of nonstructural parameters, and the pa-
rameters derived from the earlier LEED intensity analyses
were deem'ed adequate for the purposes of the present
study.

The sensitivity of calculated A- V profiles to the choice
of structural parameters is illustrated in Figs. 5 and 6.
Since earlier LEED intensity analyses suggest that
Cu(100) undergoes multilayer relaxation but not recon-
struction, the structural parameters varied in generating
these figures are the spacing d1z between the first and
second atomic layers and the spacing dz3 between the
second and third layers. Figure 5 shows the changes in
the computed 10 beam A- V profiles that result as diz as
varied relative to the bulk interlayer spacing (1.808 A) by
amounts cadiz ranging from + 4% to —6%, keeping dz3
equal to the bulk spacing. The influence of changes in
dz3 on the calculated A- V profiles is illustrated in Fig. 6
for a comparable range of variations, Adz3, in the second
interlayer spacing. In these calculations the top interlayer
spacing diz is taken to be contracted by 1% relative to the
bulk spacing. It is apparent from Figs. 5 and 6 that cal-
culated A- V profiles are quite sensitive to the choice of
structural parameters, demonstrating the utility of
SPLEED measurements in structure determinations.

In order to optimize the choice of surface structural pa-
rameters it is necessary to optimize the fit of the calculat-
ed A- V profiles to the experimental data. To accomplish
this an R-factor analysis similar to those employed in the
interpretation of LEED I- V data was undertaken. ' R
factors based on several different criteria have been de-
fined for use in LEED studies. ' In the present work a
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is employed where A„"' and A„" ' are the calculated and
experimental spin-asymmetry parameters, respectively, at
each of the N; energies n included in the experiment and
theory comparison. This R factor is analogous to the R2
R factor defined by Van Hove et al. for use in LEED in-
tensity analyses, except that no constant is included to
scale the calculated and experimental profiles Al. though

simple, single-beam R factor R; defined by

N,-

1~ calc ~ exPt ~2
n n

n=1R;=
1g exPt12

n=1
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FIG. 6. Sensitivity of the calculated 10 beam A- V profiles to
changes hd23 in the spacing d23 between the second and third
atomic layers relative to the bulk interlayer spacing. These cal-
culations assume a top interlayer spacing d» contracted by
Ad» ———l%%uo relative to the bulk. For comparison purposes the
measured A- V profile is also included.

FIG. 5. Sensitivity of the calculated 10 beam 3- V profiles to
changes Ad» in the spacing d» between the first and second
layers relative to the bulk interlayer spacing. These calculations
assume a second interlayer spacing d23 equal to that in the bulk.
For comparison purposes the measured 2- V profile is also in-

cluded.
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TABLE I. The sensitivity of the total and single-beam R factors to variations in structural parame-
ters.

Structural parameters
Ad(2 hdp3 10 beam

Single beam R-Factors
11 beam 20 beam Total R factor

+ 4%
+ 2%%uo

0%
—2%
—4%
—6%
—1%
—l%%uo

—l%%uo

—l%%uo

—1%

O%%uo

O%%uo

O%%uo

0%
0%
0%

—3%
—1%
+ 1%
+ 3%
+ 5%

0.249
0.182
0.120
0.077
0.065
0.103
0.096
0.094
0.099
0.116
0.139

0.113
0.076
0.076
0.101
0.143
0.214
0.118
0.089
0.090
0.124
0.198

0.295
0.231
0.199
0.192
0.221
0.291
0.270
0.212
0.179
0.175
0.199

0.215
0.159
0.126
0.116
0.133
0.190
0.150
0.123
0.117
0.134
0.175

selection of the present R factor is somewhat arbitrary,
use of a systematic R factor analysis represents a major
advance in the use of SPLEED data for surface structure
determinations. In determining R; the summation over
energy was restricted to regions where the calculated in-
tensity of the diffracted beam is 0.001% of the incident
beam intensity and where the standard deviation about the
mean of the measured asymmetries is & +0.02. The first
condition removes from consideration regions in which
numerical convergence of the calculated values is difficult
to achieve, the second excludes data points for which the
experimental uncertainties are large. Although these
selection criteria are rather arbitrary, tests showed that the
present structural conclusions were not significantly al-
tered by the use of any other reasonable selection criteria.

As demonstrated in Table I, the single-beam R factors
are quite sensitive to changes in the structural parameters
d ~2 and d23. This sensitivity is greater than that noted in
earlier R-factor analyses of LEED I- V profiles for
Cu(100). (The R factors in Table I pertain to the same
structural parameters as used when deriving the A- V pro-
files shown in Figs. 5 and 6.) As apparent from Table I,
optimum fits to the data for each beam studied are ob-
tained with somewhat different assumed surface struc-
tures. These differences are similar in magnitude to those
noted when analyzing different LEED I- V profiles. In
an attempt to optimize the choice of structural parame-
ters, the overall fit between the calculated and experimen-
tal A- V profiles was evaluated by use of a multibeam R-
factor R, defined as

R = gN~R;/gN;

ative to the bulk by an amount Ad~q ———1.2%%uo and a
second interlayer spacing d23 that is expanded relative to
the bulk by Ad/3 —+0.9%. A- V (and I V) profi-les com-
puted using these parameters are included in Figs. 3 and 4
and provide a good fit to the experimental data. That a
fit of this quantity is achieved in the A- V profiles demon-
strates that the SPLEED theory employed embodies all
the pertinent physics. The present fit is also obtained
without the use of any scaling factors such as applied in
the case of LEED I- V analyses, where the experimentally
determined intensities are typically well below those ex-
pected theoretically. This discrepancy is thought to result
from incoherent scattering by surface defects, such as
steps, which enhances the diffuse background at the ex-
pense of the diffracted beam intensities. This study shows
that A- V profiles, on the other hand, are insensitive to the
presence of such effects.

The surface structure derived from analysis of the
SPLEED measurements (bd &z

———1.2%, bd23 ——+0.9%)
is in accord with that determined from earlier LEED in-
tensity analysis (bd&2 ———1.1%, bdz3 ——+1.7%). Since
calculated A- V and I- V profiles depend differently on the
assumed structural and nonstructural parameters, this
agreement reinforces the earlier conclusion that multilayer
relaxation, but not reconstruction, is present at the
Cu(100) surface, and that such relaxations are small. The
present work clearly demonstrates that combined mea-
surements of spin-asymmetry and intensity profiles using
SPLEED should provide an improved basis for surface
structure determinations on surfaces of greater complexi-
ty, such as reconstructed surfaces.
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