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Quantitative determination of Cu(117) multilayer surface relaxations by LEED
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The relaxation of the first seven atomic layers of(Tlv) was determined by quantitative low-energy
electron diffraction(LEED). Intensity versus energy spectidE), were measured for the primary beam at
near-normal incidence to tH@01) terraces. The data collected cover a cumulative energy range of 3200 eV.
Computation ofl (E) spectra was performed in the angular momentum representation by considering the
surface as a single atomic slab. For the variation of parameters, tensor LEED was applied. The experimental
spectra are well reproduced over the entire energy range even for regions of low intensity. The first four layer
spacings relax in a way to smooth the surface corrugation, whereby the relative chaliggsamount(from
top) to —13%, —2.0%, —10%, and+ 7%. This leads to a reduction of the vertical distance between step and
corner atoms by 0.13 A. Comparison with experimental results fét T3 shows that this modification of the
step shape is rather independent of the terrace width. Comparison to theoretical results exhibits, however, some
discrepancies with respect to both the expansion/contraction sequence and the amplitudes of the layer relax-
ations.

DOI: 10.1103/PhysRevB.63.155407 PACS nuniber61.14.Hg, 61.66.Bi, 68.35.Bs, 68.35.Dv

. INTRODUCTION tween steps is 9.13 A in tf{e???] direction, corresponding

to a regular terrace width of three atomic diameters. To the

Almost all low-index metal surfaces exhibit the phenom-pest of our knowledge this is up to now the largest terrace
enon of multilayer relaxation, i.e., the change of spacingswidth in stepped surfaces of fcc crystals investigated in ex-
between surface parallel layers compared to the bulk valugerimental quantitative structure determination. By compari-
This is due to the reduced coordination of surface atoms, anson to recent structural investigations of the (Tib)
accordingly the relaxation amplitudes increase with increassurfacé® (step spacing 6.64 Yiwe can show that the struc-
ing openness of the surfat@ For surfaces with higher val- tural influence of the terrace width on the step shape is rather
ues of Miller indices it is suitable to use the picture of asmall. Comparison to theoretical work f6t17) and (115
stepped surface that is made from microscopic low-Miller-surfaces of Cu and AlRefs. 13-2p exhibits discrepancies
index faces. Generally, different atoms within these low-With respect to the expansion/contraction sequence of the
Miller-index faces are differently coordinated and so will layer relaxations as well as to their absolute values.
relax differently, changing the microscopic shape of the We apply quantitative low-energy electron diffraction
steps. This must be expected to modify step-related phenonf-EED) for the structure determination of CL7). This is
ena as, e.g., crystal growth, the enhanced chemical reactiviegﬁmandmg t_)oth experimentally and theoretically. On the ex-
at steps, the stiffness of step edges and their energy barri rimental side one h_as to fa_ce t"'@E) spectra on the en-
with respect to atomic migration, the step-step interaction, o rgy scale separate into regolons with maxima at the usual
the lifetime of surface states. Becausal surfaces exhibit evel (up to the order of 10% of the primary bearand
steps as defects on the mesoscopic scale, investigations of
relaxations in stepped surfaces as in the present paper are a) top view:
also of general importance with respect to the properties of
surfaces. Yet, due to methodological difficulties intrinsic to
guantitative experimental structure determination of stepped
surfacegsee belowonly few such investigations exigt.g.,
Refs. 3—12 for fcc surfaces

We concentrate on a regularly stepped(ILy) surface,
which results by cutting @001)-oriented Cu single crystal

off normal at 11.4° tilted in the (1@) plane. As displayed in
Fig. 1 the surface consistassuming bulk truncated geom-
etry) of microscopic(001)- and (111)-oriented faces. The
(00)-oriented terrace is made from two inside terrace atoms
(T1,T2), a corner atom(C), and the step atoniS). Their
distance in th¢117] direction, i.e., the spacing ¢117) lay- FIG. 1. Hard sphere model of the ideal, i.e., bulk truncated
ers, amounts td,=0.506 Alagain for bulk truncation geom-  cy(117) surface.(a) Top view as projected on th&17) plane with
?UY)- The terraces are Sepaffﬂed by steps.made. Up1dj, the unit mesh and the mirror plane indicatéld) Side view as
i.e., close-packed, faces of single-atom height with the edggygjected on the (10) plane with the first 8 layers indicatébulk
running along thg 110] direction. The lateral distance be- spacingd,=0.506 A). The distance between step edges is 9.13 A.
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FIG. 2. Experimental and calculated spectra of thg) beam
(intensities above 250 eV are multiplied by a factor 0j.15

regions with maxima more than an order Of. magnltudg FIG. 3. Degrees of freedom in the adjustment of the primary
smaller. The reliable measurement of the latter is rather d'fbeam incidence. The mirror symmetry fgr=0 according to the

ficult. A S|m|Ia_r situation exists in surface x-ray diffraction crystal’s mirror plangsee Fig. 1leads to an equivalent symmetry
(XRD) as the mtensmes along surface truncation rods awaYetween beams as indicated in Fig. 4.

from the Bragg points are very weak. Yet, for LEED there is

an additional obstacle coming from the full-dynamical calcu-over the full energy range even though the low-intensity
lation necessary for the data analysis. The usual proceduré@vel is more than a magnitude smaller than the usual level.
for the stacking of layers break down as they apply planeThis is on the one hand due to the low temperature of mea-
wave representations of the electron wave function, an agsurement, which accounts for a comparably low background
proach inappropriate when layer spacings are as small as |gvel. On the other hand, we profit from our measurement

stepped surfaces, i.e., much below 1 A. We show that botffchnique, which allows both for background subtraction and

difficulties can be overcome. In the next section we Concen_multiple measurement of intensities, the latter reducing the

trate on experimental details while Sec. Il describes the dylnfluence of noise. The figure also shows that there is much

L . . . . intensity variation in the low-intensity region and that this
giTg%ﬂti'Q;enS'ty analysis. The results are discussed in thc‘é’\an be well reproduced by theory, i.e., the structural infor-

mation it carries can be extracted indeed. The incidence of

the primary electron beam as displayed in Fig. 3 was ad-
Il. EXPERIMENT justed exploiting the (1Q)-oriented mirror plane of the

crystal(see Fig. 1. To make the mirror symmetry appear in

The copper crystal £0.5° orientational accuragywas the LEED pattern, the primary beam incidence must fall

mechanically polished and cleaniedsitu by repeated cycles ithin the (110) plane ¢=0). Then certain beam pairs
of Ar™ sputtering and annealing until impurities were belowgych as, eg. (1L,B(-1,0), (1,2=(-11), (1,3)
the Auger detection limit. The azimuth of the sputter beam:(_l,z), etc., are degenerate' i.e., their spectra are identi-
was directed along the step edges, possibly favoring the foical. This was used for the adjustment fiz= 0 by comparing
mation of straighter steps by preferentially exposing kinkthe spectra of nominally equivalent beams usRig as a
sites to the ion beam. The resulting LEED pattern is characquantitative measurén the best alignmenR, was below
terized by a low background and sharp diffraction spots with0.04 for all beam paijs For the eventual data set, the influ-
only little broadening of their wingésee Fig. 4 For LEED  ence of residual misalignment was further reduced by final
intensity measurements the sample was cooled to liquid niaveraging of equivalent spectra. The polar angle of incidence
trogen temperaturécooling rate~50 K/min) in order to (6 in Fig. 3) could not be adjusted by comparison of spectra
reduce thermal diffuse scattering. For the data collection ®ecause of the lack of symmetry. So, the incidence could be
computer-controlled video-based measurement techniquget normal to the001) terraces only approximately. This
was applieéd* allowing fast data acquisition to minimize re- Was done using a second crystal with01) orientation
sidual gas adsorption. Additionally, the technique providegnounted on the same sample holder. Adjusting first normal
automatic background subtraction and fast multiple measurdtcidence for C(001) leads to near-normal incidence to the
ment of spectra in order to reduce noise by averaging. This j€Taces when assuming almost parallel orientation of the
particularly important for stepped surfaces because—as me 001) directions in both crystals. The precise value of the

tioned above—their spectra consist of regions with high and’c""’}r "?mgl‘; was determlr:jed in the courS(fa of ft.h_e Intensity
very low intensities. Clearly, in the latter region intensity 2nalysis where it was made to enter as a free fitting param-

peaks are rather small and so generally difficult to be mea@ter(see below. Due to the procedure described only a small

sured reliably. It has been pointed uhat the inclusion of ~ange of angles had to be tested. The resulting database in-

such regions in the intensity analysis leads to high values dfluded 15 symmetrically inequivalent beams with spectra
the reliability factor R facton for the theory-experiment covering a total energy width of 3200 eV.

comparison when amR factor sensitive to the location of
intensity extrema is used, as, e.g., the Perifgctor Rp , %2
which we apply in the present investigation. Yet, we demon- The structural analysis of the measured intensities is com-
strate in Fig. 2 that the intensities can be measured reliablglicated by two intrinsic properties of stepped surfaces. First,

[ll. LEED INTENSITY ANALYSIS
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the structural model displayed in Fig. 1 is an idealization in mirror symmetry line

the sense that the step arrangement is strictly regular with © 8),:

only a single terrace width present and the step edge being ° ’ L
straight. In reality, however, there is a distribution of differ- (-1,6)® (0’6)" ®(1,7)
ent terrace widths around the ideal value and the step edges L ® b
can be irregular, which for the surface under investigation (1,400 © 4)" ® (1,5)
was investigated quantitatively by scanning tunneling mi- L ’ ‘ b
croscopy(STM).2®~?" Fortunately, around room temperature (1,2)0 0.2 ®(1,3)
the surface morphology of Cii17) is dominated by the ideal o ’ L

terrace width(50%), with one atom broader or smaller ter-
races of much lesser weiglie0% and others practically
negligible?®*~2° With decreasing temperature the weight of
the ideal terrace width increases even more. Fortunately also,
the step edges become irregular only above room
temperaturé®?’ As in the present investigation LEED inten-
sities were taken with the sample at liquid nitrogen tempera-
ture, we can assume a regular step arrangement with straight
step edges for our model calculations as a good approxima-
tion.

There is a second complication for the full-dynamical in-
tensity evaluation. It originates from the rather small spacing
of surface-parallel atomic layers in stepped surfaces. When
computing the scattering interaction of the probing electron
with the surface, the choice of basis functions is crucial con-
cerning computational efficiency. The usual procedure is to
calculate intralayer scattering in the spherical wave represen-
tation and to use plane-wave expansions for the scattering
between layers, whereby frequently the renormalized for-
ward scatteringRFS or the layer doublingLD) scheme is FIG. 4. Top: Schematic LEED pattern of (A7) with beam
app"ed?srzg Yet' these latter techniques of “|ayer Stacking” indices, the unit mesh, and the mirror symmetry line given. Bottom:
either need huge and unpracticable numbers of beams &xXperimental LEED pattern at 196 eV. Spectra of beamshe
even fail when the spacing between surface-parallel Iayerg‘i”or que were npt entered into the analysi§ since they have no
decreases significantly below 1 A. With a bulk spacihg symmetrically equwalents to be averaged with and so are of re-
=0.506 A this holds for the present case of(Cli). A way  duced data quality.
out of this problem was suggested quite early using a mixed
representation in the sense that a certain surface slab of lagynamical calculation for a certain reference structure with
ers is treated in spherical wave representation and the stacte matrix to be inverted only once per energy. Then the
ing of the remaining layers below accomplished by planeparameter space can be explored very efficiently using the
waves?® 3 However, this generally cannot fully cure the perturbation scheme. In the present work this exploration
situation, and indeed recent work applying such methods reyas realized through an automated search métheklich is
port that at certainunpredictablg energies in the spectra part of the tensor LEED package uéddsor both the struc-
numerical instabilities develofe.g., Refs. 8 and 34They (| search and the eventual theory-experiment comparison

lead to unreliable peaks, unreasonable high intensities Qhe pendnR factor is applied. Its varianégis used to esti-
even divergences that have to be eliminated by some t“ahwate error limits for the structural parameters

and-error proce.dure through varying the number_of beams Of course the thickness of the surface slab must be care-
used. When trying the method for (ll7) we experienced fully checked for convergence. In the present case of

the same problems in spite of using as much as 560 pIan&u(ll?) a slab consisting of 27 surface-parallel layers

aves. : ) X
waves ‘equivalent to a thickness of about 14 A proved to be suffi-

In contrast, the finally applied use of spherical wave rep-_. . . .
resentation in théull surface i.e., treating the surface as a cient, i.e., thicker slabs left the spectra practically unchanged

single atomic slab, avoids these problems and therefore &S checked by thR factor. An energy-dependent real part of
reliable It has been suggested and successfully testdfl® iNner potential was used as recently derived Egr cdpper
earlier3®® Of course, one has to pay for this with computer@nd successfully applied to the @00 surface:” The
time, as a giant matrix has to be invertégiant matrix ~ Imaginary part of the potential was kept constant at 5 eV.
method®) for which the computational efforts scale with the The 11 phase shifts applied were computed taking the energy
third power of the number of layers. Yet today’s availabledependence of the inner potential into accStiand were
computer power can easily handle this problem. Even moregorrected for isotropic thermal vibrations of atoms. The vi-
with the powerful perturbation method tensor LEED®at  brational amplitudes were taken as free parameters for sur-
hand, the calculation can be restricted to a single full-face atoms T1, T2, C and S, for deeper atoms they were fixed
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FIG. 5. Comparison of experiment@lolid lineg and best-fit calculated spectf@dashed linesfor the beams considered in the analysis.
The maxima of spectra are normalized independently, beam indices, and Refadtygr valuesRp are given in each case. The sequence of
beams corresponds to the length of kheector parallel to the surface, it increases from bottom to top and from left to right.

at 0.08 A corresponding to the Cu bulk Debye temperature of IV. RESULTS AND DISCUSSION

343 K. L
For the calculation of the reference intensities a bulk- For vicinal surfaces of the type fec(fan+1}) theory

terminated surface was used. The parameter space EXplorE\EESrlgtr?flpg:enicr)ldl(t:hreelnauxritl;(;rr] oaagai;gc;egt?)arzg%vﬁh re) duced
variations of the topmost seven interlayer distaritigs; on yers,n— 5_209 X .

. . I, ’ coordination There should be an inward relaxation for
a grid spacing of 0.00 A . The lateral positions of atoms

. o the step and terrace atoms and an outward movement of the
were kept fixed in view of the results for the related(C1b) corner atom leading, e.g., for #&15 to a periodic sequence
surface according to which parallel atomic movemeneg- 9. €9., b 9

istry shift9 are below 0.01 R. Additionally, the polar angle (==+,...) and for thepresent case of f¢t17) to (= -

of incidence had to be varied, too, as mentioned above. Its ﬁt_;éﬁé.n:i.c;hsev:ci?ees (gnt(:]iensgls\;es r\zllfﬁ( ?lzlg no dsﬁﬁgsss (;)fnthe
in an early stage of the analysis resultedéis 10.5° with surface P P

respect to thg117] direction, i.e., about 0.9° off thE01] Our quantitative results largelghough not fully, see be-

direction. low) meet this pattern as given in Table | where they are
As expected, the quality of the comparison between ex- b 9 Y

. ) " compared to results experimentally obtaiHedr Cu(115) as
penmental data and intensities calcul-ated for th buIk'well as to theoretical results for the two Cu surfa€esd for
terminated reference surface;(,,=do) is rather limited

; . X the isostructural surfaces of Al.For the C§117) values we
(Rp=~0.50). Yet, allowing for the relaxations mentioned the oot ng figures after the decimal point because error limits
Rfactor decreases t8p=0.12, which, to our knowledge, is oy the top three spacings as estimated by the variance of the
the best achieved for a stepped surface in a LEED structurendryR factor [var(Rp) = 0.013 are in the range 2—3 %.
determination. This is in spite of the fact that by the use ofrhis estimate neglects correlations between parameters as
the PendnyR factor the very small peaks that are difficult to well as the approximation made with respect to the uniform
measure enter the analysis with the same weight as largerrace width, so the true error should be even larger and will
peaks. The lowR factor is consistent with an equally favor- certainly increase for deeper spacirfg® recall that an error
able visual comparison of spectra as demonstrated in Fig. @f 2% corresponds to an absolute error of only about 0.01
Both the spectral structure and the intensity level are wellR). The best-fiisotropid vibrational amplitudes are 0.11 A
reproduced in regions of high as well as of low intensitiesfor the S and T1 atoms, 0.10 A for T2, and 0.09 A for the C
(see also Fig. 2 atom, so there is a gradual and reasonable decrease towards
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TABLE |. Relaxations of interlayer spacings y relative to the bulk valuely as experimentally determined for 17) (this work) and
for Cu(115 (Ref. 11. Comparison is made to calculated values for both the Cu surt®efs16 and the isostructural surfaces of &Ref.

17).

Cu(117) Cu(115 Cu(117) Cu(115 Al(117) Al(115
(This work  [Expt. (Ref. 1)] [Theor.(Ref. 16] [Theor.(Ref. 1§] [Theor.(Ref. 193] [Theor.(Ref. 17]

do (A) 0.506 0.693 0.506 0.693 0.563 0.773
Ady,/dg (%) -13 —-14.2 —10.0 -95 -8.3 -8.0
Adys/dy (%) -2 -5.2 -53 -8.0 -4.9 -5.2
Adg,/dg (%) -10 +5.2 -9.7 +8.6 -5.9 +8.4
Adys/dy (%) +7 -1.2 +13.8 —4.4 +13.1 -32
Adsg/dg (%) -1 +3.2 -45 —4.4 -36 -32
Adg,/dg (%) -4 -3.1 -45 +4.8 -3.1 +4.5
Ad,g/dgy (%) +7 -33 -4.6 -2.0 -33 -1.4

the bulk value(0.08 A). This is consistent with a recent absolute value oAD(115)=0.129 A normal to thg001)
LEED structure analysis of Q001), yielding an amplitude terrace. Surprisingly in view of the discrepancies with re-
of 0.11 A for top layer atom&’ We did not check for vibra- spect to the relaxation amplitudes for the different layer
tional anisotropy as this should be small at liquid-nitrogenspacings, these values are very close to those derived from
temperature according to calculations for'Al. the calculations. The difference between the experimental
Both for Cu117) and Cy119 the expansion/contraction yajuesAD(117) andAD(115) is within the error margins of
sequence predicted by theory is not fully met by the experithe respective structure. So, apparently the terrace width has
mental results. In both cases the relaxation Of the SpaCingo or a neg||g|b|e inﬂuence on the Step Shape_
between layers below the corner atom[ g for Cu(117) In summary, we have shown that the stepped1Cd
anddse for Cu(119)] differs in sign from the theoretical pre- syrface undergoes a considerable multilayer relaxation in-
diction. Otherwise the absolute values of the relaxations argolving a surface slab of at least seven layers. The vertical
in rough agreement with the theoretical predictions given theeight of the step edge is reduced by about 0.13 A, i.e., the
experimental errors and the theoretical uncertainties insyrface is smoothed correspondingly. The findings agree
volved. Yet, with respect to the ratio of subsequent relaxvery well with experimental results for €115 for which
ations as e.g.Ad;,/Ad,3 there are considerable discrepan- within the limits of error the same value for surface smooth-
cies between experiment and theory. This together with théhg is reported. Yet, there is only rough agreenidmth for
discrepancy with respect to the relaxation pattern should trigthe (117 and (115 surface$ with theoretical predictions.
ger some refinement of theory. As judged from the calculapiscrepancies exist with respect to both the expansion/

tions there seems to be no considerable difference betwentraction sequence and the amplitudes of the layer relax-
the relaxations in Cu and Al. ations.

As the three topmost layers of Qui7) relax inward and
the corner atom layer outward, the height of the step edge is
reduced, i.e., the surface corrugation undergoes some
smoothing. The distance between S and C atoms normal to
the (00)) terrace is contracted by 8.3% with respect to the We are indebted to J.E. Ortega for providing the crystal as
bulk value, i.e., byAD(117)=0.124 A . This compares to a well as to W. Moritz for making Ref. 11 available prior to
9.7% contraction retrieved for €115),'! equivalent to an publication.
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