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Atomic structural analysis methods for crystal surfaces by reflection high-energy positron diffraction are described with
a dynamical diffraction theory for positron beams. Using the one-beam approximation method, surface normal
components of atomic positions are determined easily. Subsequently surface lateral components are determined by a
dynamical analysis of rocking curves at symmetrical incidence for a certain crystal axis and/or the analysis of intensity
distribution of spots in diffraction patterns using the result of the one-beam analysis. For adsorbed surfaces, it is noted that
it is easy to determine adsorption heights of adsorbates by a one-beam rocking curve at the total reflection region. As
examples of surface structural analyses, methods of atomic structure determinations for the Si(11 1)\/21><\/21—Ag and the
Si(111)7x7 surface are described.
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Fig. 1 Landscapes of a rice field as examples how fast positron

beam sees a crystal surface (a) on a many beam condition and
(b) on the one beam condition.
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Fig. 2 Models of the \21x21 structure. (a) 3 adatoms in a unit
cell by Ichimiya et al.[16]. (b) 4 adatoms in a unit cell by Tong
etal.[17]. (c) 5 adatoms in a unit cell by Nogami et al.[18]. (d) 5
adatoms in a unite cell by Tagiri et al.[19]. Small black circles
are substrate Ag atoms and large grey circles are adatoms.
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Fig. 3 One-beam rocking curves for the Si(lll)\/}x\B-Ag and
the Si(lll)\/21><\/21-Ag surfaces [12].
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Fig. 4 Schematic side view of the Si(lll)\/le\/Zl-Ag
structure. Grey circles are Si atoms and black circles are
substrate Ag atoms. An open circle is an adatom of Ag. &,4 is
the height of adatoms from the substrate Ag atoms.
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Fig. 5 Experimental and calculated rocking curves at the
]. Calculated curves are shown for
several h,q values of Ag heights from 0 to 0.2 nm. In the figure,

one-beam condition [12

the heights are shown in A. TR shown in the figure is the total
reflection region.
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Fig. 6 Ag adsorption sites on the Si(111)V3xV3-Ag surface
with the inequivalent triangle structure. The adsorption sites are
taken at Si trimer, small Ag trimer and large Ag trimer sites.
Grey large circles are topmost Si atoms and black circles are Ag
atoms in the substrate.

(8/21 11/21)
\13/21 10/21

l20121 17/21)

y (2132/3)

. direct spot

Fig. 7 A RHEPD pattern from the Si(111)V21xV21-Ag surface
at an <112> incidence [12].
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Table 1 Reliability factors R for several models of Ag
adsorption sites

Structure La_rge Ag Small Ag T R (%)
rmodel triangle triangle
1 3 0 0 1.490
2 2 0 1 230
3 2 1 1] 281
4 1 2 ] 424
5 1 1 1 228
B 1 0 2 270
7 a 1 2 332
& a 2 1 484
g 1] 3 0 B.70
10 a 1] 3 240
I e B L
y=
R (10 @39 449

T (113 113)

(213 213)

RHEPD intensity {(arb. units)
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Fig. 8 Experimental and calculated rocking curves at an <112>
incidence[12].
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Fig. 9 Ag adsorption models on the center of large Ag triangles.
(a): Model 1. (b): Model 2. (c): Model 3. (d): Model 4. (e):
Model 5. Black circles are Ag atoms in the substrate. Grey
circles are adsorbed Ag atoms.
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Fig. 10 Experimental and calculated curves of spot intensities
on the 1/7 Laue zone [12]. Calculated curves are obtained for
the several models shown in Fig. 9.
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Si(111)7x7 structure by Takayanagi et al.[25].
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Fig. 12 A RHEPD pattern from the Si(111)7x7 surface [24].
Inserted figure is zeroth Laue zone pattern.

Intensity

0.02

')
B
£
=
o 001}
=
E &

& ’ . [\

YoM ) ¥
0 : Ad 2 M5 &k ATV
Y B B Rl B B B S BT
S G B e S RS At e > 9
wov DTyl e v 0T TS I

Fig. 13 RHEPD spot intensities [24]. (a): Intensity distribution
on the zeroth Laue zone. (b): Intensity distribution on the 1/7th
Laue zone.
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Table II Experimental and calculated intensities of diffraction
spots [24].
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Fig. 14 Side view of a part of the Si(111)7x7 structure. A
broken circle around the adatom shows an expanded electron
distribution, and a broken circle of the rest atom shows a
slinked electron distribution.

ko X oz, KEFEPTEEIC X 2 #&E M ¢k
% < OB 2 D AN T8 12N 3 0 32 C
L8, 1 GRS Tor v & o RIS L - Tk
E LT ALE O R EEE R OMEFEET 5 Z
&T, D D KRB IAEERENFREL 72D . — 5T,
ZOFIEZ K DA, BN ND D, 7y %
VMBI X AT AR DbEDS L b EE L
5.

6. £¢0

RHEPD (T X % R & it | 3R 4 sk 2 v
HZET, RBEMOEROHZED Z LBARETH
D, ZNZEST, DRVIRETRENRT AL %
IR % Z £33k, RHEED L0 & FFITH 5.
L L, &KEEICB W TS SRR IZI3%
BEALOENE T D 12012, BRI
(IS T AT R A2 D1 RHEED & [AEETH
4. Lizino T, Eicik~7/= X 512, RHEED T%
IThITWd 1 EEEEEZ WD Z 212X - T,
JR LS O R EEE Y 2R E L, £ OREZ Hn
T, ®MHAFICB T D v TN, B
EORME VAT DWREE T D LWV FhE N fa
72D,

R RS O BN A/ NS WIESRIE, 1y ¥
> TR O T K DR CHEIEIR EN FHETH 5
25, AEFEA L2 K 912 Sid1N21xV21-Ag FH=°
Si(111)7x7 K D K 512K & WENLIE % RO &K HEifk
EDOYA, RHEPD /X% — 2B 2T AR v b
DIRFESIANC X DR B IFF AN/ 5. W&
Freid, Si(11IV21xV21-Ag TOHT TIT o7& 9
I, ZAEEFIC X DIEWRD DTSR T OB E 2 HE
TE DD, ZIH DOIFHRRCEMHE M O XS &
ER BB W THERICR S,

Lo X 912, RHEPD I & % R EHEMAT CI,

_14_

EFEEE Z VD Z & T, 2V O RSEITIKTE
PN, RRAEOWEHEREGDL LN TED. §f
2, WAERE T, SKEFERICBT ey ¥
HRR DR DA R DB E & S & &l B
WCIRETEZDHAY v BB, TNOZEMFETHZ
LIZE o T, BEMEOER OGN AREE 72D,

7. B

AfaaEUTYRZY, MEOHEH &R KT
72Tz A AR JIAF e B R A OVl I S L) R
DA EH IS LET.

8. BEIM

[1] A. Ichimiya, J. Surface Analysis, 18, 114 (2011).

[2] A. Ichimiya, Surface Sci. Lett. 192, 1L.893 (1987).

[3] H. Bethe, Ann. Phys. (Leipzig) 87, 55 (1928).

[4] P. A. Maksym and J. L. Beeby, Surface Sci. 110, 423
(1981).

[51 A. Ichimiya, Jpn. J. Appl. Phys. 22, 176 (1983); ibid.
24, 1365 (1985).

[6] T. C. Zhao, H. C. Poon and S. Y. Tong, Phys. Rev. B38,
1172 (1988).

[7] A. Ichimiya and P. I. Cohen, Reflection High Energy
Electron Diffraction, Cambridge University Press
(2004).

[8] A. Ichimiya, Surface Sci. 235, 75 (1990).

[9] A. Kawasuso ef al., Phys. Rev. B61, 2102 (2000).

[10] Y. Fukaya, A. Kawasuso, K. Hayashi and A.
Ichimiya, Phys. Rev. B70, 245422 (2004).

[11] A. Kawasuso, M. Mackawa, M. Yoshioka and a.
Ichimiya, Appl. Surface Sci. 244, 149 (2005).

[12] Y. Fukaya, A. Kawasuso and A. Ichimiya, Surface
Sci. 600, 3141 (2006).

[13] Y. Fukaya, A. Kawasuso and A. Ichimiya, Surface
Sci. 600, 4086 (2006).

[14]Y. Fukaya, A. Kawasuso and A. Ichimiya, Phys. Rev.
B75, 115424 (2007).

[15] Y. Fukaya, A. Kawasuso and A. Ichimiya, Surface
Sci. 602, 5187 (2007).

[16] Y. Fukaya, M. Hashimoto, A. Kawasuso and A.
Ichimiya, Surface Sci. 603, 2448 (2008).

[17] %l 21X S. Hasegawa, X. Tong, S. Takeda, N. Sato
and T. Nagao, Prog. in Surface Sci. 60, 89 (1999).

[18] M. Lijadi, H. Iwashige and A. Ichimiya, Surface Sci.
357-358, 51 (1996).



Journal of Surface Analysis Vol.19 No.1 (2012) pp. 6-15
—EIEE RITERGEFEIHICL DA 2 E DS - 7% E1EEMFHT

[19] A. Ichimiya, H. Nomura, Y. Horio, T. Sato, T.
Sueyoshi and M. Iwatsuki, Surf. Rev. Lett. 1, 1
(1994).

[20] X. Tong, S. Hasegawa and S. Ino, Phys. Rev. B5S,
1310 (1997).

[21]J. Nogami, K. J. Wan and X. F. Lin, Surface Sci. 306,
81 (1994).

[22] H. Tajiri, K. Sumitani, Y. Yashiro, S. Nakatani, T.
Takahashi, K. Akimoto, H. Sugiyama, X. Zhang and
H. Kawata, Surface Sci. 493,214 (2001).

[23] H. Aizawa and M. Tsukada, Phys. Rev. B59, 10923
(1999).

[24] K. Hayashi, A. Kawasuso and A. Ichimiya, Surface
Sci. 600, 4426 (20006).

[25] K. Takayanagi, Y. Tanishiro, M. Takahashi and S.
Takahashi, Surface Sci. 164, 367 (1985).

_15_




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


