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lon-induced low-energy electron diffraction
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H* and H€ ions with an energy of 25 keV are scattered under a grazing angle of incidence from a clean and
flat Cu001) surface. For specific azimuthal orientations of the crystal surface with respect to low index
directions in the surface plane we observe the ion induced emission of electrons with a conventional LEED
(low energy electron diffractionsetup. By operating the instrument in an energy dispersive mode we find
intensity distributions of emitted electrons which can unequivocally be ascribed to diffraction effects at the
target surface.
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The historical experiment on diffraction of low energy  As a result, the structures in electron spectra were alter-
electrons at a well ordered crystal surface by Davisson andatively attributed to diffraction effects for electrons excited
Germer[1] was an important contribution to the develop- by impinging ions. A first quantitative estimate on ion in-
ment of quantum mechanics, which provided support for thaluced diffraction effects for low energy electrons was re-
concept of matter-waves proposed by de Brofdie Nowa-  cently presented by Niehaus and co-workgfisfor grazing
days the diffraction of low energy electrofisEED) is one  scattering of protons from AL11) and Cy{110 surfaces. By
of the standard tools in surface physics for the characterizazonsidering Bloch waves excited by ions in specific direc-
tion of periodic structures at crystal surfaces. Over the yeargions parallel to the crystal surface, enhanced intensities in
technical and conceptual developments of LEED have apelectron spectra could be interpreted by a coherent scattering
proached a high level of sophistication for the study of com-rocess.
plex structures at surfaces and allow one to characterize de- In referring to conventional LEED, a clear demonstration
fects of crystal surfaces in great detg8l4]. of such electron diffraction phenomena for ion induced elec-

Basic concepts of LEED comprise defined inital states foitron emission would be the presence of diffraction spots in
incident particles, i.e., collimated beams of electrons withthe angular distributions of scattered electrons which are di-
well-defined energies in the 100 eV domain, equivalent to deectly related to the two-dimensional reciprocal lattice of a
Broglie wavelengths of typically Angstrom@01°m). De-  crystal surface. In this paper we report on evidence for the
tection of elastically scattered electrons results furthermor@resence of peaks in the angular distributions of electrons
in defined final states in the collision with the crystal surfaceinduced by ion impact on a crystal surface. Based on simple
These specific features form the basis of the success of thincepts of classical scattering theory, these peaks can be
method: relatively simple use and a diffraction pattern whichattributed to specific reflexes for electron diffraction at the
can be analyzed in terms of established concepts of scattewell-ordered structure of a Q@01 surface.
ing theory; standard and sophisticated LEED instruments are In our experiments 25 keV Hand H€ ions are scattered
commercially available. under a grazing angle of incidende,=1.6° from a clean

Coherent scattering for electron is also found for otherand flat C001) surface. The surface is prepared by cycles
excitation mechanisms as, e.g., for photoemisgi® Of  of grazing sputtering with 25 keV Arions and subsequent
particular interest for the present work is the recent debate oannealing at temperatures of about 770 K. The angular dis-
electron diffraction effects on angle resolved energy spectr&ibutions of electrons ejected by ion impact are recorded
for ion induced electron emission from crystal surfa&3]. using a commercially available Spot Profile Analysis LEED
In those spectra features are present at electron energies system(SPA-LEED [12,13. This instrument allows one to
typically 10 eV which were first interpreted in terms of ex- obtain angular distributions of electrons emitted normal to
citation and subsequent decay of surface and bulk plasmonge surface via deflection to the small apert(@e& mm of a
[8-10. In conflict with this explanation are in specific caseschanneltron detector by means of an electric octupole field.
relatively intense peaks and their pronounced energy shiffn our measurements the setup is used for detection of elec-
with angle of detectiori6,7] as well as the presence of those trons only, and the low energy electron gun is switched off. A
features at low ion energies, where the direct excitation ouppressor electrode in the detector unit—installed for reduc-
plasmons by ions is not possible owing to insufficient mo-ing contributions of inelastically scattered electrons in con-
mentum transfef11]. In further experimental studies on this ventional LEED—provides the operation of the system as a
problem, it was revealed that most spectral features disamigh pass filter for energies of detected electrons. The accep-
pear for a polycrystalline targgé]. tance cone of the entrance aperture of the instrument for

emitted electron amounts to about £25°. In the conventional
mode of operation the angle for incident electrons with wave

* Author to whom correspondence should be addressed. vector @n and for elastically scattered electrons wﬁ(n,t is
Electronic address: winter@physik.hu-berlin.de varied by the electric octupole field resulting in the scanning
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FIG. 1. Ewald construction in reciprocal lattice space. Upper.
panel, plane normal to surface; lower panel, plane parallel to su
face. Owing to surface potential, momentum vectkys k,,; are
different in length. Solid lines and arrows hold for direction along
(100, etc., dashed lines and arrow f¢t10), etc., dotted lines

(120, etc.

of the scattering wave vectd%zlzout—lzm. From the slight
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FIG. 2. Difference of 2D-intensity distributions recorded for
electron energies of 52 eV and 57 eV with SPA-LEED for 25 keV
protons scattered undér,=1.6° from Cy001) along(100). Arrow
ndicates direction of incident beam, tip of arrow direction normal
to surface. Lower gray-scale levédlack) at about 50% of maxi-
mum intensity.

change from(atomic units are US@k;, = 2(E+V) to Koy
=\2E,, with E, being the final electron energgee modified
Ewald construction in Fig. )1

separation of the apertures of electron gun and detector re- Figure 1 shows a sketch of a plane in reciprocal lattice
sults a fixed offset angle of about 8° from a perfect antiparspace normajupper pangland parallellower panej to the
allel orientation of the wave vectors for incident and elasti-surface with the simple square unit cg|l=v2/ax[10] and

cally scattered electrons.

gjzz\s‘Elax [01] with a=3.61 A being the lattice constant of

_Low energy electrons are excited durirjg grazing ion scata copper crystal anfiL0],[01] chosen alongﬂO},(llO) of
tering from the target and are detected with respect to energye fcc lattice. The solid vertical bars illustrate the Laue con-
and angle; i.e.ky, is scanned by means of the SPA-LEED ditions for the(00), (11), and(22) reflexes(g,,d,). Striking
instrument. Making use of the energy suppressor unit allow$eature of the construction is the direction of tfid) inten-
us to separate a specific interval of energies for scatteresity spot about normal to the surface for the settings of our
electrons by measurements at two different energies and takxperiments; i.e., a €001) surface and electron energies of
ing the difference of the data. This feature is crucial heresome tens of {55 eV chosen in Fig.)1 This angular range
because initial energies of electrons produced via ion impadbr diffraction spots is favorable for the realization of experi-
are much poorer defined than in a conventional LEED exments, since the LEED instrument can be installed to detect
periment using electrons from a low energy electron gunelectrons within a solid angle centered along the surface nor-
Therefore the energy of “elastically” scattered electron has tenal and can be mounted directly on top of the target surface.

be fixed here in the exit channel.

Furthermore, predominant forward scattering of electrons ex-

The angular positions of diffraction spots for scatteredcited by ion impact under grazing incidenid] reduces the
electrons can be derived from concepts of scattering theorgackground from inelastically scattered electrons.
by means of an Ewald construction in reciprocal lattice space In Fig. 2 we display a LEED pattern obtained with

[14]. Electrons with initial momentum vectols, oriented

25 keV H' ions scattered undeb;,=1.6° along the low in-

along the direction of the incident ion beam are preferentiallydex(100 azimuthal direction in th€001) plane. For electron
excited for grazing impacfl15]. In this respect we follow energies between 52 and 57 eV we find a pronounced inten-
suggestions on the production of Bloch waves parallel to theity spot at 12° +2° from the surface normal in direction of
surface by Niehaus and co-workdig. This feature results the scattered beargmarked by arrow, tip indicates surface
in specific diffraction pattern for elastically scattered elec-norma). The position of the diffraction spot is in accord with
trons that clearly differ from those obtained for large anglel1°+1° derived from the construction sketched in Fig. 1.
impact using an electron gun. Owing to the surface potentialhe angular and energy spread of electrons in the initial ex-
(V=12 eV for CUY001) [16]) initial and final momenta citation via ion impact are considered as the main mecha-
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FIG. 3. Same as Fig. 2 for scattering alofig.0.

nism for a substantial blur compared to bright and sharp
spots in conventional LEED. The signal in the lower left
corner is attributed to enhancédcoherent forward scatter- FIG. 4. Difference of two-dimensional intensity distributions re-
ing. corded for electron energies of 20 eV and 27 eV with SPA-LEED
In Fig. 3 we display data for scattering alofijLl0). The  for 25 keV He ions scattered undeb;,=1.6° from C001) along
Laue condition for this case is sketched in Fig. 1 by a dashe¢l110.

bar and momentum vectéy,,. The(01) spot for 55 eV elec- o _ _
trons should appear under an angle of 29.7° with respect t8/0ng a direction tilted by 12° with respect to the surface
the surface normal which is at the limit of the angular accepormal, i.e., the direction of th@.1) spot for scattering along
tance of our setup. The intensity pattern present in the centét00. The energy spectra shown in Fig. 4 reveal a pro-
of Fig. 2 has disappeared, but a weak structure is observed fpunced broad peak at about 55 to 60 eV for scattering of
the lower left corner which we partly attribute to t@l) 25 keV protons undem;,=1.6° along(100, whereas for
spot, background from preferential forward scattering, andcattering along110) (peak is expected here at about 15 eV
problems of imaging with SPA-LEED at larger acceptanceand “random” direction§+38° from (100) this peak disap-
angles[17]. pears and only a weak structure in the spectra at “random”
For the same azimuthal orientation of the target we reascribed toCVV Auger electrons from the Cu surface is
corded intensity distributions for lower electron energies.present.
Figure 4 shows the difference of distributions for 20 eV and In summarizing, the experimental data presented in our
27 eV obtained with 25 keV Heions (similar results are work gives clear evidence and support for the presence of
obtained with H ions). The data reveals a diffraction spot diffraction effects in ion induced electron emission. Assum-
shifted by about 10° from the normal directi¢ip of arrow)

which compares well with the estimate from the Ewald con- 1,5 ——————v¥—7
struction._ Of sp_ecific interest are two further spots found H* 25 keV, ®_= 1.6 deg
symmetrically with respect to the central spot and ¢h&0 n |
direction of the incident beam. The positions of these spots@ —=-=—-<100> - 38°
are in accordance with coherent scattering along(g) wbk\ G . \ - <100> + 38°

and (120 azimuth. This observation might be explained by
the feature of enhanced secondary electron scattering in crys
tals along low index directions owing to momentum match- &
ing in “interzone transitions[18]. A more detailed discus- § o5}
sion on this new type of information on ion-solid interactions .
available from the analysis of electron diffraction effects will
be presented in a forthcoming paper.

In passing we note that no indication for a diffraction 0.0 , , , , ,
pattern is observed for ion scattering from part of the target "40 50 60 70 80 90 100
holder made from polished polycrystalline stainless steel energy (eV)
with no long-range monocrystalline ordesee also Refl.6]).

A direct demonstration of diffraction effects on ion in-  FIG. 5. Electron spectra recorded with CLAM2 spectrometer for
duced electron spectra is performed in experiments where thgattering of 25 keV protons unddr,=1.6° from C{001). Solid
SPA-LEED instrument is replaced by an electron spectromeurves, ion beam incident alof@00), (110); dashed curve, along
eter (CLAM2, VG-instrument$ with its angular acceptance (100 +38°; dashed-dotted curv&l00 -38°.
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ing the preferential excitation of electrons along the incidenssince defined initial states of excited electrons can be fixed
beam direction(primarily in direct binary encounter with by the diffraction conditions.

projectiley, the diffraction pattern can be deduced from a we agree that the SPA-LEED instrument used has its
modified Ewald construction. The unambiguous demonstramitations for the type of work reported here, but it was
tion of the presence of diffraction effects in ion induced elec-g ¢ficient for a first direct demonstration of ion induced

tron emission has important implications for this field. EED effects. In this respect we attribute a fair amount of
Electron spectra recorded for the impact of ions on crysta e broad angular widths of the observed sgatsout 59 to
surfaces are affected in a substantial manner. Structures 9 e )

peaks in those spectra may originate from basic physical pr&- e mstrumen_tal re_solutlon. An optlml_ze_d detection schgr_ne
cesses as, e.g., Auger transitions or plasmon decay, howev@gopted to this regime of electron emission as, e.g., position
they can also stem from diffraction effects at crystal surfacegnd time-of-flight resolved detection with larger solid angle
(cf. Fig. 5. In this respect, our work removes the uncertaintyshould be employed in future studies on this elementary pro-
in the presence of those effects concluded from previousess concerning ion-solid interactions.
studies based on electron spectroscopy only. This also im- i
plies that available experimental data has to be checked with SuPPort from the Deutsche ~Forschungsgemeinschait
respect to effects caused by electron diffraction. (Project No. Wi 1336 and Sonderforschungsbereich 290,
Making use of diffraction effects allows one to investigate Teilprojekt A7) is gratefully acknowledged. We thank Pro-
coherent scattering of electrons excited by ion impact from dessor A. NiehaugUtrech), Professor H. P. WintgiVienna),
detailed analysis of the diffraction spot profiles. This pro-Professor H. von Hoegeessen, and Professor P. M. Ech-
vides detailed new studies on electron emission processeghique(San Sebastigrfor helpful discussions.

[1] C. J. Davisson and L. H. Germer, Phys. R&8@, 705 (1927). [10] B. van Someren, P. A. Zeijlmans van Emmichoven, |. F.
[2] L. V. de Broglie, C. R. Acad. Scil77, 507 (1923. Urazgildin, and A. Niehaus, Phys. Rev. &1, 032902(2000.
[3] M. Henzler, Surf. Rev. Lett4, 489 (1997). [11] M. Résler, inlonization of Solids by Heavy Particlesdited
[4] K. Heinz, U. Starke, and J. Bernhardt, Prog. Surf. $d, 163 by R. A. Baragiola(Plenum, New York, 1993 p. 27.

(2000. [12] U. Scheithauer, G. Meyer, and M. Henzler, Surf. SIci8 441
[5] S. Hufner, Springer Ser. Solid-State S80, 1996(1998. (1986.

[6] H. Eder, F. Aumayr, P. Berlinger, H. Stdri, and H.P. Winter, [13] Omicron NanoTechnology, Taunusstein, Germany.
Surf. Sci. 472, 195(2009); H. P. Winteret al,, Nucl. Instrum. [14] A. van Hove, W. H. Weinberg, and C. M. Chamw Energy
Methods Phys. Res. B82, 15 (2001). Electron Diffraction(Springer, Berlin, 1986

[7] A. Niehaus, P. A. Zeijlmans van Emmichoven, I. F. Urazgildin, [15] A. Hegmann, R. Zimny, H. W. Ortjohann, H. Winter, and Z. L.
and B. van Someren, Nucl. Instrum. Methods Phys. Res. B Miskovic, Europhys. Lett.26, 383(1994).

182 1 (2001). [16] E. V. Chulkov, V. M. Silkin, and P. M. Echenique, Surf. Sci.
[8] R. Baragiola and C. Dukes, Phys. Rev. Lét6, 2547(1996). 437, 330(1999.
[9] N. Stolterfoht, D. Niemann, V. Hoffmann, M. Roésler, and R. [17] T. Schmidt, Diploma thesis, University of Hannover, 1990.
A. Baragiola, Phys. Rev. /1, 052902(2000. [18] J. Burns, Phys. Rev119, 102 (1960.

060901-4

RAPID COMMUNICATIONS



