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Low-energy electron thermal diffuse scattering from A(111)
individually resolved in energy and momentum

V. Zielasek, A. Bissenschit, and M. Henzler
Universita Hannover, Institut fu Festkaperphysik, Appelstrasse 2, D-30 167 Hannover, Germany
(Received 5 June 1996

A low-energy-electron-diffractiofLEED) system which provides high resolution in energy and momentum
simultaneously has been used to measure the intensity and the angular distribution of the thermal diffuse
scattering TDS) of Al(112) within the first surface Brillouin zone. The kinematic scattering theory is shown to
provide a good description of the experimental results. Especially the one-phonon scattering is seen to decrease
radially with distancgK | from the (00)-Bragg rod at about fIK;|. Here the pioneering experiments of about
30 years ago are expanded and one-phonon, multiple-phonon, and elastic scattering throughout the Brillouin
zone are separated in the experimental data with the help of energy resolution. The discussion shows to what
extent TDS is affecting the defect analysis using a spot profile analysis of LEED without an energy resolution.
[S0163-182697)03408-3

I. INTRODUCTION Il. THEORETICAL PREDICTIONS

It has been shown that within the validity range of the
kinemantic approximation the diffracted intensity may be de-
scribed, as if it would come entirely from scattering in the
furface layet. If the thermal displacement,(t) of atomn

A sharp diffraction spot in a low-energy-electron-
diffraction (LEED) experiment reveals a long range period-
icity of a solid, in the same way information about imperfec-

tions is derived from the broadening of the spots and from a ) o . ) -
9 P rom its equilibrium siter,, is small with respect to the next

elastic background intensity. The spot profile analysis Oneighbor distance, the intensity scattered from a monatomic

high resolution LEED(SPA-LEED is a highly developed . . o X : L
tool to study all kinds of surface defects. The advantage ovelfltgce may be described within the kinematic approximation

imaging techniques is the quantitative defect evaluation:™
Since the kinematic approximation provides very detailed
results, the procedures to extract data on the average densi e 12 K=t e ((Kup)?)
of defgcts and their distribution from spot profiles are easy top(K)_|f0| En: %: € € 1+((Kup)(Kup))
1-
use.
The accuracy of the analysis with usual instrumentation is ((Kup)(Kup))?
limited by the inelastic thermal diffuse scatterif@DS). 21 o
Since the suppressor of a conventional LEED or SPA-LEED
instrument does not cut off phonon scattering, the contribu- HereK is the scattering vectof,, is the atomic scattering
tion of the TDS to spot profile and background intensity hasfa 0

widely been assumed to be a constant or even the only con-Ctor.’ and() stands for the thermal average. Wh_|le the first
Lo ) . term in the brackets denotes the elastic scattering the TDS
tribution to the background or it has been just neglected.

Our energy loss spectroscopy—LEEBLS-LEED) (Ref. comprises the second term corresponding to single-phonon

4) provides high resolution in energy and momentum Simul_scattenng and all remaining terms corresponding to multiple-

taneously allowing us not only to separate the TDS fromphonon scgtterln@. h : f illoui ield
elastic scattering due to surface defects directly in the experi- . Integration over the entire surface Brillouin zone yields
ment. We also may study the thermal diffuse scattering withWlth Il. a”‘;' lo (single-phonon and elastic scattering,
a higher angular resolution than with the available instru-reSpeCtlveW
mentation designed only for high energy resolufiowe
present our results for the intensity and the angular distribu- [1=2Mg o. 2

tion within the first surface Brillouin zonéSBZ) of one-

phonon and multiple-phonon scattering of low-energy elec2Mg is the exponent of the surface Debye-Waller factor. In
trons at A(111) and refer them to theoretical predictions the high temperature limit it is proportional to temperature
within the kinematic approximation. and to the incident electron energy.

About 30 years ago Webb and co-workers have measured The evaluation of the single-phonon scattering has been
spot profiles including TDS with lower angular resolution reported in Ref. 10 for all kinds of vibrational modes of a
and with integration over the full phonon energy rafige. free surface approximating the crystal as an isotropic elastic
Their far reaching conclusions are now substantiated andontinuum. The prediction for the distribution of the one-
clarified, because an experimental separation of elastic, on@ghonon scattering within the first surface Brillouin zone is
phonon, and multiple-phonon scattering is realized in thdor surface waves as well as for bulk related modesde-

present experiments. notes proportionality ancd denotes convolution

@
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I*(K) is the diffracted intensity as expected from a rigid :
lattice.

Validity is claimed only in the vicinity of thg00) spot
due to the approximations. It is assumed that the Rayleigh
mode exhibits a linear dispersion. FKr >K| it is shown
that surface waves and bulk related mo@=smbination and
mixed modey should contribute by about the same amount
to inelastic scattering.

For bulk related modes a simple derivation is sketched in £
Ref. 7 where it is assumed that the thermal motion of the
surface atoms can be described by a Debye spectrum of the
bulk. The result approachd8) in the vicinity of the (00)-
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|2(KH) K”arctarﬁ Kd) @ (KH)' @ FIG. 1. Energy loss spectrum at thé point for incident elec-
Those equations will be used for comparison with the experil®" €neray 61.5 eV at room temperature. Measuring points are
mental results. _shown as open _C|rcles. As a result of the flttlng procedure descrlb_e_d
in the text, the light gray areas denote scattering due to the annihi-
lation and creation of a single Rayleigh phonon, the small dark gray
. EXPERIMENT area in their midst denotes elastic scattering due to surface defects

The Al specimen was cut within 0.1° of th@11) orien- and the solid line beneath shows the multiple-phonon background.

tation from a single crystal boule of high purit99.999% A. Experiments with high energy resolution
by means of spark erosion. It was mechanically polished and
finally electropolished in a mixture of perchloric acid
(0.05% vol) and ethyl alcoholIn situ cleaning was per-

formed by cycles of argon ion bombardement of the heate
specimentemperature 550 Kfor several hours and anneal-

ing up to 900 K. The final Auger spectrum did not show any ith incid | is sh
impurities (contamination with C, O less than 0.1% temperature with 61.5 eV incident electron energy is shown

The temperature was measured using a NiCr-Ni thermoll Fig- 1. Loss and gain QBE[~17 meV are due to creation

couple fixed in a groove in the edge of the specimen. Th&nd annihilation of the Rayleigh phonon. The dispersion is

sample was heated by radiation from a tungsten filament anf€!l _known from helium atom scattering(HAS)
cooled with LN,. experiment¥ and has been reproduced in our experiments

within the instrumental resolution.

The ELS-LEED instrument may be considered either h is fitted usi . haped ith
as a high-resolution electron-energy-loss spectrometer |N€ SPectrum s fitted using a Gaussian shaped curve wit

(HREELS with high momentum resolution or as variable intensity and FWHM denoting the multiple scatter-
HRLEED system with high energy resolution. The electro-"9 backgrou_nd and three pe_aks with the shape of the specu-
static deflection uni{“octopole”) of a SPA-LEED system lar EELS which stand for gain and loss due to the Rayleigh

allows us to scan diffraction patterns keeping the positions oWOde scatteringlight gray areasand elastic scattering due

the electron gun, the specimen and the detector fixed. Thi Surface defectsdark gray arep The center of the

electron gun and detector are equipped with one 127amql"tiple—phonon scattering is shifted due to the higher prob-
HREELS cylindrical deflector each as a monochromator antﬁ"b'“Fy for energy loss. — —
energy analyzer, respectively. Figure 2 shows several spectra along the IireM (0%

For incident energies of 3—300 eV a momentum resoluSBZ is atl', 50% SBZ is aM). The spectra have been fitted
tion of 0.042 nm * [which corresponds to 0.15% of a vector according to Fig. 1 using a least square fitting routine. A
of the reciprocal lattice of the AL11) surfacg in combina- prerequisite for a reliable evaluation of the TDS throughout
tion with an energy resolution of 4—-8 meV is achieved. De-the entire surface Brillouin zone is a fairly low elastic scat-
tails of the instrument and the ultrahigh vacuum system catering outside the Bragg peaks. For incident energies of 26,

The thermal diffuse scattering has been evaluated from
electron energy loss spectra recorded at various points of the
éurface Brillouin zone. The energy resolution measured in
Specular geometry was 8 meV fullwidth at half maximum

(FWHM). The spectrum at th&-point recorded at room

be found elsewhert. 61.5, and 110 e\[corresponding to thé222), (333), and
(444) Bragg spot, respectivelyatomic steps do not cause
IV. RESULTS AND DISCUSSION broadening of the Bragg peaks since the scattering of adja-

cent atomic layers interferes constructivelfin-phase
The first part of this section describes the determination otondition. After optimizingin situ surface preparation with
the TDS from measurements with high energy resolution, theespect to surface contamination the elastic inter{#fity dif-
second part shows an alternative measurement of TDS witference between the solid line and measuring points in Fig. 2
low energy resolution simulating the results as obtained wittand the black area in Fig.) 1s much smaller than the TDS
a conventional LEED or SPA-LEED instrument. (solid line).
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< FIG. 3. Intensities for multiple-phonon scatteririgpen tri-
i5E angle$ and one-phonon scatterirfilled triangleg evaluated from
the energy loss spectra alohg- M for the incident electron energy
WF 110 eV at room temperature. The dashed line showa fit/and
5E the solid line an arctan{Kd)/K| fit.
o-),o 20 20 10 0 10 20 30 40 5 8 The fitting procedures separating elastic scattering and
ENERGY LOSS [meV] TDS are also useful when the elastic scattering close to the

Bragg rods is high due to structural defects. The results of
_ measurements performed at the out-of-phase condisicat-
FIG. 2. Energy loss spectra it (50% SB2 and at 7.4, 15, and  tering from adjacent terraces interferes destructfiend
25% SBZ alond’— M. Measuring points are shown as squares, theanalyzed according to Fig. 3 are shown in Fig. 5. T0@)
dashed line reproduces the fitted multiple-phonon losses and theyot exhibits an elastic shoulder due to atomic steps on the
solid line the fit of all losses. The shape of the specular EELS issyrface(black dotg which is of the same magnitude as the
shown as a dotted Ii_ne below the spec_tr_um at 7_.4%_ SBZ on a diftpg throughout large areas of the SBZ. However the analy-
ferent scale. Otherwise the same conditions as in Fig. 1. sis yields the multiple-phonon scatteririgrosses as con-

__The dotted line in the spectrum at 7.4% SBZ alongStant and the one-phonon scatteriigangles is well de-

I'—M of Fig. 2 denotes the shape of the spectrum measured
in specular geometry to show that already the spectrum at _
7.4% SBZ is broadened due to single-phonon scattering. The gg‘aat'tphc’"on g‘CLgH'PhO”O“
fitting procedure took the energy of the Rayleigh mode for T = . :
small wave vectors from the HAS resulfs. (112 A 8

The intensities of multiple-phonofopen triangles and 1001 [i12] @ °©
single-phonon scatterinfilled triangleg determined from
similar spectra measured at 110 eV incident energy along
I'—M are plotted versus the parallel component of the scat-
tering vector in Fig. 3. The multiple-phonon scattering ap-
pears nearly constant throughout the entire surface Brillouin
zone. The one-phonon scattering is well described as propor-
tional to 1K (dashed lingfor small scattering vectors. For
larger scattering vectors the measured one-phonon intensity
falls off more rapidly than expected from theKl/fit. Sur-
prisingly the theoretical prediction from Ref. 7 cited in Eq.
(4) (solid line) is a very good approximation even at the SBZ

[110] X o

INTENSITY [counts/sec]

boundary.

The isotropy of the TDS in the first surface Brillouin zone A T I S
can be seen in Fig. 4, which shows the results of the mea- 0 10 20 30 40 50
surements for an incident energy of 61.5 d¥he dashed RELATIVE SCATTERING VECTOR K, [%2n/1]

and solid line show the Kj and the arctant/Kd)/K fit as in

Fig. 3]. The triangles, diamonds, and squares denote the ex- FIG. 4. Results for multiple-phonon and one-phonon scattering
perimental results for the one-phonon and the multipledintensities evaluated for incident electron energy 61.5 eV at room
phonon scattering in thel12], [112], and[110] direction,  temperature for scattering vectors in the directiph2], [112],
respectively. and[110].
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valid only in the vicinity of the(00)-Bragg rod. Since the
slope of the Rayleigh mode dispersion curve decreases near
the SBZ boundary the occupation number and the amplitude
of the mode are higher than expected which should lead to an
increased phonon scattering. On the other hand, the assump-
tion that scattering comes entirely from the topmost surface
layer should lead to an overestimation of phonon scattering
near the SBZ boundary. Since the vibrational amplitude of
surface waves falls off more rapidly into the bulk for larger
wave vectors, contributions from deeper layers should en-
% X hance the phonon scattering in the vicinity of {0€)-Bragg
T X rod. The limit is the arctant/Kd)/K profile which repre-
] sents scattering from deep inside the bulk. Further on effects
i due to multiple scattering might result in an unpredictable

LIS B N N 00 L L
@ elastic scattering
A one-phonon scatt.
X multi-phonon scatt.

100

10

INTENSITY [counts/sec]

cross section for phonon scattering within the kinematic ap-
_ proximation as it has been demonstrated fof1R0) at the
R T R R T R T S X point of the SBZ* On Al surfaces however the kinematic
RELATIVE SCATTERING VECTOR [%2n/r) approximation is expected to provide an appropriate descrip-
tion of LEED experiment$! which has been shown on
FIG. 5. Same analysis as in Fig. 3 for incident electron energy?l (110."* Empirically we find that arctangKd)/K; is a uni-
42 eV (out-of-phase conditionand temperaturd =400 K. The  Versal fit to the single-phonon scattering profile for four dif-
(00)-spot is broadened due to destructive interference of scatterinferent incident electron energies throughout the entire SBZ.
from adjacent terraces. This indicates that also the scattering near the zone boundary
should not be dominated by dynamical effects. Since the
assumptions of Ref. 7 which lead to H¢) do not meet our
experimental conditions a modified theoretical approach to
éurface phonon scattering with validity also for wave vectors
near the SBZ boundary is desirable.

scribed by an arctam(Kd)/K fit (solid line) as it is expected
from the measurements at in-phase conditions.

Figure 6 shows our results of similar measurements of th
one-phonon scattering for various incident energ 42,
61.5, 110 eV and various temperatures up to 520 K normal-
ized to their intensity at a distance of 15% SBZ from (B6) _ _
spot(large triangl¢. It is clearly seen that a K/ fit which is As a consequence of the re_sults of the previous section the
predicted by simple kinematic scattering theory provides al DS has to be accounted for in the following manner in any
good description for relative scattering vectors up to 10%sPot profile analysis of LEED without energy resolution: The
SBZ. multiple-phonon scattering can be considered as a constant

Deviations from the 3} dependence for larger wave vec- Packground. The single-phonon scattering should have a pro-

tors are expected: Approximating the dispersion as linear i§le according to arctangKd)K; convoluted with the elastic
profile. Measuring on an ideal crystal this should be a Gauss-

ian shaped curve with its inverse FWHM standing for the
_ instrumental transfer width.

4 experiment To simulate a conventional SPA-LEED system we set the
----1/K, energy resolution of our instrument to about 60 meV. It is
—— arctan(m/K,d) / K, the worst possible resolution with our setup and it is also
sufficient to simulate the “quasielastic” scattering of the
usual equipment, which does not discriminate elastic scatter-
ing, single- and most multiple-phonon scattering due to a
resolution of a few eV.

A profile analysis as suggested above is carried out in Fig.
7 for incident electron energy 61.5 gih-phase condition
A The intensity and FWHM of a Gaussian shaped curve and
~J the intensities of a constant background and a “single-
A phonon profile” are the free parameters of a least square
A
A

B. Experiments with low-energy resolution

100

INTENSITY [a. u.]

-
o
T

fitting routine which also performs the convolution of the
Gaussian peak with arctam(Kd)/K to simulate the single-
e L , , phonon scattering during the fitting procedure. The resulting
2 4 6 8 10 20 40 areas of elastic scatteriridark gray, one-phonon scattering
RELATIVE SCATTERING VECTOR [%27/1] (light gray), and multiple-phonon scatterir@vhite area be-
low) are shown in Fig. 7. Their sum fits the experimental
FIG. 6. Intensities for one-phonon scattering from measurerofile which is shown with the measuring points perfectly.
ments for various incident energies and temperatures normalized tbhereby the single-phonon profile is measured with a high
their value at 15% 2/r (large trianglg. The dashed line shows a momentum resolution of 0.5% SBM.14 nm 1) corre-
1/K fit and the solid line an arctan(Kd)K| fit. sponding to the FWHM of the elastic peak.
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FIG. 9. Relation of the evaluated intensities of one-phonon and
FIG. 7. Profile analysis of thé@0) spot considering one-phonon elastic scattering versus the exponent of the Debye-Waller factor.
scattering(incident electron energy 61.5 eV, room temperature Stars show the results of measurements with high-energy resolu-
Details of the fitting procedure are described in the text. tion, triangles the results of measurements with low-energy resolu-
tion. The corresponding incident electron energy is displayed below
A conventional spot profile analysis which considers TDSthe symbols. The straight line shows the expected relation for a
as a constant background throughout the entire surface Bribebye temperature of 259 K.
louin zone would misinterprete the intensity in the wings of
the central peak either as due to surface defects or as a res@aussian shapgdre clearly seen in the plot since the one-
of the instrument. The latter should lead to a modulation ofphonon scattering dominates the multiple-phonon back-
the instrumental transfer function with LEED energy andground. The shape of the elastic scattering, however, is prac-
temperature of the specimen. tically undistorted over a range of several decades. For high
Simulated spot profiles comprising the intensities for elasvalues of M g the one-phonon scattering strongly affects the
tic scattering, one-phonon scattering, and the multiphonomprofile after subtraction of the multiple-phonon background
background as expected from the kinematic approximétionsince the ratiol ; /1, corresponds to g, Eq. (2). So the
are shown in Fig. 8 for various exponents of the Debye-appropriate consideration of the one-phonon scattering
Waller factor. For low temperatures and energies, respeawithin a spot profile analysis without energy resolution is
tively, the one-phonon wings of th@0) spot (assumed as important generally for measurements of low defect densities
and especially for high temperature experiments.

The consistency of our analysis within the kinematic ap-
proximation is checked with the evaluation of the exponent
of the Debye-Waller factor. As usual in LEED experiments
we have evaluatedMg from the exponential decay of the
specular intensity with increasing temperatdirecident en-
ergy E=26 eV). 2Mg versusET is shown as a straight line

8 in Fig. 9 and corresponds to a surface Debye temperature

10°F

10°F — G)S (Ref. 11 of 259 K. The separation of elastic, one-
El - phonon, and multiple-phonon scattering in the experiment,
5104 | ,L however, provides a direct approach tM2 by means of
5 Lo I,/1y. Figure 9 showd,/l, as evaluated individually from
ﬁ the high resolution energy loss spectBELS: crossegsand
Zz 10°F o) oo __ the spot profile analysis with low energy resolutidrE ED:

triangles for all our measurements at the given energies and
temperatures. The EELS results as well as the results of the
spot profile analysis of LEED are in good agreement with
03=259 K.

—_
(=]
o
T

" ] ' 1 ' 13 s ] ) J
-50 -30 -10 10 30 50
RELATIVE SCATTERING VECTOR [%2n/r]

V. CONCLUSIONS
FIG. 8. Simulated spot profiles comprising an elastic Gaussian
shaped peak with a fixed FWHM, a one-phonon contribution ac- Our instrument shows a reliable separation of elastic, one-
cording to 1K, and a constant multiple-phonon background for phonon, and multiple-phonon scattering. The intensity and
various exponents of the Debye-Waller factor ranging from 0.5 to 8angular distribution of the thermal diffuse scattering at
The integral intensities are evaluated from E2). Al(111) are in good agreement with the expectations from
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the kinematic approach to low-energy electron diffraction.good approximation, since the remaining intensity is due to
There is no evidence for a madification due to dynamicaldefects. It is questionable if this approximation still holds for
effects. That might be special for Al surfaces and should bénigher temperatures. Preliminary experiments with silicon
checked with other material. show that there is a strong contribution by point defects to
Already more than 30 years ago Webbal®® investi-  the background. Here an energy resolution is required to ac-
gated the TDS of low-energy electrons at Ag and Ni surfacegount for the high density of point defects. For broad terrace
and found confirmation for the predictions of the kinematicgistributions with small terraces again the correct determina-
scattering theory in their results. From today’s point of view,tjon of the elastic scattering in the background is important
however, their LEED system had a poor momentum resolufor a precise calculation of the terrace width distribution and
tion [FWHM of the (00) spot about a magnitude larger than the step density.
in our experimentsand it did not provide any energy reso-  Many experiments may be done safely with LEED and
lution in the range of phonon energies. Within their resolu-gpa-LEED without energy resolution. It is, however, obvi-
tion in energy and momentum they found a perfect agreepys, that some experiments should be done with a high reso-

ment between theory and experiment. lution instrument like our ELS-LEED to obtain reliable
We presented a spot profile analysis for LEED systemsyaluations.

without energy resolution which takes into account the
broadening of the spot profile by one-phonon scattering. The
frequently used approximation to include the one-phonon
scattering into the instrumental functidoy adding a Lorent-
zian to the Gaussian functiprand subtracting the highest  The authors thank H. Froitzheim for many helpful discus-
possible constant background intensiassuming that it is sions. The investigation has been supported by the Deutsche
just multiple-phonon scatterings for aluminum obviously a Forschungsgemeinschaft.
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