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Determination of Ag domain populations on Cu111) using directional Auger
and directional elastic peak electron spectroscopies
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The Auger signal and the intensity of elastically backscattered electrons were measured as a function of the
incidence angle of the primary electron beam to find the crystalline structure of ultrathin Ag layers on the
Cu(111) surface. Experimental profiles were compared with theoretical data obtained with the use of single
scattering cluste(SSQO calculations for clean and covered @@1). Auger scans for Ag MNN transition and
elastic peak profiles exhibit intensity maxima corresponding to two mutually rotateld Aglomains. Differ-
ent domain populations were found by an R-factor analysis, which can be rationalized by the miscut of the
Cu(111) sample and the resulting step orientation.
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[. INTRODUCTION an RFA analyzer, which is commonly used for low energy
electron diffraction(LEED) pattern observations and Auger
Information about the morphology and atomic structure ofelectron spectroscopAES).

adlayers on substrates is useful in the investigation of a crys- |n this paper, DAES and DEPES were used to recognize
tal growth. The sites occupied by adatoms play a crucial rolag domains with different orientations with respect to the
in governing the atomic structure of adlayers. For the firstcy(111) substrate. Single scattering clust&SQ approxi-
monolayer one can consider three structures: pseudoepitadyation was used to calculate theoretical polar scans. To ob-
pseudomorphy, and reconstructiohThe growth on the first  tain quantitative information concerning the domain popula-

layer leads to the formation of a film. Its crystalline structuretions, reliability factors(R-factorg were calculated for the
and orientation with respect to the substrate depend on théomparison of theoretical and experimental profiles.

stacking sequence at the interface. Different stacking se-
quences cause the nucleation of rotated and unrotated do-
mains. Il. EXPERIMENT

The investigation of the atomic structure of adsorbed lay- )
ers requires structurally and chemically sensitive experimen- All measurements were performed in an UHV system
tal techniques. In x-ray photoelectron diffractiofPD) and ~ €duipped W|1t0h a RFA analyzer with a working pressure of
Auger electron diffractiofr” an anisotropic emission from typically 10-"mbar. In DAES and DEPES the primary elec-
crystalline samples is observed. Due to the forwardfon beam was directed onto the crystalline sampiBy
scattering the straightforward identification of the crystal- medulating the voltage of the grids it was possible to mea-
line order of the first atomic layers is possible. sure an Auger signal in théN(E)/dE mode and the peak

Forward scattering takes place not only for electrons emitheight of elastically scattered electrons in ti€€) mode.
ted from the crystalline sample but also for the primary elec- The Cu111) sample was mounted on a standard manipu-
trons striking the sample. Examples of incident beam experilator enabling independent rotation around two axes, one ly-
ments can be found in a number of pap&f€ The so-called ing in the sample surface and the other perpendicular to this
directional Auger and directional elastic peak electron specsurface. The required azimuth of the sample surface was cho-
troscopies (DAES and DEPES, respectively were Sen by rotating the sample around the axis perpendicular to
proposed? where the dependence of the angle-integratedhe Cu11l) plane. The incidence angle of the primary elec-
electron emission on the primary electron beam directioriron beam was changed by rotation around the axis parallel
was used. In these experimental techniques the Auger signtd the sample surface. DAES and DEPES profiles were re-
and the intensity of elastically backscattered electrons areorded for different primary beam electron enerdigs
measured, with the use of a retarding field analyR#tA), as The Cu11)) crystal was cleaned by annealing at 900 K
a function of the incidence angle of the primaries. Due to theand by simultaneous potassium ion bombardment from a
large acceptance angle of the analyZed4°), about 40% of  zeolite sourcé® After cleaning, which was repeated when
all emitted electrons at a given energy were detected. Thaecessary during measurements, no evidence of sulphur, car-
integration of the signal over the large acceptance angle dfon, and potassium was detected by AES. Silver was evapo-
the collector ensures that the influence of the angular distrirated from a quartz cup surrounded by a tungsten resistive
bution of electron emission on the measured profiles is nedgieater. During the silver evaporation, the silver flux was per-
ligible in comparison with the diffraction effects of the pri- pendicular to the Gd11) surface and the incidence angle of
mary beam. The intensity maxima observed experimentallghe primary electron beam was equal to 60°. In this system
reflect the crystalline structure of sampléd61°-23|n the  the silver deposition and the simultaneous recording of the
light of this fact DAES and DEPES are closely related toAuger peak heights were possible. Kineticshgf, (62 eV)
XPD.?* DAES and DEPES extend the experimental utility of andh,g (360 eV), where thehc, and theh,y are Auger peak
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heights for Cu and Ag, respectively, were recorded by a comfactor involves the scattering amplitude, the temperature de-

puter during the continuous silver depositf§T.he coverage pendent phase shifts calculated in a muffin-tin approximation

of silver was estimated independently from the kinetics andwith the use of the Pendry mufpot-progrdfand the curved

with the use of a quartz oscillator placed close to the samplavave froér%és at siter.?® The complex factorf; can be ex-
pressed

lll. SSC THEORY i j
fi(k,d, T) =2, tl(T)c;(kd) (2] + 1)P,(cos Gy4) . 2
To describe the primary beam diffraction effects the single e 1=0 ! o ! “

scattering cluster approximation was used. | take into ac- h i is th .
count that the incident electrons undergo the same elastifN€retj is the temperature dependent scatterirgatrix,

scattering as the emitted photoelectrons in XPD. ThereforgVhich describes the S_Cfg‘gte”r_‘g amplitude and the vibrational
DAES and DEPES can be considered as time reversals @foPerties of the atom,* ¢, is the polynomial factor that
XPD24 although no photons are associated with emittedﬁ“'t'p“es_ the asymptotic form of the spherlcal Henkel func-
electrons. tions, P, is the Ith Legendre polynomial, ané]')kdj is the

The electron wave field emanating in a solid is stronglyScattering angle between vectdrandd;.
scattered by atoms, which results in a coherent interference 1he Auger signal and intensity of elastically backscattered
of scattered components. The interference depends strong@/ectrons integrated over the large acceptance angle of the
on the scattering angle and wavelength, which affect phas@halyzer are proportional to the sum of the primary beam
shifts among direct and scattered waves, as well as on tHatensities over all qt_omlc sites S in th_e crystal weighted with
distance between atoms and on the atomic nuribeys a  the escape probability of the outcoming electrédé?’
result of the above interference the maximum of the scatter- r
ing amplitude is observed along the forward direcidrus, 1K) =D |‘If(k,rs)|2A( 2 ) . (3)
forward focusing of electrons occurs at kinetic energies of S Aout
about a few hundred electronvolts.

Taking into account the above considerations electron
striking the sample are channelled into cones of several d
grees in width along the incidence direction. The tips of themelastic mean free path of outcoming electrokg,. The
cones are located on atoms or between them, depending @teqration of the inelastic damping™#4ou s over all
the incidence ang!e. Thus, the !Ilum_manon of a given atom ossible emission angles leads to the formula
depends on the primary beam direction. As a result, the prob-
ability of electron-hole creation, which results in the Auger r, ? e zVAou
electron emission, and of elastic scattering events depends A A :f 2 t, (4)
strongly on the incidence angle. In view of this fact an in- our 1
crease of both the Auger signal and the elastic peak height igheret is equal to 1/cosp.
expected when the collimated beam passes through the close Based on Eqs.1)—(4) DAES and DEPES profiles can be
packed rows of atoms. calculated taking appropriate energies of primary and emit-

In SSC calculations the incident wave is considered to beed electrons, and associated with their values inelastic mean
a plane wave with the propagation vectoand only single free paths, and weights of “emitters.” In DAES and DEPES
scattering of the primary electrons is taken into account. Unthe information depth about the atomic order depends on the
der these assumptions the wave function of the elasticallprimary beam energ¥, andr,/A,, ratio. For exampleA
scattered electrons at any sitén the crystal can be written for primary electrons atEp=1.0 keV was chosen to be

The value ofA, which takes into account the damping of
Bmitted electrons along their way toward the surface, is gov-
&rned by the distance of an emitter from surfagend the

ag4?’ 14.9 A. For emitted electrons and Ag MNN transition at
Ep=360 eV A, was 8.9 A. Both methods are surface sen-
W(k,r)=gkr| g\ cos® sitive and DAES contains additionally chemical information.

ik IV, RESULTS AND DISCUSSION

—ikd: o, /A €05 O amdiAE (1 o T E_
+§j:e e ek, T) kd, In a RFA analyzer the primary enerdy, ranges from
(1) several electron volts in the LEED mode to 3 keV in the
AES regime. Forward focusing of electrons takes place for
The sum extends over all scattering atgnis the crystalline  Ep=500 eV, therefore the influence of diffraction effects of
sample. primaries in a solid on the recorded signal in DAES and
In Eq. (1) the phase changes associated with pathlengtPEPES can be investigated. In Fig. 1 the experimental and
differences and scattering are consider&ds the inelastic theoretical DEPES and DAES profiles from @a1) for
mean free path of primary electrong/cos® andr;/cos® Ep=1.2 keV are presented. Well-distinguished intensity
are paths inside the solid of unscattered but attenuated wavesaxima are observed for incident angles corresponding to
at sitesr andr;, respectively,® is the incidence angleg the[001], [112], and[110Q] close packed atomic directions in
=r-r;, T is the absolute temperature, afigk,d;,T) is the the Cu11l) sample, which gives straightforward identifica-

scattering factor of electrons scattered by aforiihe latter  tion of the crystalline structure. Nearly the same signal de-
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FIG. 1. Experimental and theoretical DEPES and DAES FIG. 2. Experimental DEPES profiles for 12 ML of Ag on

(M3 2VV) profiles from Cu111) in the [112] azimuth for Ep Cu(11)) in the [112] azimuth of Cu for different primary beam
=1.2 keV. energiesEp.

pendence on the incident angle is observed for both experljomains in the Ag adsorbate. The experimental polar profiles
mental scans, which is expected for DAES and DEPESyere compared with a linear combination of the results ob-

profiles recorded at the same primary beam energy. Intensiggineq from SSC calculations for two possible domains mu-
maxima are well reproduced by SSC theory, as it was foun(gua"y rotated by 180°

in Refs. 21, 22, and 24, including signal fluctuations ob-

served between thgll1] and [110] directions. The overall 2

agreement of the SSC data with the experimental results is of lth= E NilThis (5)
similar quality to that found in XPB3* For Ag/Cuy11l) a i=1

pseudoepitaxial, corrugatgo(10X 10) structure of the Ag
monolayer was theoretically predicté&canning tunnel mi-
croscope images show two-dimensional close packed Ag
lands, with slightly deformed structufé AES kinetic$2-36
recorded during continuous silver deposition show that th
Ag growth on Cu11l) is not of the pure Frank-van der
Merwe type?®

Experimental DEPES profiles for 12 ML of Ag on TABLE I Pobulati f two Agl11) d i 1D ob
. - . . . Populations of two omains on ob-
Cu(11D in the[112] azimuth of Cu and differer, values tained from DAES and DEPES for different primary beam energies

are presented in Fig. 2. The diffraction conditions of theg, The mean values of populations arg=71+3% andm,
primary electrons depend on the electron beam energy:sg9+30s.
Therefore, changes of the measured signal are expected

wherelq,; is the intensity calculated for domainveighted
i by its populatiom;. Eachn; value was varied with 1% steps
while fulfilling the =2,n;=1 condition.

In order to eliminate the intensities and take into account
Selative positions of peaks the logarithmic derivatite
=1/l was calculated, where and |’ are intensity and its

when theEp value is altered. Forward focusing of primaries DAES DEPES
takes_pllace.along. the c_Iose p:_;mcked rows of atoms. Thu%p[keV] ny [%] ny [%] ny [%] ny [%]
well-distinguished intensity maxima at —35°, 19.5°, and 55°
correspond to[011], [211], and [10Q] directions of the 0.6 69 31 69 31
Ag(111) crystal, respectively. For other directions, e.g.,0.7 73 27 78 22
[111], the changes of the measured signal with energy arg g 77 23 75 25
noted. The maxima at —55° and —19.5° corresponding to tha9 78 29 70 30
[001] and[112] directions of the Cu substratEig. 1) are not 69 31 67 33
present in the adsorbate profiles. The above results demon-
strate that the Ag layer is rotated by 180° with respect to the-1 69 sl 68 32
Cu(111) substrate. This rotation can be rationalized by thel-2 75 25 69 31
ABCBAC stacking sequence at the Cu-Ag interface. 13 71 29 70 30
In view of the fact that a qualitative correspondence be-1.4 70 30 68 32
tween experimental and theoretical data was found, a5 73 27 72 28
R-factor analysi¥ can be used to obtain quantitative infor- 5 g 69 31

mation concerning the populations of rotated and unrotated
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FIG. 3. R-factor, calculated for experimental and theoretical N T T S S S S
DEPES scans &p=800 eV, as a function of Ag domain popula- -60 40 20 0 20 40 60
tions n; andn,. Ry, equal to 0.29 was found far,=75% andn, Incidence angle [deg.]
=25%.

FIG. 4. Experimental DEPES scan for 12 ML of Ag on(Ci1)

derivative with respect to the incidence angle respec- andEp=0.8 keV in the_[ll?] azimuth of Cu and corresponding
tively. Since thel values never reach zero the following theoretical profile obtained for the best fit a{=75% andn,
R-factor was used* =25% (Fig. 3.

are possible, which leads to the growth of rotated and unro-

_ _ 2 2 2 tated domains.
R_f (L~ Led d®/f (Lrn + Lg,)dO, 6) Similar information concerning domain populations can
be derived from the LEED patterns. To obtain this quantita-

tive information from I(V) curves the single domain
intensity-energy spectrum of the appropriate diffracted
beams from the A@11) crystal is required.

whereLy, andLg, arel’/l1 ratios for theoretical and experi-
mental data, respectively, aitdl is the polar angle.
In Fig. 3 the R-factor, calculated for experimental and

theoretical DEPES scans B-=800 eV, is presented as a V. CONCLUSIONS
function of n, and n, populations. The minimum of the R The comparison of experimental and theoretical results
value equal to 0.29 was found for=75% andn,=25%. ¢, that the diffraction of primary electrons measured by

The theoretical DEPES profile obtained for the best fit anc%
the corresponding experimental scan are shown in Fig. 4. qampje |n spite of the fact that only single scattering of
The calculated populations of rotated and unrotated Agyimary electrons was taken into account the main intensity
domains from DAES and DEPES obtained for different én-maxima observed experimentally are predicted by the SSC
ergiesEp are presented in Table I. The mean values of popUtheory. In view of this fact very useful quantitative informa-
lations aren,=71+3% anch,=29+3%, which demonstrates tion concerning domain populations can be obtained with the
the preferred growth of one domain. use of a R-factor analysis. The information depth depends on
Different populations of rotated and unrotated domainshe inelastic mean free path of incident and emitted elec-
with respect to C(L11) are likely to be associated with trons. Experimentally, this is achieved by selecting the value
atomic steps on the Ci11) surface oriented along a certain of Ep and the measured electrons in DAES and DEPES.
direction, resulting from a miscut of the sample. The pre-
ferred occupation sites close to the atomic steps, as it occurs ACKNOWLEDGMENTS
for an Ag/Cu adsorption system, extort the sequence of ada- | wish to acknowledge the support of the University of
toms in an overlayer. Therefore the ABCBAC sequence caiWroctaw under grant 2016/W/IFD/04. | am indebted to Pro-
dominate in Ag layers. For Ag islands nucleating on flatfessor Stefan Mr6z for helpful discussions and Zbigniew
Cu(111) terraces both ABCBAC and ABCABC sequencesJankowski for technical assistance.
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