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Abstract

We report a LEED study of Cu(lll) and one monolayer of iron
epitaxially grown on Cu{lll). A full dynamical analysis was performed
using the renormalized forward scattering method. We studied the
influence of the scattering potential employed on the quality of the
LEED theoretical analysis. We observed that the values of the real
part of the inner potential is strongly dependent on the scattering
potential used in the calculations. The analysis of the intensity vs
energy for all the spots at room temperature gave a 2% contraction for
the topmost layer of Cu{lll) and 3% _ contraction for one monolayer of
iron (in reference to Cu(lll) bulk). We also detected Cu surface
segregation at relative low temperatures (473K) for iron epitaxially
grown on Cu (111). Time and temperature play a significant role on
the surface segregation process. -Great care must be exercised when
studying the electronic and magnetic properties of epitaxially grown

fece iron on Cu(111) when samples are prepared above room temperature.
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INTRODUCTIOR

The study of the epitaxial growth of 3d-metals on single crystal
substrates has been the sublect of several theoretical and experimen-
tal studies.l-s This scientific problem is of considerable importance
both for experimental and theoretical reasons. The surface structure
determines the reactivity and selectivity of .'.:a'ca.-.lysts.9 Also more‘
recently there has been a great deal of interest on the magnetic
properties of iron surfaces epitaxially grown on fee u.l%13  me
mode of growth of the iron film can determine what level of magnetism
the surface will show. 1Island free growth is not a-lways cbserved in
these materials and contradictory reports can be found in the litera-
ture concerning the properties of such metal cverlayers.

The most wvaluable technique for the characterization of the
surface structure is Low Energy Electron Diffraction (LEED), this
technique is unique in giving information on the morphology of the
surface as well as on the interplanar I;pacings.M The determination
of surface structures involves measuring the intensities of the
elastically diffracted beams as a function of the incident electron
energy and comparing these with the results of theoretical calcula-
tions performed with appropriate models which take into consideration
mltiple scattering processes.

In the present study we reexamined Cu(lll) as a reference point
to our main purpose, a LEED characterization of an iron monolayer on
Cu{l111). The LEED analysis of Cu{lll) involves multiple relaxation

and temperature dependent effects which to our knowledge has not been

reported previously. We also performed a systematic study of the
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effect of the type of scattering potential used in the calculations on
the quality of the LEED analysis.

In the following paragraphs we discuss the experimental and
theoretical procedure, employed for the study of Cu{lll} and one

monolayer (ML) of ireon on Cuflll}.

EXPERIMENTAL TECHNIQUES

The iron deposition and _measure.ments were performed in an
ultrahigh vacuum system, which has beaen previously desc:r:‘.bﬁ.'d.s'6 The
substrate was Cu(lll) which was previocusly electropoclished and aligned
using von Laue X-ray diffraction. ;’rior to each et;aporation, the
Cu(11l) crystal surface was cleaned by several cycles of Ar ien
sputterir;g and subsequent annealing at 550°C for about 10 min. An
occasional oxygen treatment was necessai'y to remove residual impuri-
ties on the Cu(ill) surface. The iron metal was evaporated from a
Knudsen cell with water cooled electrodes, the cell consisted of an
aluminum crucible mounted inside a tantalum furnace. A shutter in
front of the cell allowed outgassing and stabilization of the deposi-
tion rate to facilitate reproducibility in the evaporation of the
petal. The pressure during deposition was in the high 10-10 torr
range. The samples were prepared with the substrate at room tempera-
ture (RT), since we found clear evidence of surface segregation of Cu
at higher temperatures, (an often ignored effect). Auger spectra were
taken before and after each set of LEED measurements. Auger electron
spectroscopy (AES) was also employed to determine the overlayer

thickness. A c¢ylindrical mirror apalyzer was used. for such measure-

ments. The variation in intensity of the 651 eV Fe RAuger peak and the
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920 eV Cu peak were used to determine the coverage. For low coverage
better sensitivity was cbtained by monitoring -the attenuation of the
!42’3W and slw Auger Transition of Cu as a function of iron coverage.
The measurements indicates a layer-by-layer growth up to about SML.
However, at such high coverages, there is evidence of oxygen and
carbon contamination ( 0.1 of ML). The Fe monol;yer didn't show the
presence of any € or O impurities within the sensitivity of Auger
spectroscopy- No superstructures were observed for coverages less
than 5 ML of iron. LEED measurements were performed at RT, 423K, and
§23K for clean Cu(1ll) and RT, 373K and 473K for 1ML of iron on
Cu(111). The LEED spots were very well defined and- clear, although
for temperatures around 473K a broadening of the spots was observed.

LEED intensity-versus-energy curves were obtained by using a spot
photometer (Photo Research, Model UBD-1/4). The output vwveoltages from
the spot photometer and the beam current from the LEED module were
passes through an ADC intoc an Apple 1I+ computer. A Varian four-griad
LEED system was used in these measurements. Prior to the measure-
mente, adjustments using trimming magnets, Helmhotz coils and ¢ and
©-rotations were made so that all spots of the same symmetry had equal
intensities. Energy scales are given with reference to the vacuum
level. The experimental intensity versus energy spectra were recorded
for (10), (I1), (oD), (o1, (03, (), (1), (31), (ID), (2D, (20),
(0Z), (02) and {00). Figure 1 shows the position of the beams as
cbserve@ on the LEED screen. The symmetry related beams were averaged
to correct for any small misalignment. In order to obtain the I vs. E
curves for the (00) beam, the sample was tilted out- of the axis of the

electron qun. The wvalue of the angles © and % could be measured

\n
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directly from the photographs of the LEED pattaern. In thir work we
employed the method described by Cunningham and Wein.bergls to deter-
mine ¢ and ®. In Figure 2 we illustrate the gquality of our orien-

tation of the crystal by calculating the reliability factors for two

symmetric beams for Cu(lll) and 1ML Fe on Cu(1il).

EXPERIMENTAL RESULTS AND ARALYSIS

Dynamical model:

The theoretical calculations are based on the dynamical theory of

LEED. Our programs are fundamentally based on the model of Van Hove

and S.Y. ‘l‘t:mg.:l‘6 A muffin-tin geometry is employed in these calcula-

tions for the surface and layer potentials. The crystal is divided
into layers of identical 2-D symmetry, each layer consisting of a
single Bravais lattice. Diffractiori from each layer is calculated
exactly, reflection and transmission by stacked layers are evaluated
using the renormalized forward scattering methed. The effect of
temperature is included through temperature dependent phase shifts
using a Debye-Waller factor. Sixty-one beams and eight phase shifts
were employed in our calculations. Increasing the number of phase
shifts didn't appreciably change the accuracy of the results, but
created a significant increase in computational time. In our calcula-
tions the structural and non-structural parameters are varjed until a
minimae in the reliability factor is obtained. The parameters that
are varied in the calculatjions are:
i) the interlayer spacings (612, first layer, 623 second layer, 634

third layer and bulk):;

ii) real and imaginary parts of the inner potential;
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iii) bulk and surface Debye temnperatures; and
iv) scattering potential.

The Iinterlayer spacings were varied independently until a mininum
was obtained in the reliability factor. We found that the LEED
analysis is less sensitive to wvariatione in the third interlayer
spacing, 634' than to 612 and 623. The quality of the LEED analysis
of the experimental data shows great sensitivity towards variations in
623. The second interlayer spacing shows great variations in value,
depending on the number of beams used. It means that if a small
number of beams are used one obtains wvalues of 623 that show a depen-
dence on the number of beams employed in the calcuiations. In our
model we used a large encugh number of beams so that 623 becomes

independent of the number of beams. The topmost layer, 4 shows a

12*
similar dependence, élthough not as strong as 623.

The real part of the inner potential was varied in the reliabili-
ty factor program. It was set initially to -10 eV and varied in the
range of ~20 eV to 0 eV. The imaginary part of the inner potential
was varied from -3 eV to -5 eV until an optimum reliability factor was
obtained. The bulk and surface Debye temperatures were varied inde-
pendently until a minimum in the reliability factor was obtained.

In our calculations we tested several scattering potentials in
ofder to test the sensitivity of the LEED analysis to such a parame-
ter. It was found, as mentioned earlier by P.M. Marcus and F. Jonal4,
that the quality of the LEED analysis is highly dependent on the
accuracy of the scattering potential. Since the electron scattering

is mainly dominated by the atom core, the quality of the scattering

potential can be improved if a constant potential is added to the



ground state potential (co;e-shift).l‘ The wvalue of this constant

potential is obtained by trial until a minimum in the reliability
factor is obtained. The better the initial scattering potential, the
smaller the wvalue of the added constant potential. In order to get
the same quality of LEED analysis one needs a ten times larger
core-shift for an atomic potential than the shift needed for a
self-consistent potential. One can in principle obtain accurate LEED
analysis using core-shifts applied to atomic potentials, in particular
when no self consistent potentials are available. The inner potential
(real part) and the second interlayer spacing are found to be very
sensitive to the type of scattering potential employed 'in the calcula-
tions. The sensitivity of the inner potential te variations in the
scattering potential was alsc observed by Watson et al.l7 They
performed a LEED analysis for Rh(200) for two different scattering
potentials as a result of such analysis they obtained a difference in
inner potential of 6 eV between the two cases.
In ouyr analysis we performed LEED calculations using five differ-
ent potentials.
I} A self-consistent potential (SC) from full potential LMTO
{linearized muffin tin orbital) calculations.
II) A self-consistent potential from full potential LMTO calculations
without the exchange and correlation effects.
11I) R non-self consistent muffin-tin potential.
IV) Atomic potential.
v) Burdick potential (non-self consistent potential).

These five potentials will be employeé@ in discussing the analysis

of LEED measurements on Cu{lll).
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Cu(lll): )

In this section the LEED intensity va. energy measurements are
compared with our dynamical calculations. The goodness of the agree-
ment is evaluated using the Zanazzi and Ja:-m.n18 reliability factor.

In the dynamical calcylations we used a lattice constant value of
3.615A for copper. The value of dl2 and d23 varied between 1.96 and
2.16A. The bulk Debye temperature was varied between 300 and 380K,
and the surface Debye temperature was varied between 244 and 344K.
The optimum values of the Debye's temperatures obtained were 344K and
292K for bulk and surface respectively. A comparison of the quality
of the LEED scattering potentials was performed af‘t_er fixing the
values of the Debye temperatures and the imaginary part of the inner
potential (-4 eV). The dJynamical calculations were performed by
varying the interlayer spacings independently (dlz, 623) and the real
part of the inner potential. Figure 3 shows the best agreements
between the dynamical calculations from different scattering
potentials and the experimental results for the (00), (10}, (01), (11}
and {20) beams. From top to bottom the best results of the analysis
are given in Table I. 1In all of the calculations we have assumed a
bulk interlayer spacing of 2.0858A. In Figure 3 we also show the
dependence of the inner potential value obtained from the dynamical
analysis on the type of scattering potential selected. Ore can also
observe by comparing the shifted self-consistent potential and
non-shifted self-consistent- potential how the quality of the
agreement with the experiment can be improved by adding a constant
potential to the ground state potential, It is Jevident from the

results that comparable quality in the agreement between the
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experiment and the dynamical calculations can be obtained for a
shifted atomic potential as well a self-consistent potential.

In general, we find that the potential with exchange and correla-
tion subtracted does worse than the other potentials, particularly at
low energies. But the quality' of the high energy peaks and the
accurate value of the inner potential. for this curve suggest that
including the proper energy dependence of the exchange correlation
potential in a self-consistent potential could provide good results
without further modification {core-shift).

Fiqure 4 shows the experimental LEED measurements and LEED
analysis using a shifted muffin-tin potential (neon sevlf consistent)
with different intefrlayer spacings. The best agreement between
experiment and theory was obtained for 612 = 2,04 + 0.02A, 623 = 2.06
*+ 0.02A and 634 = 2.0858A and Vo = -9 eV, the reliability factor value
was 0.03. This wvalue of the reliability factor is considered to be a
sign of very good agreement. Figure 5 shows the variation of the
reliability factor as a function of 612 and 623 for the above measure-
ments.

We investigated the effect of temperature on the LEED measure-
ments on Cu{111). Figure 6 shows the results for the (00), (10) and
{01) beams at 423 and 523K. The analysis was performed using a
shifted muffin tin potential. We kept all the parameters at the rcom
température values, except for d12 and 623. The best agreement
between experiment and theory was obtained for a 1% expansion cf the
topmost layer with no appreciable change in 623. The reliability
facterse cbtained were 0.032 (423!()_ and 0.04 (523K).- This good agree-

ment is a good indication that the values for the Debye temperatures
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obtained can reasonably describe the temperature dependence of the

LEED intensities for Cu(lll).

1ML Fe on Cu{111):

The LEED measurements were performed as in the case of Cu(lll),
normal incidence was used for the (10}, (01), (11), (02) and (20)
beams. The peak positions and intensities of the I-E curves for the
iron monolayer on Cu{ill), remain consistent wi:h an fcc lattice of
iron epitaxially grown on Cu(ill}. The theoretical calculatiens for
IKL Fe on Cu(lll) were performed using the same procedures as for
clean Cu{111). The Fe atoms were placed on the Cu(lll) .latt.ice points
and the interlayer spacings 612, 623, and 63 4 vere varied independent-
ly. The best value obtained for the surface Debye temperature of iron
was 344 + 20K, The high wvalue of the Debye temperature is
characteristic of fc¢ ir<:u'1.6

Figqure 7 shows the results for 1 ML Fe for wvarious interlayer
spacings. A value of -4 eV for the imaginary part of the inner
potential was found to give the best agreement with the experiments.
The best wvalues for the interlayer spacings, Debye temperature and
real part of the innar potential are given in Table II. One monolayer
of iron on C1(lll) show a significant contraction of the interlayer
spacing as compared to Cu(lll). A larger surfaca Debye temperature
and inner potential are also cbserved for 1 ML FE. Figure 8 shows the
variation of the reliability as a function of 612 and 623, and as a
function of d12 and the surface Debye temperature.

We performed temperature dJdependent LEED measurements on 1 ML of

Fe on Cu(lll). We cbserved around 473K over a period of time (1/2
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hour or more) evidence of surface segregation of copper. Figure %
shows the experimental data for the (01) and (10) beams for Cu(lll)
and 1 ML of Fe. The LEED features of Fe on Cu(lll) starts to disap-
pear around '4’13!( and start to look like clean cu(lll). This phenome-
non wag independently corroborated by pe;fominq a careful Auger study
as a function of time and temperature. Figqure 10 illustrates the
result of such measurements.

It is clear that even for a system like Fe/Cu vhere no alloying
cccur, surface segregation can be present at relatively low tempera-
tures. This surface segregation of Cu can  have significant importance
in drawing conclusions about electronic and magnetic properties of fcc

iron epitaxially grown on Cu{111}.

CONCLUSIONS

We have shown that accurate dJdynamical calculations can be per-
formed if one uses a shifted atomic potential. Ve observed that the
value obtained for the real part of the inner potential is strongly
dependent on the type of scattering potential used. in the calcula-
tiong. We observed that the topmost layer of Cu{lll) contracts 2% in
reference to the bulk value, there is also a minor contractien of the
gecond interlayer spacings of about 1%, For 1 ML Fe on Cu(lll) the
contraction of the topmost layer is 3% {in reference to Cu(1ll) bulk),
the second interlayer spacing contracts by about 1% and the third
interlayer spacings remains at the same value as bulk Cu(lil). We
observed clear evidence of Cu surface segregation at 473K for 1 ML Fe
epitaxially grown on Cu(l1l). The observed effect “can have serious

implications 4in the analysis of results cbtained for iron fcc



epitaxially grown on Cu{l11) at high temperaturas since it is evident
that the surface will not consist of pure iron, Great care must ba
taken when conclusions are drawn on samples performed above roowm

temperatures. Time and temperature seems to play a significant role

o the surface segregation processes for fcc iron grown on Cu{1ll).
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TABLE I

Comparison of the LEED results obtained by
varying the scattering potentisl employed
in the dynamical calculations.

4,,[Al f_zéll] -V lev)
Self-consistent potential (SCl) 2.06 2.08 | 5
Shifted self-consistent potential (SC2} 2.04 2.06 8
shifted atomic potential (AT POT) 2.04 2.06 9
SC potential without exchange and
correlation terms (SC-EXC-CORR) | 2.06 2.06 8
shifted Burdick potential (BURDICK) 2.06 2.08 5

Vo = Real part of the inner potential

R = Zanazzi and Jona reliability factor

R

0.033
0.032

0.032

0.035

0.038



TABLE II

Interlayer spacings, surface Debye temperatures,
inner-potential, and reliability factors for
Cu(111) and 1 ML Fe on Cu{1l1) at room temperature.

dlz(h) dza(h) 53‘(A) _ BD[K] - ofeV] R
Cu(l1l) 2.04(2) 2.06(2) d.oB{2) 292(20) 9 0.03
1 ML Fe 2.02(2) 2.06(2) 2.08(2) 344(20) 11 0.035

"6 = real part of the inner potential
R = Zanazzi and Jona reliability factor

(error in parenthesis)
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Figure 4.
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Tigure Captions

This figure indicates the positions of the beams for

Cu(1il) and the notation employed in identifying the
symmetrical beams.

Comparison between two symmeiry related experimental beams

for a) Cu{lill) and b) 1 ML Fe/Cu(lll). R is the Zanazzi
and Jona reliabjlity factor.

Intensity vs Energy (I-E) curves for the (00), {10), (11)

and (20) beams: (SC1)-Self congistent potential;
(sC2)-shifted self-consistent potential; (AT.POT)}-shifted
atomic potential; (SC-EXC~CORR)-self-consistent potential
without the exchange and correlation terms:
(BURDICK)-shifted Burdick potential.

1-E curves for the (00), (10), (01}, (11), and {20) beams

of Cu(1ll). The top. curves are the experimental results
for the (00) beam (6=5°, §=56)

(A) dlz=2.04 A 623=2.06 A

(B) du=2.04 A 523=2.00 A

(<) dlz=2.04 A 623=2.12 A
(D) dlz=1.98 A dz3=2.06 A
(E) dlz=2.10 A 623=2.06 A

Reliability factor vs dlz and 623 for cu(lll) at room

temperature.

-

I-E curves for the (00), (10), (01) beams of Cu(1lll) at
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