I. IKTEODUCTION

There i3 great interest in the study of epitaxial growth of metals on
single crystal sub:trates.“'z's'“'s') This scientific problem is of
considerable importance, both for experimental and theoretical reasons.
The surfsce structure determines the reactivity and selectivity of
bimetallice catalysta.(s) New compounds can be produced which show new and
different properties of the commonly observed metal structures, There are
a substantial nupber of publications dealing with the theoretical(7'8) and
experimental properties of metalilic overlayers.1'5 A great diversity of
techniques has been employed to investigate the electronic properties of
metallic overlayers.1'5'9 'Recently. LEED measurements have been perforzed
of Ki grown on Cu(111),) of cu on ¥1(100)¢5) and N1 on Cu(1003.47%) LEED
is perhaps the most fundamental technique for characterjzation of the
surface structure of epitaxially grown metal overlayers. A complete
dynanpical analysis of LEED intenaity versus energy curves permoits the
determination of the interlayer spacing of epitaxially grown metal
overlayers.“'s'w) The employment of this technique 1s of great
importance specifically for the determination of lattice parameters for
structuraes like fc¢ iron epitaxially grewn of cu(100).0114:12)  Tne ability
to prepare fcc iron films by epitaxial growth on copper single erystals has
been successfully demonstrated.”'12'13'1") In the present work we report
a sytematic LEED study of iron fec grown on Cul(100), a full dynamical
analysis was performed using the renormalized forward scattering

perturbation method. *

From the temperature dependence of the intensity versus energy (I-E)



curves of the (00) bemsm, we were sble to determine the Debye temperatures

for 1 HL snd 10 Layers of feceo iron.

II. EXPERIMENTAL TECHNIQUES

The metal depositicn and measurements were performed in an ultra-high
vacuuz chanber, which it has been previously described}3'5'1°) Prior to
each Fe evaporation, the Cu(100) ¢rystal was cleaned by several cycles of
Ar fon sputtering and subsequent annealing at 550°C for 10 minutes. An
occasional oxygen treatment was used to remove all impurities from the
copper. The iron metal was evaporated from a Knudaen cell, consisting of
an alumina crucible inserted inside a tantalum furnace, A shutter in front
of the Knudsen cell allowed outgassing and stabilization of the depositien
rate to facilitate reproducibility in the evaporation of the metal,

Sample? were prepared with the substrate at 190°C and at room temperature
(RT). All the LEED measurepents were performed at RI, The resylts
reported here were performed with the substrate at RI durlng deposition,
The LEED spots were very well defined and clear, although the sampies
deposited at 190°C showed even sharper spots. We observed that at 190°C
over a long period of time (about 1 Pr). there is clear evidence of surface
seggregation of copper, because of this we decided to use the measurement
‘for samples deposited at RT.

Auger electron spectroscopy (AES) was used to monitor the Fe thickness
and purity. A Varian single-pass cylindrical mirror analyzer (CMA) with a
coaxial electron gun was used in normal incildence for the AES measuredents.

The variation in intensity of the 651 eV iron Auger peak and the 3520 eV

-



copper peak was used to deterazine the covernse.(”) For low iron coversgge,
better sensitivity is obtained by monitoring the attenuation of the H2'3W
and M, VV Auger transition of copper a3 a function of iron deposition. The
Auger measuyrements suggest that iron growth approximately layer-by~layer on
Cul{100).

The LEED pattern persisted with sharp spots up tc about 17 layers of
iron on Cu{100). However, Bt such high coverages, there is evidence of
oxygen and carben 1mpur1t.1esun (less than 0.1 of s NL). 1In the present
measurements, we report LEED results for 1 ML and 10 layers of iron., The
latter is taken as representative of bulk fee iron at room temperatures.

LEED intensity-versus-energy curves were obtained by using a spot
photemeter (Photo Research, Model UED=-1/4). The ocutput voltages from the
spot photometer and the beam current from the LEED module were passed
through an ADC into and Apple IIs+ computer. A Varian four—grid LEED system
was used in these measurements. Prior to the neasurements_. adjustments
using trimming magnets, Helmhotz colls and 8«and f-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), (01), (10}, (013, (11), {11y,
(11), (11), (20), (20), (02), (02), and (00), The symmetry related beams
uere.averaged to correct for any small misalignment. In order to obtain
the I vs E curves for the (00) beam, the sample was tilted cut of the axis
of the electron gun. The value of the angles © and ¢ could be measured
direetly from the photographs of the LEED pattern. In this work we

employed the method described by Cunningham and Heinberg(15) to determine &

and P .
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1I1. RESULTS AMD DISCUSSION

Qur theoretical calculations for the Fe/Cu(100) system were based on the
dynamical theory of LEED}16). Cur program is based on the coeputer programcs
developed by Yan Hove and Tong}‘T) In these calculations, surface and layer
potentials have muffine-tin geometry; 1i.e., the potential consists of an array
of spherically symmetric non overlapping potentials embedded in @ constant
background potentisl, The crystal is divided into layers of identieal 2-D
symmetry, each layer consisting of a single bravails lattice., Diffraction froom
each layer is calculated exactly, reflection and transpissicn by stacked
layers are evaluated by the renormalized forward scattering method}16) The
teoperature effect is included through  temperature dependent phase shifts
using a Debye-Waller factor, Fifty-seven beams and eight phase shifts
were used in our calculations. We vary in sddition to the structural
parameters (interlayer spacings), the non-structural parameters; internal
potential and Lebye temperature. The surface and substrate Debye temperatures
were deteraminped by comparing theoretical calculations with experimentsl data
taken at four different temperatures 273, 373, 473 and 573 K for the (0O)
beam. We allowed the internal potential to vary as a functicn of incident
beam energy. Correlation effects are less important at high energies, and
the energy dependence of the internal potential approximately takes into
account the decrease in the screening as the incident beam energy increases.,

We find that allowing the internal potential to be energy dependent makes

little difference in our calculations for 10 layers of iron. Experimental
spectra for the (00), (10), (11} and (20) beams were compared with theoretical

curves for each geometry, and the quality of the agreement was judged using



the R = r (sp) factor defined by Legg et 51518) This factor is the product
of r, which cozpares relative peak heights, and (Af) , which 13 = oeasure of
peak displacement. Smeller values of R correspond to better sgreement with
the experiomental valuea}’e's'llo). In our calculations s multiple relaxation
approach is used in analysing the experimental results
(dyp first layer, 623 second layer and substrate are independently varled],
The LEED measurements were performed for one monolayer and ten layers
of iron on Cu(100), Normal incidence was used for the (10), (11) and (20)
beams. The energy range for the (00) beam was from 25 %o 470 eV, The peak
positions and {ntensities of the I-E curves vary as a function of iron
coverage, but remain consistent with an fec lattice of iron growing
enitaxially on Cu{100), The (00) beam shows the greatest sensitivity to
changes in the 1roa coverages. There is a small lattice mismateh between
the lattice parameters for Cu fee (3.61;) and the expected lattice
parameter for fcc Fe.{3.583.)f11'12) One expects iron to be partially
strained to obtain a perfect match and form the observed {1t x 1) patterns.
In order to find the best values for the structural and nonstructural
parameters, we perforoed independent calculations where some parapeters
were fixed and the others varied until a minimum R was found., This

procedure was repeated consistently until a minumum R value was obtained.

1 ML Fe on Cu(100):

We performed several independent ealeulations for one monolayer of Fe
on Cu(100), We fixed the Debye temperature and internal potential (at a
constant value of ~11 eV) and varied the interlayer spacings. We then

fixed thz interlayer spacings (d23) and Debye temperature of Cu, and varied the



surface Debye temperature and d,,, Qe repeated the same procedures fixing
the Debye tedperatures and verying the interlayer spscings and using an
energy dependent internal potential, This process was repeated until all
the parameters were consistent with a minimoum in R.

We also calculated the temperature depéndence of the 1-E curves for
the (00) beam ( 8= 4.8 + 0.2°, v =29 + 1°) taken at four different
temperatures 273, 373, 4T3, and S5T3 K (error of about 5 K). We determined
the value of the Debye temperature to be 233 + 10 K, 1In figure 1 the 1-E
curves are shown for four different temperatures, the calculated curves are
given by the dotted lines. The bulk Cu Debye temperature (344 K) was used
for the substrate, With the exception of the very low energy peaks, as the
temperature increases, the intenaity of the peaks decreases. The exception
is the peak at 36.6 eV, shown in Figure 2. The intensity of that peak
increases at 473 K. It is evident from these measurements that there is
surface segzregation of Cu {or eguivalent iron diffusion), this peak
clearly belongs to the substrate. Such a phenomenon was independently
corroborated using Auger spectroscopy.

The second iron structural parameter we determined was the internal
potential. An initial set of calculations was performed and a value of =
11 eV was obtained for the internal potential, We improved considerable the
reliability factor value by allowing the internal potentlial to vary as a
function of energy (we observed a 50% decrease in R). The energy
dependence of the internal potential is shown in Figwe 3. The effect of
varying the internal potential is to give a uniform shift in the ﬁosition
of the peaks. As the internal potential decreases, the peak positions

shift to lower energy values, The need for such a varlation in the



internsl potential i3 attriduted to the importance of Fe/Cu interface for
the monolayer coverage. Recent theoretical cnl;ulntion of s oonolayer of
iron on Cu(100) have shown that considerable changes take place on tne DOS
for cone monolayer of iron on Cu(‘lDD).ug)

In fig-ure 4 we show m comparison of the experimental measurements
for the (00), (10), (11) and (20) beams and the theoretical calculations
for various interlayers spacings. The best agreement obtained from the
reliability factor corresponds to & value of dip = 1.78 2 0,02 A and dy3 =
1.81 + 0.02; (essentially bulk Cu{100}), Filgure 5 shows the variation of
the reliability factor as a functlon of dy5 and d23 and Figure 6 shows the
variation of the rellability factor as a function of the surface Debye
temperature and dqp. All the peaks were included in the R value analysis,

if only a limited number fonly major peaks) are used the R value decreases

even more,

10 Layers of Fe on Cu{100):

We consider that the sample containing 10 layers of iron epitaxially
grown on Cu(100) corresponds to bulk fee Fe. We employed the sane
procedures used for 1 ML Fe to analyze the 10 layers case. We varied both
the structural and nonstructural parameters. However, in this case the
nunber of variables is increased by one: the unknown Debye temperature of
fc§ Fe(100). The -bulk Debye texaperature of bee Fe 1s well known (870 K,
to find the bulk Debye temperature of !’:.:c Fe we need to analyze the
temperature dependence of the (00) beam. We varied the values &, bulk
between 350 and 600 K, and use the relation €, {(surface) = &y (bulk), The
best agreement to the experimental data was obtained for buﬁ- fec Fe with 3

€, = 550 + 10 K and the corresponding surface temperature is 380 10K, 1In



Figure 7 we plotted the I-E curves calculated with the best veslues of 9p
for four different temperatures (dotted lines) and the experimental
measurements (continuocus line).

We varied the interlayer spacing for the 3surface dqp, substrate 623 and
bulk. In Figure B we compare the theQretical calculations for various
interlayer spacings with the experipental data for the {00}, (10), (11) and -
(20) beams, The smallest value of the reliability factor (R = 0.06)
corresponds to dqp = 1.B1 + 0,02 Aang da3 = 1.78 30.02i(1‘he same value also
for the bulk). Using a value of L?QH; for bulk fee, 9,, and d,3 we obtained
K = 0.19. The results for this value are shown 1in the cyrve labelled C of
Figure 8. When we contract the surface interlayer spacing and expand the
substrate interlayer spacing, the reliavility factor increases to 1.0 (see
curve E), We alsc varied the 2-D lattice vectors, two independent multiple
relaxation calculations were done first with an fcc lattice parameter of 3.58;
and second with 3.611 . We found that values for the interlayer relaxation
obtained in both cases were In good agreegent with the ones reported in Table
1. Figure § shows the variation of the reliabjlity factor as a function of
dqp and dp3. The internal potentlial that Pest fits the data i3 -11eV and
doesn't show the energy dependence cobserved for one monolaver, This is taken
as another evidence of the influence ;f the Fe-Cu interface, which 13
negligible for the 10 layers sample. In Table I we summarized the results of
our analysis of the LEED measurements for 1 ML and 10 layers iron fce on
Cu(100)., We observed a contraction of the interlayer spacing for 1 ML Fe on
Cu(100) in agreement with other workers cobservations on elemental systems
(20), For 10 layers the best agreement is cbtained for a small expansion of

-

the surface overlayer as compared to the bulk,



Our reliability factor for 1 HL Fe on Cu(100) is five tioes larger
than the one obtained for 10 layers Fe on Cu(100). This may be related to
ocur use of m superpasition of atomie potentials to obtain the crystal
potential, which neglects the re-arrangement of charge on the Fe/Cu
interface. It i3 also noted that the high energy peaks are those uhic‘h
show the largest disagreement between the theoretical calculations and the
experizent. Restricting the range of energies included in cur calculations
reduces the R values, but doesn't change the values obtained for the

stryuctural and nonstructural paraceters.

IV, CONCLUSIONS )

We have studied the growth of iron on Cu(100) and determined the
structural and nonstructural parameters froz & full LEED analysis of 1 ML
and 10 layers of iron. From the teamperature dependence of the (00) beam,

the Debye temperature of fce iron were also obtained.
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TABLE I

Iﬁberlayer spacings and Debye Temperatures foif 1 ML Fe
on Cu{100) and 10L Fe or. Cu{100),

[ L]
Fe on Cul100) dq5 (A) do3 {a) . d bulk Surface Debye
Temp., (K)
1+ ML 1.78+0.02 1.81+0.02 1.81%T0,02 233> 10K
L 1.8140,02 1.78+0.02 1.73%0.02 380= 10K
612 = topmost interlayer spacing.

o
N
LY

!

Substrate Debd,
Temp. (K)

344 10

550+ 10

= interlayer spacing between the second and third layers,



FIGURE CAFTIONS

Figure 1: 1-E curves for the (0D) beam of cne monolayer Fe on Cu(100)
at four different temperatures (6= 4.8 : 0.2° ¢ = 29 ¢ 1P,
Substrate Debye Temp. = 384° K Surface Debye Temp. = 233°
K).

Figure 2: Experimental I-E curves for the (00) beam of one monclayer Fe

on Cu(10G) at four different temperatures. (@ = 4.8 «0.2,

¢ =29 « 1.

Figure 3: Thne energy dependence of the internal potential for one

monolayer Fe on Cu(100),

Figure N: I-E curves for the (00), {10), (11) and (20) beams of one
ponolayer of Fe on Cu(100): The top curves are experipental,
curves A,B,C,D,E are theoretical calculations with different

interlayer spacings. For the (00} bean (O = 48 +« 02, ¢=

29 = 1),

(A) dqp = LA dp3 = 1.81::,
(B) ¢y, = 1_83;. dp3 = 1.784,
(€Y dq45 = 1.79% 423 ° ‘1.795.
(DY 81 = 1.TTA dy3 = 1.824,
(£) dyp = 1.69A, dpg = 1.834

Figure 5: Three dimensional contour plot for 1 monolayer Fe on Cu{100).

The variation of the reliability factor as a function of dqp

-

and d23.



Figure 5;

Figure T:

Figure 8:

Filgure 9:

-0

Three dimensional contour plot lor one monolayer Fe on

Cu(100), The variation of the reliability factor as a

function of surface Debye temperature and dqp.

I1-E curves for the (00) beam of 10 layers of Fe on Cu(100) at

four different temperatures, ©= 5+« 0.2, &= 28 + 1,

Substrate Debye Temp = 550° K, Surface Debye Temp = 380° K.

I-E curves for the (00), (10}, (11) and (20) beams of 10 layers of Fe

Cu(100). The top curves are experimental. The curves A,B,C,D and E a

theoretical curves with different interlayer spacings. For

the (00) beam ( o= 5 + 0.2, ¢z 28 = 1),

H

(A) 4y = 1814, dp3 = 1.770 A
(B) d,, = 1.79n;, daq = 1.780A
(C) dyp = 17984, dp3 = 1.794A
(D) dyp = 1.87 A, 6,y = 1.75A

-] °
(E) d12 = 1.763 . d23 = 1.33A

Three dimensional contour plo%t for 10 layers of Fe on

Cu(100). Tne variation of the reliability factor as a

function of 612 and d23.
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