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4. SURFACE ELECTRONIC BEBAVIOR OF Fcc IRCN ON COPPER

(Quarterly Report July 16, 1986 — October 15, 1986)




ABSTRACT

We have studied the electronic structure of fcc iron grown epitaxially
on (100) copper with ultraviolet photoemission (UPS), surface magneto-optic
Xerr effect (SMOKE), low energy electron diffraction (LEED) and self-
consistent film linearized muffin-tin-orbital (FLMTO) caleulations, This
study identifies and explains novel characteristic UPS features of fec iron
and a substantial change in the work function compared to bee iron, The
SMOKE measurements show that fec iron grown On copper h;s two metastable
states lying close in energy. One of these i3 not ferromagnetic and occurs
in growth at room temperature, while the other is ferromagnetic and occurs
in growth at 190C. As shown by LEED,the ferromagnetic state haa an (about
3%) expanded lattice constant; and UPS shows exchange splitting in that

state,
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1. Introduction

Understanding the mechanisms that select the crystal structures of the
elements is one of the fundamental questions of solid state physics.1
This is an especially interesting queation for iron, since the structure
(at atmosapheric pressure) 1s bee up to 910C, then undergoes a transition to
fece, before returning to a bec structure at 1330C prior to melting. Since
this indicates a small energy difference belween the bec and fec struce
tures, the intriguing possibility suggests itself of studying the ener-
getics of formation of fce iron by growing it epitaxially, essentially as a
thick interface before reverting to bec, on an appropriate fcc substrate,

The ability to brepare fec iron films by epitaxidl growth on a copper
substrate has, 1in fact, been successfully denonatratedz'3 in recent years.
We repert here UPS and work function measurements in coordination with
self~consistent electronic structure calculations, and we report SMOKE

measurenents that unambiguously shou“

whether or not a sample is ferrc-
magnetic, The electron emission spectroscopy (UPS) information, measured
as a function of fcc iron thickness, can be related to the change in
electronic structure and assoclated properties {rom that of bee irpn. To
do this we have performed FLMTO calculatxonss for paramagnhetic fcc iron and
for a monolayer of fee iron on copper, and thése calculations are in
excellent agreement with the UPS and work function measureaments on the fee
iron on copper samples deposited at room temperature. Eemarkadle
differences are observed between the electron distribution curves (EDC's)
for fce and bec iron. A large difference ip work function is measured
between foc iron and copper, in close agreement with the results of the

self~-consistent FLMTO calculations. Such strong differences in the surface

properties should have important implications for the catalytic properties ,



of fce iron as compared to those for the standard bece structure, The rele
of magnetic behavior in helping to stabilize one or another of the com-
peting cryatallographic structures ia a central queation.6'9 The SMOKE
measurements, supplemented by LEED and UPS, reveal a remarkable competitien
between two closely lying in energy metastable states of fec iron on cop-
per. SMOKE measurezents on samples deposited at room temperature show that
fee iron thus deposited i3 not ferromagnetic at thicknesses from 1 to 17
layers, However, iron deposited at 190C shows (erromagnetisa in coln-
cidence with a substantial (3%) expansion. This is a transient phencmenon

that disappears on cooling to room temperature.

2. UPS Measurements and Electronic Structure Calculations

To perfora our measurements, we have grown fco jron epitaxially on a
cu(100) crystal., The samples were characterized by Auger spectroscopy and
low energy electron diffraction (LEED). For one monolayer of iron depo-
sited at roorm temperature, a small relaxation was observed of the (iron-to-
copper) interplanar distance, from 1.81K (as occurs between Cu{100) planes)
to 1.788. The substrate relaxation is negligible. Such a small inter-
planar relazation is not surpri;ing since the lattice parameters of fco
iron and copper are very cloae.1'2 The results of the UPS measurements at
room temperature are shown in Figure 1 as a function of iron coverage. The
spectra were collected using a retarding field spectrometer (angular inte-
grated measurements) and Hel (21.2 eV) radiation as a source, The work
functions were deternined from the width of the EDC.

We have carried out fully-warped all-electron self—consistent FLMTO
electronic structure calculations® for: (1) five layers of fcc Cu(100), (2)
five layers of fcc Fe(100), (3) a monolayer of Fe(100) on each side of a

-

five layer slab of fce Cu(100). Initially the Fe was taken to have the



same lattice constant as fec Cu (3.61K), and the Fe overlayer sites wers
chosen as a continuation of the fec Cu lattice, These nonmagnetfc FLMTO
calculations require only sbout 12 basis functions per atom to produce
quallty results.>

The experimental EDC'S of jron grown epitaxially on the Cu{100) sur-
face (see_ Figure 1) show markedly different features from those of bee
iron, The ED('s of Figure 1 show two peaks, at =3,3 and -=-3.4 eV (with
respect to the Ferml energy, EF) for fron coverages of 3 to 10 layers on
Cu(100). The feature at 1.3 eV below Ep 13 seen to grow sharply with
higher Fe coverages. We belleve this newly observed peak is characteristic
of fcc iron having the same lattice constant as fee Cu. In lact, our
calculated fce Fe sphere-projected density of states (DOS) curves in
Filgure 2 show a sharp peak located exactly at the sape energy, and this DOS
peak is sharpest in the center layer, Thus the experimental observations
can be explained as follows. In the UPS experiment the electrons that are
detected Mave a mean free path of about 5-8 £, i.e., they are emitted from
the first § or 5 layers below the surface. The experimental EDC is a
measure of the cormbined (convoluted) sphere-projected DOS curves that are
shown in Figure 2. Ezperimentally (Figure 1), at 1 overlayer coverage of
Fe on Cu(100) the feature at 1.3 eV below Ep is starting to appear. At 3-
10 overlayer coverages of Fe, this feature is quite sharp, i.e,, growth of
more iron strengthens this peak, We were initially concerned that the peak
at =1.3 eV was due to surface states and consequently performed
measurements after exposure to small amounts of D, and CO. ¥We did not

observe any significant changes in peak intensity or position after such

exposures, ruling out the possibility of surface states, Hence it cannot be

a true surface iron feature, but should be present in the inner fcc Fe




layers. This 1is exactly what 13 seen in the calculated fcc Fe DOS

(Figure 2). The calculated peak 2t 1.3 eV below Ep is sharpest in the
center layer Fe atom and is present i{n all layers in excellent agreement
with experiment, The e:permentalw EDC's and calculated® DOS of bee iron
do not show any sharp features around 1.3 eV below Ep, and hence this
feature is definitely characteristic of fec iron epitaxially grown on
Cu('IOO).V

In the calculated band structure of foe Fe(100) we find portions of
flat bands {predominantly dxz_yz.dzz in orbital character) along I'X in the
vicinity of 1.3 eV below the Fermi level, These are the source of the
observed density of states peak at tlils energy, and more than four-fifths
of the calculated states along these carry over a 503 bulk (center «
subsurface) weight, and none of those states contained a surface weight
above 70%. Thus we conclude that the observed peak in DOS is not due to
surface states. A cosbination of theory and experiment strongly suggests
that the above peak in DOS of fce iron is a bulk feature and it can t;e used
to identify fce iron from bee iron. Kobler's!! calculated bulk fcc Fe DOS
also has a peak at a slightly lower energy than our result but we believe
it 1s the sade feature. This is the first report of experimental
cpntirnation of this characteristic fec iron feature.

The weak feature at & e¥ below Ep in Figure ), observed for thicker
films, is probably associated with traces of oxygen on the surface; while
the feature in the EDC's seen at around 3.4 eV below Ep is mainly due to
the Cu substrate, and corresponds to the sharp peak seen at about 3.2 eV
below Ep in all the sphere-projected DOS for Cu atoas in our caleulation
for a monolayer of fcc Fe on Cu(100) shown in Figure 3. Growth of fcc irca

-

on copper diminishes and broadens this peak in the EDC's as seen in



Figure . This 1s in agreement with cur expectations from the calculated
DOS of Figures 2 and 3. As seen in Figure 3, for low Fe coverage, the
features characteristic of fec Fe DOS curves are not as sharp or as strong
as the features of the Cu DOS arcund 3.2 eV below Ef; and hence the
broadening and diminisning of the feature at 3.4 eV below EF in the EDC's
13 expected to occur with the growth of more fce iron on Cu, where the EDC's
reflect the convolution of the DOS of pure fcc Fe in Fig. 2.

A3 seen in Figure 3, for the monolayer of Fe-on-Cu system our calcu-
lated DOS shows that although the Cu substrate atoms near the surface
underge significant changes compared to the surface atoms in clean Cu
{clean Cu DOS are shown as dashed curves in Figure 3).'the surface Fe atons
do not undergo significant changes compared to surface atoms in ¢lean fcc
Fe, The narrowing of the surface Cu DOS seen in clean Cu disappears when a
monolayer of fcc Fe 1a deposited on Cu(100). Center layer Cu DOS features
in Fe-on-Cu (Figure 3) closely resemble those of the center layer pure Cu
DOS, indicating the adequacy of the S5-layer substrate thickness. In fact,
even one layer below the surface one can see the bulk features beginning to
appear in the Cu DOS la Fe-on~Cu. Most of the changes seen in the sub-
strate Cu atoms are quite siailar %o those seen in a FLAPW ealculation’?
for Ni-on=Cu(100), Both Fe in Fe-on-Cu and Ni in Ni-in=Cu have a_rlirly
stroogly diminishing effect on the neighboring layer Cu atom DOS peak at 2
eV below Ep. This is likely to be associated with the onset of bonding
between surface Fe (or Ni) and subsurface Cu atoms, thereby pushing the
energy bands in this region to higher bonding energies. The peaks in both
surface Fe and subsurface Cu in the range 3.2-8.0 eV below Ep in Fe-on-Cu

correspond to these bonding states that have dropped to higher bonding

energles,
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We have alisoc calculated the sphere-projected density of states for a
monolayer of fec iron on (100) copper with the iron-to-copper interplanar
distance decreased (relared) by 2% compared to the system shown in
Figure . There is essentially no change in the DOS from that of Figure 2.
The calculated work function for the unrelaxed systea is 5.58 eV, while
that for the relazed system is 5.48 eV. This latter value is virtually
jdentical to the work function for the (100) S-layer fcc iron slab of
Figure 2, 5.45 eV. Our earlier calculated results® for (100) bec iron and
for (100) fee copper were 4.77 and 4,33 eV respectively.

Experimentally, a remarkable increase in the work function ef fcc¢ iron
deposited at room temperature ia observed as compared to Cu(100) in close
agreement with the predictions of the calculations as given above. We
measure a work function of 5.5+0.1 eV for one monolayer of iron. The value
for the Cu(100) face work functicn oscillates between L.6 and A7 eV. The
value for 0.5 monolayer of iron on Cu(100) is 5.3+0.1 eV; while for more
than a monolayer the value remains around S5.% eV. A word of cauytion is
neceasary conceraning the work function measurements. We observed a de-
crease in work function as a function of time, After one h>ur, a smaller
value of 4.5 ¢V i3 teasured for fce iron, We attribute the phenomencn to a
reaction with residusl gases in the vacuum system, due in great part to the
high reactivity of the iron surface.

Our calculated electron density maps help explain the significant work
function change seen theoretically and experimentally, When an Fe
monolayer 1s deposited on the Cu substrate as here, the electron density in
the surface region is clearly seen to increase,which strengthens the
surface dipole barrier giving rise to sn increase in the work function.

-

The Fe orbitals which are less spatially localized compared to Cu, and the



stretched, near surface Cu orbitals are responsible for the above change.

3. Magnetic State and SMOKE Results

The questicn of whether the fcc iron on copper is ferromagnetic was
firat investigated for the samples discussed above deposited at roocm tem-
perature, and then for samples deposited at 190C. First, SMOKE was
enployed to detect the presence or absence of ferromagnetﬁm at room
temperature, The SMOKE results show the absence of ferromagnetisa up to
about 17 layers of iron, i.e., no hyateresis loop Is detected., At 19
layers of iron on Cu(100) the SMOKE scans clearly showed the presence of
ferromagnetism, This coincides with the appearance of _becc iron as observed
by LEED measurements. Froz the SMOKE measuresents we conclude that
throughout the thicknesses observed {1 to 17 layers), fec irom deposited on
copper at room temperature does not shbw ferromagnetism, However, when iron
i3 deposited on the substrate at 150C, measurements of the EDC at this
temperature show evidence of a splitting of the d-bands {about 0.5 e¥, see
Figure 4). It i3 observed that the EDC changes when the sample is cooled
down to room t.enperat‘.ur: and does not return to its original spectrum when
heated back to 190C, SMOKE measureaents, as shown in Fig. 5, performed on
such samples deposited at 190C show the saame behavior for various
coverages of iron, i.e,, the presence of ferromagnetiss st 190C and its
disappearance at room temperature. It §is noted thal the ferromagnetiss
disappears alsc as a function of time at 190C. (In about one hour the SMOKE
signal disappears; a similar result is obtained in the UPS measurements.)

We believe that the appearance of ferrowmagnetism i3 related to changes
in the volume due to lattice expansion on deposition at 190C (3% expansion

in lattice constant), but that eventually the elastic strains force the fcc
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jron to relar to its nonferromagnetic ground state, For bulk lcc iron,
theory has predicteds'a a low moment to high moment transitlon with ine
creasing volume; and recent theoretical work of Moruzzi et a8 suggests the
posaibility of having two petastable states lying close in energy, but with
different (high and low) magnetic moments. The present experimental
results, with contrasting behavior for deposition at room temperature and
at 190C, support a similar picture. However, more experimental and
theoretical work on the magnetic state of fcc grown on Cu(100) is necessary

to understanding this interesting behavior.

u. Supmary

In summary, we have shown that fcc iron can be epfia:i;lly grown to a
many-layer thickness on a copper (100) substrate, and that spectroscoplc
features characteristic of fec iron can be definitely identified, The
loeation in energy, and change with iron thickness, of these photoemission
EDC peaks is exactly as expected on the basis of self-consistent electronic
structure calculations; and the change in work function {(at room
temperature} from copper is in close agreement with that calculated.
Furthersore, magneto-optical (SMOKE) measurements, together with LEED and
UPS measurements, show that there are two closely lying metastable states,
fece iron grown on copper at room temperature has a non-Terromagnetic state,

while thet grown at 190C adopts ao expanded ferromagnetic state,
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Figure Captions
Electron distridution curves (EDC'S) showing relative number of
electrons editted (in arbitrary units, A.U.) as a functicn of
energy (in e¥), relative to the Fermi energy, for iron on copper
{100). The numbers indicate the number of layers (ML) of iron en

copper (100).

Sphere-projected density of states (DOS) for 3 system consisting of
a five-layer (100) slab of fec Fe. The lattice constant has been
taken as that of Cu. These curves have been smoothed by a Gaussian
of full width at half maximum (FWHM)} of 0.3 eV. The caleulated work

funetion for this system i3 5.45 ey,

Solid curves show sphere—projected density of states (DOS) for a
aystem consisting of one layer of Fe on either side of 5§ layers of
Cu(100}. The lattice constant for the entire 7-layer slad is taken
as that of bulk Cu, (Dashed curves show DOS for S-layer clean
Cu{100),) Smoothing i1s as in Fig. 2. The calculated worx function

for this (unrelaxed) Fe-on~Cu system i3 5.58 eV,

EDC's on 5 layera of fec iron on Cul{100) at 190C (top) and after

cooling to SOC,



Fig. 5(a).

(b).

{c).

-G3e

SHOKE signal (aagneto—optic reflected intensity) for iron-on-
copper deposited at 186C. Presence of hysteresis unambiguously

shows the presence of ferrozagnetism.
Benhavior of sample in {a) on cooling to 96C in aitu.

Behavior of sace sample on reheating to 190C in situ,
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