ABSTRACT

The self-consistent Film Linearized Muffin-Tin Orbital method bas been used to cal-
cu.la.te.ma.gnclic and nonmaggetic electronic structure of iron grown on Cu(001). Some
recent experimental and theoretical work on this system has been critically examined.
Our calculations indicate that the zero temperature ground state of this system has an
antiferromagnetic jnterior and ferromagnetic coupling at the surface with an enhanced

surface magnetic moment of 2.8z25.



1. Introduction

Usnderstanding the stability of vanious crystal phases, their electronic and megoetic
properties from first principles is a problem of mejor importance in solid state physics. This
is especially challengiag in iron due to its rich variety of phases, have both magzetic and
nonmagaetic. Although its Jow tempersature and low pressure ferromagunetic phase, o iron
has been studied extensively not much is known about its other phases such as the close
packed (fcc) v phase. Under normal conditions iron is bec (a phase). At T = 1041K
it transforms to another bee (8) phase which is paramagnetic. Transformatioa to the
fcc v phase occurs at a slightly higher (T = 1183K) temperature. Iron goes through a
third bee § phase before melting at 1811X. All of the above transition temperatures are
for zero pressure. It slso has a high pressure hep ¢ phase. Various attempts have been
made to understand the phase diagram of iron. For example Hasegaws and Pettifor! have
shown through a microscopic theory that the magnetic contributions to the frec energy are
responsible for these various phase trausitions.

The magpetic nature of fcc y iron deposited on copper substrates has been of great in-
terest for quite sometime. Early experimeats on these showed ferromagnetic sheets coupled
antiferromagnetically to-cach other with size dependent Néel temperatures?. More recent
work showed ferromagnetism (Ref..s 3-5) or sbsence of magnetism at room temperature -
{Ref.s 6-10) through various methods such as Méssbauer spectroscopy and photoemission
spectroscopy. The low temperature maguetic state of these flms has been reported as
antiferromagnetic?®. The ability to prcpa.r; quality single crystal flms of fce iron on cop-
per substrates has been demonstrated recently by various experimental groups (Refis 3-8),
although there is no general sgreement with regard to the magnetic state at room temper-
ature. Utilizing improved technigues of epitaxial growth and techniques such as®7 high
resolution low energy electron diffraction (LEED) and Auger spectroscopy under ultra-
high vacuum conditions, the experimentalists have been able to stabilize and monitor the

growth process of iron on Cu(001) which is generally believed 10 be & layer by layer growth.



~]1G-

Oun the theoretical front fcc iron has attracted atteation due o predictions of magnetic
transitions with increasing lattice parameter (Refis 11-16). Most of these qualitatively
agree about the nature of the transition but the trapsition lattice parameter value varies
among them. Whether magnetic or nonmagaetic, ability to grow these epitaxial films has

provided a unique opportunity to study an otherwise uastable phase of iron.

II. Method

The calculational method employed here is the recently perfected self-consistent Film |
Linecarized Muffin-Tin Orbital (FLMTOQ) method?? which has been tested on a variety of 3d
and 4d transition metal slabs to yield accurate work functions and spectroscopic features.
The mein advantage of this method over other accurate band structure methods such as
the Linearized Augmented Plane Wave (LAPW) method is its inherently small basis set.
As one goes to study systems with s large number of atoms in the unit cell, methods that
use large bases such as the LAPW method become impractical. The basiz functions used
here are a combination of the standard MT'Os and additional independent functions called
PWOs. The MTOs are labelled by indices a for the given atom and (I,m)} for the angular
momentum. The MTOs inside the spheres consist of a linear combination of the solution of
the radial Schrodinger equation and its energy derivative for the spherically averaged actual
potential. In the interstitial region the MTO is a Hankel function while in the vacuum it
consists of a Lnear combination of the one dimensional Schrodinger solution and its enesgy
derivative for the vacuum potential averaged over the plane-parallel direction. The PWOs
are defined as 2D (two dimensional) plane waves in the parallel {{o the surface) direction.
Alopg the inward normal to the surface they either have a real exponential behavior or
a plane wave like bebavior depending on the value of sn energy parameter £ and the
parallel reciprocal Jattice vector. These are augmented, as for the MT'Os, inside the sphere
and the vacuum regions (using linear combinations of the appropriate one dimensional

Schrédinger solution and its energy derivative for the corresponding averaged potential)
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and used as independent functions to expand the wave function together with the MTOs.
These functions are continuous and have continuous first derivatives everywhere. The
variational freedom in this expanded set is certaizly higher than that of & pure MTO
basis, but still the basis set size can be kept fairly small to obtain quality results.

We use the full potential everywhere except inside the spheres. The non-muffin-tin
(NMT) potential in the spheres is approximated by the c:ter._rded interstitial NMT potential
as described in Ref. 17. This is exact at the sphere boundary, and hence clearly & good
approximation in this region where the pon-muffin-tin effects are significant. We note here
tEat the full potential (higher (I,m) components or harmonics of the potential) inside the
spheres can readily be accornadated bere as the basis functions are defined according to
(1,m) values and hence the method is ideally suited for such an-extension. The valence
clectrons are treated semi-relativistically while the core is calculated from the full Dirac
eqr ation and is allowed to relax while jterating so that we may calculate core level shifts.
Fourier series cut-off Gomes is about 6.5a;7 (o being & Bobr radius). The correlation
potential used in the magnetic and nonmsgaetic cases is the parametrization of Vosko-
Wilk-Nusair!®. The iterative self-consistent procedure is carried on until the input aad the

output potential differeace is of the order of a few mRy or less.

ITI. Results of Calculations
A. Slab Systems Treated

Our calculations were motivated by the recent experiments on iron epitaxially grown
on Cu{001). It bas been possible to grow iron §lms up to a fairly substantial number of
Jeyers on Cu(001) and this has provided & unique opportunity for studying bulk as well
as surface properties of fee iron at room temperature. Auger and LEED have been used
to identify the growth process and to determine the lattice structure. There is agreement
among various experimental groups as to the erystal structure which is fcc and the lattice

constant which is that of fcc copper. As the film thickness increases to, say more than 10



-2l=

layers there are problems with impurities, and for ¢ven thicker films the expected transition
to bee iron has been seen. A major reason for being able to stabilize thick iron films on
Cu(001) is the close match of the fce Iattice constants of these two 3d metals.

The calenlations were doze for thin slabs of fec iron and iron on Cu(001) using the
lattice constant of fcc Cu (=6.83a5). All the slabs considered have z (oormal to the
slab) reflection symmetry with respect to the central plane and an odd number of layers.
The film georetry (i.c., separation iuto sphere, interstitial and vacunm regions) is as
discussed in Ref. 17. No surface relaxations were included for fec iron where a 5 layer
flm was used with 5 atoms in the unit cell, i.c., one atom per (001) layer. For this slab
both magnetic and nonmagnetic calculations were performed. The choice of the unit cell
prec.ludcg antiferromagnetlism within a layer, 50 the only ordering ;;ossible within a layeris
ferromagnetic, but between the layers the system has the freedom to choose its magnetic
orientation. For the system Fe/Cr a monoclayer of iron on each side of a 5 layer film of fee
Cu(001) was considered with iron occuping the 4-fold hollow sites as a continuation of the
copper lattice. The self-consistent calculations were also performed for this same slab with
a slighily expanded (2%) surface-subsurface interlayer speacing. For comparisons we also
used calculations for?” a 5 layer slab of fee Cu{001). The Fe-on-Cu and Cu calculations
were done only for the paramagnetic state. All these systems have rotational symmetry
Cqs about the surface normal through a given atom and a square Brillouin Zone. Special
k points were used in the irreducible 1/8 of the Brillouin Zoae totaling up to 28 in the final
iterations towards self-consistency. The basis set sizes were 63 for the 5 layer iz and 81
for the 7 layer film.

B. Density of States and Band Structure



Our calculated nonmagsetic density of states (DOS) curves for the fcc Fe(001) 5 layer
slab and for Fe/Cu(001) are showa in fig.s 1 and 2. Two immediately striking features
present in these DOS are; 1) the narrowing of the surface iron density of states and 2)
the sharp peaks at the Fermi level in the paramagnetic iron DOS. The narrowing of the
surface iron DOS is due to reduced co-ordination at the surface. The loss of one half of
the neighbors of the surface atom makes its potential less attractive compared to the inner
layer potentials and (with a resulting net increase in energy eigenvalue with the inclusion
of the kinetic part) the states are pushed to less negative energies. The sharp peaks prtseni
in the paramagnetic izon atoms are almost entirely due to d electrons. Ualike in Cu the d
states are not fully occupied in iron and this allows the Fermi level to cut through d like
states and & high DOS at the Fermi level makes it an ideal candidate to satisfy the Stoner
criteria, i.e., it could be energetically favorable to order into a magnetic state by making
use of the exchange interaction. Infact as we shall see later for the fcc iron slab this turns
out to be the case. - o

The DOS curves shown (in solid Lines) in fig. 2 are for the unrelaxed Fe/Cu system.
The (2%) relaxed system hes a DOS almost identical to that shown bere. In fig. 2 we also
show a layer projected fec Cu(001) 5 layer DOS (in dashed lines} compared to Fe/Cr(001)
DOS. The electronic screening of the surface cffects is very zapid as can be seen here. Two
layers below the surface, Cu DOS looks very much ke bulk. Also the surface Cu DOS gets
broader and moves towards higher binding encrgies whea s monolayer of iron is deposited
on it. This is an indication of the d-d bonding that takes place between iron and coppez.
We also see differences between the surface iron DOS form the § layer fec iron slab and the
surface iron DOS from the system Fe/Cu in the energy range 2to 4 €V below the Fermi
level. These are most likely to be due to the different d level placements in Cu compared
to Fe which determine the eventual d-d bonding level placements in Fe-Cu and Fe-Fe.

The spin-polarized fcc iron § layer DOS curves are shownin fig. 3. As ean be seen from

this figure center layer spin is aligned antiferromagnetically to-the surface and subsurface



-23.

layer spims. Our total energy calculations predict this to be the magnetic ordering of the
ground state es will be discussed later. The surface atom majority spin states are all
occupied while the minority states show only a small partial occupation. This contrast
between the majority and the minority spin occupation is strongest at the surface atom
and hence it will give rise to an enhanced magnetic moment at the iron surface. The
occupation of more antibonding majority states at the surface at the expense of bonding
minority states will energetically favor an expanded lattice near the surface region with
the onset of maguetic ordering. It is also interesting to sce the splittings and the shapes
of the majority and the minority DOS curves. The splitting seen is ciearly not a rigid
uniform shift of majority states to higher (and minority states to lower) binding energies.
There are other (hybridizing type) effects that take place between the d orbitals that shift
due to magaetic ordering giving rise to somewhat different features in the DOS compared
to the nonmagnetic case. The different shapes in the DOS curves in the magnetic and
nonmagnetic cases are due to different level placements, polarizabilities and hybridization
effects associated with the states in question. One ean also make a rough estimate of about
2.5 eV for the bulk exchange splitting by comparing the adjacent minority and majority
peaks of the center layer DOS.

Out calculated bands for the nonmagnetic and magaetic fec iron 5 layers are shown
in fg.s 4 and 5. These are separated into even and odd symmetries with respect to the
mirror plane along thel corresponding high symmetry direction. Solid and dashed Lines
here refer to yet another symmetry presc.nt in our eslculations, namely the z reflection
symmetry through the central plane. Darkened lines in these figures show bands that
bave more than 50% weight from the surface atoms. In the paramagnetic case there are
many surface dominated bands around the Fermi level while in the spin-polarized case
there sre not that many. For the majority spin bands in both evea and odd symmetries
there is a substantial downward (to higher binding energies) shift of surface dominated
bands. There is also a similar upward shift for the surface doininated minority spin bands
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giving rise to & depletion in DOS around the Fermi level. The exchange interaction coergy
geined by occupying more states Laving the same spin orientation is apparently more than
any increase i kinetie energy for the states that were close to the Fermi level in the
paramagnetic case. The shifts in these bands are around 1 eV or more when the Fermi
levels of the magnetic and nonmagnetic cases are aligned, givicg rise to splittings of the
order of 2 eV or more. We also note that the magnetic splitting shows a strong dependence
on the orbital type. For example the lowest lying 4s state at -7.7 ¢V at [ (fig.s 5(a) and
5(b)) shows hardly any splitting while the lowest lying f3, type steie at -2.2 eV (fig. 5{¢))
at T'; has undergone a splitting of about 2.3 eV, i.e., the corresponding minority spin £z,
state is at 0.1 ¢V above the Fermi level (fig. 5(d)). There appears to be & net gain in
absolute energy of these single particle levels due to spin-pola.ri:mtion provided that the
difference in the work functions of the magnetic and ponmagnetic cases is small. However
the totsl energy consists of many other terms in addition to the single particle energies
and a final determination of the ground state will result from a careful evaluation of all
those terms.

In fig. 6 we present 3 ‘flm derived bulk band structure’that has been calculated using
the paramagnetic fcciron § layer energy cigenvalues at [ and their symmetries. The open
circles are those calculated states and the solid line is & guide to the eye. The lowest lying
band here is the iron 4s band. The rest (including the dashed line) constitute 5 d bends.
The degeneracy of the Ag band it preservéd since in the slab calculation d;, and dy; states
are degenerate at I, The splitting of about 0.4 eV seen for the T's and T3 states will not
be present in any true bulk calculation (.e., they will be degenerate at T'). The splitting
seen here is solely due to the presence of the surface. The band represeated by the dashec
Line is the only band that looks significantly different from a true bulk bangd stracture?!
and the reason here is that most of the states belonging there are highly surface domnant
ones and hence very different from bulk like states. We will later compare these and also
our 2D bands with available experimental results. -



Some general observations for the spin-polarized vands and DOS we have calculated
are: 1)The majority spin surface d bands are all occupied and hence a large moment
should be seen for the surface atom. 2) The exchange splitting is largest for the surface
dominated bands near the Fermi level. Band narrowing due to the reduced co-ordination
at the surface and the high Fermi level DOS in the surface atom naturally leads to Stoner
type itinerant magnetism here. 3) The occupation of more anti-bonding surface majority
bands at the expense of boading minority bands should lead to an expanded lattice in
the surfsce region compared to bulk. This expansion will be in addition to any surface
expansion (sece Ref.s 6,7) present in a paramagnetic state and should be observable through
the ordering temperature with LEED. 4) Spin-polarized surface iron atom does not show
a strong narrowing of the DOS as seen in the nonmagnetic case.indicating that a strong

exchange intersction can make the narrowing eflfect less pronounced.

C. Work Functions and Electron Densities

‘I‘able 1 shows a list of experimental and theoretical work functions for the system
iron grown on Cu(001) and total charges and spins inside muffin-tin spheres in various
layers. The calculated parameagaetic work function for fcc iron, 5.3 eV, as well as for
Fe/Cu(001) agrees well with the experimental value at room temperature®?. There is a
small decrease in the work function in the paramagnetic case on going from a monolayer of
iron on Cu{001) to 5 layers of fcc Fe{001). The Fe/Cu(001) work function is significantly
larger than the copper work function implying that the monolayer of iron has induced an
increased surface dipole barvier. Our caleulated electron density contour maps (fig. 7)
show a charge transfer toward the surface in going from Cu(001) to Fe/Cu(001). These
difference density contours are calculated by subtracting a self-consistent Cu(001) 5 layer
film density from our Fe/Cu{001) electron density by aligning the surface layers of the
two films. The main reason for doing this was to compare the surface elecion demsities

of Cu(001) and Fe/Cu(001) and not to look for any bondihg type changes. 1t is also
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interesting to sce the increase in the interstitial electron density which is likely to be duc
to less localized orbitals in iron compared to Cu.

The magnetic iron surface has e slightly reduced ealculated work funciion corapazed to

the nonmegnetic case and agrees favorably with the experimental value for the magaetic
etate seen at 460 K*T. However in judging the signifieance of this change it should be
remernbered that any increase in temperature is known usually to decrease the work fune-
tion. Although the calculated work functions for fcc iron differ by abont 0.2 eV between the
magnetic and nonmagaetic cases, the calculated total charges inside the muffin-tin spheres
stay almost constant. It is also iﬁtcxesting to note the above small change in total charge
inspite of fairly large magnetic moments scen in the magnetic case. The conclusions that

can be drawn here are 1) A large exchange-splitting and an associated large moment at
the surface do not necessasily induce s large change in work function. 2) Electrons inside
the surface muffin-tin sphere has only a little effect on the work function. What must be
most important in determining the work funetion changes is the electron density around
and beyond the surface muffin-tin radius.

We also note that our calculated work functions agzee quite well with those calculated
by Fu and Freeman?®. For two layess of ferroragnetic iron on Cu(001), they report & work
funetion of 4.95 eV while our calculations yield a work function of 5.1 eV for 2 5 layer film
of fee Fe{001) with {e.rro:pagneﬁc coupling between the surfate angd the subsuriace layers

that are entiferromagnetically coupled to the center layer.

D. Magnetic Moments and Total Energies

The behavior of the magnetic moments during the gelf-consistent procedure is worth
noticing. We started the 5 layer fee iron magnetic film as usually done with a fully self-
consistent paramsgaetic potential. The first few starting runs were done with an ertificial
splitting favoring ferromagnetic coupling between all layers. Then the artificial splitting

was removed and the system was allowed to evolve by ztself. The magnitudes of the



magnetic moments started to increase and kept on increasing until the they were of the
order of 2 uB with ferromagaetic coupling between all layers. The system appeared to
be very close to self-consistency. At this point we employed a different mixing scheme
where the spins were mixed with a heavy (about 50%) mixing of the output while the
charge densities were mixed with a fairly small (about 2% or less) mixing parameter.
With the introduction of this mixing scheme the center layer moment started decreasing
in magnitude, went through zero, and ended up at the value shown in table 1 with a spin
opposite to the ones in the surface and subsurface layers. The way we interpret this is
as follows. When the mixing parameter was small the system was in a metastable local
minimum with ferromagnetic coupling between all layers. Bowever with & large mixing
of the spins the sysiem was able to move out of this local minimum and proceed towards
the global {absolute} minimum which has antiferromagnetic coupling between center and
subsurface but ferromagnetic coupling between subsurface and surface as shown iz table 1.
The above sequence of results suggests that we should be able to use a beiter, annealing
(more dynamical) type computstional scheme to locate the global minimum in complex
problems with many local minima.

Total energy calcunlations allow us directly to test the theoretical understanding of the
ground state properties of a system. Our calculated total energy of the magnetic state
described above is lower than that of the paramagnetic state by about .100 Ry. This
shows that within the local spin density approximation the ground state of fec iron grown
on Cu(001) should be magnetic with the magnetic ordering given in table 1. Our results
are consistent with those in Ref. 19, where for five layers of fce iron eovered by two layers
of copper on either side, the + + - structure (the same sequence of ferromagnetic and
antiferromagnetic coupling as ﬁe get for five layers of fcc Fe) is the ground state, 0.78 eV
below the paramagnetic state. Qur results clearly predict surface ferromagnetism (with a
moment of 2.794 5 ) for iron grown on Cu(001). It aleo suggests the possibility of having an

antiferromagnetic interior (moment 1.68;5). The antiferromagnetic nature of the interior
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"could be further verified by a thicker {7 layer) fcc iron slab calculation. Inclusion of any
surface expansions in our fce iron caleulation a5 seen in the LEED experiments®’ will tezd

to favor the magnetically state even more.

E. Contact Hyperfine Fields

Coutact hyperfine field which is due to the electron polarization at a particular nucleus
can be measured through Mdssbauer spectroscopy- In table 2 we show our calculated
contact fields in kG separated into core and valenee (4s) contributions. Here we note that
the contact feld at the center layer nucleus is very much smaller than those at the surface
and subsurface. The core and the 44 valence densities at the center layer nucleus are
polarized roughly equally but in opposite directions almost cancelling each other. There is
some experimental support {o the trend seen in table 2. The M&ssbauer work of Ref. 10
has seen s reduction of the contact fields in the inner layers of iron on Cu(001) compared
to the surface. This study concludes that the low temperature (4 K) magnetic state of
these films is antiferromagaetic which is also consistent with our total energy calculations.
Finally as has now been established?’, the ratio between the contact field due to core

clectrons and the magnetic moment of that particular atom stays almost constant here.

IV. Comparison with Experiment and Discussion
A. Experimental Situation

As previously stated there is general agreement among various experimental groups
as to the nature of the crystal structure and growth mechanism of fec iron on Cu(001).
The natnre of the magnetic state of fce iron on Cu{001) at room temperature has been
a controversial issue. Recent ultraviolet photocmission spectroscopy (UPS) data together
with surface magneto optic Kerr Effect (SMOKE) results claim that the room temperature

state of Fe/Cu(001) is nonmagnetic®?. There is also another engle resolved photoemission



(ARUPS) study® which supports the above picture. However a spin resolved photoemuis-
sion study® and an ARUPS study together with a calculated band structure? claim that
the room temperature state of fce Fe(001) on Cu is ferromagnetic. There are reported
MGssbauer spectroscopy experimeats which show the absence of magnetismm at room tem-
perature and presence of antiferromagnetism at very low (4 K) temperatures!®. There
is clearly no general agreement as to the nature of the room temperature magnetic state
and we will try to nddress this issue as.we discuss some the above experimental data with
Tespect to our calculated results in the following sections.

Surface Magneto Optic Kerr Effect results of Ref.s 6 and 7 showed the absence of
ferromagnetism parallel to the surface at room temperature. These were supported by
photoemission results®? which failed to detect any clear splitting of the spectra at room
temperature. While these photoemiseion results by itself do not provide any conclusive
evidence as to the nature of the magnetic state at room temperature, the SMOKE results
do. Thus we are confronted with a situation where our calculated total energy results
which show a magnetic ground state, are apparently in direct contradiction to the SMOKE
Imeasurements.

However the absence of ferromagnetism at room temperature as found in Ref.s 6 and 7
and hence the apparent disagreement with our calculstions may be explained as due to one
of the following. a) Local spin density functional theory cannot describe these magnetic
exchange and correlation effects accurately enough (or s similar defect in theory) or b)
these fec iron films have an ordering temperatunre below the room temperature or ¢) the
magnetism in these samples has been quenched by some impurities or d) the magnetic
moment Lies perpendicular to the surface of the flm and hence is undetectable in the
SMOKE geometry used in the experiment. The measurements op these samples were
done in ul.f.m-high vacuum and hence free of any detectable impurities st the presently
sttainable levels of technology. There is some experimental evidence® that the moments

can lie perpendicular to the surface at 30 K, but at room temperature it is unlikely that
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the the iron film can sustain = large enough esyrametrical field to keep the moments
perpendicular to the surface. That leaves us with a) and b} as possible explanations of the

room temperature results of Ref.s 6 and 7.

B. Ultraviolet Photoelectron Spectroscopy (UPS) and Calculated Density of
States

Any direct comparison of calculated band structure or DOS (density of states) with
photoemission experimeats is known to contain certain systematie errors. The local density
{or spin density) spproximation nsed in band calculations as ours allows the electron to
interact with itself thereby pushing the calculated cigenvalues to higher binding energies.
In photoemission although the measurement desired is of ground state properties, the hole
created is screened by the neerby electrons and hence there are relaxation effects as50¢i-
ated with the measured binding energies. These relaxation effects and the self-interaction
effects act in opposite directions and hence sometimes they cancel each other. It is also
questionable whether different (2, p,d etc.) components of the density can correctly be de-
scribed by the same local correlation functional based on the homoge:.\cous clectron gas?’.
Many body effects in transition metals have been recognized as important in understand-
ing photoemission results. For exsmple in aa angle resolved photoemission experiment
on Ni?? the observed exchange splitting is only half the value calculated using local spin
density functional theory. However u similar comparison for izon showed fair agreement?3.
1t should be understood that whenever there is reasonable sgreement between a calculated
band structure and experimental bands, the many body effects as well as thermel effects
are either insignificant or have cancelled each other. Although it is generally believed that
the local density theory gives the best state of the art zero temperature results compared
to any other phenomenological theery , the subject is far from being closed.

We have carried out some detailed comparisons of our calculated bands and DOS with

experiment. The angular integrated UPS (ultra-violet photoemission) study in Ref:s 6 and
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7 using Hel radiation (at 21.2 ¢V) finds a bulk kke fec irop feature in the photgemission
specira about 1.1 eV below the Fermi level. Our calculated pararmagnetic DOS (fig. 1)
slso shows a feature slightly below the above value in energy. This feature is present in
all layers and sharpest in the center layer DOS which is consistent with the experimental
observation. In order to understand the magnetic pature of the fec iron films grown on
Cu(001) we have compared the experimetal EDCs (energy distribution curves) with our
spin-polarized DOS curves (fig. 2). The feature mentioned above is still seen though at a
slightly more negative energy and again it is sharpest in the center layer DOS but present
in all Jayers. For this reason, it is not possible to make & clear identification whether the
fcc iron films grown on Cu{001) are magnetic or nonmagnetic using the comparison of

angular integrated photoemission spectra with the calealated DOS.

C. Comparison with Angle Resolved Ultraviolet Photoemission Spectroscopy
(ARUPS) Data

To our knowledge there are two ARUPS {Angle Resolved Ultra-violet photoemission)
experiments reported in the Lierature for Fe grown on Cu(001). In one study® a com-
parison is made with a spin-polarized band calculation based on the Enearized sugmented
plane wave (LAPW) method. This study treated the two-dimensional (2D) surface band
structure., i.e., for one and two layers of Fe on Cu(001). The other study® maps out some
bulk bends along A for fcc Fe on Cu(001). -Neither of these experiments are spin resolved
and hence are of limited value in reaching conclusions regarding the magnetie state of the
epitaxially grown iron. Since our calculations yield the 2D band structure of fcc jron films
grown on Cu(001), we will first discuss the surface study®. In this experiment ARUPS
bands along A and E in the vicinity of the Fermi level have been mapped out for one and
two monolayers of iron on Cu(001) at room tempersture. A comparison with a film spin-

polarized caleulation is reported®:!® to have good agreement with the experimental bands
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although certain disagreements e.ﬁst. The general conclusion of Ref. 3 and later in Ref.
19 seems to be that the fec iron grown or Cu(001) at room temperature is ferromagnetic.
In fig. 8 we show a companson of our calculated spin-polarized bands for a 5 layer
slab of fce Fe(001) with the experimental data of Ref. 3. Note the presence of pairs of
caleulated surface dominant bands, which is due to baving two surface atoms (one on each
side of the slab) in our calculations. This point will be discussed further in & later section.
The agreement in this casc is reasonable with one serious exception which is the absen‘cc
of 2 heavily surface dominant calculated pair of bands baving the experimental dispersion
along ¥ in even symmetry. When our paramagnetic bands shown in fig. 4 are compared
with the same experimental data we again see somewhat reasonable agreement but not for
all the compared bands. In our calculated spin-polarized odd syr;:mctry bands (figs 6 and
8) along A we have identified two pairs of majority surface bands (+ and - £ reflection)
along in the region ;:f comparison. Heavily surface dominated bands are absent in the
minority spins here. In the paramagnetic case in odd symmetry elong A oxne peir of bands
is scen around 1 eV below the Fermi level while the other pair is close to the Fermilevel at
. However their surface content is not as strong as that scen in the spin-polarized case. In
even symmeiry along A we have identified two pairs of minority spin bands in the region
of comparison. However our paramagnetic results also show two pairs of bands here. A
similar comparison made along £ symmetry direction also shows that there are bands in
paramagaetic as well as magnetic cases which compare favorably with the ARUPS derived
bands. Our paramagnetic Fe/Cu(001) bands {not shown here) also show somewbat similar
placement. Hence at the level of uncertainty and disagreements present in this comparison
one cannot conclusively make a decision on the magnetic nature of iron grown on Cu(001).
The other ARUPS study® measures baods along A for bulk fec iron grown on Cu(001).
We have already discussed some of the features of our paramagnetic ‘flm derived bulk
bands’ shown in fig. 6. The experimental data of Ref. 8 aze shown as vertical bars in

this figure. An important observation in the work of Hazaveh et al® is the absence of



a split Ag band. The band with Ay symmetry which shows a large splitting® in bec
iron does not show any splitting to within the experimental resolution of 0.3eV for fec
Fe grown oo Cu(001) at room temperature. There is general agreement between theory
and experiment except for the fact that we are unable to produce a feature geen around
-8 ¢V in this study which is claimed to be due to many body effects. The authors rule
out possible oxygen contamination using Auger spectroscopy, however, it is important to
understand definitively the origin of this -6 eV feature as any surface contamination could
casily lead to a reduction in the exchange splitting.

There is a spin-polarized photoemission study® on this systemn which claims to identify
& ferromegnetic moment perpendicular to the iron surface at 30 K. This study identifies
ferromagnetism at the surface for 1,3 and 5 layers of iron on Cu(001). The ordering
temperatures reported are 230 K for the monolayer film and 390 K for the thicker films
with as uncertainty of about 30 K. This study clearly suggests that the Curie temperature
of thick iron films on Cu(001) is somewhat higher than the room temperature. The ordering
temperature could be sensitive to flm preparation and hence the above work and Refs 6
and 7 are not necessarily in complete disagreement as to the nature of the room temperature
state. More spin resolved studies would be very welcome here. Spin polarized angle resolved
data to see whether there is any splitting of the As band and electzon capture experiments
as done for Fe/Cu({111)* should provideimportant clues. These should be done overa range

of tetuperatures since there are indications of thermally driven, magnetic transitions.

D. Magnuetic State at 460 K

The experiment in Ref.s 6 and 7 yields a ferromagnetic state at 460 K with moment
parallel to the film plane, compared to the absence of such ferromagnetism parallel to the
plane at room temperature. The well defined hysterisis pattern and the splitting seen in
photoemission were transient phenomenon disappearing in sbout one hour. Cooling to

323 K also resulted in a loss of hysterisis and did not produce the original signals when



reheated. Fresh deposites of iron at 460 K alwsys showed a clear SMOKE signal indicating
ferromagnetism, with an intensity, however, corresponding only to the surface layer. We
believe that a theoretical explaination of this magaetic siate goes beyond the scope of
our zero temperature electronic structure caleulations. The time dependent nature of this
magnetic state and the lack of seversibility suggest that this is a thermally driven first
order magnetic transition metastable with respect to the state that is stable at room tem-
perature. Fee irc.’n has been predicted to undergo varions magaetic transitions depending
on the lattice parameter {sce Ref.s 11-16). However none of the band calculations has any
temperature effects included and their zelevancein this sitnation is not clear. While {rankly
secing no justification for relevance, we will still point out some interesting resemblances
between our magnetically-ordered ground state iuxd the high temperature magneiic state
seen for these iron films. The SMOKE results® indicate that the ferromagnetism at 460
K is limited to the surface. Our calculated magnetic state has a ferromagnpetic surface but
an antiferromagoetic interior, and there is no SMOKE intensity for antiferromagnetism.
Hence the above calculated results for the ground state are compatible with the experi-
mental state at 460 K. The work function measurements’ for the magnetic state also are
consistznt with our calculations for the magnetically-ordered state, although as mentioned
earlier caution should be exercised in attaching signifcance to this. On the other hand,the
apparent exchange splitting scen for the n:mgneﬁc state in the angular integrated UPS
experiment? is certainly very much lower than the calculated average exchange splitting

which is sbout 2 eV in the energy range of interest.

E. Comparison with Other Calculations \)]
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There are some pecularities in the thin film calevlations on Fe/Cu(001) reported in
Ref.s 3 nnd 19, although ou:' calculations agree with their predictions of the grousd state,
snd the work function. The slab geometry for these calculations, as well as fur ours, is such
that there are two surface sfoms in the unit cell, one oa each sjde of the slab. This leads to
a pair of calculated bands (bere in + and - £ reflection symmetry) for any expesimentally
determined surface band. However some relevent bands in Ref.s 3 and 19 do not show this
bebavior. For example, in &t lcast one direction (i.e. along A) the calculated results (see
fig.s 3 and 4 of Ref. 19) do not have the correct number (=4} of odd bands to compare
with the 2 experimentally mesasured bands in ihc energy range of comparison (0 tc 1.8 eV
below the Fermi level).

In a thin film ealculation these + and - 3 reflection symmetry bands split depend-
ing on &) whether thc two opposite surface orbitals directly interact or b) wheiber these
orbitals hybridize with others from the interior that are subject to 2z reflection symmetry
restrictions. The surface bands in the limit of infinite film thickness (and hence more
closely related to the experimental situa.i.ion) should be extrapolated as lying around the
center of gravity of the calculated + and - £ reflection bands corresponding to finite films
as this is probably the best estimate one can givee. When there are ‘missing bands’ in
the energy range of comparison as in Refs 3 and 19, the placement of the bands that
are shown become questionable. It conld also be argued that the level of agrecment with
the e.:pe:imen;al band structure is also present in paramagnetic calculations as we have
discussed earlier. In view of the sbore dis;:ussion the walidity of the comparison shown in
Ref. 3 of the calculated and experimental bands is not clear to us.

V. Concluding Remarks
At present there are two sets of detailed calculations of the electronic and magnetic
structure of fec iron as grown on Cu(001), our own as reported here and that of Fu

end Freeman®. The overall nature of the ground state predicted by these two sets of
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calculations geems to be in basic agreement. Both predict surface ferromagnetism coupled
to bulk antiferromagoetism. The surface and bulk moments predicted, and the eaergy
advantage (relative to 8 paramagnetic state) of the magoetically-ordered ground state are
in reasonably good sgreement for the two sets of calculations. On the other hand, we
disagree with some features of the one-electron (spectroscopic) behavior predicted in Rel.
19 (or by the same avthorsin the theoretical part of Ref 3).

With regard to comparison with experiment, we aze confronted with something of &
thicket of oddities and contradictions in the experimental data. Above, we have discussed
compazisons of our calculated results to various aspects of the experimental behavior as
found by different investigators. It appears Kkely that sensitivity to lattice spacing, plays
a crucial role in the magnetic state of fec Fe-on-Cu(001). Deciciing whether or not the
experimental behavicr can be understood on the besis of local spin deasity approxima-
ton calculations suck as our own, will first require confidence that several experimental
investigators are obtaining the same spectroscopic and magnetic bebavior with consistent
temperature dependences. A particularly valuable iype of new data would be to have

spin-polarized angular resolved photoemission data.
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