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Substrate difFusion in metastable ultrathin films: Iron on Cu(Dog)
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Temperature stability and difFusion properties of ultrathin iron films grown at room temperature on a
Cu(001) single-crystal surface have been investigated using low-energy ion scattering. None of the as-

grown films is found to be thermally stable. Instead an enrichment of the surface with substrate atoms is
observed. Below two monolayers, where the Cu substrate is not completely covered by Fe, the onset of
Cu di8'usion occurs at 300 K. Iron films wetting the substrate entirely appear to be more resistant
against thermal treatment. It is shown explicitly that initially a single monolayer of copper migrates
onto the films, leaving the underlying Fe layers mainly intact. This overlayer adopts the same crystal lat-
tice as the as-grown films; in particular a monolayer of Cu atoms is found in bcc lattice sites on top of
iron films exhibiting bcc structures.

I. INTRODUCTION

The structure and properties of epitaxially grown ul-
trathin films form an integral part of the scientific and
technological landscape. The far-reaching importance of
these artificially produced materials in both fundamental
research and application has led to tremendous experi-
mental and theoretical efforts in recent years. Particular-
ly interesting are ultrathin films revealing ferromagnetism
with the easy axis of magnetization perpendicular to the
surface. Such out-of-plane anisotropies are observed
uniquely in magnetic systems with reduced dimensionali-
ty.

Regarding the chart of the measured elemental surface
free energies, ' it becomes evident that nearly all of the
most promising two-dimensional magnetic filrns should
be in metastable states. Examples include Fe on Cu, Co
on Cu, Fe on Ag, and Fe on Au. Common to all these
adsorbate-substrate combinations is the attempt to grow
a high-surface-free-energy metal on a low-surface-free-
energy substrate. Since the interfacial free energies are
expected to be small and often positive, Bauer s equilibri-
urn criterion predicts the deposit to agglomerate into
large three-dimensional crystallites in order to minimize
the total free energy. However, none of the as-grown
films under consideration is found in this Volmer-Weber
morphology. Instead, a two-dimensional structure of the
deposit is observed, necessarily leading to metastable
nonequilibrium configurations. In addition, the epitaxial
arrangement of the grown layers often does not represent
their bulk lattice structure enhancing the rnetastability
even further. On the other hand, thermal treatment
should enable the grown layers to reach their true ther-
modynamic equilibrium.

Both the strain energy and the surface-free-energy bal-
ance might cause a disruption of the 5lms to form three-
dimensional islands with the bulk lattice configuration
exposing parts of the substrate area. Another possible
mechanism to reach thermodynamic equilibrium may be
the intermixing of overlayer and substrate atoms. Final-
ly, the development of sandwich structures is conceivable

with substrate atoms covering the adsorbate.
In many of the magnetic overlayer systems fairly high

temperatures are employed to investigate their magnetic
properties such as the Curie temperature. These anneal-

ing procedures are likely to cause a gross rearrangement
of the overlayer resulting in conflicting information. Re-
gardless, in many instances the substrate is assumed to be
a rigid stationary template, neither being influenced by
the deposition process nor by the thermal treatment.
Furthermore, in magneto-optical storage devices only
materials have to be used which are not affected by
moderate temperatures.

In contrast to the enormous amount of work dedicated
to characterize and to understand the epitaxial growth
process of ultrathin metal films, their aging by virtue of
heat treatment has not yet been studied in a satisfactory
depth. In this paper we present a comprehensive study of
the temperature stability and diffusion behavior of ul-

trathin iron films grown on a Cu(001) single-crystal sur-
face. The Fe-on-Cu(001) system is often called a bench-
mark system for metal-on-metal epitaxy as well as for
magnetic investigations. Growth, structure, and mor-

phology have been studied most intensively employing
essentially all available surface analytical techniques.
Concerning the initial room-temperature growth mode
the various experimental results seem to be contradicto-
ry. While in scanning tunneling microscopy (STM) only
islands of monolayer height are observed, ' low-energy
ion-scattering' and x-ray photoelectron diffraction ex-
perirnents detect Fe atoms with about equal amounts in
both the first and second layer, even at very low cover-
ages ( ~ 0. 1 ML). In order to explain these observations,
a growth mode has been suggested which involves (par-
tial) incorporation of Fe atoms into the original substrate
surface, ' thereby necessarily leading to a diffusion of
Cu atoms onto the original surface. At a coverage of 2
ML the surface is almost completely (90%) covered with
iron and at even higher coverages layer-by-layer growth
occurs, leading to we11-ordered fcc iron films. Above ten
monolayers the fcc structure breaks down in favor of the
formation of bcc iron with a [110]surface normal. '
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The analytical method mainly used in the present in-
vestigation was low-energy ion scattering (LEIS), which
in recent years has been established as an advantageous
approach to study surface, interface, and thin-film phe-
nomena. ' ' ' This technique is element specific, quan-
titative (once calibrated), and extremely surface sensitive.
Moreover, due to shadowing effects this method provides
structural information with atomic resolution in the sur-
face plane as well as normal to the surface. Therefore,
LEIS supplies mass-selective real-space information on
the local atomic arrangement at the surface including
surface defects. As a further advantage the evaluation
schemes are straightforward and do not require sophisti-
cated and time-consuming model calculations.

troscopy (ICISS) scans were recorded along the [100] az-
imutha1 direction since this arrangement allows the
sequential detection of first- and second-layer atoms. De-
tails about the experimental setup have been described
elsewhere. ' The incident Aux as we11 as the recording
time were kept low in order to avoid possible damage of
the surface by the impinging ions. The maximum ion
Auence per spectrum never exceeded 5X10' ions/cm .
Conceivable beam damage can be estimated easily, using
low-energy ion-scattering itself. However, no measurable
radiation damage was observed under the conditions em-

ployed in the following experiments.

III. RESULTS

II. EXPERIMENT

All experiments were carried out in an UHV apparatus
(base pressure ( 3 X 10 Pa) equipped with standard
low-energy electron diffraction (LEED), Auger-electron
spectroscopy (AES), and sample preparation facilities.
The specially designed LEIS setup consists of a
difFerentially pumped ion source allowing primary ion en-
ergies up to 5 keV and a hemispherical energy analyzer to
detect the scattered ions. A high-precision computer-
controlled sample manipulator with three translational as
wel1 as three rotational degrees of freedom permits us to
record polar and azimuthal LEIS spectra.

The Cu(001) single crystal (miscut (0.3', as verified by
Laue diffraction and LEIS) was cleaned by Ar ion bom-
bardment and annealing cycles to exhibit a sharp (1X1)
LEED pattern with low background intensity. After the
preparation procedure the contamination levels were
below the detection limits of LEIS. Iron was deposited
onto the Cu substrate from a small iron pin of purity
99.999% heated by electron bombardment. During eva-
poration the pressure stayed below 1X10 Pa. An
analysis of the residual gas by a quadrupole mass spec-
trometer revealed that the slight increase in pressure was
mainly due to an increase in the partial pressure of hy-
drogen.

Coverages were controlled independently by means of
AES and medium-energy electron diffraction (MEED)
(Refs. 6, 7, and 12) and are given in units of a nominal
monolayer [ML], i.e., 1.53X10' atoms/cm . The eva-
poration rates ranged from 0.5 to 1 ML/min in the
diFerent experiments. For details about the calibration
techniques see Ref. 12.

In the diffusion experiments the as-grown films were
subjected to isochronal annealing procedures. The speci-
mens were heated resistively and the temperature was
measured with a calibrated NiCr-CuNi thermocouple be-
ing in direct thermal contact with the crystal. A feed-
back system stabilized the temperature to within +2 K.
DifFusion-induced changes in the surface composition as
we11 as modifications in the crystaHographic and morpho-
logical order were monitored by LEIS, AES, and LEED.

A11 ion-scattering experiments presented in this work
were carried out using a monoenergetic beam of Ne+
ions with a primary energy of 5 keV, and a scattering an-

gle of 160. Polar impact-collision ion-scattering spec-

The thermal behavior of various metastable iron films
was studied by isochronal annealing experiments. Iron
coverages ranging from 1 to 14 ML were heated for 5

min and cooled down to room temperature. Subsequent-

ly, the chemical composition as well as the morphological
and crystallographic structure of the surface layers were
monitored by LEIS, AES, and LEED.

Figure 1 shows the intensity of Ne+ ions backscattered
from Fe or Cu as a function of their kinetic energy
recorded for a 2-ML-thick Fe film before [Fig. 1(a)] and
after [Fig. 1(b)] annealing to 573 K. The angle of in-

cidence 4 of the probing ion beam with respect to the
surface plane was chosen equal to 40' and the scattering
plane was oriented along the [100] direction. In this
scattering geometry only the outermost atomic layer is
analyzed, since the second-layer atoms are hidden in the

5keVNe' = 2MLFe
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FIG. 1. LEIS spectra of 2-ML Fe/Cu{001) before (a) and

after annealing to S73 K. A 5-keV Ne beam was incident at an

angle of 40 relative to the surface plane along the [100]azimuth

and the scattering angle was 160. The peaks at =1100 and
= 1330 eV result from backscattering by iron and copper atoms,
respectively. Both spectra are normalized with respect to the
incident ion current.
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shadow cones produced by the neighbors in the first lay-
er. ' The as-deposited film exhibits a dominant peak at
=1100eV due to backscattering at Fe atoms and a small
peak at =1330eV which represents the Cu atoms still to
be found at the surface after Fe deposition. After the an-
nealing step the intensity ratio of the Fe and Cu peak is
nearly inverted. This indicates that the surface layer now
consists mostly of copper atoms. It should be invoked
that due to the difference in nuclear charge as well as due
to possible deviations in the neutralization probabilities
of iron and copper, the "scattering cross sections" differ
to a small extent. This difference was determined experi-
mentally using pure elemental standards. We found a
10% lower cross section for iron compared to copper.
This deviation is small and has essentially no inhuence on
our qualitative and quantitative interpretations. As a
first important result, we state the enrichment of the sur-
face layer with copper atoms as a consequence of the
thermal treatment of the film-substrate system.

The Cu/(Cu+Fe) LEIS signal ratio from the topmost
surface layer as a function of annealing temperature for
various iron coverages is depicted in Figs. 2(a) —2(d).
Upon annealing all the iron films show an increase in the
backscattered Cu/(Cu+ Fe) intensity ratio, pointing to an
enrichment of the surface with copper. However, it is ap-
parent from this LEIS data that the onset of the surface
compositional changes depends on film thickness. As
mentioned in the Introduction, the initial room-
temperature growth of Fe on Cu(001) does not proceed in
a layer-by-layer mode. Thus, one nominal monolayer of
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FIG. 2. Cu/(Cu+Fe) intensity ratio of the surface layer sig-
nal as a function of the annealing temperature. Upon annealing
all the iron Ghns show an enrichment of the surface with
copper. The solid lines are guides to the eye.

the deposit is not enough to wet the substrate completely.
Instead about one-half of the copper surface remains un-

covered at this overlayer thickness. Heating such a one-
monolayer (ML) film [Fig. 2(a)] leads to an increase of the
amount of copper detected in the first surface layer, with
the strongest change occurring right at room tempera-
ture. At 573 K a value of about 85% Cu is reached, leav-

ing still some iron at the surface. At this point it seems
necessary to note that in all our experiments the anneal-

ing program was stopped below 700 K in order to avoid
the contamination of deeper substrate layers with Fe.
Beyond this temperature considerable bulk diffusion has
to be expected. ' Eventually, all Fe atoms will dissolve
into the bulk of the substrate crystal by this mechanisms
and disappear from the surface, resulting in a surface
which consists of pure copper.

A 2-ML Fe/Cu(001) system exhibits a thermal
behavior which is already quite different as compared to
the single monolayer case [Fig. 2(b)]. The onset of copper
enrichment at the surface is observed at =350 K, point-
ing to an enhanced resistance to the heat treatment.

Recent structural and morphological investigations of
a 6-ML film showed an essentially pseudomorphic fcc
structure with a slight reconstruction of the surface layer
and comparatively little surface defects. ' ' At this
coverage we do not observe any modifications in the sur-
face composition below annealing temperatures of 420 K
[Fig. 2(c)]. However, at slightly higher values a drastic
augmentation in the Cu/(Cu+ Fe) ratio is detected,
which levels off above 520 K. Almost the same behavior
is found for a 14-ML film [Fig. 2(d)]. While the Cu en-
richment begins nearly at the same temperature, the tran-
sition is even more pronounced than in the 6-ML-thick
layer.

The results presented in the foregoing paragraphs nice-
1y demonstrate the metastablity of the Fe layers grown on
a Cu(001) substrate. On the other hand, no conclusions
can be drawn so far on the actual microscopic process.
Hitherto, this information is consistent with the possibili-
ties adduced earlier, namely, disruption of the iron films
and formation of large three-dimensional islands expos-
ing vast parts of the substrate area, intermixing of the
two elements, or diffusion of Cu atoms through the films
resulting in a sandwich structure. Evaporation of the ad-
sorbate can be ruled out as this mechanism is activated
only at much higher temperatures. Several questions
arise. Which of the two species is the diffusing element?
Are the films homogeneously interspersed by copper or is
the Cu enrichment restricted to the surface layer? Is the
system undergoing not only compositional but also
structural and morphological transitions upon annealing?

In order to answer these questions we performed ex-
periments using ICISS. This technique is based on the
shadow cone concept and allows, in our case, the layer-
resolved chemical and structural analysis of the two
outermost surface layers. To avoid multiple-collision
events scattering angles near 180 must be used. In a typ-
ical ICISS experiment the electrostatic analyzer is tuned
to the energy of the Ne+ ions singly scattered at the
species to be probed (i.e., 1100eV for Fe, 1330 eV for Cu;
see Fig. 1). Then the backscattered intensity is recorded
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as a function of the incident angle O'. An angular scan of
the clean Cu(001) surface taken along the [100]azimuthal
direction is depicted in Fig. 4(a). Near grazing incidence
{4=0') on an ideal crystalline surface each target atom is
hidden in the shadow cone cast by its nearest neighbor in
the surface plane. No head-on collisions as required for
=180 backscattering can occur and the backscattering
intensity vanishes. If the angle of incidence is increased,
the atoms of the topmost layer will leave the shadow cone
of the adjacent atoms (see Fig. 3, top), leading to a strong
augmentation of the ion yield with a sharply peaked max-
imum due to the Aux concentration near the cone edge. '

Upon further increase of the angle of incidence + the
neighbors in the second layer are also leaving the cone
(Fig. 3, bottom) and a second significant enhancement of
the ion yield is observed at %=63'. As can be seen from
Fig. 4(a), the signal of the second layer is approximately
reduced by a factor of 4 with respect to the first-layer sig-
nal, mainly due to the higher neutralization probability of
Ne+ ions backscattered from the subsurface layer.

Figure 4(b) shows an ICISS spectrum recorded at a 6-
ML film after annealing to 493 K; as before the electro-
static analyzer was tuned to the energy of ions scattered
at Cu atoms. Immediately striking is the fact that the
second-layer Cu intensity at 4=63' is missing to almost
full extent, meaning that essentially no subsurface Cu is
detected. Aging models involving clustering of the adsor-
bate into large three-dimensional islands as well as strong
intermixing must, therefore, be excluded. Instead, a sin-

gle monolayer of Cu appears on top of the iron layers.
The angular scan of the film annealed to 493 K recorded
by means of Ne+ ions backscattered at iron atoms [Fig.
4(e)] exhibits the complementary behavior as compared
to the copper ICISS spectrum. Here, an enormous
second-layer yield is measured compared to the as-
deposited film [Fig. 4(d)]. This indicates that we find

about four times as many Fe atoms in the second than in
the topmost layer, ICISS spectra associated with a 6-ML
film annealed to 650 K are shown in Figs. 4(c) and 4(f).

FIG. 3. The shadow-cone concept of ICISS. Only the trajec-
tories of the incoming beam are shown in this figure. Top: situ-
ation where atoms in the outermost layer just "leave" the sha-
dow cone of their nearest neighbors in the surface plane. Bot-
tom: atoms in the first subsurface layer "leave" the shadow
cone caused by the surface atoms.
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FIG. 4. ICISS spectra taken at a 6-ML Fe/Cu{001) after two
di6'erent annealing steps. In the panel on the left-hand side

(a)—(c) the ions were scattered at copper atoms whereas in the
panel on the right-hand side the ions were scattered at iron
atoms {d)-(t). 5-keV Ne+ ions were incident along the [100]az-

imuth and the scattering angle was 160'. All spectra are nor-
malized to the same height at maximum intensity.

At this temperature the second-layer copper intensity has
significantly increased and amounts to about 6S% of the
subsurface signal found for the clean substrate. Thus,
about —„' of the capping overlayer now has a thickness of
at least two monolayers. Comparing the fractional distri-
bution of the residual Fe atoms in the first two layers
after the two different annealing steps we do not observe
major changes. The appearance of subsurface copper at
650 K might be explained by the onset of bulk diffusion

leading to an intermixed film. However, by an analysis of
the elemental composition of the surface with Auger-
electron spectroscopy monitoring the 705- and 920-eV
transitions of Fe and Cu, respectively, a Fe/(Fe+Cu)
peak-to-peak intensity equal to 44% was found. Model-

ing the annealed film-substrate system by a Cu-Fe-Cu
sandwich structure an average copper overlayer thickness
of slightly less than 2 ML can be estimated. Taking to-
gether the AES and LEIS results severe intermixing
throughout the whole film must be excluded even at
650 K.

As a further important result we notice that in all the
spectra presented, the angular positions of the prominent
features, i.e., the critical angles associated with the focus-

ing at first- and second-layer atoms, are within our exper-
imental uncertainty of 0.5 the same as on the clean
Cu{001) surface. This proves that there are no gross
structural rearrangements as a consequence of the
thermal exposure. The deposit conserves its fcc structure
and the Cu overlayer adopts the lattice structure of the
film.

As shown in earlier work, ' ' surface defects like

steps and adatoms can be detected effectively in an ICISS
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experiment. The small intensities near grazing incidence
point to a smooth sample surface with a defect density
comparable to the clean substrate. LEED investigations
corroborate the preceding findings. After the annealing
procedure a (1X1) LEED pattern was observed with the
same sharpness of the reflexes as obtained at the well-
prepared Cu template before Fe evaporation.

The LEIS, AES, and LEED results provide clear evi-
dence for the system to reach thermal equilibrium via the
formation of a Cu-Fe-Cu sandwich structure, in which
the diffusion process leaves the buried iron layers more or
less undisturbed. Moreover, from our findings we con-
clude that Cu is the diffusing element. Migration of Fe
atoms into the substrate necessarily would lead to an in-
termixed configuration in the second and deeper layers.

A further open question is the possibility of alloy for-
mation in the topmost layer at 493 K although the bulk
phase diagram does not permit any intermixing of the
two components at the temperatures used. Figure 2(c)
shows that still some 30% of a ML of Fe remains at the
surface after this annealing cycle. Unfortunately, LEIS is
not able to give a direct answer to this problem. Due to
the. rather small difference in nuclear charge of Fe and Cu
the shadow cones of the two elements do not differ
significantly and, therefore, no shifts in the critical angles
will be observed in the two conceivable scenarios: A sur-
face consisting of a Fe-Cu alloy or a surface in which not
the entire iron film is covered by Cu atoms, leaving some
Fe patches open. Nevertheless, if there is significant alloy
formation it has to be restricted to the outermost layer, as
practically no subsurface copper is found at this tempera-
ture.

By LEIS, STM, and LEED investigations it is now well
established that Fe films with thicknesses larger than 10
ML grow in a bcc manner with a [110] surface nor-
mal. ' ' The obvious question arising is certainly, what
kind of structure adopts the capping Cu overlayer on
such a thick film? Angular scans obtained before and
during the annealing program applied to a 14-ML-thick
film are depicted in Fig. 5. The iron-ICISS spectrum
recorded at the as-deposited system [Fig. 5(c)] is indica-
tive of the bcc structure mentioned before. As compared
to the spectra of the fcc film both critical angles are shift-
ed, with the first-layer focusing peak broadened consider-
ably and the second-layer feature spilt into a double-peak
structure. Splitting and broadening are due to the ex-
istence of two pairs of inequivalent (with respect to the
scattering plane) domains of bcc (110) iron on the fcc
(001) substrate. After annealing to 473 K the second-
layer peak is missing completely in the copper signal [Fig.
5(b)], whereas the iron spectrum [Fig. 5(d)] shows a
strongly enhanced subsurface intensity with a prominent
feature split into two peaks. As before, this leads us to
conclude that a single ML of Cu disused onto the film.
Position and shape of the peak at =10 due to back-
scattering at Cu in the overlayer are different from the
clean Cu signal [Fig. 5(a)] but compare well to the Fe sig-
nal of the as-grown system [Fig. 5(c)]. Intriguingly, this
proves that the copper atoms are found in bcc lattice sites
on top of the bcc iron film. As expected, the buried Fe
maintains its body-centered-cubic symmetry.

5 keV Ne' = l4 ML Fe/Cu(001)
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FIG. 5. ICISS spectra taken at 14-ML Fe/Cu(001) before and
after annealing to 473 K. The signal of the clean Cu(001) sub-

strate surface is included. 5-keV Ne+ ions were incident along
the [100]azimuth and were scattered at copper atoms (a),(b) and
iron atoms (c),(d), respectively. The scattering angle was 160'.
All spectra are normalized to the same height at maximum in-

tensity.

These interesting findings are further illustrated by az-
imuthal ion-scattering scans, which provide an additional
instructive possibility to get an overview of the short-
range crystallographic order in the surface layer. Here,
the backscattered ion intensity is recorded as a function
of the azimuthal angle 4. The angle of incidence 4 is
chosen constant near the first critical angle (4=11' in
our case), so that along high-symmetry directions of the
surface (with their rather small interatomic distances)
atoms are hidden in the shadow cones of their nearest
neighbors, whereas along low-symmetry directions (with
larger interatomic distances along these directions) this is
not the case. Therefore backscattering along high-
symmetry directions is impossible, marking these direc-
tions by pronounced minima in the azimuthal scans.
This statement, however, holds only for a one-domain
surface. On a multidomain surface the superposition of
the backscattering signals from the difFerent domains is
measured and no one-to-one assignment can be made be-
tween experimentally observed minima and high-
symmetry directions in one of the difFerent domains.

Figure 6 shows azimuthal scans taken at the 14-ML
film before and after heating to 523 K. As in the polar
measurements the electrostatic analyzer was set to the
kinetic energy of Ne+ ions scattered at Fe or Cu, respec-
tively. The spectra of the clean surface [Fig. 6(a)] and the
as-deposited film [Fig. 6(b)] are discussed in Ref. 13 and
serve as fingerprints of the fcc (001) and a four-domain
bcc (110) surface, respectively. After the thermal treat-
ment the Cu signal [Fig. 6(c)] exhibits exactly the same
characteristic features as the Fe reference spectrum, nice-
ly confirming that the copper overlayer adopts the lattice
structure of the underlying bcc iron.

Eventually, we want to draw attention to the thermal
behavior of films deposited at elevated temperatures. In a
recent publication by Arnott, McCash, and Allison the
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FIG. 6. Azimuthal scans recorded for clean Cu(001) (a) and
for 14-ML Fe/Cu(001) before (b) and after (c) annealing to 523
K. 5-keV Ne ions were backscattered from Cu (a),(c) and Fe
(b) atoms, respectively. The scattering angle was 160' and the
angle of incidence was 11'. All spectra are normalized to the
same height at maximum intensity.

thermal properties of a film of a coverage between 8 and
9 ML deposited at 420 K were investigated by specular
thermal-energy helium atom scattering. Their experi-
mental data as well as Auger spectroscopy measurements
suggested a growth mode with pronounced copper
diffusion resulting in an iron-copper surface alloy. In or-
der to explain the unusual temperature behavior of the
scattered He intensity found during a cooling and heating
loop, the authors believe in an unstable surface composi-
tion. Cooling the film down to 250 K is supposed to re-
sult in the spinodal decomposition of the alloy into a sur-
face film enriched by one component of the binary mix-
ture.

To check these proposals we deposited an iron film in
the coverage range reported by Arnott, McCash, and Al-
lison keeping the substrate at 420 K. Our LEIS data dis-
tinctly confirm the appearance of a large amount of Cu at
the surface during the growth process. We found a sur-
face composition of the as-grown film consisting of 35%%u~

Fe and 65%%uo Cu. However, during cooling down to 170
K and subsequent heating to 420 K no significant
changes in the surface composition are observed. The
maximum deviation of the Fe to Cu ratio from the con-
stant average value amounts merely to 2%, which is
about the experimental accuracy in our experiment.
Based on our findings we claim that the unusua1 thermal
properties revealed in the specular helium scattering in-
vestigations are not due to an enrichment of the surface
with one component during the cooling process. If pre-
cipitates were to occur at the surface upon cooling, the
formation of patches, enriched by one component leaving

the overall composition of the surface layer unchanged,
would be more consistent with our data.

~V. DrSeUSSIOx

The diffusion and aging behavior of ultrathin metal
films epitaxially grown on metal substrates, including
Fe/Cu(001), has been approached previously. ' '

Common to all these investigations was the idea to study
the compositional and structural response of metastable
overlayers subjected to annealing procedures, i.e., to
study systems in which the adsorbate has a larger surface
free energy than the underlying substrate.

In a comprehensive work by Schmitz et al. , the
thermal properties of ultrathin Rh films on Ag(100) were
studied. In terms of thermodynamic parameters this
metal combination exhibits a great deal of analogy to the
Fe-on-Cu system. The surface free energy of Rh is about
twice that of Ag and the mutual solubility of the two ele-
ments is negligible at the temperatures employed in these
investigations. Upon annealing the authors found a Ag-
Rh-Ag sandwich structure representing the thermo-
dynarnic equilibrium state of the system. For the capping
silver overlayer a thickness of merely one or two atomic
layers is reported. scanning electron micrographs indi-

cated that the Ag diffusion begins at randomly dispersed
point sources rather than to emerge uniformly as it would

be the case for surface segregation in an equilibrium al-

loy. Furthermore, photoemission data suggest the ab-
sence of alloy formation by virtue of the thermal treat-
ment. The onset of the diffusion process was found to be
about 360 K for a 1-ML film and 420 K for larger cover-
ages. A similar phenomenon has been seen at ultrathin
cobalt and nickel films on Cu(001) (Refs. 30 and 31) using
the x-ray photoelectron diffraction technique.

The results found for Rh on Ag(100) and Co and Ni on
Cu(001) show a remarkable resemblance to the findings in

the present investigation. As was demonstrated in the
preceding section we observed a similar sandwich struc-
ture. In particular, we could show explicitly that the
thickness of the diffused overlayer initially is of mona-
tomic height and that the second layer of the new filrn-

substrate configuration consists of almost pure iron.
Therefore, we believe that the buried Fe layers are not
homogeneously interspersed by copper, and we exclude
alloy formation in the film in analogy to Ref. 27.

Comparing the temperatures for the initiation of the
enrichment of the surface with Cu atoms, one becomes
aware that the temperatures involved are far below the
threshold for bulk diffusion. A significant mass trans-
port due to the usual vacancy mechanism is not expected
in the Fe-Cu system below 700 K. ' In order to explain
the low thermal stability, two conceivable channels medi-

ating the mass transport may be invoked, namely, surface
diffusion and migration through the films along discon-
tinuities. Surface diffusion is the process with the small-

est activation energy and can be of significant magnitude
a1ready at room temperature. At low Fe coverages ( & 2

ML) bare patches of the Cu substrate are exposed provid-

ing the possibility for copper atoms to diffuse onto the Fe
films by surface migration, explaining the early onset of
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the enrichment of the topmost layer with Cu. At larger
coverages this scenario is not applicable any more as no
substrate area is exposed in the as-grown layers.
Thomassen, Feldmann, and Wuttig attribute the low
diffusion temperatures in Fe films in which the bcc struc-
ture has already evolved to a mass transport along dislo-
cations. In the coverage regime in which good layer-by-
layer growth is observed they state, however, a constant
Fe/Cu Auger signal ratio even after increasing the an-
nealing temperature to 577 K. According to them, this
suggests that the films possess a high degree of crystalline
perfection, since a diffusion characteristic corresponding
to pure bulk diffusion is found. Their AES results are
severely convicting with our LEIS data, which show a
prominent diffusion process in a 6-ML film well below
470 K.

Scanning tunneling microscopy (STM) results for 4-
ML Fe/Cu(001) (Ref. 10) strongly support our LEIS
data: For the as-deposited film they show a rather
smooth surface due to the formation of an almost pure Fe
surface produced by coalescence of the Fe islands ob-
served in the initial stage of the growth process. The
STM pattern is similar to that of a 6-ML film, indicating
that the layer-by-layer growth regime has already been
reached at a coverage of 4 ML. Annealing such a 4-ML
film to 500 K for 10 min gives rise to significant changes
of the film morphology. Rectangular holes appeared,
with a depth clearly exceeding the thickness of the iron
film. These holes were interpreted as sources for Cu
atoms spreading out onto the Fe film. Similar result were
also obtained for Co/Cu(001).

A recent high-precision LEED study on 8-ML
Fe/Cu(001) shows that within the layer-by-layer growth
regime, iron grows in a nonpseudomorphic way, i.e., "Its
lattice coincides with that of equiliburm fcc iron rather
than with that given by the Cu substrate. " " This finding
necessarily implies that dislocations also exist in these
films.

Bearing in mind these investigations as well as our
LEIS results, it seems to be very unlikely that the Fe films
in the layer-by-layer growth region will resist treatment
up to temperatures for which bulk diffusion becomes im-
portant. Instead, we propose a different diffusion model
for all coherent iron films deposited on Cu(001): Anneal-
ing the samples causes the formation of migration chan-
nels, most likely along discontinuities in the films, widen-
ing defects to holes. By simple surface diffusion along the
walls of these craters the mass transport necessary to
bury the Fe films primarily with a single monolayer is
readily achieved even at moderate temperatures. Since
initially our LEIS analysis detects essentially no Cu in the
subsurface layer, the total area of the migration channels
must be small, which is confirmed by STM studies. The
absence of substrate atoms in the second layer is also a
distinct indication that apart from the diffusion holes the
entire Fe layer remains intact. This is in accordance with
the Fe-Cu bulk phase diagram, not permitting any inter-
mixing at the temperatures employed. The driving

force for the enrichment of the surface with copper is the
interplay of the surface and interfacial free energies. For
the Cu-Fe-Cu sandwich structure the total free-energy
balance is reduced, if the energy gained by covering the
surface with copper instead of iron exceeds the energy
necessary for the formation of a second Fe-Cu interface.
Possibly the energy is lowered most effectively by cover-
ing the adsorbate with one or two Cu monolayers. Strain
energy built up in the Cu overlayer might prevent the mi-

gration of further substrate material onto the film.

V. CONCLUSION

In summary, we have applied low-energy ion scattering
to study the diffusion behavior of ultrathin iron films epi-
taxially grown on Cu(001). By annealing experiments it
was shown that none of the as-grown layers is thermally
stable even at temperatures far below values at which
bulk diffusion becomes important. The onset of composi-
tional changes at the surface depends on the iron cover-
age. Films not wetting the substrate to a full extent ex-
hibit significant diffusion already at room temperature.
Larger coverages are more stable. Investigations using
impact-collision ion-scattering spectroscopy impressively
indicate the initial enrichment of the surface with a single
monolayer of copper. Consistently, the first subsurface
layer was found to consist of almost pure iron confirming
that the modifications in surface composition are not due
to Fe agglomeration. Instead, copper atoms must
penetrate the films leaving the buried iron layers more or
less untouched. In the thinnest films ( (2 ML) the mass
transport occurs most likely via lateral surface diffusion.
For larger coverages we propose a mechanism in which
substrate atoms are spreading out from local point
sources rather than diffusing homogeneously through the
film. This supposition is corroborated by STM studies at
ultrathin iron and cobalt films on Cu(001). '

Furthermore, our LEIS results show that for Fe films

exhibiting a well-characterized bcc structure, a copper
overlayer of monatomic height continuing the film's bcc
lattice could be produced by annealing.

Similar to related systems of metastable ultrathin films
with mutual immiscibility of the components, the Fe-on-
Cu system in thermodynamic equilibrium seems to prefer
a sandwich structure, with a few layers of substrate ma-
terial coating the deposit, instead of a Volmer-Weber
morphology in order to satisfy energetic constraints.

It has been demonstrated that the use of ion-scattering
methods offers a unique chance for a more comprehen-
sive understanding of the thermodynamic behavior of
metastable ultrathin films. Further application to others
systems is a promising challenge for future work.
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