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Abstract

A continuous fce-to-bee crystallographic transition via a homogeneous tetragonal lattice deformation (Bain trans-
formation) with increasing Fe coverage was observed in molecular-beam grown epitaxial Fe ultrathin films on
Cu3;Au(001), contrary to the usual case of a discontinuous martensitic transformation of Fe. With increasing Fe film
thickness, a continuous compression of the interlayer distance perpendicular to the film plane and a simultaneous
continuous expansion of the in-plane atomic distance was observed. We did not find evidence for the coexistence of fcc
and bce phases. In the ~1-12 ML (monolayer) thickness range, the films do exhibit some atomic disorder and do not
grow pseudomorphous, but form twisted crystallographic domains that are rotated in the film plane about the film
normal direction. The atomic volume of tetragonal states was found to follow closely face-centered tetragonal (fct) or
body-centered tetragonal (bct) “epitaxial lines” according to strain-energy calculations [Surf. Rev. Lett. 1 (1994) 15],
including a crossover from ferromagnetic high-moment high-volume fct to bet Fe. The results were obtained by in situ
X-ray photoelectron diffraction, high-energy electron diffraction, and *’Fe conversion-electron Mossbauer spectro-
scopy. Correlated with the Bain transformation is a Fe spin reorientation from preferentially perpendicular (for fct) to
in-plane (for bet) spin direction at 25 K. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Alloys; Single crystal surfaces; Iron; Epitaxy; Metallic films; Photoelectron diffraction; Mossbauer spectroscopy; Electron—
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1. Introduction

Many of the unique physical and magnetic
properties of bulk iron-based alloys are related to
the martensitic transformation (MT), i.e. the fcc—
bee phase transformation of iron. This is a first-
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order discontinuous non-diffusive transition that
involves a sudden lattice deformation via a corre-
lated motion of groups of atoms, and large lattice
strain. The MT has been investigated in bulk iron-
base materials for decades [1-4]. More recently,
the MT in pure ultrathin epitaxial Fe films on
single-crystal Cu(00 1) substrates has become the
subject of considerable interest: scanning tunneling
microscopy (STM) [5-8] and other techniques [9-
11] including computer simulations [12] revealed a
discontinuous transformation from the metastable
fce to the stable bee phase at a critical film thick-
ness of usually ~10 monolayers (ML) Fe upon
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increasing the thickness. In theoretical work, the
energetics of the fcc-bcc MT may be described by
a continuous transition known as the Bain trans-
formation from fcc to bec structures [13].

Already in 1924 Bain [13] suggested that an
fcc phase can transform spontaneously into a bce
phase by a contraction of the interlayer spacing
along the c-axis and biaxial expansion of the in-
plane lattice along (1 10) directions in the fcc(00 1)
plane (see Fig. 1). According to Fig. 1, the lattice
parameter, a, of the fcc lattice defines the in-plane
atomic distance a = ao/v/2 and the lattice para-
meter ¢ = ap, being twice the interlayer distance
along the c-axis.

The path of tetragonal states with v/2 > claz=1
between the fcc and bece phases is called Bain path.
It has been used to calculate the ground-state en-
ergetics of the MT [2,3,14,15]. However, one has to
keep in mind that this continuous Bain path is a
convenient theoretical tool only; to the best of our
knowledge it has never been observed experimen-
tally. Searching for a Bain transformation, pseudo-
morphic metal films grown on (00 1) surfaces of
fcc substrates are attractive systems [16]. A sharp
strain-driven fcc-bct phase transition of pseudo-
morphic Cu films on Pd(00 1) with increasing film
thickness shows features of a Bain transition [16].
Based on a low-energy electron diffraction (LEED)
and STM study, recently Lin et al. [17] suggested
that the observed structural transformation from
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Fig. 1. Lattice distortion during the fcc-bec transition ac-
cording to Bain [13]. qy is the lattice parameter of the fcc unit
cell.

fcc(001) to bec(001) of pseudomorphic Fe films
on Cu3;Au(001) is driven by lattice-mismatch
induced strain through a Bain path; however, a
continuous fcc-to-bec lattice deformation was not
reported by these authors [17], and only the initial
(fce(0 0 1)-oriented) and final (bec(00 1)-oriented)
Fe phases of the presumed Bain transition were
observed [17].

In this work we report on the first experimental
observation of the continuous fcc-to-bec Bain
transformation in ultrathin epitaxial Fe films on
CuzAu(001) with increasing Fe coverage, con-
trary to the usual discontinuous MT of Fe. The
out-of-plane interlayer distance (c = ay, Fig. 1)
and the in-plane atomic distance (a = ag/ V2,
Fig. 1) of the growing Fe film were precisely
determined by combining X-ray photoelectron
diffraction (XPD) and reflection high-energy elec-
tron diffraction (RHEED) results. ¢ and a values
both were observed to behave monotonously as a
function of film thickness from the face-centered
tetragonal (fct) to the bcc region. The atomic
volume of tetragonal states that are produced by
epitaxial strain was found to follow closely fct or
body-centered tetragonal (bct) “‘epitaxial lines”
according to strain-energy calculations [18], with a
critical value of a for crossover from the fct to the
bet epitaxial line. The fct and bcet states were found
to be distinguishable by ’Fe conversion-electron
Mossbauer spectroscopy (CEMS), and a Fe spin
reorientation transition was directly observed by
CEMS.

The structural and magnetic properties of ultra-
thin epitaxial Fe films grown at room tempera-
ture or low temperature on CuzAu(00 1) have been
studied in the past decade by several groups [17,19—
26]. Of general interest in this system is the ex-
treme atomic-volume dependence of ground-state
magnetic properties (magnetovolume instability or
low-moment/high-moment transition) predicted
theoretically for bulk fcc Fe [2,27-29]. Pseudo-
morphic growth at RT of fcc-Fe/Cu;Au(00 1) be-
low 7 ML Fe coverage was reported by Lu et al.
[19], Rochow et al. [21], and Baudelet et al. [23],
based on LEED results. Considering the relatively
large lattice misfit (4.2%) of bulk fee (y)-Fe (ay =
3.59 A at 293 K) and CuzAu (ap = 3.75 A), a te-
tragonal distortion (fct structure) in the Fe films
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was not excluded in Ref. [23]. Upon increasing the
Fe coverage, Lin et al. [17,24] reported an fcc-
to-bee transformation at a critical thickness of 3.5
ML for RT growth, correlated with a magnetiza-
tion reorientation transition from perpendicular to
in-plane direction, (observed earlier in Ref. [23]),
and the coexistence of fcc-like and bee-like phases
from 3.5 ML up to ~6 ML Fe. By contrast, Schir-
mer et al. [26] conclude from quantitative LEED
results that 3.3-4.8 ML thick films are strained bcc
Fe(00 1) rather than the previously proposed fcc
structure.

In our photoelectron study of Fe/Cu;Au(00 1)
we used photoelectron diffraction of core elec-
trons (XPD) and angle-resolved photoelectron
spectroscopy (ARXPS and ARUPS along the
surface normal). We focussed our attention to the
application of the forward scattering (FS) en-
hancement in XPD for a quantitative investigation
of growth and structure of Fe/Cu;Au(001). XPD
can provide accurate information on the local
structure of the near-surface region [30,31]. Since
the scattering of medium-energy electrons (above
several hundred eV kinetic energy) by lattice atoms
is predominantly in the forward direction, the
photoelectron intensity is enhanced in the direc-
tion connecting the emitter atom with the over-
lying scatterer atoms. The interpretation of intensity
angular distributions (IADs) is thus straightfor-
ward for low-indexed crystallographic directions
and vyields atom-specific local structure infor-
mations. Thus, XPD has been used recently to
determine the growth and structure of epitaxial
ultrathin metal films [32,33]. XPD is particularly
well suited for structural studies of ultrathin films,
because the core-level photoelectron FS is a short-
range order effect, and in addition, due to the
kinetic energy of the photoelectron which identifies
it as originating from a specific core level, film
and substrate scattering can be easily distinguished.
ARUPS was used to measure the work function
development with increasing Fe film thickness.

2. Experimental

Our samples were prepared under similar con-
ditions by molecular beam epitaxy in two separate

ultrahigh vacuum (UHYV) chambers, one system
for RHEED/LEED, Auger electron spectroscopy
(AES) and in situ CEMS studies, and the other
one for photoelectron spectroscopy and LEED
investigations.

The RHEED/LEED and CEMS experiments
were performed in the first UHV system with a
base pressure < 6 x 10~!" mbar. The pressure dur-
ing film deposition never exceeded 2 x 107! mbar.
A disk-shaped Cu;Au(001) single crystal with
the (001) plane oriented to within 0.5° was used
as substrate. The mechanically polished substrate
surface was initially treated by Ar* ion sputter
cleaning at 473 K (2-3 h at 1 keV) until no im-
purities could be detected by AES. Subsequent
ArT sputter smoothing of the surface (at 0.5 keV)
was achieved at 473 K for 40 min. The atomically
ordered Cu3;Au(001) surface was obtained after
subsequent annealing at 720 K for 1 h, at 690 K
for 1 h, and finally at 600 K for 15 h [34], i.e. below
the chemical order—disorder transition tempera-
ture of 663 K for CuzAu. Several cycles of sputter
smoothing and annealing were performed, until
sharp half-integer streaks of the c(2 x 2) super-
structure appeared in the RHEED pattern (Figs.
2(a), (e), and Fig. 3), in addition to the funda-
mental streaks, revealing the well ordered atomi-
cally flat Cu;Au(00 1) surface. RHEED was used
to select the azimuthal orientation of the Cu;Au-
(001) surface with an accuracy of £1°. The iron
films were deposited from shiclded water-cooled
Knudsen cells with alumina crucibles. Natural Fe
(99.9985 at.% purity) or >’ Fe metal (95.5% isotopic
enrichment) were used as starting materials. The
evaporation sources were outgassed and stabilized
carefully prior to sample deposition. The film thick-
ness and deposition rate (1.8 A/min) were mea-
sured by quartz-crystal microbalances that were
calibrated previously by RHEED intensity oscil-
lations observed during fcc-Fe deposition onto a
clean Cu(001) substrate. The film thicknesses
are estimated to be accurate within +10%. During
deposition, the substrate temperature, though nomi-
nally RT, increased continuously up to ~40°C
for the thickest films, as measured by the ther-
mocouple of the sample holder. RHEED patterns
were recorded during growth by a CCD camera
connected to a computerized data storage and
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Fig. 2. RHEED patterns along the [100],. azimuth (left) and [1 10], azimuth (right) of Cu; Au(00 1): clean atomically ordered (2 x 2)
CuzAu(001) surface (a) and (e), covered by 2 ML Fe (b) and (f), 6 ML Fe (c) and (g), and 13 ML Fe (d) and 14 ML Fe (h). Beam
voltage: 12 kV, angle of incidence ~3°.
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Fig. 3. Typical RHEED intensity profiles along the horizontal direction marked by a white line in Fig. 2 (a), as a function of Fe film
thickness in the low-coverage regime. The (2 x 2) superstructure peaks and the fundamental (1,1) and (—1,—1) peaks of clean Cu;Au
(top) disappear near ~1.0 ML Fe (vertical lines). The separation of the (1,1) and (—1,—1) peaks of Fe (evidenced as shoulders for small
coverages) is clearly larger than that of CusAu in this coverage regime, but decreases with increasing coverage (tilted straight lines).
Data points were least-squares fit with Lorentzian lines and a (weak) smooth background intensity. The fit curves are indicated by solid

lines.

processing system. >’Fe CEMS spectra were mea-
sured in situ in UHV, with the sample transferred
to the UHV cold finger of a liquid He-cooled flow
cryostat. Electrons emitted from the sample sur-
face after the nuclear resonant absorption were
detected by a channeltron [35]. A Co-in-Rh
Mossbauer source of ~100 mCi activity was used.
The incoming 14.4 keV y-ray entered the UHV
chamber through a Be window in normal inci-
dence to the film plane.

Photoelectron spectroscopy and LEED experi-
ments were performed in a second UHV system
with a base pressure of 5 x 10~!" Torr or better.
The system comprises two subchambers for sub-
strate preparation and thin-film epitaxy, ARXPS
and visual LEED. Photoelectrons were excited with
unmonochromatized MgKo radiation (hv = 1486.6
eV). ARXPS spectra (energy distribution curves)
were taken along the surface normal and polar-

scanned angular distributions of substrate and
adsorbate core-level intensities (XPD polar scans)
were measured in the symmetry planes along
the two principal azimuths, [100] and [110], in
the Cuz;Au(001) surface plane. A VG ESCALAB
MARK II spectrometer with a fixed angle between
the incident photons and the electron collection
direction (38°), an angular resolution of about 5°
and an overall energy resolution of about 0.8 eV
was used. The sample manipulator was rotated
to scan the electron detection polar angle and
the XPD data were gathered in running the peak
emission intensities with fixed analyzer energy
(fixed binding energy) and angular steps of 1°. All
experiments have been carried out with a disk-
shaped Cu;Au(00 1) single crystal with the (001)
plane oriented to within 0.5° and which was pre-
pared as described in Refs. [36-38]. It was cleaned
in situ by cycles of Ar ion-bombardment (500 eV
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beam energy) and subsequent annealing up to
640 K (below the phase transition temperature of
663 K) until sharp LEED patterns (a Cu(00 1)-
(2 x 2) structure) indicated a well-ordered surface
at room temperature. The temperature was con-
trolled by a thermocouple. The surface cleanliness
was checked by XPS and XAES. With ARUPS we
looked for the existence of valence-band surface
states [36,37] which were used as a further refer-
ence for the quality of surface. LEED was used to
perform the azimuthal orientation of the surface
with an accuracy of +1°. The iron films were de-
posited from a shielded, water-cooled metal source
through vapor deposition using a Fe wire of
99.999% purity. The source was outgassed and
stabilized very carefully prior to each deposition.
During Fe deposition, the pressure of the chamber
increased to about 5 x 107! Torr. The deposition
rate was fixed at 0.5 A/min by controlling the
temperature of the source with the use of a quartz
microbalance signal. The quartz monitor could not
be brought exactly at the sample position, thus
film thicknesses were determined with the use
of the Cu3p and Audf core-level photoemission
intensities of the substrate (to be reported below).
The film thicknesses are quoted below in mono-
layers (ML) and the absolute coverages given in
this paper were estimated to be accurate to within
+10% (to be discussed below). All preparation and
photoemission experiments were performed with
the substrate nominally at RT. During Fe depo-
sition, the temperature of the sample increased
with a rate of about 0.6°C/A up to 330 K after
completion of the thickest film (34 A).

3. Results and Discussion
3.1. RHEED: in-plane atomic spacing

Typical RHEED patterns at various Fe cover-
ages are shown in Fig. 2 for the [100];,. azimuthal
direction (Fig. 2(a)~(d)) and [110];,. azimuthal di-
rection (Fig. 2(e)—(h)) of CuzAu(001). (These di-
rections are also labeled [100]CA and [110]CA,
respectively, in our work.) The half-integer (2 x 2)
superstructure streaks of the ordered flat CuzAu-
(00 1) surface (Fig. 2(a)) were found to persist for

small coverage ( < 1 ML), but disappear at larger
Fe thicknesses, where only fundamental streaks
are observed, as can be seen for 2 and 6 ML in Fig.
2(b), (f) and Fig. 2(c), (g), respectively. Fig. 2 demon-
strates that the Fe films up to 6 ML thickness
grow epitaxially, presumably with fcc-like struc-
ture, and a rather flat surface. Compared with the
pattern of the clean substrate, the streaks of the Fe
films are broadened, indicating some structural
disorder or atomic-scale surface roughness. At 13—
14 ML coverage the RHEED pattern changes to
a dot-type pattern that is typically observed in 3-
dimensional (3D) film growth; this pattern indi-
cates 3D growth of epitaxial (presumably bcc-like)
Fe.

The separation of the RHEED streaks in reci-
procal space is a measure for the in-plane atomic
spacing in real space [39] in a direction perpendi-
cular to the scattering plane. The in-plane atomic
spacing of the growing Fe film relative to that of
the substrate was determined from the measured
distance in reciprocal space between (—1,—1) and
(1,1) streaks observed along the [100],. azimuth
of Cu3;Au(001), and between (—1,0) and (1,0) re-
flections observed along [110];. of Cus;Au(001).
RHEED intensity profiles were measured along
the horizontal direction marked by the white lines
in Fig. 2(a), (e), for various Fe coverages. Typical
intensity profiles for the [100]; . azimuth are shown
in Fig. 3. The (2 x 2) superstructure peaks of the
substrate are observed up to ~1 ML coverage, in-
dicating Fe island growth in this thickness regime,
in agreement with STM results of Ref. [17]. By
least-squares fitting the measured intensity pro-
files with Lorentzian lines (as described in Fig. 3)
the peak positions of the RHEED reflections (and
consequently the in-plane atomic spacing) can be
obtained with high precision [39,40]. The separa-
tion of the fundamental peaks of Fe (seen as outer
shoulders in the (—1,—1) and (1,1) peaks for small
coverages) clearly decreases continuously with in-
creasing Fe film thickness (Fig. 3), implying a
continuous increase of the atomic distance per-
pendicular to the scattering plane.

The apparent in-plane atomic distance a (rela-
tive to that of the substrate) of the planar Fe unit
cell as a function of Fe coverage, as deduced from
the apparent separation of the fundamental peak
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Fig. 4. Fe thickness dependence of the in-plane atomic nearest-
neighbor distance, a, relative to that of CuzAu, as obtained
from the RHEED streak separation along [100].. (O) and
[110],, (O) azimuthal directions. Closed circles: calculated
values as described in the text and Fig. 5.

positions in reciprocal space, is shown in Fig. 4 for
the [100],. azimuth (open circles) and for the
[110],. azimuth (open squares). It is unexpected
that these apparent relative a values do not coin-
cide for both azimuthal directions in the coverage
regime between ~1 and 13 ML, but show very
different behavior. This demonstrates that the con-
cept of a perfect Fe lattice in complete registry
with the underlying substrate lattice (i.e. pseudo-
morphic growth) must be abandoned. Instead, we
have to assume that the Fe films show some degree
of atomic disorder and grow in crystallographic
domains that are not exactly in registry with the
fcc substrate. In order to deduce the true in-plane
atomic spacing of the Fe films we have adopted
the structural model sketched in Fig. 5(a), which
is based on three assumptions: (i) the planar unit
mesh remains a square, (ii) the Fe films grow in
form of crystallographic “twist”” domains, and (iii)
a certain intrinsic atomic disorder exists in the Fe
lattice that leads to a specific lateral broadening of
the reciprocal lattice rods. The model is outlined in
more details as follows.

Fig. 5(a) shows a schematic view of the Fe re-
ciprocal lattice along the surface normal direction
(view onto the surface plane). The original square
reciprocal lattice of ordered Fe, that is in registry
with the underlying Cu;Au(00 1)-substrate lattice,

is indicated by small black dots (projection of re-
ciprocal lattice rods) forming the full-drawn
square. The original separation of the (—1,0) and
(1,0) reflections, as observed from the [110]; azi-
muthal direction, is indicated by heavily dotted
horizontal arrows (labeled ‘“original”). Similarly,
the original separation of the (—1,—1) and (1,1)
reflections, as observed from the [100];,, azimuth,
is indicated by heavily dotted diagonal arrows
(also labeled “original’’). Two ‘“‘twisted” square
reciprocal lattices which arise by simple symme-
trical rotation of the original reciprocal lattice by
a positive and negative “‘twist angle”, respectively,
are indicated by the two lightly dotted squares.
The reciprocal lattice rods of the twisted lattices
are assumed to be laterally elongated in the rota-
tional direction, as shown schematically by the
ellipsoidal streaks in Fig. 5. We speculate that such
a special streak shape might be caused by some
type of crystallographic disorder, possibly induced
by twist and/or tilt boundaries due to a large
density of screw dislocations [41]. In STM obser-
vations on Fe/Cu;Au(001) by Lin et al. [17] a
network-like surface topography with a lateral
period of 3-5 atoms was possibly connected with
screw dislocations. The presence of atomic disor-
der is also evident from the relatively large line-
widths observed in the Mossbauer spectra (see
Section 3.3 below). It is shown by XPD in Section
3.2.4 (below) that the behavior of the Fe3p for-
ward scattering intensity as a function of Fe film
thickness is compatible with the atomic disorder/
twisted domain model.

The intersections of these reciprocal lattice rods
of elongated cross-section (Fig. 5(a)) with the
Ewald sphere then result in a slightly larger sepa-
ration (as compared with that of the original re-
ciprocal lattice) between the (—1,0) and (1,0)
reflections (indicated by the horizontal black ar-
rows marked ‘““twist”’), when observed along the
[110];. azimuth. The reverse is the case for the
[100],,. azimuthal direction: here, the apparent
separation between the (—1,—1) and (1,1) reflec-
tions (indicated by the diagonal black arrows
marked “twist”) is slightly smaller than the corre-
sponding separation in the original reciprocal lat-
tice. Since the spot separation in reciprocal space
is inversely proportional to the periodicity in the
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Fig. 5. (a) View along the surface normal direction (onto the surface plane) of the reciprocal lattice of the Fe film (schematic drawing).
The original (square) reciprocal lattice is indicated by small black dots (reciprocal lattice rods) forming the full drawn square. Two
twisted square reciprocal lattices which are rotated symmetrically relative to the original reciprocal lattice by a positive or negative
twist angle, respectively, are indicated by the two lightly dotted squares. The lattice rods of the twisted reciprocal lattices are assumed
to be laterally elongated, as indicated schematically by ellipsoidal streaks. When viewed along [110] or [100]; azimuthal directions,
the intersections of these elongated rods with the Ewald sphere then lead to slightly different separations of reflections (as indicated by
the horizontal and diagonal black arrows labeled “twist’’) when compared with the corresponding separations in the original reciprocal
lattice, (for further details, see text). (b) Twist angle versus Fe film thickness resulting from the model in (a) and from the measured
data in Fig. 4, leading to the calculated in-plane atomic distance in Fig. 4.
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real lattice, then our model explains the different
behavior (Fig. 4) of the apparent in-plane atomic
separations measured along the [1 1 0], and [100]
azimuthal directions: the apparent in-plane atomic
distance determined along the [100] . azimuth is
larger than that measured along the [110],, azi-
muth. This difference appears in that Fe thickness
region where the assumed twisted crystallographic
domains are present.

We have calculated the “true” in-plane lattice
parameter within a twisted domain of the Fe film
from the measured data in Fig. 4 along the [100],
and [110],. azimuths by applying the described
model and assuming the “best” twist angle that
yields self-consistency. The Fe thickness depen-
dence of the calculated true in-plane atomic spac-
ing, a, and of the corresponding twist angle are
shown in Fig. 4 (closed circles) and Fig. 5(b), re-
spectively. Fig. 5(b) shows that the twist angle first
increases with increasing Fe coverage from near 0°
up to about 10+ 3° at 8-10 ML Fe, and then
decreases to zero again. The deduced in-plane
atomic distance, a, of Fe (Fig. 4, closed circles)
exhibits monotonical behavior as a function of Fe
coverage. Below ~2 ML Fe, a values are observed
to be smaller than that of the Cu;Au(001) sub-
strate (ao/v/2 = 2.652 A for CuzAu), possibly due
to a surface contraction during island growth,
similar to the fcc-Co/Cu(00 1) and fec-Fe/Cu(00 1)
systems [39,40]. Between ~3.5 and 6.5 ML Fe, the
in-plane atomic distance exhibits a plateau-like
behavior near 2.685+0.006 A, which is slightly
larger than that of the substrate (2.652 A), but is
considerably smaller than the in-plane atomic dis-
tance (lattice parameter) of bee-Fe(001) (ap =
2.866 A). This is a hint to Fe growth with distorted
fce structure in this coverage regime. For 13.5 ML
Fe we determined an in-plane atomic distance
of 2.819 £0.013 A, which is closer to the lattice
parameter of bcc Fe (a9 = 2.866 A), indicating a
transition to distorted bec Fe.

We have also measured the specular RHEED
intensity along [100];. and [110],,. azimuths dur-
ing deposition as a function of Fe thickness. The
result (not shown) is similar to the specular MEED-
intensity behavior in Ref. [17], that is characterized
by several regions of growth: region A (for island
growth between 0 and 2.5 ML), region B (for layer-

by-layer-like growth with large average roughness
between 2.5 and 5.5 ML, including three RHEED
oscillations with 1 ML period), and region C (for
film morphology with large roughness above 6 ML,
characterized by a continuous RHEED intensity
change).

3.2. ARXPS and XPD: out-of-plane interlayer
spacing

3.2.1. Calibration of the Fe film thicknesses (AR-
XPS)

Normal emission XP spectra containing the
Fe3p and Fe3s core-levels of the Fe film as well as
the Aud4f and Cu3p levels of the substrate were
measured as a function of the Fe film thickness
(Fig. 6; see also Fig. 2 of Ref. [32]). With increasing
film thickness, the Fe signals increased and the
substrate signals decreased monotonically, until
above about 30 ML the Cu 3p signal was no longer
visible above the background of inelastically scat-
tered electrons. However, as can be seen from Fig.
6, a weak Audf signal was still detectable at these
coverages, indicating that some Au atoms diffuse to
the surface region of the Fe film (to be discussed
below).

For the determination of the film thickness, the
Cu3p normal emission intensities were used. The
procedure has been described in detail for Fe/
Au(001) in Ref. [32] and therefore we only sum-
marize the most important points. (i) A Tougaard-
like inelastic background was first subtracted from
the original spectra yielding the elastic spectra. (ii)
We emphasize that in the low-coverage region of
up to about 8§ ML the elastic intensities do not
follow a simple exponential decay with increasing
Fe film thickness. This is due to the strong attenu-
ation of the forward scattering by multiscattering
with increasing number of scattering atoms above
the emitter atom. (iii) An exponential decay of the
elastic intensities is however observed above 8§ ML,
where diffraction effects on the substrate emission
by the overlaying Fe film are washed out effec-
tively. In this thickness region of isotropic sub-
strate emission the substrate intensity (index S) is
given by
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I (diffraction free) = ISOs(7)
=ISOs(0) exp(—¢/Lre), (1)

where ISOg(0) is the substrate signal at zero cov-
erage and Lg. is the effective attenuation length
(EAL) of the photoelectrons in the Fe film with
thickness ¢. It has been shown in Ref. [32] that the
EAL as given by Seah and Dench [42] is a very
good approximation. Our Cu3p data fit rather well
to such an exponential for # > 7 ML. The quartz
monitor has been calibrated applying Eq. (1) using
an EAL of 12.6 A: The conversion from A to ML
was done using an perpendicular interlayer dis-
tance ¢/2 = ag(bcc-Fe)/2 = 1.433 A above 7 ML.
Below 7 ML the variation of ¢/a (see below) has
been taken into account. We believe that the ac-
curacy of our thickness scale is about 10%. It
should also be mentioned that Eq. (1) is only valid
for an ideal layer-by-layer growth (Franck—van der
Merwe (FM) growth mode). (iv) In the diffraction
region below 7-8 ML, the angle dependent AR-
XPS intensity from the substrate, I5(¢), can be
described as a sum of isotropic emission 1SOg(¢)
and an additional term due to FS and diffraction,
which we call the anisotropic emission As(#):

Is(#;0) = I1SOs(¢; 0) + A4s(t; 0), (2)

where 0 is the polar emission angle along a certain
azimuth in the substrate surface with respect to the
surface normal. If one assumes that 4 is zero for
four scatterers [32], the vanishing of 4 in our ex-
periments at 7 ML Fe indicates a top layer of Au
atoms on the Fe film (see below) in agreement with
the residual Audf signal at high coverages.

3.2.2. Fe3p ARXPS and XPD

As for the substrate, an isotropic (ISO) and an
anisotropic (4) term contribute to the elastic core-
level ARXPS intensities of the Fe film, both de-
pending on thickness ¢ and polar angle 6 [32]:

1(t;0) = 1SO(; 0) + A(t; 0). (3)

For the film photoelectrons, both ISO and 4
increase with ¢. For normal emission ISO is given
by an exponential increase as:

1SO(#:0°) = SO (091 — exp(~t/Le)].  (4)

where 1SO,(0°) is the isotropic adsorbate signal
for an infinitely thick layer and L is the EAL as
derived from the decay of the substrate signal (see
above). In agreement with Eq. (3) and with our
study of Fe/Au(001) [32] the Fe3p intensities as
extracted from the normal emission XP spectra
(left upper panel of Fig. 6), Ixps (¢,0°), do not at all
fit to a simple exponential increase with ¢z, evi-
dencing the existence of a contribution 4 along the
surface normal with a nonexponential increase
with ¢.

The anisotropic term A also increases with the
number of scatterers above the emitter along the
line of detection, but already saturates for about
four scatterers [32]. The Fe3p polar scan (PS; also
called XPD diagram in the following) presented
for a 31.7 ML thick Fe film as an example in the
right upper panel of Fig. 6 reveals the angular
dependence of 4 for a well-ordered Fe film with
bee(001) structure (to be discussed below). We
mention here that all XPD diagrams shown in this
paper have been corrected for background (for
details see Ref. [32]). The isotropic emission is in-
dicated by the solid line, which has been obtained
by a polynomial fit (of fifth degree) to the minima
in the angular distribution. This choice of ISO (the
shape of which is very much influenced by the
experimental apparatus) is of course an approxi-
mation, which however can be justified as follows.
The Fe3p polar scan anisotropy at zero polar
angle, Aps(0°) := Ips(0°) — ISO(0°), of a thick film
(34 ML) amounts 0.65 relative to ISO(o0;0°) = 1.
Using this value to scale the measured XPS in-
tensities Ixps(#;0°), we found that the difference
Axps 1= ]XPS(t» 00) — ISOXps(l; Oo) (ISO from Eq
(4)) is in good agreement with Aps(0°) for the
whole thickness range investigated, showing that
the used definition of ISO in the polar scans is a
good one.

Fe3p polar scan IADs have been measured
along the two principal azimuths of Cu;Au(001)
(we use the abbreviation CA for the substrate in
the following), x = [100]CA and x = [1 10]CA (see
Fig. 6). Fig. 7 shows the corresponding relative
anisotropies of the IADs defined in this paper as:

ANISO(0) = (Ips(0) — I1SO(6))/ISO(0)
= A(0)/180(0). (5)
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Fig. 6).

Up to about 0 = 60°, the difference between A
and ANISO is so small that it cannot recognized.
(Note that in Ref. [32] we used the somewhat
different definition Axpp(0) = [Inax(0) — Imin(0°)]/
Inin (0°) with the identification 7, (0 = 0°) = ISO-
(0 = 0°)). ISO(0) is normalized at zero polar angle
according to Eq. (4). For comparison the corre-
sponding Cu3p anisotropies of the clean substrate
are also shown in this figure.

Besides the normal emission FS maxima (desi-
gnated with n), the Fe3p anisotropies exhibit pro-
nounced next-neighbour FS peaks in the polar
angle regions indicated by dashed lines: peak a
between 35° and 45° along [110]CA and peak b
between 45° and 55° along [1 0 0]CA, respectively.
The origin of a and b is indicated in Fig. 6 for fcc
and bcc structures, respectively. The variation of
the polar angle and the strength of a and b with
increasing film thickness will be discussed in detail

below. The other peaks on both sides of a and b
are due to scattering by more distant atoms (see
Fig. 6) and second-order diffraction. They show a
somewhat more complex structure due to inter-
ference effects and only serve as structural finger-
prints in this paper.

Above about 13.5 ML the FS peaks a and b
appear at 45° along [1 1 0]CA and 55° along [1 0 0]-
CA, respectively. These polar angles are charac-
teristic for the next neighbour [101] and [111]
directions, respectively, of a bcc(001) unit cell
rotated by 45° about the surface normal (see. Fig.
6). Indeed the identity (within the scatter of the
data) of the Fe3p XPD diagrams of “thick’ films
on Cu;Au(001) and on Au(00 1), where the bce-
(00 1)-R45° structure of the Fe film is well esta-
blished [32], does not allow any doubt about the
bec(001) structure of Fe films on Cuz;Au(001)
above about 13.5 ML.
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3.2.3. ¢/a ratio as function of film thickness

In order to determine the development of the
¢/a ratio with increasing Fe thickness the FS fea-
tures a and b are relevant in this context. At very
low coverages peak a along [1 1 0]CA appears at
0 = 38° being only slightly larger than 35.2°, which
is the ideal FS angle along the [112] atomic rows
of fcc-Fe(00 1) (left dashed vertical line in the left
panel of Fig. 7). Accordingly peak b along [100]-
CA appears at about the corresponding [101]
atomic rows at 45° (left dashed line in the right
panel of Fig. 7). Thus, at very low coverages the
Fe film grows with an fcc(00 1)-like structure.

With increasing Fe coverage both these FS
features shift continuously (indicated by the ar-
rows in Fig. 7) towards the larger polar angles of
the next-neighbour directions of the bce(00 1)-
R45° structure discussed above. This indicates that
the fec-like film is progressively strained along the
normal direction by a compression of the inter-
layer distance ¢ (to be discussed below together
with the results from RHEED for the in-plane
atomic distance a).

The ¢/a ratio of the growing Fe film is simply
obtained using the relation (obvious from Fig. 6)
¢/a = tan O, where s is the polar angle for the
FS features a and b, respectively. The results for
the two azimuths investigated are given in the
upper panel of Fig. 8. Both data sets agree within
the error bars. The open diamonds in the lower
panel of Fig. 8 give the average values over the two
azimuths. It is seen that with increasing Fe cov-
erage the ¢/a ratio indeed decreases continuously
from a value of about 1.33 at 1 ML Fe and ap-
proaches the value of 1.0 for undistorted bec-Fe
above 13.5 ML.

For the precise ¢/a determination by XPD the
effect of multiple electron scattering (MS) has to be
considered as a correction. By comparing experi-
mental IADs with MS calculations for the fcc-Fe/
Ni(00 1) system Gazzadi et al. [33] have shown that
the polar angular difference between the ideal va-
lue of Ogs = 35.3° for fec[l 1 2] atomic rows (¢/a =
v/2) and the corresponding experimental value of
36.8° for the clean Ni(00 1) substrate (which cor-
responds to c¢/a value of 1.34 only) is caused by
MS effects. On the bee-Fe side, on the other hand,
such an angular difference (or difference in ¢/a

values) was not observed in Ref. [33], in agreement
with our results for Fe coverages > 13.5 ML.
Therefore, in order to take MS effects into ac-
count, our experimental average data points for
c/a were corrected by a factor v/2/1.33 = 1.06 at
zero Fe coverage, by a factor of 1.00 at t = 13.5
ML Fe and above, and by a linear interpolation
between these factors for intermediary Fe thick-
nesses, 0 < ¢ < 13.5 ML. These corrected c/a val-
ues are shown as filled diamonds in the lower panel
of Fig. 8. They show an approximately linear be-
haviour with a slope of A(c/a)/At = 0.034 (ML)~!
up to about 11.5 ML, before the value of undis-
torted bee-Fe (¢/a = 1.00) is approached.

3.2.4. Strength of the FS peaks and conclusions for
the thickness dependent growth of Fe film

One of the prominent uses of photoelectron
spectroscopy is the characterization of the film
growth mode. Common types of film growth are:
(i) Layer-by-layer, in which the deposited material
completes one monolayer, then the second, etc.
(FM growth; FM1). (ii)) Layer-plus-islanding, in
which the first layer completely covers the surface
of the substrate and subsequent layer form islands
(Stranski-Krastanov growth; SK). (iii) Complete
islanding, in which the deposited material imme-
diately forms islands on the surface (Volmer—
Weber growth, VW). In addition, the following
growth modes are also of interest: (iv) FM growth
with an additional (segregated) Au layer (surfac-
tant layer) on top of each Fe layer (FM + Au). (v)
Bilayer-by-bilayer FM growth (FM2). (vi) FM
growth with complete interdiffusion, in which
every second regular film atom site is occupied by
a substrate atom (FM + I).

FM + Au growth has been found in our AR-
XPS/XPD study of Fe/Au(001) [32] for Fe film
coverages up to 46 ML. To demonstrate this
growth mode we have compared the experimental
data for certain next-neighbour FS enhancements
(FSE) in the IADs with the predictions of a sim-
ple model for the development of these FSEs with
increasing Fe film thickness. The model assumes
that the FSE for one emitter is maximum in case
of a single scatterer and completely disappears in
case of four scatterers. This approximation models



B. Roldan Cuenya et al. | Surface Science 493 (2001) 338-360 351

average Fe film thickness (ML)

0 2 4 6 8 10 12 14 16 18 25 30 35
L I s e B B B B A 1 D B B

regular fcc h

T I I -

b ‘} ----- CugAu(001)-XPD Fe/CuzAu(001) 4

1.3 —§§ c/a ratio from XPD _
B g § v from FS peak b along [100]CA

120 O from FS peak a along [110]CA —

1.1_— %% % —_
1-°_“'"';eg;u'le;rbac""'g"% ....... LI

c/a from XPD
T
HOH
GO
HOH
FOH#<H

09 —
o7 ) A T T T T T S N S () () 1 | 1
0 2 4 6 8 10 12 14 16 18 25 30 35
15 (
: LA LA L L L L L L LN D B B B B
r regular fcc 7
14 _§$ ................................ -
” oot 3 Fe/CuzAu(001) i
L © § c/a ratio from XPD ]
o o §
& 12 — (o % < c/aaverage as measured —
c <o o> i @ c/aaverage after correction
s | é |
= 11 —
s ¢
s} | § i
S TR $oo RO #
regular bcc g
09 —
oglb— 1 v L v I v by b by by by | () () T
0 2 4 6 8 10 12 14 16 18 25 30 35

average Fe film thickness (ML)

Fig. 8. Above: ¢/a ratio as calculated from the angular positions FS XPD peaks a and b in the XPD polar anisotropy data given in
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Details of the correction procedure are described in the text. In both panels the dotted lines indicate the ¢/a values for regular fcc(00 1)
and bec(00 1) structure, respectively (see Fig. 6), and the measured ¢/a value from clean Cu;Au(00 1).

the combined effect of multiple FS and inelastic (in ML) of the film FSE, its initial slope and the
scattering. In this model, the different growth number of layers, where saturation is reached (N,
modes can be distinguished easily by the onset N, in ML). For further details and the application of



352 B. Roldan Cuenya et al. | Surface Science 493 (2001) 338-360

the model on the different growth modes we refer
to Ref. [32].

The most important results for the development
of the Fe FSEs with increasing Fe coverage, rele-
vant to the work reported here, are: (a) Both for
the fcc and bece structure (Fig. 6), the first Fe layer
(or the surface layer of a multilayer film) produces
an isotropic intensity pattern because there are no
scatterer in the direction of the detector for any
given position of the latter. This is only true if
there have no substrate atoms segregated on top of
the Fe atoms. (b) Along the surface normal and
the direction a in the [1 10]CA azimuth in Fig. 6
([101]Fe for becc growth and [112]Fe for fcc
growth, respectively), the onset of FSE occurs with
the growth of the third layer (which may also be
the second Fe layer in case of a surfactant Au layer
on top), because the second layer of the film does
not scatter the emission from the first layer on top
of the substrate (etc.): No =2 and Ny =8 for
FM1 and FM2 growth and Ny = 1 and Ny, = 7 for
FM + Au growth. (c) Along the direction b in the
[100]CA azimuth ([11 1]Fe in case of bcc growth
and [101]Fe for fcc growth, respectively), every
layer above an Fe emitter contributes to FSE:
Ny =1 and Ny, = 4 for FM1 growth, Ny = 1 and
Ngat = 4 for FM2, Ny =1 and N, = 3 for FM +
Au.

The experimental FSE (or anisotropy) along an
internuclear axis found at polar angle Ogs of the
maximum of an FS feature may be defined as:

FSE(@Fs) = Ips(eps) — ISO(Gps) (6)

One may also take the integral intensity of an
FS feature above the isotropic emission back-
ground (see Fig. 6). Because we could not observe
any change of the widths of the FS features with
increasing film thickness, the integral measure for
the FSE does not yield different data sets (within
the experimental errors; also checked by Gaussian
fits to the FS peaks). Therefore we took the aver-
age values of both measures for the FSE.

The dependence of the Fe3p FSEs of the fea-
tures n, a and b of Fig. 7 on Fe film thickness is
presented in Fig. 9. The data have been normalized
to unity at high coverages. They can be under-
stood within the simple FS model as developed in
Ref. [32]. In the [1 1 0]JCA azimuth, both for nor-

mal emission and direction a in Fig. 6 the onset of
FSE occurs at 1 ML (at 1.5 ML both features are
well developed). This of course also observed for
normal emission along the other azimuth. Further,
normal emission FSE exhibits a first saturation
plateau at about 7 ML. This already is a strong
hint for FM 4 Au growth, which theoretically
should follow the thick solid curve in grey colour.
The dashed curve models the simple FM growth.
The second increase of the FSE of feature n at
about 12 ML and the FSE “hole” of feature a
between 3 and 12 ML will be discussed below.
FM + Au growth is definitively proven by feature
b along [100]CA, which coincides within the ex-
perimental error with the corresponding FM1 +
Au model curve, with the characteristic onset and
first saturation at 0 ML (precisely at 0.2 ML in
experiment) and 3 ML, respectively.

3.2.5. Work function (ARUPS)

Fig. 10 shows the development of the work
function change A® of Fe/Cu3;Au(001) with in-
creasing Fe film thickness. The data have been
gathered by measuring the width of complete
ARUP spectra (taken with hv = 21.2 eV) extend-
ing from the onset of photoemission (correspond-
ing to Ey, = 0, Eyy, is the kinetic energy) to the
Fermi edge (Ey;, = hv — @). In the thickness range
0<¢t<3.5 ML (region I in Fig. 10), A® shows first
a steep decrease and than a saturation. This cor-
respond to the initial increase of the in-plane lat-
tice constant a of the Fe film which subsequently
ends up in a plateau between about 3 and 5 ML, as
observed with RHEED (Fig. 4, closed circles).
When a increases once more, A® decreases again
too (region II) and reaches its final saturation
value at about 12 ML, when bce(00 1) structure of
the Fe film (region III) is already well developed.
In conclusion, the development of the work func-
tion nicely reflects the structural changes of the
growing Fe film; specially the increase of the in-
plane lattice parameter a in its very surface region
as observed with RHEED is in agreement with a
decrease of @, because in general a more open
surface has a lower work function than a less open
surface due to a diminished spill-over of the elec-
tron surface density.
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plane along the [1 1 0]CA substrate azimuth. Below: FSE of peak b in the emission plane along the [1 0 0]CA substrate azimuth. The
grey lines give the theoretical dependence of the FSEs according to a model described in the text. The solid line is for layer-by-layer
growth with a surfactant Au layer on top (called FM1 + Au in the text), whereas the dashed line is for simple layer-by-layer growth
(FM1).
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3.2.6. Conclusions from ARXPS and XPD

We conclude that the initial film growth occurs
in a multilayer mode (FM + Au) and with an
fcc(00 1)-like structure. The latter is evident from
the occurrence of the fec-like scattering maxima
near 45° and 36° along the [1 00]CA and [110]CA
substrate azimuths, respectively, in the early stages
of coverage up to about 3.5 ML. At 13.5 ML a
well-ordered bee(00 1)-R45° has developed. In the
thickness range between ~3.5 and 13.5 ML the fcc-
like film is progressively strained along the normal
direction by a compression of the interlayer dis-
tance, as is evident from the development of the
¢/a ratio (Section 3.2.3). This compression, how-
ever, is accompanied by a movement of the Fe
atoms contributing to the FSE out of the detection
planes. This is deduced from the FSE “valleys”
visible in Fig. 9 and already mentioned above.
Because in the XPD experiment the detection
planes are fixed (the planes shown in Fig. 6), an
out-of-plane movement of the atoms of course
results in a decrease of the FSE detectable in these
planes. Because the decrease of the FSE effect
is very small along the surface normal, the atom
movement is approximately described by a rota-
tion about the surface normal, however in an ef-

fective sense, meaning that the rotation angle
differs from one to the other unit cell. This is in
agreement with the results from the RHEED ex-
periment, which could be understood by assuming
the presence of twisted crystallographic Fe do-
mains which are rotated about the surface normal.

3.3. Mossbauer spectroscopy

Maossbauer spectroscopy is a unique method in
the sense that it provides (via the hyperfine inter-
action) local (atomistic) information about the
magnitude of the Fe atomic moment, the atomic
environment and its symmetry around the Fe
atom, and about the s-electron density at the ¥’Fe
nucleus in the sample [43]. In a fingerprint-type of
way it may give information upon the presence of
different magnetic and/or crystallographic phases
in the sample.

In situ Mossbauer (CEMS) spectra of 4, 8 and
15 ML Fe on Cu3;Au(001) at 25 K (i.e. near
magnetic saturation) are shown in Fig. 11(a)—(c),
respectively. All spectra exhibit Zeeman sextets
with large values of the hyperfine magnetic fields
or, equivalently, with large Fe atomic moments.
All films are magnetically ordered at 25 K. Be-
cause of the rather large width of the outer lines,
the spectra have been least-squares fit with a distri-
bution of hyperfine fields including a small electric
quadrupole interaction. The Mossbauer spectral
parameters obtained from the fitting are give in
Table 1.

The Mossbauer spectrum of the 15 ML film
(Fig. 11(c)) and its parameters (Table 1) are rather
close to bulk bee Fe (for comparison: By ~ 34 T
for bulk bcec Fe at 25 K). This agrees with our
RHEED and XPD results, summarized in Fig.
12(a), which show that the lattice parameters ¢ and
¢ of 15 ML Fe are those of bcc Fe. Nevertheless,
the somewhat larger apparent linewidth (I" ~ 0.6
mm/s) and the small quadrupole interaction (2¢ ~
—0.02 mm/s) are an indication of some residual
strain and/or defects in the 15 ML film. (For
comparison, measured values for bulk bcc Fe are
I' ~ 0.3 mm/s and 2¢ = 0 mm/s).

By contrast, the spectrum of 4 ML Fe (Fig.
11(a)) and its spectral parameters (Table 1) are
distinctly different from those of the 15 ML bce-Fe
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Fig. 11. In situ Mossbauer spectra (CEMS) of Fe/Cu; Au(00 1)
in UHV at 25 K for Fe coverages of (a) 4.0 ML (fct-Fe), (b) 8.0
ML (bet-Fe) and (c) 15 ML (bce Fe). The drawn lines are least-
squares fits to the data points.

mm/s )

film (Fig. 11(c)) or from bulk bcc Fe. This agrees
with the different crystallographic structures of
both films. According to Fig. 12(a) the 4 ML film
has the fct structure (compressed fcc), while the

15 ML film is bec. Thus, the spectrum in Fig. 11(a)
is typical for fct Fe. It is characterized by an ap-
parent hyperfine field of ~36 T, a very large ap-
parent line width (1.8 mm/s), and a relatively large
(positive) quadrupole interaction of +0.07 mm/s.
A similar line broadening for fct 3 ML-Fe/
Cu(001) [11] was ascribed to some kind of struc-
tural disorder in the films. This agrees with our
present RHEED and XPD results, which are in-
terpreted in terms of a certain degree of structu-
ral atomic disorder and/or defects. Moreover, the
(noncubic) fct structure of 4 ML Fe is reflected in a
measured (positive) quadrupole interaction 2e,
similar to the case of fct 3 ML-Fe/Cu(00 1) [11,44].

The 8 ML Fe film has a thickness in the tran-
sition region from fct to bec structure, Fig. 12(a).
According to the a and ¢ values in Fig. 12(a), this
film has the bct structure (expanded bcc), resulting
in the (negative) quadrupole interaction of —0.06
mm/s (Table 1). Its apparent linewidth of 0.9 mm/s
is midway between that of 4 and 15 ML Fe. The
important feature in Fig. 11 is that the § ML
spectrum (Fig. 11(b)) is clearly not a superposition
of the spectra of fct Fe (Fig. 11(a)) and bec Fe
(Fig. 11(c)). The spectrum of 8 ML Fe and its
Mossbauer parameters rather appear as part of a
continuous evolution from bce Fe (Fig. 11(c)) to
fct Fe (Fig. 11(a)). Therefore, the coexistence of fct
(or fcc) and bet (or bec) phases in the transition
region, i.e. a two-phase structure [17,24], does not
exists in our films.

A striking difference in the spectra of Fig. 11 is
the drastic reduction of the relative line intensities
of lines number 2 and 5 [the (Am = 0)-nuclear
transitions] for 4 ML Fe (Fig. 11(a) as compared
to those of 8 and 15 ML Fe (Fig. 11(b), (c)). (The
lines in the Zeeman sextet are labeled no. 1-6 from

Table 1
Mossbauer spectral parameters at 25 K of 4, 8 and 15 ML Fe on Cu3;Au(00 1)
4 ML 8 ML 15 ML
By (T) 36.24+0.5 324404 33.1+£03
I (mm/s) 1.8+0.1 09+0.1 0.6+0.1
9 25.2° 90° 90°
2¢ (mm/s) +0.07 £ 0.02 —0.06 £0.01 —0.022 £ 0.007
cs (mm/s) +0.26 + 0.08 —0.33 £0.09 —0.60 £+ 0.08

Bp¢ = average hyperfine magnetic field, I' = apparent width of outer lines (FWHM), ¥ = average angle between y-ray direction and Fe
spin direction, 2¢ = average electric quadrupole interaction, cs = average center line shift relative to bulk bec-Fe at 300 K.
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Fig. 12. (a) In-plane lattice parameter a from RHEED and perpendicular lattice parameter ¢ from combining XPD (Fig. 8) and
RHEED (Fig. 4) data, as function of Fe film thickness. ¢ is only given for those film thicknesses where XPD measurements have been
performed. For the definition of ¢ and a, see Figs. 1 and 5. (b) Fe atomic volume ¥ versus in-plane atomic distance a ((J). Also given are
volumes J; of ferromagnetic high-moment high-volume fct-Fe/Cu(00 1) (12.06 A") and of antiferromagnetic low-moment low-volume
fec-Fe/Cu(001) (11.48 A3) according to Refs. [40,46], and /; for bulk bec-Fe (11.8 A3). Full straight lines: Theory according to Ref.
[18]. The step-like change of V" at a = 2.68 A is caused by the change in ¢ at nearly constant a in the film thickness range between about
3.5 and 6.5 ML Fe (see Fig. 4, @).
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left to right). This effect is caused by the different
spin orientations (given by the angle ¢ between the
incident y-ray direction or film-normal direction
and the direction of By, i.e. the spin direction. For
the 4 ML film we obtain ¢ = 25° (Table 1), indi-
cating a strong (but not complete) perpendicular
spin orientation (or perpendicular magnetic an-
isotropy [23-26]). Our result is the direct (ato-
mistic) observation of preferential perpendicular
spin orientation in Fe/Cu;Au(00 1). The other two
samples (8 and 15 ML Fe) exhibit in-plane spin
orientation with ¢ = 90° (Table 1). The change in
sign of 2¢ is explained by the spin reorientation
from nearly perpendicular (at 4 ML) to in-plane
orientation (at 8 and 15 ML) [11,44].

The 6.4% enhancement relative to bulk bec Fe at
25 K of the measured hyperfine field, By, in 4 ML
Fe can be explained by the additional contribution
of the perpendicular demagnetizing field, Byey =~
UyMs cos ¥, for the case of nearly perpendicular
spin orientation [45]. The intrinsic hyperfine field,
Bin, (which is approximately proportional to the
local Fe moment) and By, both are antiparallel to
the perpendicular magnetization direction. (For
in-plane magnetization, Bge, = 0 and Bys = By, as
for 8 and 15 ML Fe). For 4 ML Fe we can cal-
culate Biy; = Buf — Bgem =~ 34.4 T, taking 9 = 25.2°
and assuming that fct and bec Fe have about the
same saturation magnetization p,Ms of about 2 T.
Since within error bars the value of 34.4 T is equal
to that of bulk bec Fe and is close to that of 8 and
15 ML Fe (Table 1), we may conclude that the
atomic moment of the FM fct high-spin phase
is about equal to that of bulk bcc Fe, although
the atomic volume of the fct phase is larger (see
Fig. 12(b)). There is a small enhancement of about
2.0 + 0.9 T in the intrinsic hyperfine field, By, of 4
ML (fct) as compared to 8 ML (bct) Fe which
cannot be attributed to the demagnetizing field,
but might be related to a small moment enhance-
ment in 4 ML Fe.

The average center line shift at 25 K (cs, relative
to bulk bce-Fe at RT) given in Table 1 includes the
chemical shift (isomer shift) and the second-order
Doppler (thermal) shift. Assuming thickness-
independent Debye temperatures, the changes in cs
values with film thickness at 25 K then are varia-
tions of the isomer shift. Obviously the isomer

shift becomes continuously more positive with
decreasing Fe thickness, i.e. in going from the bce
(at 15 ML) to the fct (at 4 ML) structure. This
means that the s-electron density at the ’Fe nu-
cleus is continuously reduced in going from the bce
(via the bct) to the fct structure, as expected for a
simultaneous increase of the atomic volume, e.g. in
the Fe/Cu(00 1) system [11,44].

In the case of 8 ML Fe, an additional weak
single line with a center line shift at 25 K of
40.091 4+ 0.042 mm/s (relative to bulk bcc Fe at
RT) and I' = 0.38 £ 0.14 mm/s had to be taken
into account, contributing 3.8% to the total in-
tensity (spectral area). This single line might be
caused by a small fraction of low-moment Fe or,
more likely, by a small fraction of rapidly relaxing
(superparamagnetic-like) bet Fe islands in the film.
We like to mention that the RT Mossbauer spec-
trum of the 4 ML film was rather smeared out and
exhibited extremely broad lines, typical for ther-
mally fluctuating Fe moments with relaxation
times of the order of the Mossbauer life time of
~1077 s. A single line has been observed earlier in
the Fe/Cu;Au(001) system [20].

4. Atomic volume and epitaxial lines

The combination of our RHEED and XPD re-
sults, i.e. the film-thickness dependence of the in-
plane atomic distance, @, and the perpendicular
lattice parameter, ¢, is shown in Fig. 12(a). With
increasing Fe coverage the ¢ parameter is con-
tinuously and about linearly compressed, while
simultaneously the a parameter is continuously
expanded. This means the observation of a contin-
uous Bain transformation from fcc to bec structure
in our films. We like to emphasize again that there
is a thickness region between ~3.5 and 6.5 ML Fe,
where the in-plane distance, a, shows plateau-like
behavior and remains nearly constant at ~2.68 A,
which is close to the in-plane atomic distance
(2.652 A) of the Cu;Au(001) substrate. In this
region the in-plane lattice parameter of the grow-
ing film appears to be clamped by epitaxial inter-
action with the substrate surface.

Epitaxy produces large strains in the overlayer,
in our case tensile in-plane strain and compressive
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out-of-plane strain, leading to tetragonal states
with different atomic volumes. Marcus and Jona
[18] have calculated ‘“‘epitaxial lines” for the te-
tragonal structural strained fcc and bee Fe under
the assumption that the Poisson ratios and elastic
moduli of fcc and bee Fe films remain constant
during the deformation, and that they can be de-
scribed by bulk elastic constants. The epitaxial line
that relates the Fe atomic volume, V = ca®/2, of a
tetragonal state to its in-plane atomic spacing, a, is
obtained by integration of Eq. (6) in Ref. [18] as:

V = Volajag)™’ (7)

where y =2v/(1 —v) and the Poisson ratio v =
c12/(e11 + ¢12), with elastic constants ¢;; and c5. %
is the atomic volume of the unstrained, equilib-
rium film structure (fcc or bee in our case). In Fig.
12(b) the epitaxial line for the different states
of iron are shown. For the calculation a value
Tiee = 1.64 and 1y = 1.16 was used [26], and
Vo = 11.8 A3 was taken for bec Fe. Fce Fe appears
in two different equilibrium states which are epi-
taxially stabilized in the Fe/Cu(001) system: a
ferromagnetic (FM) high-volume state with ¥ =
12.06 A3, and an antiferromagnetic (AF) low-
volume state with ¥, = 11.48 A* (both values ac-
cording to Ref. [46] and corrected for in-plane
spacing in Ref. [40]). Our experimental V' values,
obtained from the data in Fig. 12(a), are also
shown in Fig. 12(b) (open squares). For small Fe
thicknesses (¢ < 3.5 ML) and a < 2.68 A, the ex-
perimental data are closest to the epitaxial line
of FM high-volume fcc Fe (fcc-FM), and, conse-
quently, the structure of these films is fct. For the
thickest ﬁ}ms in the region 9 <t < 13.5 ML and
a z 2.74 A our experimental values are closest to
the epitaxial line of bcc Fe (bce-Fe); therefore,
their structure is bct, in agreement with results by
Schirmer et al. [26]. For the medium thickness
region 3.5 <t < 7.5 ML, which contains the pla-
teau in the a values at 2.68 A (Fig. 12(a)), a step-
like drop from fct states to bct states is observed
by increasing the film thickness. This crossover
between tetragonal states seems to resemble a first-
order phase transition. Indeed, Krasko and Olson
[2] have calculated the ground-state enthalpy curve
along the Bain deformation path of iron and pre-

dicted a first-order phase transition between FM
bee-like states and fcc-like states (the latter being
non-magnetic, however, and not FM like in our
case), accompanied by a volume discontinuity at
a critical ratio ¢/a =1.23. According to Fig. 8
(bottom panel) this critical ratio corresponds to a
film thickness of 6 ML Fe with an in-plane atomic
distance of 2.68 A, which is the a value, where
we indeed observe the volume discontinuity in
Fig.12(b). However, we do not think that the lat-
ter is related to a first-order transition, since the
c-parameter behaves continuously in that region
(Fig. 12(a)), with the a values remaining about
constant. Moreover, we have not observed a fct
and bct two-phase mixture, such as would appear
in a nucleation and growth process of a first-order
(martensitic) transition.

Therefore, the results (Fig. 12(a)) demonstrate
that a continuous Bain transformation takes place
in Fe/Cu3;Au(001), contrary to the Fe/Cu(001)
system, where a MT was observed [5-8]. Accord-
ing to Fig. 12(b) and to our Mossbauer results
(Section 3.3) this transition takes place from fer-
romagnetic high-moment high-volume fct Fe to
ferromagnetic bce Fe, whereby the atomic volume
decreases. By contrast, the usual MT involves a
transition from a non-magnetic fcc to a FM bct (or
bece) state, whereby the atomic volume increases
[1,4]. It is the magneto-volume effect in fct Fe that
causes this different behavior.

5. Summary

The structure of epitaxial Fe films on
Cuz;Au(00 1) was precisely determined by RHEED
and XPD. With increasing film thickness a nearly
linear continuous compression of the perpendicu-
lar lattice parameter, ¢, and a simultaneous con-
tinuous expansion of the in-plane atomic distance,
a, was observed. Films with thicknesses between
~1 and 12 ML do not grow pseudomorphous, but
appear to form twisted crystallographic domains
including some kind of atomic disorder. Appar-
ently, the strain energy induced by the compressed
perpendicular interlayer spacing is lowered by
rotating the planar Fe unit mesh array from the
surface mesh of the substrate. Films thinner than
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~2 ML are fct and show reduced in-plane spacings
as compared to the substrate surface due to island
growth and lattice relaxation. Up to ~3.5 ML the
film structure is fct. There is an intermediate re-
gion between ~3.5 and 6.5 ML, where the in-plane
atomic spacing of ~2.68 A remains nearly in-
dependent of thickness, while the perpendicular
spacing ¢ changes continuously. Above 6.5 ML
thickness the films have bct structure, and a as well
as ¢ approach bulk bce-Fe values at ~13.5 ML.
The observed continuous compression of ¢ and the
simultaneous continuous expansion of a implies
that a continuous fcc-bec Bain transformation
takes place in the Fe/Cu;Au(001) system with
increasing film thickness, contrary to the Fe/
Cu(001) system, where a discontinuous MT is
known to exist. We speculate that Au atoms ob-
served to be present at the Fe film surface in the
case of Fe/Cuz3Au(001) act as surfactants and
prevent the MT. The atomic volume of the tetra-
gonal states was found to be close to fct or bct
epitaxial lines [18]. A crossover from ferromag-
netic high-moment high-volume fct to bect Fe was
found to occur in the intermediate thickness range
between ~3.5 and 6.5 ML where a is nearly con-
stant. CEMS was used to prove that a fct-plus-bet
two-phase structure does not exist. Fct films are in
a high-moment FM state. The Mossbauer results
also prove that the structural changes observed by
RHEED and XPD (which are surface sensitive
techniques) do not occur only in the surface re-
gion, but seize the film as a whole.

Correlated with the Bain transformation is a
spin reorientation from preferentially perpendicu-
lar (for fct structure) to in-plane (for bcet structure)
spin direction at 25 K.
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