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The atomic and electronic structure of Fe films grown on Pd{001} is investigated by means of
low-energy electron diffraction and angle-resolved photoemission spectroscopy (ARPES). The films
grow pseudomorphically, probably by way of nucleation and growth of flat islands, which ultimate-
ly coalesce to form continuous Fe{001} films. The structure of these continuous films, if grown at
slow rates (of the order of 0.1 A/min), is body-centered tetragonal and is shown to be a distortion
from the stable bce structure of Fe: the in-plane lattice constant is 2.75 A, as dictated by the
Pd{001} substrate, and the bulk interlayer spacing is 1.50-1.53 A. In 10—12-layer films the first in-
terlayer spacing is expanded by 3.6% above bulk, but with increasing thickness that spacing con-
tracts progressively to about 6.3% below the bulk value in 40-50-layer films. Films as thick as
60-70 layers can be grown pseudomorphically at slow rates despite the large misfit (4.2%) between
bee Fe{001} and fcc Pd{001}. ARPES data indicate that these films are electronically indistin-
guishable from bulk bee Fe. Thick (about 200-layer) films grown at fast rates are essentially bcc,
with in-plane lattice constants of 2.87 A, but with slightly expanded (3%) interlayer spacing, attri-
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buted to the presence of carbon impurities.

I. INTRODUCTION

The iron-palladium system is interesting on the one
hand because palladium has the tendency to become
magnetically “active” in the presence of magnetic ions,!
and on the other hand because the 4.2% misfit between
bee Fe (ap=2.87 A) and fcec Pd (ag=3.89 A, a=2.75 A,
where a is the side of the primitive surface mesh, and the
—8.4% misfit between fcc Fe (a;=3.59 A) and Pd make
the occurrence of epitaxy in this system both ambiguous
and complex.

Submonolayer Fe films on Pd{111} were grown and
studied by Binns et al.! with low-energy electron
diffraction (LEED) and Auger-electron spectroscopy
(AES). The growth mode was classified as not simple and
changed significantly with substrate temperature, but epi-
taxy was reportedly achieved for the first two atomic lay-
ers, with in-plane relaxation beginning in the third layer.
Photoemission studies of the 3s core-level splitting seems
to indicate that a flat monolayer of Fe on Pd{111} was
paramagnetic with a local moment of 1.2up5, but small
coverages in the second layer appeared to induce fer-
romagnetic order, while at approximately two-layer cov-
erages the films appeared to “pass through an antiferro-
magnetic phase.”!

On Pd{001}, however, Fe deposits reportedly exhibit
submonolayer ferromagnetism. Liu and Bader*?® used
the surface magneto-optical Kerr effect (SMOKE) to es-
tablish that Fe films grown at 300 K are ferromagnetic.al-
ready at the monolayer level, with magnetization parallel
to the surface, while films grown at 100 K have magneti-
zation perpendicular to the surface for thicknesses up to
three layers, and parallel to the surface for larger
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thicknesses. The growth mode was reported to be layer
by layer on the basis of AES measurements, and films as
thick as nine layers could be grown. It was assumed that
the structure of Fe films on Pd{001} was a body-
centered-tetragonal (bct) distortion of the fcc Fe phase.?

We present here the results of an extensive LEED,
AES, and photoemission study of the atomic and elec-
tronic structure of Fe on Pd{001}, which show
significant differences from previous work. Section II is
concerned with experimental details and qualitative ob-
servations, Sec. III describes the quantitative LEED stud-
ies, Sec. IV describes the photoemission experiments, and
Sec. V contains the conclusions.

II. EXPERIMENTAL DETAILS
AND QUALITATIVE OBSERVATIONS

The experiments described below were carried out
sequentially in two different chambers in two different la-
boratories with two different Fe sources. We will refer
below to one set of experiments as HL, because the exper-
iments were carried out in the home laboratory, and to
the other set as U7, because the experiments were carried
out at beamline U7 of the National Synchrotron Light
Source.

A. Cleaning procedures — collection
of LEED and photoemission data

After the preliminary cleaning operation described
elsewhere,* the Pd{001} surface was routinely cleaned in
situ with sequences of argon-ion bombardments (375 V, 2
1A, 5X107° Torr, sample at room temperature) followed
by anneals (about 775 °C for 30 min). The chemical state
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of the surface was monitored by means of AES, carried
out with the LEED optics as a retarding-field analyzer
(RFA) for HL, or with a cylindrical mirror analyzer
(CMA) for U7. An initial S impurity was eliminated by
argon-ion bombardment of the surface at 550 °C for about
2 h. Despite the absence of any impurity signal from the
AES spectrum, LEED initially gave an indication of very
small residual contamination of the surface through the
presence of extremely weak c(2X2) reflections that were
visible only at electron energies lower than 50 eV. After
several cycles of ion bombardments and anneals, these
reflections disappeared and the LEED pattern from the
Pd{001} surface was 1X1, sharp, and with low back-
ground at all electron energies used—a direct indication
of the absence of C from the surface region.*

Two types of LEED intensity data were studied in this
work and are discussed below, namely spot profiles and
integrated intensities. Both types were collected with a
video-LEED combination of TV camera and microcom-
puter as described elsewhere.’

The photoemission experiments were done at the
Beamline U7 of the National Synchroton Light Source,
featuring a plane-grating monochromator. The photo-
emission data were collected with a cylindrical mirror
analyzer that was modified to allow angle-resolved exper-
iments with an angular resolution of 2° as well as angle-
integrated experiments. The samples were mounted on a
newly designed manipulator that allows translations and
rotations along three mutually perpendicular axes, as de-
scribed elsewhere.®

B. Deposition of Fe

Iron was deposited on a clean Pd{001} surface (either
at room temperature or cooled to about 120 K) from
sources made with ultrapure (99.9995%) Fe platelets
wrapped in Ta foil and heated electrically to about
1200°C in the HL experiments, or from sources made
with 99.999% pure Fe wires premelted on W wire in the
U7 experiments. In the HL experiments, several impuri-
ties were codeposited on the Pd surface together with the
iron, namely Cl, N, O, and C. Chlorine and nitrogen
could be eliminated by outgassing the source at 1200°C
for about 24 h, and oxygen and carbon impurities were
reduced by prolonged outgassing of the source, but they
could never be eliminated completely from the AES spec-
tra of the sample after exposure to the hot Fe source.
The concentrations of impurities, as well as other proper-
ties of the Fe deposits, were found to depend on whether
the deposition rate was slow or fast (these terms will be
quantified below). In the U7 experiments the concentra-
tions of impurities were smaller, as is discussed below.

In the HL experiments, for slow depositions the ratios
of the oxygen AES line at 512 eV, and of the carbon AES
line at 275 eV, to the Fe AES line at 651 eV were
Io,,, /Tre,, ~0.066 (about 2.5 at. %, according to the

~0.13 (about 11

at. %), respectively. For fast depositions the ratios in-
creased to about 0.24 (about 7%) for oxygen and 0.31
(about 22%) for carbon. In the U7 experiments, the ra-
tios were I /Iy, =0-0.02 (0-2 at. %) for both slow and

formulas given in Ref. 7) and Ic, /e,
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fast rates, and I, /I, =0.15 (about 6%) for slow and
0.22 (about 8%) for fast rates. It should be mentioned
that all the ratios quoted here were measured on Fe films
thick enough for the 330-eV Pd signal to disappear from
the AES spectra.

The thicknesses of the Fe deposits were determined
from the ratio R =Ig.4s1)/Ipq330) between the intensities
of the Fe and Pd AES lines at 651 and 330 eV, respective-
ly, with the formula

e 451
R :ROW , (1)
e
where Ro=1Ig,¢s1) /1 pg330) =0.13 (as measured with the

RFA) or 0.25 (as measured with the CMA); I denotes
the intensity of the AES line from a very thick sample of
Fe (Pd) at 651 (330) eV; and the A’s are the inelastic mean
free paths of electrons with 651 (330) eV energy traveling
in Fe.

Equation (1) is obviously based on the assumption that
the deposits are distributed uniformly over the area inter-
rogated by the primary AES electron beam, i.e., that the
films grow layer by layer—an assumption that in the
present case may not be correct (see below). We use Eq.
(1) anyway, but with the understanding that with it we
calculate the thickness d of a uniform Fe layer that would
produce the same R value as measured experimentally.
This thickness is then converted to an equlvalent number
of Fe layers by assuming an interlayer spacing of 1.5 A
(as indicated by the LEED analysis presented below) and
is quoted in units of layer equivalents, abbreviated LE.

The main difficulty with the use of Eq. (1), however, is
that the values of the inelastic mean free path A are not
known very reliably. Table I lists the values of A avail-
able in the literature for the electron energies used here.
(Note that when using the LEED optics as a RFA one
must correct the value of A for the solid angle subtended
by the optics, i.e., multiply A of 0.84.) This uncertainty in
the values of the inelastic mean free paths introduces an
uncertainty of a factor of about 3 in the thickness d of the
Fe deposits. Thus, typical slow deposition rates in the
present work were either about 0.13 A/mln (as calculated
with the high A values) or about 0.05 A/min (as calculat-
ed with the low A values). We elected to use the values of
A suggested by Tanuma et al.® for the calculations of
equivalent layer thickness, but since the resolution of the
controversy about the values of A is not available at this
time, we also listed in Table I the “multiplier” by which
the LE’s given in this paper should be multiplied in order
to obtain the LE’s that would be calculated with the oth-
er sets of A’s given in Table I. In any case, it may be im-
portant for the discussion that follows to mention that
the Pd signal disappeared from the AES spectra when the
nominal thickness of the Fe films exceeded about 30 LE.

Thus, for depositions on the room- temperature sub-
strate, slow rates in this paper means rates ranging from
0.05 to 0.13 A/mm, while fast rates were larger by about
a factor of 100, i.e., about 10 A/min or higher on the
average. On the cooled substrate (about 120 K) the same
electric power into the Fe source produced rates that
were three times faster than on the unheated substrate,
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TABLE I. A3 and Ags,; are the inelastic mean free paths of 330- and 651-eV electrons as reported by
the authors listed in the first column. DR is the experimental deposition rate as calculated with the A
values listed on the same row. The film thicknesses quoted in this paper in LE have been calculated
with the A values listed in the first row. Multiplication of the quoted thickness values by the number
listed in the last column produces the thicknesses that would be obtained with the A values in the same
row. The asterisk denotes the value for 350-eV Auger electrons from Ag traveling in Fe.

o

Authors Aszo (A) Aesy (A) DR (A/min) Multiplier
TPP® 11.0 12.5 0.126 1

SD* 9.8 13.8 0.111 0.881
LB° 5.8 9.4 0.078 0.619

S et ald 3.7* 8.2 0.050 0.397

2Tanuma, Powell, and Penn, Ref. 8.
bSeah and Dench, Ref. 29.

°Liu and Bader, Ref. 30.
dSchneider et al., Ref. 31.

ie., 0.15-0.4 A/min (presumably because of the in-
creased sticking coefficient). In all cases, however, the
film thicknesses quoted in this paper could be 50% larger
or 50% smaller, depending on the applicable inelastic
mean free path.

C. Mode of growth

We made several attempts to identify the mode of
growth of the Fe films, in particular to determine wheth-
er the mode was layer by layer. We measured the profiles
of the specular beam (at 8° angle of incidence) as func-
tions of the Fe deposition at six different values of the in-
cident electron energy, in an attempt to find the oscilla-
tions [analogous to the reflection high-energy electron-
diffraction (RHEED) oscillations®] that allegedly charac-
terize layer-by-layer growth.!® We also measured se-
quences of specular I(V) spectra with increasing Fe
deposition time in order to see whether oscillatory trends
could be detected in the plot of the differences between
successive I (V) spectra versus deposition time.!! Beyond
a broad minimum in the latter plot we failed to find oscil-
lations in any of the plots, and we therefore have no evi-
dence for layer-by-layer growth in the present Fe/Pd sys-
tem.

Thermodynamic arguments also speak against the pos-
sibility of layer-by-layer growth. The requirement for
this growth mode to occur is that the sum of the film sur-
face energy plus interfacial energy must be smaller than

TABLE II. Surface free-energy values (in J/m?) for Ag, Fe,

and Pd as reported in the literature (7=298.2 K,
T')s =melting point, T, =0 K).

Authors Ag Pd Fe
MG? (at Tg) 1.302 2.043 2.939
MG? (at Ty) 1.046 1.376 1.923
TM® (at T),) 1.086 1.743 2.123
MCB° (at Ty) 1.250 2.100 2.550

#Mezey and Giber, Ref. 32.
*Tyson and Miller, Ref. 33.
‘Miedema, de Chatel, and de Boer, Ref. 34.

the substrate surface energy.!> No information is avail-
able about the interface energy, but the fact that no inter-
mixing of Fe and Pd at room temperature was detected
either in previous epitaxy experiments®?>!3 or in the
present ones (see Sec. III A) would seem to indicate that
the interface energy term is positive. If we then assume
that equilibrium conditions were approximated in our
low-supersaturation (slow rates) experiments, the fact
that the surface free energy of Fe is larger than that of Pd
(see Table II) would seem to suggest that Fe is not likely
to grow on Pd in the layer-by-layer mode, at least in the
early stages.

D. LEED observations

The LEED pattern from clean Pd{001} remained 1X1
throughout all experiments with Fe deposition in this
work, but the quality of the pattern, in particular the
signal-to-noise ratio and the width of the diffracted
beams, changed considerably with increasing Fe deposi-
tion. We describe the observations separately for the
cases of slow and fast depositions.

1. Slow deposition: Substrate at room temperature

With increasing Fe deposition on the Pd{001} surface
we observed a progressive worsening of the LEED pat-
tern (increased background and broadened spots) up to
thicknesses of 4 to 5 LE, but upon further deposition the
pattern improved noticeably to the eye; while the quality
never reached that of a clean Pd{001} pattern, the inten-
sities of the beams and the overall contrast of the LEED
pattern increased steadily up to about 20 LE. The
FWHM (full width at half maximum) of the profile of the
specular beam, as measured at 235 eV for 8° incidence,
confirmed this visual observation. Figure 1 shows that
the FWHM of the specular beam from films with a thick-
ness of about 10 LE was the same as that from films with
a thickness of about 3 LE. A qualitatively similar
phenomenon has been reportedly observed on only one
other epitaxial system so far, namely the system of Fe on
Agf{001} (Ref. 14), and will be discussed further below.

Two other significant observations were made: (a) the
Fe films could be grown to considerable thicknesses with
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FWHM (deg)

0 1 I 1 1 l
0 2 4 6 8 10

Layer Equivalents LE

FIG. 1. Full width at half maximum (FWHM, in degrees) of
the 00 beam, measured with 235-eV electrons at 8° incidence
from Pd{001} increasingly covered with Fe, vs coverage. For
reference, the angle between the 00 and the 10 beam was 17°.

the LEED pattern remaining 1X 1—the largest thickness
reached in the present experiments was about 65 LE; and
(b) the LEED I (V) spectra changed gradually with film
thickness up to about 40 LE and then remained un-
changed from 40 to 65 LE. Figure 2 depicts a sequence
of 11-beam I(V) spectra for increasing coverage of Fe
from O to 53 LE. This phenomenon is rather uncommon
and will be discussed further below. It should be em-
phasized here that the LEED patterns from these very
thick films were inferior in quality to that from clean and
annealed Pd{001} in the sense that the background was
higher and the spots were broader, but the signal-to-noise
ratio was always large. Also, the quoted value of 65 LE
for the maximum thickness attained should not be inter-
preted to mean that thicker films could not be grown, but
only that deposition of Fe was stopped at that point.

2. Slow deposition: Substrate cooled to 120 K

The LEED patterns were noticeably sharper when the
substrate was cooled to 120 K than when it was left
unheated at room temperature. The phenomenon of first
worsening and then successive improvement of the pat-
terns is also observed at low temperatures, as described
above. At any stage, the I (V) spectra for equivalent cov-
erages of the room-temperature and the low-temperature
substrate, while not identical, were very similar to one
another. Also, I (V) spectra collected with the substrate
at low temperature did not change when the substrate
was warmed to room temperature. Overall, except for
the improved sharpness of the LEED spectra, no
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FIG. 2. Normal-incidence 11-beam LEED spectra for
different coverages of Pd{001} by Fe.
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significant differences were found between the phenome-
na observed with the substrate at low temperature and
those observed with the room-temperature substrate.

3. Fast deposition

With fast-deposition rates we did not record the gradu-
al evolution of the LEED I(V) spectra with increasing
thickness of the films as in Fig. 2, but we did study the
thicker films. The thickest film grown in this work was
estimated to be about 200 LE; the LEED pattern was no-
ticeably worse than that of thick slowly grown films, but
was always good enough for quantitative intensity data
collection. Careful measurements revealed that the in-
plane lattice constant was larger than that of the Pd{001}
substrate, as will be discussed below.

III. QUANTITATIVE LEED STUDIES

The qualitative observations described above raise a
number of questions about the crystallographic structure
of the Fe films, whether grown by slow or fast deposition.
To answer some of the questions, we have carried out
quantitative intensity analyses of the LEED data and we
report the results below. The intensity calculations were
carried out with the CHANGE computer program;!® the
Fe and Pd potentials were taken from the compilation of
Moruzzi, Janak, and Williams;!® eight phase shifts and 69
beams were used for calculations up to 360 eV; the inner

. potential was initially chosen as V= —(10+4i) eV, with

the real part treated as an adjustable parameter; and the
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root-mean-square amphtude of the atomic vibrations was
set at (u2)!/2=0.125 A. Evaluation of the correspon-
dence between experiment and theory was done both
visually and with reliability factors, namely Ryyr,'’
Rp,'"® and r,,'"° where VHT, P, and ZJ indicate Van
Hove-Tong, Pendry, and Zanazzi-Jona factors, respec-
tively. We discuss below the efforts made toward elucida-
tion of the atomic structure in the early stages of growth,
the results of the analyses of thick films grown by slow
deposition, and the results of analyses of thick films
grown by fast deposition.

A. Slow deposition —initial stages of growth

Despite visible worsening of the LEED pattern in the
early stages of growth (primarily caused by higher back-
ground), LEED I(V) spectra could be collected for
several increasing coverages. The data were collected for
normal incidence of the primary electron beam and in-
cluded 19 degenerate spectra for a total (after averaging)
of five nondegenerate spectra, namely 10, 11, 20, 21, and
22 at each coverage. As an example, several 11-type
spectra are shown in Fig. 2. Already in the early stages
these spectra are different from those of the clean
Pd{001} surface, showing that the Fe atoms contribute
not only to the background but also to the signal. This
situation is different from the one encountered in the ear-
ly stages of the growth of Fe on Ag{001},'* where the
LEED I(V¥) spectra were, despite the high background,
practically identical to those of the clean substrate, show-
ing that the Fe atoms did not contribute to the signal at
that stage. Thus, in the present case the experiment tells
us not only that the Fe atoms are ordered, but also that
the units in which they are assembled have at least some
flat {001} surfaces, and that these surfaces are epitaxial
to the Pd{001} substrate.

The simplest explanation for this observation is, of
course, that we may be looking at the early stages of
layer-by-layer growth, despite our failed attempts at
detecting it (as discussed in Sec. II C). Since one of the
most convincing proofs for the existence of a pseu-
domorphic layer is a successful LEED structure deter-
mination, we calculated the LEED intensities expected
from a single layer of Fe with the Pd{001} in-plane lat-
tice constant and at a yariable distance from the substrate
(from 1.545 to 2.345 A in steps of 0.1 A). In view of the
uncertainty in the thickness of the deposit (see Sec. II B),
we were prepared to accept a fit to any one of the sets of
I(V) spectra collected in the early stages. We found no
acceptable fit.

We then investigated other possible models of the sur-
face structure, viz., (a) random intermixing of Fe and Pd
in the first layer and in the first two layers, with either 25
at. % Pd-75 at. 9% Fe or 50:50 or 75:25, in all cases vary-
ing both the first interlayer spacing (d,,) and the second
(d,3) between 1.545 and 2.345 A; (b single underlayer of
Fe, with d,, varying between 1.445 and 1.945 A and dy;
between 1.745 and 2.145 A (c) bilayers of Fe over Pd,
with d,, varying between 1.45 and 2.05 A and d,; be-
tween 1.745 and 2.145 A. All the results of these calcula-
tions were compared to all the experimental curves col-
lected for nominal coverages between 0 and 5 LE. No ac-
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ceptable fit was found.

These negative results do not exclude the possibility of
complete Fe or Fe-Pd layers with structural parameters
different from those tested. They do suggest, however,
especially when considered in light of our failure to find
evidence for layer-by-layer growth (Sec. II C), that layer-
by-layer growth probably did not occur in our experi-
ments. The fact that the LEED I (V) spectra in the early
stages are different (over the increased background) from
those of the clean substrate may be explained by the ex-
istence of many small epitaxial flat-top Fe islands with
different heights (producing, together with smaller and
smaller areas of bare substrate surface, the increase in
beam width predicted in Fig. 1), but such a model in-
volves many fitting parameters (mainly the distribution
function of island heights and the magnitudes of inter-
layer spacings), and was therefore not tested.

B. Slow deposition — thicker films

We now turn our attention to the fact that the LEED
I(V) spectra vary gradually with surface coverage even
after the islands hypothesized above may be expected to
have merged into continuous films (see, e.g., Fig. 2 for
coverages above, say, 7 or 8 LE). This observation sug-
gests that the atomic structure of the films changes grad-
ually with thickness.

The first question that comes to mind is the following:
does the lattice constant of the Fe films in the plane
parallel to the substrate surface change with the thick-
ness of the films? To answer this question we measured
the intensity distribution on the LEED screen at a fixed
energy (178 eV) along a { 10) direction for both the clean
Pd{001} surface and a 53-LE film of Fe. Contour plots
and cross sections of these distributions are shown in Fig.
3 (center and top, respectively): it is clearly visible that
the distances between the 02 and the 02 beams are the
same for clean Pd{001} as for the thick Fe film. Thus,
the answer to the above question is negative: the films
grown at slow rates have the same in-plane lattice con-
stant (2.75 A) as the Pd{001} surface within an error
bound estimated at 1% to +2%.

Since the in-plane lattice constant remains essentially
the same during growth, the observed changes in the
LEED I (V) spectra indicate that the interlayer spacing is
changing with thickness. The overall trend of the I(V)
curves above about 5 LE (see Fig. 2) is that the major
peaks shift toward larger electron energies, suggesting a
gradual contraction of interlayer spacings with increasing
thickness up to about 40 LE; thereafter the I(V) curves
are stable. Thus, the second question that arises is the
following: which interlayer spacing contracts, the bulk
spacing or the surface spacing, or both?

We selected the 12-LE film and the 53-LE film for close
quantitative scrutiny. The former produced a value of R
[see Eq. (1)] of 0.8 and was selected because its nominal
thickness corresponds to almost complete recovery of the
LEED pattern after the initial worsening (cf. Fig. 1),
thereby ensuring that the contribution of the Pd substrate
to the LEED signal would be minimal. The 53-LE film
was selected because it is well within the range of
thicknesses that produce stable I (V) spectra and its AES
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spectrum showed no Pd signal at all (see Sec. II B).

The models chosen for intensity calculations involved
semi-infinite Fe{001} crystals with variable bulk inter-
layer spacing (dy, ), variable d,, and variable d,;. Ini-
tially, dy; was varied, in steps of 0.1 A, from 1.375 A
(the value appropriate for a bee structure with @y =2.75
A, the lattice parameter of Pd{001}) through 1.945 A
(the value appropriate for a fcc structure with a,=3.89,
i.e., a=2.75) to 2.245 A, in each case with d, ranging
from a contraction of 0.4 to an expansion of 0.4 A. After
promising correspondence with experiment was found in
the vicinity of dy, =1.5 A, the refinement involved vari-
ations of dy,; between 1.44 and 1.56 A in steps of 0.03 A,
and of both d, and d,; between compressions of 0.4 and
expansions of 0.4 Ain steps of 0.05 A.

The results of the refinements were as follows.

For the 12-LE film (a,=2.75 A),

dyy =1.5310.03 A ,
Ad;,=+0.055+0.03 A ,
A,;=+0.02+0.03 A ,

Rypr=0.35, Rp=0.58, r,;=0.13 .

FIG. 3. LEED intensity distribution along a {(10) direction
in reciprocal space measured with 178-eV electrons at 5° in-
cidence for (a) a thick (53 LE) slowly grown Fe film; (b) clean
Pd{001}; (c) a thick (about 200 LE) fast-grown Fe film. The
figures enclosed in rectangular frames are contour plots of the
intensity, while the figures above them are cross sections depict-
ing the beam profiles with the indices as indicated.
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=2.75 A),
dy =1.50+0.03 A,
Ad,,=—0.095+0.03 A ,

For the 53-LE film (a,

Ad,; =—0.055+0.03 A ,
Ryur=0.34, Rp=0.59, r;;=0.14 .

The quality of the agreement between theory and experi-
ment can be judged in Figs. 4 and 5.

Four comments about these results seem appropriate.
First, we note that the gradual change observed in the ex-
perimental LEED I (V) spectra with increasing thickness
of the films (Fig. 2) is due primarily to increasing
compressions of the first and second interlayer spacing,
and only secondarily to a slight compression of the bulk
interlayer spacing. Second, we confirm that the structure
with “stable” LEED spectra of thick slowly grown Fe
films (such as the 53-LE film) is bet, with ¢ =2.75 A (im-
posed by the Pd{001} substrate) and ¢, =3.0 A. We now
ask whether this bct structure is a distortion from the
structure of bcc a-Fe or from the structure of fcc y-Fe?
We can attempt to answer this question with strain
analysis. The formula for this purpose was derived in

Ref. 20, namely
(ag—a,)/a —
4] e e _ 1 v , (2)

(c,—cq)/c, 2y

where a, and ¢, are the lattice parameters of the film as
grown, a, and ¢, are the lattice parameters of the undis-
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FIG. 4. Experimental and theoretical LEED spectra for a
slowly grown 12-LE Fe film as described in the text.
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FIG. 5. Experimental and theoretical LEED spectra for a
slowly grown 53-LE Fe film as described in the text.

torted (equilibrium) phase, and v is Poisson’s ratio. With
ay=2.75 A,c;=3.0 A we find, by assuming that the
equilibrium phase is bce a-Fe, i.e., a, =c, =2.87 A (pre-
cisely 2.8664 A, Ref. 21), that v=0.35, in good agree-
ment with the value 0.37 obtained from precise measure-
ments of the elastic constants of a-Fe.? With a,=3.89
A,c0=3.0 A we find, by assuming that the equilibrium
phase is fcc y-Fe, ie., a,=c,=3.59 A (Ref. 23), that
v=0.5—the maximum possible value of Poisson’s ratio.
Although epitaxial films of y-Fe were found to be elasti-
cally soft, with v=0.47 (Ref. 23), it is very improbable
that the equilibrium phase of the Fe films grown on
Pd{001} is y-Fe—the lattice misfit is —8.4% and the
calculated Poisson ratio is too large. We conclude, there-
fore, that the equilibrium phase of the films grown in this
work was bec a-Fe. It is remarkable that films as thick as
65 LE and more can be grown, even with many defects
and only with slow deposition rates, on a substrate with
lattice misfit as large as 4.2%.

A third comment relates to the high concentration of
carbon measured in the films grown in the HL experi-
ments (see Sec. II B) and to the question of whether it
could have affected the experimental results, since the
LEED analyses were carried out with the HL data. Con-
sidering the fact that in the U7 experiments the concen-
tration of C was much smaller, yet the results shown in
Fig. 2 were reproduced satisfactorily, we do not believe
that the presence of carbon in the grown films was re-
sponsible for the observed effects.

A final comment may be made on the phenomenon of
contraction of the surface interlayer spacings with in-
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creasing thickness of the films. In view of the theoretical-
ly established increase of atomic volume with magnetic
moment,?* we may speculate that the observed contrac-
tions are due to the decreasing magnetic moment of the
surface Fe atoms. Theory predicts enhanced moments in
ferromagnetic monolayers,?>?® and if the surface mo-
ments were to decrease gradually with increasing thick-
ness, the phenomenon observed here would be at least
qualitatively explained. We note, however, that the pho-
toemission results, to be discussed below, offer no evi-
dence for the hypothesis of varying magnetic moments in
the surface region.

C. Fast deposition —thick films

As mentioned above, with deposition rates exceeding 4
LE/min we grew very thick films (about 200 LE), which
produced LEED patterns of a quality inferior to that pro-
duced by thick slowly grown films, but still suitable for
intensity measurements.

We concentrated first on the in-plane lattice constant.
The LEED intensity distribution along (10) at 178 eV is
compared to that measured on clean Pd{001} in Fig. 3
(center and bottom, respectively). It is obvious that, in
contrast to the case of slowly grown thick films, the in-
plane lattice constant of fast-grown thick films is larger
than that of Pd{001}. Using the latter as reference and
correcting for the off-center position of the sample in the
LEED optics, we find that the in-plane lattice constant is
2.91+0.08 A. The large error (about 3%) in this case is
attributed to the poor quality of the LEED pattern and
the consequent imprecision in the determination of the
maximum intensity in the broad diffracted beams. Nev-
ertheless, it seems reasonable to conclude that the in-
plane lattice constant of these films was that of the stable
bee a-phase of Fe (2.87 A)—the fast deposition rates
must have facilitated the formation of misfit dislocations,
which relieved the strain imposed by the substrate and al-
lowed the growth, amid disorder and steps, of the un-
strained phase.

However, quantitative intensity analysis shows that the
LEED I(V) spectra produced by these films are not
matched well by calculations based on the stable bcc
structure of Fe, even with variations of the first interlayer
spacing d,. It became necessary to vary the bulk inter-
layer spacing as well. The refinement yielded the best
agreement with experiment with a model defined by
ay=2.87 A, dyy, =1.48 A, and d,,=1.48 A (with
Ryyr=0.25, Rp=0.39, and r;;=0.10). The agreement
is not excellent, but it is better than for bcc Fe, as can be
seen in Fig. 6, which juxtaposes experimental LEED
spectra and those calculated for bee and bet Fe as defined
above.

Thus, we find that the fast-grown thick Fe films have a
structure close to that of a-Fe, but exhibit an expansion
of about 3% in the bulk interlayer spacing. This slight
tetragonality is difficult to understand in films that are
presumably free of strain. A possible explanation may be
sought in the effect of the presence of considerable
amounts of carbon that was measured on the surface of
these films in the HL experiments, about 22 at. %, i.e.,
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FIG. 6. Experimental and theoretical LEED spectra for a
fast-grown 200-LE Fe film as described in the text. The dotted
curves pertain to bcc Fe; the dashed curves to bct Fe as de-
scribed in the text.

about 5.7 wt.% (more than twice the concentration
found on the surface of the slowly grown films). How
much the bulk concentration of carbon in these films was
is not known, but we note that about 0.65 wt. % of car-
bon is reportedly sufficient to cause about 3% tetragonal-
ity in martensite.?”28

Before closing this section on fast-grown thick films, it
should be mentioned that we are not in a position to dis-
tinguish whether the change of the in-plane lattice con-
stant was caused by the fast-growing rate or merely by
the fact that the fast-grown films were much thicker than
the slowly grown films (about 200 LE versus 65 LE).

IV. PHOTOEMISSION

The valence-band region of the Fe/Pd system was in-
vestigated by means of angle-resolved photoemission
spectroscopy (ARPES). Electron distribution curves
(EDC’s) were monitored for normal emission with photon
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energies varying between 28 and 100 eV and for different
Fe coverages. Figure 7 (top) shows the EDC’s measured
with 62-eV photons. The valence-band spectrum of clean
Pd{001} (curve marked 0) changes with increasing Fe
coverage until a thickness of about 9 LE is reached, after
which the emission from Pd disappears and the EDC’s
remain the same. Thus, these curves are descriptive of
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FIG. 7. Top: Normal-emission angle-resolved electron-

distribution curves from epitaxial Fe films on Pd{001} with in-
creasing thicknesses (values listed on the right, in LE). The in-
cident synchrotron light was s-polarized with an energy of 62
eV. Bottom: Photoemission spectrum from the 3s core level in
a 56-LE Fe film on Pd{001} as measured with 165-eV photons.
The dots are experimental data (after background subtraction),
the dashed curves are Gaussian fits to the data, and the solid
curve is the sum of the two Gaussians.
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the Fe film and are characterized by the presence of two
peaks, marked 4 and B in the figure. Peak 4 (0.3 eV
below the Fermi level) is due to the I's| initial state and
peak B (2.7 eV below the Fermi level) is due to the ')t
initial state.®

The EDC’s measured for thicknesses larger than about
9 LE are indistinguishable from those measured on thick
Fe films grown on Ag{001} and proven to consist essen-
tially of bee Fe.'* In fact, the whole series of EDC’s from
thick Fe films on either Pd{001} or Ag{001} were found
to be equal to one another, indicating that photoemission
seems to be insensitive to the large distortion of the bcc
Fe lattice as caused by the Pd{001} substrate. This result
is in contrast with the observations made in the
Cu/Pd{001} system, where the distortion caused by the
pseudomorphism was reflected in dispersion characteris-
tics different from those of the equilibrium phase.®® It
may be of interest, in this connection, to note that ro d-
band exchange splitting was observed®’ from fcc Fe on
Cu{001}, a result attributed to the loss of ferromagnetic
order.

The ferromagnetic properties of the thick Fe films
grown on Pd{001} in this work are confirmed by the 3s
core-level splitting. Figure 7 (bottom) depicts the photo-
emission spectrum of a 56-LE film measured with 165-eV
photons. A two-Gaussian fit of the experimental data,
after background substraction, shows the split to be 4.2
eV with an accuracy estimated at 0.2 eV, corresponding
to local magnetic moments of 1.9uy (see Refs. 38 and 39).
The published Fe 3s splittings are 4.5 eV for bulk bcc
Fe,® 4.4 ev, for one layer of Fe on Ag{001} (Ref. 40), 4.3
eV for 20-A-thick Fe films on Cu{001} (Ref. 41), and
ranging between 3.7 and 4.6 eV for Fe/Pd{111} with
coverages between submonolayer to five layers.! Hence,
assuming that the error bars in these literature values
were the same as ours, we conclude that the Fe films
grown in the present work exhibit the same 3s core-level
splitting as either bcc or fcc Fe.

V. CONCLUSIONS

For deposition rates lower than about 0.5 A/min, Fe
grows pseudomorphically on Pd{001}, whether the sub-
strate is left unheated at room temperature or cooled to
about 120 K. The growth mode does not appear to be
layer by layer, but rather appears to involve pseu-
domorphic epitaxial flat-topped {001} islands of unequal
heights in the initial stages of growth.

The presence of steps and other defects between the is-
lands causes the LEED pattern to deteriorate at cover-
ages below 4-5 LE (layer equivalents), while the I (V)
spectra change with respect to those of the clean sub-
strate, owing to increasing contributions from the island
terraces. This phenomenon is qualitatively similar to, but
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quantitatively different from, that observed during the
growth of Fe on Ag{001}.!* In the latter case, the I(¥)
spectra remain essentially identical to those of the clean
substrate, and the LEED pattern almost disappears at
coverages of 4-5 LE. Thus, in both cases, Fe on
Ag{001} and Fe on Pd{001}, growth seems to occur ini-
tially by the nucleation of islands of ordered Fe atoms,
but in the case of Fe/Ag{001} the islands have practical-
ly no large {001} or other surfaces (and hence do not
contribute to the LEED signal), while in the case of
Fe/Pd{001} the islands do have {001} surfaces that con-
tribute to the LEED signal. This different behavior is
puzzling, because the lattice misfit between Ag and Fe is
very small (0.8%), whereas the misfit between Pd and Fe
is rather large (4.1%). However, there is a larger gap be-
tween the surface free energies of Fe and Ag than be-
tween Fe and Pd (see Table II).

At higher coverages, Fe on Pd{001} keeps growing
pseudomorphically if the growth rate is kept slow, and
surprisingly thick films (at least 65 LE) can be grown
despite the large lattice misfit (4.2%). The structure of
these thick films is body-centered-tetragonal, and is a dis-
tortion of the stable bcc a-Fe caused by the planar epi-
taxial stress. The interlayer spacings in the surface re-
gion (and to a lesser extent the interlayer spacing in the
bulk) undergo a gradual contraction with increasing
thickness from 12 to about 40 LE. This rather uncom-
mon phenomenon is not understood at the present time,
but may possibly be due to a decrease of the magnetic
moment in the surface region with increasing thickness of
the film.

Very thick Fe films grown at a fast rate (of the order of
10 A/min or more) are no longer pseudomorphic. Their
structure is essentially the bcc structure of a-Fe, but with
about 3% expansion of the bulk interlayer spacing in the
direction perpendicular to the {001} surface. The origin
of this expansion is not clear at this time, although it may
be attributed speculatively to the presence of rather large
concentrations of carbon unintentionally incorporated in
the films during the growth process.

The photoemission results indicate that the thick films
are ferromagnetic with a d-band exchange splitting of 2.4
eV and are electronically indistinguishable from either
bulk bee Fe, bee Fe films grown on Ag{001}, or fcc Fe
films grown on Cu{001}.
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