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Change of Magnetic Properties in Ultrathin Fe Films
on Pt(111) Induced by Interdiffusion
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We have studied magnetic properties of ultrathin Fe films grown on Pt(111) substrate by using
the in situ surface magneto-optic Kerr effect (SMOKE), X-ray photoelectron spectroscopy (XPS),
and low-energy electron diffraction (LEED). SMOKE measurements show that the Fe layers are not
ferromagnetic when the film is thinner than approximately 4.5 ML (monolayers), but the in-plane
magnetization is present for a 4.1-ML Fe film on Pt(111) annealed at 550 K. Upon post-annealing
at 770 K, a 9.2-ML Fe film does not show any Kerr signal, while a 5.1-ML Fe film has the in-plane
Kerr signal with increased coercivity. A diffuse 2 x 2 LEED pattern was observed for both cases,
and the average Fe concentration of the intermixed layers caused by the interdiffusion of Fe atoms
into the Pt substrate is estimated to be about 50 and 61 at.% Fe for the 9.2- and 5.1-ML Fe films,
respectively. Underlying reasons are discussed on the basis of the XPS results.
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I. INTRODUCTION

Ultrathin magnetic films have been extensively stud-
ied because of their 2-dimensionality and their relation
to magnetic multilayers and alloys. The absence of fer-
romagnetic order in a 2-dimensional spin system at fi-
nite temperature proposed by F. Bloch initiated great
interest in ultrathin magnetic films on inert surfaces, but
nowadays many studies are related to the magnetic prop-
erties of artificial structures such as magnetic multilay-
ers. The magnetic properties of (Fe, Co)/(Pd, Pt) mul-
tilayer films and alloy films have attracted significant at-
tention both for their potential applications as magnetic
recording materials and for their scientific interest as a
new artificial structure [1,2]. Extensive studies have been
reported for Fe-Pt alloy films as well as for Fe/Pt mag-
netic multilayers, which have concentrated either on the
investigation of the presence of perpendicular magnetic
anisotropy (PMA) and its relation to the structure or on
the investigation of the local magnetic moments; PMA
was observed for FePt(001) films [3], polycrystalline Fe-
Pt alloy films [4], Fe/Pt multilayers grown in the [111]
direction when the Pt interlayer is thick enough to en-
sure the low-dimensionality of Fe layers [5], and Fe/Pt
multilayers grown in the [100] direction in certain cases
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[6,7]. Tt is also reported that Pt atoms in Fe/Pt multi-
layers and Fe-Pt alloys have induced magnetic moments
[8].

In relation to these novel properties of Fe-Pt alloy films
and multilayers, it is necessary to study the role of inter-
face and intermixing between the ad-layer and the sub-
strate. We have previously studied ultrathin Fe films on
Pd(111) [9] and found that the morphology of the inter-
face and the degree of intermixing are very crucial to the
magnetic properties of ultrathin films.

In this work, we have investigated Fe films grown on
Pt(111) by using the surface magneto-optic Kerr effect
(SMOKE), X-ray photoelectron spectroscopy (XPS),
and low-energy electron diffraction (LEED). We found
that the Fe layers are not ferromagnetic when the film is
thinner than 4.5 ML (monolayers), and that the in-plane
magnetization is present for a 4.1-ML Fe film upon post-
annealing at 550 K. Thicker films show only an in-plane
Kerr signal. Upon post-annealing at 770 K, a 9.2-ML Fe
film does not show any Kerr signal, while a 5.1-ML Fe
film has an in-plane Kerr signal with increased coercivity.
A diffuse (2 x 2) LEED pattern was observed for both
cases, and the average compositions of the intermixed
layers caused by the interdiffusion of Fe atoms into the
Pt substrate were also estimated.
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II. EXPERIMENT

The SMOKE, XPS, and LEED measurements were
performed in a home-made ultrahigh vacuum chamber.
The base pressure of the chamber was 8 x 10~!! Torr.
The Pt(111) substrate was of disk type with diameter
10mm and thickness 1 mm. The surface was cleaned by
several cycles of Art sputtering at 1 keV and anneal-
ing at 870 K in the UHV chamber until a sharp (1 x
1) LEED pattern was observed. No contamination was
detected in the XPS spectrum. The XPS spectra were
obtained with unmonochromatized Al K,, radiation with
hv = 1486.6 eV. The overall resolution was 0.9 eV. The
light source for SMOKE measurement was a 10-mW He-
Ne laser with A = 623.8 nm.

The Fe film was deposited on the substrate at room
temperature (RT) by an e-beam heating method. An
iron wire of 99.99 % purity was heated by electron bom-
bardment from a tungsten filament. The film thickness
was first calibrated by using a quartz thickness monitor,
and was then cross-checked by XPS by using Fe 2p and
Pt 4f core-level photoelectron (PE) intensities at sub-
ML coverage, by assuming no island growth. The values
obtained from these two methods agree with each other
within an error of 10 %. In this work, the Fe film thick-
ness was represented in units of one monolayer and 1 ML
was set as 1.50 x 10! Fe atoms cm™2, by assuming a
pseudomorphic growth of the Fe film on the Pt(111) sur-
face. Most post-annealing was done for 3 min at a given
temperature, unless otherwise stated.

III. RESULTS AND DISCUSSION

The results of SMOKE measurement for Fe films
grown on Pt(111) surface are shown in Fig. 1. No hys-
teresis curves were observed for films with Fe thickness
less than 4.5 ML. The as-deposited 4.1-ML Fe film does
not show Kerr signal for any direction, but upon an-
nealing at 550 K for 15 min, the in-plane Kerr signal is
obtained with a coercivity of 2.9 Oe [10]. Similar behav-
ior has been observed in a 2.0-ML Fe film on Pd(111)
[9], where both the in-plane and out-of-plane signals are
present, but a 2.0-ML Fe film on Pt(111) does not show
ferromagnetic behavior upon annealing. In addition to
this, the Fe 2p and valence band PE lineshapes of a 4.1-
ML Fe film on Pt(111) are changed upon annealing, this
being different from the 2.0-ML Fe film on Pd(111). This
implies that while the post-annealing of the 2.0-ML Fe
film on Pd(111) results in better morphology, the post-
annealing of the 4.0-ML Fe film on Pt(111) results in
intermixing which may make the several layers on the
surface ferromagnetic Fe-Pt alloy.

The Kerr intensity of a 5.1-ML Fe film (middle panel
of Fig. 1) has a well-defined in-plane hysteresis curve
with a low coercivity, and post-annealing at 570 K does
not change it much. However, the coercivity increases to
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Fig. 1. Kerr signals from 4.1-, 5.1-, and 9.2-ML Fe films
on Pt(111) after RT deposition and upon annealing at given
temperatures.

25 Oe upon further annealing at 770 K. This increase was
also observed for Fe films on Pd(111) at T'= 600 — 660 K
[9], which seemed to result from the formation of compo-
sitionally inhomogeneous layers with small domain sizes.
Upon post-annealing at 590 K, the coercivity of a 9.2-ML
Fe film (bottom panel of Fig. 1) increases, but further
annealing at 770 K results in the disappearance of the
hysteresis curve. This is not easy to understand when
compared with the 5.1-ML case, because it can be ex-
pected that thermodynamic equilibrium can be reached
easily for thinner Fe films. For the Fe/Pd(111) system,
the increase in coercivity was achieved at a lower tem-
perature for a 2.5-ML Fe film than for a 5.5-ML Fe film
[9].
In order to figure out the underlying origin of this dif-
ference, we first performed LEED experiments. There
was a report of observing a (2 x 2) diffuse LEED pattern
in post-annealed Fe/Pt(111) [11], and we also observed
such a pattern for both the 5.1- and 9.2-ML Fe films
at 570 — 590 K. These spots did not disappear upon an-
nealing at 770 K. This indicates that at least the topmost
layers of both films do not differ much. This surface or-
dering or reconstruction was not observed in Fe/Pd(111)
[9]. It is hard to determine the surface structure in real
space without I-V characteristic measurement, and we
cannot even know the composition of the topmost layer.
It was reported that the topmost layer is composed of 45
at.% Fe [11] and, if this was the case, the surface layer
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Fig. 2. XPS spectra of a 9.2-ML Fe film on Pt(111) after
RT deposition and upon 590 K and 770 K post-annealing.

should be a mixture of p(1 x 2) and p(2 x 1), which
corresponded to the atomic rows of Fe and Pt on (111)
surface. Since it is well known that the topmost layer
of FegoPtgo(111) alloy is composed solely of Pt atoms
[12], we cannot rule out the possibility of a very complex
structure for the topmost layer. The easiest explana-
tion for the p(2 x 2) LEED pattern is the formation of
the surface ordered alloy with composition ratio of 1 :
3, and one may assume the formation of FePt3 surface
ordered alloy upon post-annealing. Since bulk FePt3 de-
velops antiferromagnetic order below Ty = 160 K, it is
tempting to conclude that the disappearance of the Kerr
signal from the 9.2-ML Fe film upon annealing at 770 K
is related to the surface alloy formation of FePts.

Figure 2 represents the core-level spectra of Pt 4 f and
Fe 2p PE lines. The Fe 2p PE line changes its lineshape
greatly upon annealing at 770 K. This implies that there
is significant intermixing with Pt atoms due to interdiffu-
sion, but the change is not so severe as in the Fe/Pd(111)
case [9]. We can assume that the average composition
of intermixed layers is not similar to the post-annealed
Fe/Pd(111), where the composition of the thick layer was
estimated to be between 9 and 15 at.% Fe.

We first tried to apply Johansson and Martensson’s
method for treating core-level binding-energy shifts in
alloys [13] as in Ref. [9] to estimate the Fe concentra-
tion of the intermixed layers. This method is based on
a Born-Haber cycle involving the heat of formation usu-
ally calculated after Miedema [14]. The Pt 4f binding-
energy shift calculated in a simplified scheme [13] is AE
= 0.82 x eV, where z is the average Fe concentration of
the intermixed layers. Since the measured value of the
maximum shift is + 0.26 eV, the Fe concentration is es-
timated to be 32 at.%. However, it is apparent that this
method does not work in this case; the Fe 2p binding-
energy shift calculated in a simplified scheme [13] is AE
= 0.25 (1 — z) eV, and the measured value of the shift
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is + 0.25 eV, implying that the average Fe concentration
is almost 0.

On the other hand, if we compare the PE intensity ra-
tio of RT and 770 K annealed films, we can get a rough
estimate of the average Fe concentration, since the pho-
toelectrons emitted from the inner layers decay through
inelastic scattering [15]. Figure 3 shows the change in the
PE intensity upon annealing at given temperatures. By
assuming a pseudomorphic behavior for the as-deposited
9.2-ML Fe film, the PE intensity ratio is given by
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where d is the interlayer spacing of Pt{111}. The elec-
tron inelastic mean free paths have the values Ap, =
5.44 ML and Ap; = 7.33 ML for Fe 2p and Pt 4f photo-
electrons excited by Al K, radiation [15]. A constant A
represents the ratio of the photoionization cross sections
and the effect of analyzer transmission function. If we
assume that the surface alloy forms homogeneously with
sharp interface upon 770-K annealing, the PE intensity
ratio would be
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with the constraint
r X 1=9.2,

where x is the Fe concentration and [ is the thickness of
surface alloy in monolayers. This gives x = 0.49, much
different from the result of Johansson and Martensson’s
method.

The homogeneity of the intermixed layers can be esti-
mated from the change in linewidth of the PE lines. It is
well known that the Pt 4f lineshape does not follow the
usual Doniach-Sunji¢ type, but the Mahan type, and it is
not easy to determine the real half-width when asymme-
try is not treated rigorously [16]. Here we fitted only part
of the PE lines where the simple Voigt function worked.
Binding energy shifts and the linewidth change of Pt 4 f
PE lines from the fitting are shown in Fig. 4. The bind-
ing energy shift results from the intermixing of Pt sub-
strate with Fe atoms, and its maximum value is 0.26 eV.
The values of full width at half maximum (FWHM) of
Pt 4f PE lines decrease upon deposition of Fe atoms at
RT. This might be related to the change of surface states.
The value of FWHM increases upon annealing at 570 and
590 K, indicating that the Pt atoms have many different
chemical environments. This can be understood from the
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Fig. 3. Photoelectron intensity change from a 9.2-ML Fe
film on Pt(111) as a function of post-annealing temperature.
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Fig. 4. Binding energy shift (solid circles) and full width
at half maximum (open circles) of Pt 4f PE lines as a function
of post-annealing temperature. The values for pure Pt(111)
are shown for comparison.

normal diffusion phenomena. However, upon annealing
at 770 K, the value of FWHM decreases from 1.39 eV to
1.27 eV, and we can conclude that the intermixed layers
have more or less homogeneous chemical environments.

From the results, it is clear that the 770-K annealed in-
termixed layer is composed of nearly equiatomic amounts
of Fe and Pt atoms. Since the Fe concentration of the
topmost layer was suggested as 45 at.%, it seems that
the whole intermixed layer has a homogeneous composi-
tion ratio of nearly 1 : 1. Since it is known that there is
competition between ferromagnetism and antiferromag-
netism in fct FePt [17], the absence of ferromagnetic or-
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der in the 770 K annealed 9.2-ML Fe film might be due
to the tetragonal distortion and chemical ordering. On
the other hand, the 770 K annealed 5.1-ML Fe film has
a smaller change in FWHM and photoelectron intensity
ratio upon annealing. Similar analysis using Egs. (1)
and (2) gives £ = 0.61. This probably explains the fer-
romagnetic order in the latter case. We are currently
studying further a 5.1-ML Fe film and the valence band
spectra of post-annealed films by comparing them with
the XPS and synchrotron radiation PES [18].

IV. SUMMARY

In summary, the magnetic properties of ultrathin Fe
films grown on a Pt(111) surface were investigated by us-
ing SMOKE, XPS, and LEED. By combining the experi-
mental results, it was found that the Fe layers are not fer-
romagnetic when the film is thinner than approximately
4.5 ML, but that in-plane magnetization is present for
a 4.1-ML Fe film on Pt(111) upon annealing at 550 K.
Upon post-annealing at 770 K, a 9.2-ML Fe film does not
show any Kerr signal, while a 5.1-ML Fe film has an in-
plane Kerr signal with increased coercivity. A diffuse 2
x 2 LEED pattern was observed for both cases, and the
average compositions of the intermixed layers caused by
the interdiffusion of Fe atoms into the Pt substrate are
estimated to be not less than 49 at.% Fe. The absence
of ferromagnetic order observed in a 770 K annealed 9.2-
ML Fe film might result from tetragonal distortion and
chemical ordering.
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