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Scanning Tunneling Microscopy Observation of Epitaxial bcc-Fe(001) Surface
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We report the first atomic-resolution scanning tunneling microscopy (STM) image of epitaxial bcc-Fe(001) films grown
on MgO(001) substrates. A 50-A-thick Fe film grown at a growth temperature of 550K formed square pyramidal islands
with atomically flat terraces. The terraces were found to range between 5nm and 20 nm in width separated by monoatomic
high steps. The film exhibited a (& 1) unreconstructed structure at a film thickness below 19 A; however, a reconstructed
surface was found on thicker films. The atomic-resolution STM image and low energy electron diffraction (LEED) observation
indicated that the reconstructed structure is axc@ structure.
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ture, we showed that the possibility remains that thexc@
reconstructed surface is composed of Fe atoms.

In recent years, since a bcc-Fe(001) surface is expected
to have highly spin-polarized surface statethere has been
growing interest in the investigation of atomically flat Fe films The experiments were performed in an ultrahigh-vacuum
on MgO(001) with respect to the preparation of a suitable susystem equipped with electron beam evaporators (Omicron
face for spin-polarized tunneling experiméntsand electron EFMB3), reflection high energy electron diffraction (RHEED),
spin polarimetry?) By using this material as a sample for spin-and Art ion bombardment for the preparation chamber
polarized scanning tunneling microscopy (SP-STM) exper{p = 1 x 10~ Pa); and LEED, Auger electron spectroscopy
ments, we found that the tunneling current between an op{AES), X-ray photoelectron spectroscopy (XPS), atomic
cally pumped GaAs tip and the magnetic sample was dep€iorce microscopy (AFM) and STM system for the analysis
dent on the magnetic condition of the sampl&his material chamber p = 3 x 10°° Pa).
is also interesting for technological applications, for example, As substrates, commercially available, mechanically pol-
as a seed layer for the epitaxial growth of other layers arished MgO(001) substrates were used. The substrates were
multilayers® and for the fabrication of submicron particles ultrasonically cleaned in acetone, 2-propanol and methanol,
and wires®) and then were exposed in boil acetone at 323 K. An Au strip

By using STM, Thurmeet al. have reported that Fe/MgO was deposited on both edges of substrates to provide an elec-
is a thin-film system with effective Schwoebel barriers at th&rical contact between Fe films and the sample plate. The
step edge® so that a specific structured film can be obtainedubstrates were cleaned by 3 keV*Apbn bombardment for
by controlling the growth temperature. They found that atonb minutes at a grazing angle of 3fbllowed by flashing at
ically flat films can be obtained at growth temperatures abodl 73 K. The cleanliness of the substrates was monitored by
500 K. Jordaret al. also reported a similar result for thinnerAES.
films.? A flat surface with terraces separated by atomic steps An Fe film was deposited at a growth temperature of 550 K
on a magnetic sample can be expected to provide many ad-a deposition rate of 0.5 ML/min (1 Mk 1.433A) from
vantages for the spin-polarized tunneling experiments, sineehigh-purity (9999+%) Fe wire. In order to avoid any
the spin-polarization of surface electron states strongly deffect from the impurities, the Fe wire was preheated for
pends on the local arrangement of atoms. An atomically flabhore than 6 h. The flux of Fe atoms was directed along the
film can be obtained easily; however, an atomically resolvelele[110] direction at an incident angle of°2@om the surface
STM image on the surface has not been reported so far. Umermal. The pressure during the deposition never exceeded
derstanding of the atomic structure of this surface is very us8:0 x 10~ Pa. An electrochemically etched W wire was used
ful for obtaining high-resolution spin-polarized information;as a tip. The tip was cleaned by Afon bombardment and
therefore it is also essential to study the correlation betwedém situ annealing. STM observation was performed at room
surface structures and magnetism. temperature. Topographic STM images were obtained in a

In this work, we report the first atomically resolved STMconstant current mode.
image of Fe film surfaces grown on MgO. At a growth tem-
perature of 550 K, we can produce an atomically flat film witts:  Results
wide terraces and obtain atomic images of the flat terraces. ARHEED and LEED observations show that MgO substrates
previous low energy electron diffraction (LEED) study indi-exhibit a (1x 1) bulk terminated structure even before any
cated that the high-quality Fe single crystal flms hada{} cleaning treatment in vacuum. As confirmed by AES, the
unreconstructed surface, and segregated or adsorbed oxygkraning procedures described in 82 can remove the contam-
or other atoms induced other reconstructed surfaces. By dbhant. The very sharp RHEED and LEED patterns indicated
serving the film thickness dependency of the surface struttiat a clean surface was obtained. According to the AFM
images, the substrate exhibits a flat surface with average rms
*E-mail address: agus@nano.eng.hokudai.ac.jp surface roughness of aboubt- 0.05 A.

1. Introduction

Experiment
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As we have reported previously? and in agreement with grow epitaxially in the bcc phase on the rock-salt structure of

the findings of other groupst Fe films @re.puik = 2.867 A)

MgO substratesaygo = 4.213 A) with a lattice mismatch of
about 3.8%. The epitaxial relations are(@@1) //MgO(001)
and F¢110]//MgO[100Q].

RHEED observation during growth shows that the films
exhibit a (1x 1) unreconstructed structure at low coverage
films. When the film thickness achieved about 19 A, RHEED
patterns became two-fold patterns, indicating the occurrence
of surface reconstruction. This reconstructed structure never
changed and becomes more clearly observed as the film thick-
ness increases to 50 A, as shown in Fig. 1(a). As revealed by
LEED patterns shown in Fig. 1(b), this reconstructed struc-
ture can be referred to as a ¢{22) structure.

Fig. 1. RHEED and LEED patterns of a 50-A-thick Fe film grown on Figure 2 shows STM images of the surface structures of
MgO(001) at a growth temperature of 550K. (a) RHEED patterns ob35_A (Fig. 2(a)) and 50-A (Fig. 2(b)) thick Fe films. At a

tained in the Fe[110] direction. Beam energy: 20kV. (b) LEED patter

obtained at a primary energy of 171 eV.

Fig. 2. STM image of Fe films grown on MgO(001) substrates at a growth
temperature of 550 K. (a) 35-A-thick film, (b) 50-A-thick film. Scan size

"ilm thickness of 35 A, Fe film forms flat square islands with
square terraces (or 2D-nuclei) on the surface. The island
edges run along the Fe[100] direction. The terraces were very
narrow. Although the film exhibits an atomically flat surface,
it was difficult to obtain an atomically resolved STM image
on this surface.

By increasing the film thickness to 50A, the edges of
the islands become clearly defined and straight, as shown in
Fig. 2(b). The film forms square pyramidal islands with 4 to
6 layers of atomically flat terraces. The terrace width ranged
between 5 and 20 nm. The steps run along the Fe[100] direc-
tion, parallel to the edges of the islands and are monoatomi-
cally high which is consistent with/2 of bulk Fe.

The formation of an atomically flat surface at a growth tem-
perature of 550 K is consistent with previous works, in which
the atomically flat surface was obtained at growth temper-
atures typically above 500K In this temperature range,
the so-called Schwoebel barrfét,which prevents adsorbed
atoms from transferring to the lower terraces through steps, is
overcome, and then Fe atoms can diffuse not only in an up-
ward direction but also in a downward direction on the step
edges. Thus, at this temperature, 2D growth, which is favored

of both images: 5& 50 nn?. Terrace width in image (b) ranged betweenFig. 3. Atomically resolved STM image of a 50-A-thick Fe film. Scan
5 and 20 nm wide. The steps run along the Fe[100] direction. The stepssize: 6x 6 nn?. The atomic structure is a c§22) reconstructed structure.

are monoatomically high which is consistent wétf?2 of bulk Fe.

Atomic corrugation is 0.15 A.
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by thermodynamics, becomes dominant, and leads to formiaere still remains a possible effect from the migration of re-

tion of an atomically flat film. maining contaminants from substrates to the film surface dur-
An atomically resolved STM image on the flat terraces oihg growth, we believe that the reconstruction formation is

a 50-A-thick Fe film is shown in Fig. 3(a). The scan size iselated to the growth process of Fe film itself.

60x 60 A. The distance of the atomic periodicity of Fe atoms

in the [100] direction was found to be typically twice the dis->-

tance of Fe atoms of the bulk. Thus, the atomic structure The surface structure of bcc-Fe(001) films epitaxially

shown in the image is revealed to be a &(2) reconstructed grown on MgO(001) substrates was studied by STM. Films

structure. This structure is consistent with the LEED patterrgrown at a growth temperature of 550K formed pyrami-

shown in Fig. 1(b). The atomic corrugation is about 0.15 A. dal square islands with atomically flat terraces separated by

monoatomic steps. The atomically resolved STM images re-

vealed that the film had a c(® 2) reconstructed surface and
There are several possible reasons for surface reconstrits-atomic corrugation was 0.15 A.

tion in material surfaces, for example, surface segregation
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