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We have studied thé01) surface of a Fg0, single crystal using low-energy electron diffraction
(LEED), Auger electron spectrosco#ES) and scanning tunneling microscoTM). The STM
measurements were performed using a novel tip of antiferromagnetic MnNi alloy. Atomically
resolved STM images provide evidence of a surface terminated at the octahedral plane, with rows
of Fe cations running along tH&10 crystallographic axes. Two different kinds of Fe cations with

a separation of 6 A were imaged, while the periodicity between Fe cations of the same kind is about
12 A. We propose an interpretation of the anomalous corrugation observed in terms of a spin
polarized effect, resulting in magnetic contrast betweed"Fand Fé* ions in octahedral
coordination. ©2003 American Institute of Physic§DOI: 10.1063/1.1556199

I. INTRODUCTION positively biased at 0.6—1.0 V with respect to the tip. A
tunneling current between 0.1 and 0.3 nA was typically used.

Scanning tunneling microscog@$ TM) has proven to be . . . . !
9 9 HTM) b Magnetite is an inverse spinel material with a crystal

a powerful instrument for the investigation of the structure . ) ;
and electronic properties of surfaces down to the nanometé’ucture that is based on a face-centered cubic unit cell,
and atomic scale. In recent years, attention has focused giPntaining 323~ anions and 24 mixed valence Fe cations,
the possibility of obtaining magnetic contrast by using STMhaving a lattice parameter af=8.3963 A° The formula can
with tips made from magnetic materials. Magnetic contrasbe written as X[ XY ]gO,, where X=F&**, Y=F¢&’* andA

on the atomic scale was claimed by Wiesendamgell on  and B denote tetrahedral and octahedral sites, respectively.
the FgO,(001) surface of a natural single crystal using aThe octahedraB sites are occupied by a mixture ofFeand
ferromagnetic Fe tip. These results were recently reproducede®* jons, which form rows running along tHg10 set of

by Koltun et al on an artificial FgO,(001) single crystal. girections. Magnetite is a half-metallic ferrimagnet with a
Cr coated W tips have also been employed to image stripgigh spin-polarization near the Fermi ledeThe spin con-
domains with a magnetic period of 5& nm in Fe/W110) figuration of the Fe ions isd@ for Fé* and a1 for F&*,

epitaxial films® Antiferromagnetic tips do not produce a . .
stray magnetic field, so that there should be no magnetostatlnc1ak|ng the (001) face terminated at the octahedral plane

interaction between the tip and samplén this study, we suitable for .a.temic scale spin—pelarized STM experiments.
fabricated tips from antiferromagnetic MnNi and used them  'he artificial crystal used in these experiments was
to investigate the surface properties of magnetite 9FOWN by the skull melting techniqueThe crystal surface
Fe;0,(001). Magnetite is a highly interesting material for Was aligned with a precision of 1° with respect to th€001)
applications in spin electronics, because of its half-metallicrystallographic plane. X-ray diffractometrgXRD) of a
properties. However, many issues regarding the structurglowdered part of the crystal showed good agreement with
and electronic properties of the surface have not been rehe reference diffractograms for the magnetite crystal struc-
solved. In this study, new STM data are presented on theyre and a lattice constant of 8.20.01 A was measured.
structure of the 001 surface at the atomic scale. These re-Foyr-point resistance versus temperature measurements were
sults are discussed in terms of a possible spin-polarized ef,5de petween 10 and 300 K. A Verwey transition tempera-

fect. ture of 108 K was measured, indicating that the composition
of the crystal was substoichiometric.
The crystal was mechanically polished using diamond
Il. EXPERIMENT

paste with decreasing grain sizes of 3, 1, and Q&b After

The sample preparation and analysis were performed iRolishing, the crystal was cleaned and secured onto a Mo
an UHV system with a base pressure in the mid#enbar. ~ Sample holder before insertion into the UHV system. The
This system was equipped with facilities for low-energy in-vacuum preparation procedure consisted of a combination
electron diffractionLEED) and Auger electron spectroscopy of Ar™ ion sputtering, annealing in UHV, and annealing in an
(AES). STM was performed in constant-current mode, usingoxygen partial pressure. The details of this preparation pro-
a home-built room-temperature instrument. The sample wagedure are described elsewh@rEhis preparation procedure
produces a contaminant-free surface, showing a shad@p (
dElectronic mail: mariotl@tcd.ie X \2)R45° LEED pattern.
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FIG. 1. SEM images of a MnNi tip with<1.5k magnification. FIG. 2. LEED pattern of a clean F®,(001) surface observed with a pri-
mary electron energy of 93 eV. The/2x \2)R45° surface mesh is visible.
Thep(1x 1) unit cell and the (2x y2)R45° superlattice are indicated by
a dashed square and a solid square, respectively. The crystallographic axes

are marked.
I1l. RESULTS AND DISCUSSION
A. Tips fabrication B. AES and LEED measurements of Fe ;0,(001)
STM tips for this study were fabricated using MnNi al- The Fe—O system is complex and the stable phases de-

loy. The MnNi alloy has a CuAu—I type face centered tetrag-pend on parameters such as temperature and oxygen content.
onal crystal structure, with lattice parameters 3.714 A, ¢ Fe;0,, FeO, andy-Fe,0; have a similar oxygen lattice and
=3.524A. This alloy is antiferromagnetic within a compo- can readily transform into each other under suitable anneal
sition range of about-2% of the equiatomic compositich. conditions. Therefore, it is important to establish which
Neutron diffraction studies indicate that the Mn atoms havephase may be present on the surface of a crystal. AES can be
large magnetic momentsu(=4.0+0.1ug), which are anti- used to establish the chemical composition of the surface; the
ferromagnetically aligned in planes that are normal to theceM, 3VV line shape can be used to determine which iron
crystallographicc axis. The magnetic moments of the Ni oxide is present at the surfat®e*°The typical line shape of
atoms are by comparison much smallgr<(0.6ug).% the low-energy iron peaks we obtained are in good agree-

A polycrystalline ingot was prepared by arc-melting ment with the reference Auger spectrum for,8g.'’ This
equiatomic proportions of 99.9% pure Mn and Ni powderline shape was found to be highly reproducible using the
under an argon atmosphere. Having melted the ingot twice tth-vacuum preparation procedure described earlier. Figure 2
ensure homogeneity, it was then annealed for 48 h at 900 °shows a typical LEED pattern of the surface, taken with a
under an inert argon atmosphere. X-ray powder diffractiorPrimary beam energy of 93 eV and an emission current of
was carried out on a sample of the ingot to ensure that th8-5 MA. Half-order spots are visible in an arrangement cor-
correct crystallographic structure was obtained. Cylindricaresponding to a (2 y2)R45° reconstruction. Thélx1)
rods(0.5 mmx 13 mm of the material were then prepared by Unit cell and the (2 \2)R45° superlattice are indicated by
cutting the ingot with a low-speed diamond-wheel saw anc® dashed and a solid square, respectively.
polishing.

We have employed a similar technique to that described@. STM measurements of Fe ;0,(001)
by lijima and Yasudd for the preparation of Fe, Ni, and A typical STM image of the surface is shown in Fig. 3.

FeBSiC magnetic force microscofilFM) tips. The MnNi The (001 surface of magnetite was characterized by flat ter-

rods were etched in an aqueous solution of 0.5 M HCI. Theraces with straight edges aligned along f&0] and[110]

lower end of each rod was covered with a length of 2.5 mmcrystallographic directions. The step heights are an integer

of insulating PTFE tubing, which was then immersed in themultiple of 2.1 A, which corresponds to the separation be-

etchant. This physically restricted the etching zone becausﬁveenA—A or B—B planes. A monatomic step equal to 1.0
only a very small region of the uncovered rod above the

insulating tubing was exposed to the etchant. Dropoff oc-
curred when the etched region was too narrow to support the
weight of the lower portion of the rod. The tip was retrieved
from the PTFE tubing which protected it from mechanical
damage after dropoff. The tips were rinsed with distilled wa-
ter and inserted into the UHV system where they were
cleaned with 1 keV Af ions prior to use. This technique
improves upon earlier preparation procedures developed in
our laboratory>**to produce tips with a lower aspect ratio
and with tip apexes lying in the 50-100 nm range. SEM
images of a MnNi tip prepared in this fashion are shown NeiG. 3. (1200x1500 A? STM image. The step edge directions lie along the

Fig. 1. A iNore d_eta"ed description of the tips preparationy; ;g and[110] crystallographic axes. The step heights are integer multiple
procedure is available elsewhére. of 2.1 A, which corresponds to the separation betw&er or B—B planes.
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experiments because of the different spin configuration of the
Fe" and Fé" cations. Slonczewski®® has shown that the
tunneling conductance between two ferromagnets separated
by a nonmagnetic barrier is dependent on the relative orien-
tation of the quantization axes in both ferromagnets. Trans-
lated to a STM junction, this means that the tunneling current
depends on the magnetization of the itig and the sample
ms. Assuming a constant tip magnetization, the variation of

the tunneling current will be dependent oams. Since the

o magnetic moments of Eé and Fé" in magnetite are g
Fozf and Sug, respectively, these ions should be distinguishable
o using a spin-polarized tip. The anomalies in the atomic cor-

o rugation detected in our measuremefgse Fig. 4b)] may
L w O ? be the result of this spin-polarized effect. At present, this

FIG. 4. (a) (70x70) A2 STM image. An~6 A distance between neighbor- structure has r,wt been, reproduced using a nonmagnetlc tl'p. A
ing rows is observed. The image was acquired at a positive sample bias §gomparison with atomically resolved images obtained using
1.0 V and a tunneling current of 0.1 nA using a MnNi tip) line profle =~ nonmagnetic tipge.g., W would clarify whether a spin-
taken along the lin@—a. The separation between two points of enhanced polarized mechanism is definitely involved, or if a difference

corrugation along thé110) directions is~12 A; a point of lesser corruga- ; . + o
tion, at an equal distance of6 A between two points of enhanced corru- in the local denSIty of Statdﬂ;'DOS) of F&" and Fé" ions

gation is revealed by the line profile. is responsible. A more extensive analysis of the results dis-
cussed above is available elsewh&re.
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