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Evidence for Ferromagnetic Order at the FeO(111) Surface
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By using spin-polarized secondary electron spectroscopy, we have found that the surface of FeO
prepared by oxidation of Fe(110) is ferromagnetically ordered above the bulk Néel temperatu
198 K. A possible cause of the ordering is the reconstruction of a polar FeO(111) surface to r
electrostatic surface energy. [S0031-9007(96)01477-9]
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The surface of a magnetic material generally shows
magnetism different from that of the bulk because th
translational symmetry is broken at the surface. In t
last two decades, extensive experimental and theoret
studies of the surface of 3d transition metals have re-
vealed interesting phenomena such as the higher surf
Néel temperature of chromium [1], the ferromagnetic o
der at the surface of paramagnetic vanadium [2], and
enhanced surface magnetic moment of 3d ferromagnets
[3]. For 3d metal oxides, in contrast, there are compar
tively few studies of the surface magnetism. Namikaw
using the surface barrier resonance in low-energy ele
tron diffraction, found that the magnetic moment at th
surface of antiferromagnetic NiO decreases faster with
creasing temperature than that of the bulk [4]. Simil
behavior was also found, using Mössbauer spectrosco
for ferromagneticg-Fe2O3 by Ochiet al. [5] and for anti-
ferromagnetica-Fe2O3 by Shinjoet al. [6]. This behav-
ior is explained by the smaller exchange field due
the smaller number of neighboring magnetic ions at t
surface. FeO is an antiferromagnetic material with th
Néel temperature of 198 K. In this Letter we report re
sults of our investigation of the ferromagnetic order at th
surface of a paramagnetic FeO(111) film formed on
Fe(110).

The experimental apparatus used in this experiment w
described elsewhere [7]. An Fe(110) sample was moun
on a horseshoe-shaped electromagnet in order to orien
magnetization in the [001] or [001] direction. The sample
was cleaned by 4 keV Ar ion bombardment followed b
flash heating to 860 K. The surface cleanliness and cr
tallinity were evaluated by Auger electron spectroscop
(AES) and low-energy electron diffraction (LEED). Af-
ter this cleaning, AES did not reveal the presence
contamination, and LEED showed crystalline order. A
oxide layer was formed by keeping clean samples
570 K, while exposing them to an oxygen atmosphere
1.0 3 1026 Torr for 3600 sec. All the oxidized samples
except one were prepared by this method. That sam
was prepared by exposing a clean Fe(110) at 470 K
an oxygen atmosphere of7.5 3 1027 Torr for 3500 sec.
Leibbrandtet al. reported that the oxide layer thus pre
pared is 40 Å-thick FeO [8], so we used this sample as
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reference to determine the oxide layer thickness of ot
samples. The composition of thin oxide films on iron h
been reported to be either FeO, Fe2O3, or Fe3O4, depend-
ing on substrate orientation, preparation temperature,
analysis technique [9]. It is well established, howeve
that the oxide layer formed when an Fe(110) is expos
to oxygen at a temperature higher than 470 K is FeO(1
[10,11]. Thus the oxide films obtained in this work ar
expected to be FeO(111). After samples were expose
oxygen, they were cooled to 370 K by using a liquid n
trogen reservoir. Each sample was then irradiated w
a 2 keV electron beam and the secondary electrons e
ted were directed through a CMA-type energy analyz
to a Mott detector for measuring polarization as a fun
tion of secondary energy. The resolution of the ener
analyzer was about 0.7 eV. The depth dependencies
composition and magnetization were studied by meas
ing the polarization and the AES spectra during 4 ke
Ar ion sputtering. To cancel the offset polarization of
few percent, we measured the polarizationsP1 and P2

for magnetizations in the [001] and [001] directions and
obtained the final polarizationP as P ­ sP1 2 P2dy2.
The AES spectra in this experiment were all obtain
with a primary electron energy of 3 keV. The vac
uum pressure in the sample chamber was initially5 3

10210 Torr, but it increased after several oxidation pr
cesses and reached2 3 1029 Torr when the experiment
was concluded.

Figure 1 shows secondary polarizations as a function
secondary energy for the clean Fe(110) surface and
an oxidized sample. Also shown are the LEED patter
The clean Fe(110) shows a typical bcc(110) surface p
tern. Its polarization spectrum is similar to that observ
by Kirschner and Koike [12]: The spectrum is characte
ized by a peak at 2 eV and a shoulder near 17 eV. T
oxidized surface shows a hexagonalps2 3 2d pattern in-
dicating that the surface is a reconstructed FeO(111). T
kind of LEED pattern was also observed by Cappuset al.
[11]. The polarizations, surprisingly, were negative for a
energies between 0 and 19 eV. This means that the
face layer of FeO(111) is ferromagnetically ordered w
magnetization probably antiparallel to that of the unde
lying Fe substrate.
© 1996 The American Physical Society 3921
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FIG. 1. Secondary polarizations as a function of seconda
energy for (a) clean Fe(110) and (b) Fe(110) oxidized at 570
in 1 3 1026 Torr oxygen for 3600 sec. The LEED pattern
shown in (a) and (b) were obtained at primary electron bea
energy of 93 and 60 eV, respectively.

Figure 2 shows, for another oxidized sample, the sputt
ing time dependency of a secondary polarization at 0 e
energy and of the AES peak ratio O(KLL)yFe(L23M23M45).
Also shown is the secondary polarization for the oxidize

FIG. 2. The sputtering time dependency of a polarization
secondary electrons with 0 eV energy for an Fe(110) sam
oxidized at 570 K in1 3 1026 Torr oxygen for 3600 sec (A)
and for the reference sample (B). The sputtering was done with
a 4 keV Ar ion beam. Also shown (open circles) is the Auge
peak ratio of O(KLL)yFe(L23M23M45) for the former sample
obtained with a primary electron energy of 3 keV. The sca
of the top axis has an uncertainty of620%.
3922
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reference sample obtained under the same sputteri
condition. By comparing the polarization data for thes
samples, we can roughly determine the thickness of th
oxide layer of the experimental sample. Since polariza
tion data for that sample is located to the right of that o
the reference sample in Fig. 2, the oxide layer thicknes
of the experimental sample must be greater than 40 Å.
smoothed replotting of the same data shown by the do
in Fig. 2 but with the time scale expanded by a facto
of 1.54 is shown by the gray line superimposed on th
filled circles. The agreement of these two kinds of dat
is fairly good. Considering the nonzero probing depth
of polarized secondaries, the agreement indicates that t
oxide layer thickness of the experimental sample is a
most40 3 1.54 ­ 62 Å. Thus the oxide layer thickness
has been determined to be51 6 11 Å. The polarization
for the experimental sample, initially 12.0%, decrease
drastically to 0% within 140 sec, remains at 0% for
about 600 sec, and then becomes positive. The dras
disappearance of polarization at the beginning of sputte
ing is due to the removal of surface layer together with
destruction of surface crystallinity, and it indicates that th
ferromagnetic layer is localized at the surface region. Th
AES peak ratio first decreases slowly and later fast, with
shoulder near 1800 sec. The average AES peak ratio d
ing the initial slow decrease is 2.6. Since the ratio of th
sensitivity of the O(KLL) to that of the Fe(L23M23M45) is
2.6 for the 3 keV primary electrons [13], the AES peak
ratio of 2.6 confirms that the oxide in this thickness re
gion is FeO. The polarization begins to become positiv
before the shoulder in the AES peak ratio. This indicate
that the probing depth of the polarization is larger tha
that of the AES signal. VanZandt and Browning, in
fact, reported that the escape depth of spin-polarize
secondary electrons for an iron oxide is 20–30 Å [14]
which is greater than the AES probing depth of abou
10 Å [15,16]. As shown later, the crystallinity is de-
stroyed to a depth of only a few monolayers by sputtering
The polarized secondary electrons, with a probing dep
of 20–30 Å, should also reflect the magnetization of th
oxide layer with good crystallinity below the destroyed
oxide layer. Thus the zero polarization observed durin
the sputtering is more evidence that the oxide is no
g-Fe2O3 or Fe3O4 at that depth, since these oxides are
ferromagnetic. The relation between the sputtering tim
and depth can be found as follows. According to th
study of FeOyFe by Leibbrandtet al. [17], the shoulder
of AES peak ratio during the sputtering appears aroun
20 Å in advance to the real interface between FeO an
Fe due to the 10 Å probing depth of the AES signal
Since the shoulder for our experimental sample appea
near 1800 sec, the interface locates near 3000 sec. T
reasoning was used to create the depth scale on the
of the graph in Fig. 2. It has an uncertainty of620%,
however, because of the uncertainty of the oxide laye
thickness of the experimental sample. By using this dep
scale and the initial negative polarization period, we ca
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determine the thickness of the surface ferromagnetic lay
of the experimental sample to be2.4 6 0.5 Å. Since, in
the [111] direction of FeO, O and Fe layers are alternate
stacked with a period of 2.5 Å, the ferromagnetic laye
thickness corresponds to about two layers of O and Fe.

To get additional evidence for the localization of the
surface ferromagnetic layer, we made another experime
The secondary polarizations, LEED pattern observed
60 eV, and AES spectra of oxidized samples with differ
ent surface crystallinity are shown in Fig. 3. The samp
for Fig. 3(a) was prepared by sputtering an oxidize
sample with 5 keV Ar ions until the polarization of
0 eV secondary electrons became zero. The sample
Fig. 3(b) was the same sample after flash heating
820 K. As is seen in Fig. 3(a), after the sputtering, th
polarizations are 0% for all the observed energies b
tween 0 and 19 eV. The LEED pattern becomes diffus
but a hexagonal pattern is still visible. Since the inelast
mean free path of 60 eV electrons is a few Å [15], th
diffuse LEED pattern indicates that the crystallinity is de
stroyed for a distance corresponding to only a few mon
layers from the surface. The LEED pattern obtained aft
the heating is sharper and the polarization spectrum on
again resembles that shown in Fig. 1. The AES spectru
after heating, however, is almost identical to the one o
tained before heating. Considering these LEED and AE
results, we can see that appearance of negative polari
tion in Fig. 3(b) is mainly due to recrystallization of a
few monolayers near the surface and that ferromagneti
is restricted to these layers. The results in Fig. 3 sho

FIG. 3. Secondary polarizations, LEED pattern, and AE
spectra of oxidized Fe(110) sample (a) after Ar ion sputterin
and (b) after successive flash heating to 820 K.
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that this ferromagnetism is not due to the chemisorbed e
cess (nonequilibrium) oxygen atoms, because the sput
ing would have removed these atoms. To confirm th
excess oxygen atoms are not the cause of this surf
ferromagnetism, we heated another experimental sam
for 15 min at 870 K and for 5 min at 920 K. Since in
the process of oxidation Fe atoms are supplied to surfa
through an oxide layer [17], any excess surface oxyg
atoms should fall into an equilibrium state by being con
nected to these Fe atoms. The energy distribution a
sputter depth profile of polarization for this sample, how
ever, are almost the same as those shown in Figs. 1
2. This confirms that the surface ferromagnetic layer
inherent in the equilibrium FeO surface.

The (111) surface of a NaCl structure such as FeO(11
is a polar surface. Wolf proposed that such a surfa
reconstructs to reduce surface energy by reducing s
face dipole moments [18]. Theps2 3 2d LEED pat-
tern observed in Fig. 1 and by Cappuset al. [11] for
FeO(111) confirms that the reconstruction occurs.
similar ps2 3 2d LEED pattern was also observed fo
NiO(111) by Rohret al. [19] and by Ventriceet al. [20].
The latter authors observed the real space structure of
reconstructed surface by STM. The structure is an oc
polar reconstruction, where three of four O (or Fe) atom
of the top layer and one of four O (or Fe) atoms o
the second layer are removed. Although it is obviou
from the LEED pattern that the FeO(111) surface reco
structs, the actual structure has not yet been identifi
We therefore consider a possibility of ferromagnetic o
der for octopolar reconstruction with O atoms in the to
layer. Here we assume that, below the Néel tempe
ture, the Fe magnetic moments in the Fe layer parallel
the FeO(111) surface are ordered ferromagnetically a
that the magnetic moments of each Fe layer are orde
antiferromagnetically along the [111] direction. The la
ter order is due to the superexchange interaction via
atoms. If we denote the positions of two Fe atoms asz

and C and denote the positions of one O atom asj, the
magnitude and sign of the superexchange energyJ de-
pends on the anglef ­ /jCz , andJ ­ J2 is negative
for f ­ p and J ­ J1 is positive for f ­ py2 [21].
For the bulk Fe layer, the total superexchange energyJB

for orienting the magnetic moment of an Fe atom
given by JB ­ 6J2 1 12J1 2 12J1 ­ 6J2, where the
first term of the middle expression is the antiferromagne
interaction between neighboring Fe layers, the seco
term is the ferromagnetic interaction within an Fe laye
and the third term is the ferromagnetic interaction b
tween neighboring Fe layers. The first and second ter
tend to orient the magnetic moment in one directio
whereas the third term tends to orient it in the opp
site direction. Similarly, for the first Fe layer from the
surface of the octopolar reconstruction with a layer
O atoms on top, the total superexchange energyJS for
orienting the magnetic moment of an Fe atom is give
by JS ­ 6J1 2 6J1 1 3J2 ­ 3J2. SinceJS , JB, the
3923
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surface ferromagnetic order cannot persist above the N
temperature of the bulk. Unlike what happens in NiO
where Ni atoms ionize only to Ni21, Fe atoms in iron
oxides ionize to Fe21 and Fe31, forming stable iron ox-
ides such as FeO, Fe3O4, g-Fe2O3, anda-Fe2O3. Thus
it is plausible that the FeO(111) surface reconstruc
in a way different from the octopolar reconstruction o
NiO(111). Weisset al. studied the surface structure o
Fe3O4(111) by LEED and found that the surface has
kind of reconstruction, in which three of four Fe atom
at tetrahedral positions in the top layer are removed a
O atoms in the second layer largely relax probably b
cause of surface electrostatic force [22]. In the [111] d
rection of Fe3O4, the layer stacking repeats the unit o
FeT yOyFeyOy, where FeT represents a layer composed o
Fe atoms in tetrahedral positions, and the O and Fe wi
out subscripts represent, respectively, layers composed
O and Fe atoms at octahedral positions. In the [111]
rection of FeO, on the other hand, the stacking repe
the unit of FeyOy, or FeyOyFeyOy for easy comparison
with Fe3O4. The stackings of FeO and Fe3O4 differ in
only one of the four layers. Thus it is not unrealistic tha
for example, the top two layers reconstruct like those
Fe3O4, since the structure of the top four layers in th
case is the same for FeO(111) and Fe3O4(111). In this
case, it is possible that the surface reconstructed laye
ordered ferromagnetically, since Fe3O4 is ferromagnetic.
With regard to the actual structure, however, we do n
have a convincing model at present.

Generally the polarization of secondary electrons r
flects the polarization of the valence band [23,24]. Th
the negative secondary polarizations observed in this
periment probably indicate that the magnetization at t
surface is antiparallel to that of the underlying Fe(110
We cannot, however, exclude the slight possibility th
these magnetizations are parallel and that the second
polarization is antiparallel to the valence band polarizatio
of the ferromagnetic surface. This antiparallel polarizatio
might be due to polarization of the empty band above t
vacuum level of the surface ferromagnetic layer [25], or
spin dependent scattering of secondary electrons [24,2
However, we do not know of any reports showing th
antiparallel polarization for a secondary energy range
wide as 0–19 eV. In any case, since the secondary
larization follows the inversion of Fe substrate magnetiz
tion during the data acquisition, there should be magne
interaction between the surface ferromagnetic layer a
the Fe substrate. One candidate for this interaction is
Ruderman-Kittel-Kasuya-Yosida (RKKY)-like interaction
acting through the paramagnetic FeO layer. This RKKY
like interaction is observed for a lot of nonmagymag multi-
layered films that have a giant magnetoresistance [27].

In conclusion, we have found evidence that the surfa
of FeO(111) prepared by oxidation of Fe(110) is ferro
magnetically ordered above the bulk Néel temperature
198 K. This ordering may be due to reconstruction
3924
éel
,

ts
f
f
a
s
nd
e-
i-
f
f
th-

of
di-
ats

t,
of
is

r is

ot

e-
us
ex-
he
).

at
ary
n
n

he
to
6].

is
as

po-
a-
tic
nd
the

-

ce
-
of

of

a polar FeO(111) surface to reduce the high electrosta
surface energy.
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