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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(111)
prepared by oxidation of Fe(110) is ferromagnetically ordered above the bulk Néel temperature of
198 K. A possible cause of the ordering is the reconstruction of a polar FeO(111) surface to reduce
electrostatic surface energy. [S0031-9007(96)01477-9]

PACS numbers: 75.70.Ak

The surface of a magnetic material generally shows aeference to determine the oxide layer thickness of other
magnetism different from that of the bulk because thesamples. The composition of thin oxide films on iron has
translational symmetry is broken at the surface. In thébeen reported to be either FeO,Bg, or FgO,, depend-
last two decades, extensive experimental and theoreticalg on substrate orientation, preparation temperature, and
studies of the surface ofd3transition metals have re- analysis technique [9]. It is well established, however,
vealed interesting phenomena such as the higher surfateat the oxide layer formed when an Fe(110) is exposed
Néel temperature of chromium [1], the ferromagnetic or-to oxygen at a temperature higher than 470 K is FeO(111)
der at the surface of paramagnetic vanadium [2], and thfl0,11]. Thus the oxide films obtained in this work are
enhanced surface magnetic moment df ferromagnets expected to be FeO(111). After samples were exposed to
[3]. For 3d metal oxides, in contrast, there are compara-oxygen, they were cooled to 370 K by using a liquid ni-
tively few studies of the surface magnetism. Namikawajrogen reservoir. Each sample was then irradiated with
using the surface barrier resonance in low-energy ele@a 2 keV electron beam and the secondary electrons emit-
tron diffraction, found that the magnetic moment at theted were directed through a CMA-type energy analyzer
surface of antiferromagnetic NiO decreases faster with into a Mott detector for measuring polarization as a func-
creasing temperature than that of the bulk [4]. Similartion of secondary energy. The resolution of the energy
behavior was also found, using Mdssbauer spectroscopgnalyzer was about 0.7 eV. The depth dependencies of
for ferromagneticy-Fe,O; by Ochiet al. [5] and for anti-  composition and magnetization were studied by measur-
ferromagnetica-Fe,O; by Shinjoet al. [6]. This behav- ing the polarization and the AES spectra during 4 keV
ior is explained by the smaller exchange field due toAr ion sputtering. To cancel the offset polarization of a
the smaller number of neighboring magnetic ions at thdew percent, we measured the polarizatidhs and P_
surface. FeO is an antiferromagnetic material with thefor magnetizations in the [001] an@([1] directions and
Néel temperature of 198 K. In this Letter we report re-obtained the final polarizatio® asP = (P+ — P_)/2.
sults of our investigation of the ferromagnetic order at theThe AES spectra in this experiment were all obtained
surface of a paramagnetic FeO(111) film formed on arwith a primary electron energy of 3 keV. The vac-
Fe(110). uum pressure in the sample chamber was initidll

The experimental apparatus used in this experiment wak)~!° Torr, but it increased after several oxidation pro-
described elsewhere [7]. An Fe(110) sample was mountecesses and reach@dx 10~° Torr when the experiment
on a horseshoe-shaped electromagnet in order to orient itgas concluded.
magnetization in the [001] 001] direction. The sample Figure 1 shows secondary polarizations as a function of
was cleaned by 4 keV Ar ion bombardment followed bysecondary energy for the clean Fe(110) surface and for
flash heating to 860 K. The surface cleanliness and crysan oxidized sample. Also shown are the LEED patterns.
tallinity were evaluated by Auger electron spectroscopyThe clean Fe(110) shows a typical bcc(110) surface pat-
(AES) and low-energy electron diffraction (LEED). Af- tern. Its polarization spectrum is similar to that observed
ter this cleaning, AES did not reveal the presence oby Kirschner and Koike [12]: The spectrum is character-
contamination, and LEED showed crystalline order. Anized by a peak at 2 eV and a shoulder near 17 eV. The
oxide layer was formed by keeping clean samples abxidized surface shows a hexagopdl X 2) pattern in-
570 K, while exposing them to an oxygen atmosphere oflicating that the surface is a reconstructed FeO(111). This
1.0 X 107° Torr for 3600 sec. All the oxidized samples kind of LEED pattern was also observed by Capptial.
except one were prepared by this method. That sampld1]. The polarizations, surprisingly, were negative for all
was prepared by exposing a clean Fe(110) at 470 K tenergies between 0 and 19 eV. This means that the sur-
an oxygen atmosphere @f5 X 107 Torr for 3500 sec. face layer of FeO(111) is ferromagnetically ordered with
Leibbrandtet al. reported that the oxide layer thus pre- magnetization probably antiparallel to that of the under-
pared is 40 A-thick FeO [8], so we used this sample as #ing Fe substrate.
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| | | reference sample obtained under the same sputtering

40— — condition. By comparing the polarization data for these
% samples, we can roughly determine the thickness of the

30 Iy N oxide layer of the experimental sample. Since polariza-
: Hﬂﬁﬁ tion data for that sample is located to the right of that of
' e the reference sample in Fig. 2, the oxide layer thickness
4 of the experimental sample must be greater than 40 A. A
smoothed replotting of the same data shown by the dots
in Fig. 2 but with the time scale expanded by a factor
of 1.54 is shown by the gray line superimposed on the
(a) filled circles. The agreement of these two kinds of data
0 . = is fairly good. Considering the nonzero probing depth
-"'ﬂ""‘"l"'.""_-_-'." '_-,'..,":-'" £y of polarized secondaries, the agreement indicates that the
2 oxide layer thickness of the experimental sample is at
most40 X 1.54 = 62 A. Thus the oxide layer thickness
Fe({111WFe(110) has been determined to & + 11 A. The polarization
for the experimental sample, initially 12.0%, decreases
drastically to 0% within 140 sec, remains at 0% for
_ about 600 sec, and then becomes positive. The drastic
| | | | disappearance of polarization at the beginning of sputter-
0 g 10 15 ing is due to the removal of surface layer together with
Energy (V) destruction Qf surfaqe crystgllinity, and it indicates_ that the
ferromagnetic layer is localized at the surface region. The
FIG. 1. Secondary polarizations as a function of secondaryges peak ratio first decreases slowly and later fast, with a

energy for (a) clean Fe(110) and (b) Fe(110) oxidized at 570 ; :
in 1 X 10-° Torr oxygen for 3600 sec. The LEED patterns houlder near 1800 sec. The average AES peak ratio dur

shown in (a) and (b) were obtained at primary electron beam9 th,e ?nitial slow decrease is 2.6. Since the ratio _Of the
energy of 93 and 60 eV, respectively. sensitivity of the OKLL) to that of the Fell,3M23M4s) is
2.6 for the 3 keV primary electrons [13], the AES peak

Figure 2 shows, for another oxidized sample, the sputter@tio 0f 2.6 confirms that the oxide in this thickness re-
ing time dependency of a secondary polarization at 0 e\gion is FeO. The polarization begins to become positive
energy and ofthe AES peak ratioK¥(L)/Fe(l.,; M3 Mys).  Defore the shoulder in the AES peak ratio. This indicates

Also shown is the secondary polarization for the oxidizedhat the probing depth of the polarization is larger than
that of the AES signal. VanZandt and Browning, in

fact, reported that the escape depth of spin-polarized

Fe(110)

Polarization (%)

Thickness (A) secondary electrons for an iron oxide is 20-30 A [14],

0 20 40 60 80 100 120 140 which is greater than the AES probing depth of about

40 & T 3.0 10 A [15,16]. As shown later, the crystallinity is de-
SO AT |95 stroyed to a depth of only a few monolayers by sputtering.
30 — T The polarized secondary electrons, with a probing depth

8 90 &  of 20-30 A, should also reflect the magnetization of the
= 20 § oxide layer with good crystallinity below the destroyed
% 15 :2 oxide layer. Thus the zero polarization observed during
g 10 - b2 the sputtering is more evidence that the oxide is not
) — 10 g v-F&0; or FgO, at that depth, since these oxides are
& 0 < ferromagnetic. The relation between the sputtering time
i OOoOOOO — 05 and depth can be found as follows. According to the
_10;_ | | : |O © 00 study of FeQFe _by Le_ibbrandtet al. [1_7], the shoulder

0 5 2 p o = of AES peak ratio during the sputtering appears around

] 20 A in advance to the real interface between FeO and
Time (x 1000 Sec) Fe due to the 10 A probing depth of the AES signal.

FIG. 2. The sputtering time dependency of a polarization ofSince the shoulder for our experimental sample appears
secondary electrons with 0 eV energy for an Fe(110) sampleear 1800 sec, the interface locates near 3000 sec. This
oxidized at 570 K inl X 10~° Torr oxygen for 3600 secA)  reasoning was used to create the depth scale on the top

and for the reference samplB)( The sputtering was done with ; ; ;
a 4 keV Ar ion beam. Also shown (open circles) is the AugerOf the graph in Fig. 2. It has an uncertainty s20%,

peak ratio of OKLL)/Fe(l,sM;M,s) for the former sample hqwever, because of' the uncertainty of thg oxid_e layer
obtained with a primary electron energy of 3 keV. The scalethickness of the experimental sample. By using this depth
of the top axis has an uncertainty a20%. scale and the initial negative polarization period, we can
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determine the thickness of the surface ferromagnetic layehat this ferromagnetism is not due to the chemisorbed ex-
of the experimental sample to Bet + 0.5A. Since, in  cess (nonequilibrium) oxygen atoms, because the sputter-
the [111] direction of FeO, O and Fe layers are alternatelyng would have removed these atoms. To confirm that
stacked with a period of 2.5 A, the ferromagnetic layerexcess oxygen atoms are not the cause of this surface
thickness corresponds to about two layers of O and Fe. ferromagnetism, we heated another experimental sample
To get additional evidence for the localization of thefor 15 min at 870 K and for 5 min at 920 K. Since in
surface ferromagnetic layer, we made another experimenthe process of oxidation Fe atoms are supplied to surface
The secondary polarizations, LEED pattern observed ahrough an oxide layer [17], any excess surface oxygen
60 eV, and AES spectra of oxidized samples with differ-atoms should fall into an equilibrium state by being con-
ent surface crystallinity are shown in Fig. 3. The samplenected to these Fe atoms. The energy distribution and
for Fig. 3(a) was prepared by sputtering an oxidizedsputter depth profile of polarization for this sample, how-
sample with 5 keV Ar ions until the polarization of ever, are almost the same as those shown in Figs. 1 and
0 eV secondary electrons became zero. The sample f@&. This confirms that the surface ferromagnetic layer is
Fig. 3(b) was the same sample after flash heating tinherent in the equilibrium FeO surface.
820 K. As is seen in Fig. 3(a), after the sputtering, the The (111) surface of a NaCl structure such as FeO(111)
polarizations are 0% for all the observed energies beis a polar surface. Wolf proposed that such a surface
tween 0 and 19 eV. The LEED pattern becomes diffuseeconstructs to reduce surface energy by reducing sur-
but a hexagonal pattern is still visible. Since the inelastidace dipole moments [18]. The(2 X 2) LEED pat-
mean free path of 60 eV electrons is a few A [15], thetern observed in Fig. 1 and by Cappesal.[11] for
diffuse LEED pattern indicates that the crystallinity is de-FeO(111) confirms that the reconstruction occurs. A
stroyed for a distance corresponding to only a few monosimilar p(2 X 2) LEED pattern was also observed for
layers from the surface. The LEED pattern obtained afteNiO(111) by Rohret al. [19] and by Ventriceet al. [20].
the heating is sharper and the polarization spectrum oncEhe latter authors observed the real space structure of the
again resembles that shown in Fig. 1. The AES spectrumeconstructed surface by STM. The structure is an octo-
after heating, however, is almost identical to the one obpolar reconstruction, where three of four O (or Fe) atoms
tained before heating. Considering these LEED and AE®f the top layer and one of four O (or Fe) atoms of
results, we can see that appearance of negative polarizére second layer are removed. Although it is obvious
tion in Fig. 3(b) is mainly due to recrystallization of a from the LEED pattern that the FeO(111) surface recon-
few monolayers near the surface and that ferromagnetisisiructs, the actual structure has not yet been identified.
is restricted to these layers. The results in Fig. 3 showVe therefore consider a possibility of ferromagnetic or-
der for octopolar reconstruction with O atoms in the top
layer. Here we assume that, below the Néel tempera-
L ture, the Fe magnetic moments in the Fe layer parallel to

the FeO(111) surface are ordered ferromagnetically and
that the magnetic moments of each Fe layer are ordered
antiferromagnetically along the [111] direction. The lat-
ter order is due to the superexchange interaction via O
atoms. If we denote the positions of two Fe atomg as
and ¥ and denote the positions of one O atoméaghe
magnitude and sign of the superexchange endrgle-
pends on the angleé = 2 £V, andJ = J_ is negative
for ¢ = 77 andJ = J, is positive for¢ = 7 /2 [21].
For the bulk Fe layer, the total superexchange endggy
for orienting the magnetic moment of an Fe atom is
given by Jg = 6J_ + 12J+ — 12J+ = 6J_, where the
first term of the middle expression is the antiferromagnetic
interaction between neighboring Fe layers, the second
term is the ferromagnetic interaction within an Fe layer,
and the third term is the ferromagnetic interaction be-
tween neighboring Fe layers. The first and second terms
tend to orient the magnetic moment in one direction,
whereas the third term tends to orient it in the oppo-
site direction. Similarly, for the first Fe layer from the
Energy (eV) surface of the octopolar reconstruction with a layer of
FIG. 3. Secondary polarizations, LEED pattern, and AESO atoms on top, the total superexchange enekgyor

spectra of oxidized Fe(110) sample (a) after Ar ion sputtering?fienting the magnetic moment of an Fe atom is given
and (b) after successive flash heating to 820 K. byJs = 6J+ — 6J+ + 3J- = 3J_. SinceJs < Jg, the
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surface ferromagnetic order cannot persist above the Néal polar FeO(111) surface to reduce the high electrostatic
temperature of the bulk. Unlike what happens in NiO,surface energy.

where Ni atoms ionize only to Rii, Fe atoms in iron We thank Professor Dr. H.-J. Freund of Ruhr-
oxides ionize to F& and Fé*, forming stable iron ox- Universitdt Bochum, Dr. A. Sakuma of Hitachi Metals,
ides such as FeO, F@,, y-F&0s, anda-Fe0;. Thus  Ltd., and Dr. M. Ichimura of ARL, Hitachi, Ltd. for their
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