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Atomic and electronic structure of an unreconstructed polar MgQ(111) thin film on Ag (111)
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Atomic and electronic structures of a polar surface of MgO formed ofi &y was investigated by using
reflection high-energy electron-diffraction, Auger-electron spectroscopy, electron energy-loss spectroscopy
(EELS), and ultraviolet photoemission spectroscdp}PS. A rather flat unreconstructed polar M1 1) 1
X 1 surface could be grown by alternate adsorption of Mg ap@®Ag(111). The stability of the Mg@111)
surface was discussed in terms of interaction between Ag and Mg atoms at the interface and charge state of the
surface atoms. EELS of this surface did not show a band-gap region, and finite density of states appeared at the
Fermi level in UPS. These results suggest that a polar (@0 surface was not an insulating surface but a
semiconducting or metallic surface.
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[. INTRODUCTION to create crystals or thin films havind11) surfaces. For a
NiO(111) surface,p(2X2) reconstruction was found, and
Polar surfaces have attracted wide attention not only fothe surface was determined to be a single Ni termination
fundamental science but also for technological applicationswith double steps by the measurement of grazing-incidence
because several interesting properties, such as novel catalytigay diffraction The unreconstructed surface is stabilized
activity and two-dimensional electron system, are expecte@y some adsorbates. Langell and Berrie reported that the
for the polar surface. Figure 1 shows the atomic geometry oNiO(111) surface is stabilized by OH adsorbates and that
nonpolar (100 and polar(111) faces of rocksalt crystals desorption of the hydroxyl changes the surface to a thermo-
schematically. Thé111) surface consists of only one atomic dynamically more stable NiQ00).” Stabilization by impuri-
species, either cations or anions, while ¢880) surface con-  ties was found also for Pb and Si on Ni01).°
sists of the same number of cations and anions. In a rocksalt [N contrast with the surface of single crystals, the electro-
structure CrystaL each atom is surrounded by six atoms O?ta.tlc energy does not reach exorbitant values for the small
different species. The coordination number decreases to 5 féhickness of a film{Fig. 2(c)]. When the thin film is grown
atoms on &100) surface, while it changes drastically to 3 for On & metal substrate, further reduction of energy could come
atoms on a(111) surface. Therefore, surface energy of thefrom the image charge induced in the supporting metal sur-
(111) face is much higher than that of (400 face, which face. Ventriceet al. have studied the growth of NiO on
makes the(111) surface unstablein other words, alternate Au(111) by low-energy electron diffractioLEED) and
stacking of cation and anion layers forms a dipole layerscanning tunneling microscopySTM), and obtained a
along the[111] direction [Fig. 2(@]. Accumulation of the 6-ML-thick stable p(2x2) reconstructed Ni@11) film.’
dipole layers would produce a macroscopic electric fieldFor a Fe@111) thin film, interesting results were reported by
which causes the appearance of a ftl) surface to be Koike and Furukawd. They obtained the Fe@11) p(2
quite unpreferable in the rocksalt structure compounds ang 2) surface by oxidizing R&10 and measured the polar-
the flat(111) surface does not occur in nature. ization of secondary electrons emitted from the Ee)
From a theoretical viewpoint, the macroscopic electricsurface. Ferromagnetic ordering was found for the FEQ)
field in the polar surface can be canceled either by surface(2x2) surface, although FeO itself was an antiferromag-
reconstruction or by reduction of effective charge of the surnetic material with the Nel temperature of 198 K. They
face layer. According to Wolf, the polafl1l) surface of thought that the ferromagnetic ordering comes from the re-
rocksalt crystals would be stable under an octapole termina-
tion, which leads to the formation of ax2 reconstruction
on the(111) surfacé [Fig. 2(b)]. On the other hand, Tsukada
and Hoshino pointed out that the change in charge state of
surface atoms could stabilize thi&11) surface of rocksalt
structure compoundslf the charge of top atoms is reduced
to half of the bulk atoms, the macroscopic electric field
would not appear. (111)
Under these backgrounds, several attempts to grow the
polar surface of rocksalt structure compounds have been per- FIG. 1. Atomic geometry of the nonpolt00) and polar(111)
formed so faf Metal oxides have been extensively studiedfaces of a rocksalt crystal.
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FIG. 2. Charge distribution and resulting dipole momepjgor oxidized
(111 surfaces discussed. The numbers in the layers refer to the Mg, 2 Electron Enery (&)
typical charge per atom@ Thick (111 film; (b) reconstructed L . . .
surface, only one-fourth and three-fourth of the lattice positions are 0 3%01 tr 6OOE 90% 1200
occupied for the first and the second layer, respectiejyneutral COMNOI TSRy eV)

4-ML-thick (112 fil -ML-thi i
thick (111 film, and (d) 3-ML-thick (111 film on a metal FIG. 3. Auger-electron spectra for the 10-ML-thick MgO film

substrate neutralized by an image charge; édneutral 4-ML- : .
thick (111 film, the charge of the top and bottom atoms reduces " Ag(11D). The primary-electron energy is 3 keV.

x of the bulk atoms (Ex=<1). The dipole moment ofe) case is
smaller than that ofc) case. dosed with 10-L Q. Real-time observation of the crystallin-
ity and orientation of films was done by RHEED. Surface
construction of a polar Fe@11) surface to reduce the large compositions and the electronic structure of the grown films
electrostatic surface energy. On the other hand, the relayxwere investigatedn situ by AES, EELS, and UPS. The
ation, that is, the decrease in interlayer spacing, was okanalyses were performed with a double pass C(RAI 15-
served for the Fe@11) grown on Pt(111).° In this case, the 255G in the analysis chamber. Adoption of a pulse counting
layer by layer growth was limited to a maximum of 2.5 ML detector reduced the probing electron current down to 1 nA,
(where ML stands for monolayers which reduced surface damage as much as possible.
Thus, although th€111) surface of rocksalt structure ox-
ides has been studied by many groups, there have been few
studies on unreconstructed adsorbate-figdd) surfaces of a Ill. RESULTS
rocksalt structure until now. Furthermore, the electronic
structure of the polar surface has not been clear. In the
present study, we have examined growth of a MgO thin film Figure 3 shows the Auger spectrum of the 10-ML-thick
on Ag(111) by supplying Mg and O, alternately. MgO has a MgO film grown on Ag111). Disappearance of the Ag LMM
rocksalt structure with a lattice constant of 4.21 A, while Ag Auger peak(351 €\) indicated that the grown MgO film
has a fcc structure with a lattice constant of 4.09 A. As thecovered the AgL11) substrate completely because the inelas-
lattice misfit of MgO to Ag is only—2.9%, the first Mg tic mean free path of 351 eV electron was around 1 nm. The
layer is expected to become a template for the growth of theéhemical state of Mg atoms of the MgO film was known by
MgO film along the[111] direction. The commensurate the energy of the Mg LMM Auger peak, because the energy
bonding between Mg and Ag atoms at the interface mighef the Mg LMM Auger peak is 45 eV and 32 eV for metallic
help alternate stacking of Mg and O layers, leading to a flaMg and MgO, respectiveli The energy of the Mg LMM
(111 surface. Actually, we have observed a rather strealduger peak was 32 eV for the grown MgO film, showing
RHEED pattern, implying formation of a flatl1l) MgO  that Mg was completely oxidized. The stoichiometry of the
surface. We have characterized the grown surface by usinfgO film was also examined by the ratio of the Mg KLL
electron energy-loss spectros cof)ELS) and ultraviolet ~Auger peak intensity to the O KLL Auger peak intensity.
photoemission spectroscogyPS and discussed stabiliza- Considering the Auger-electron emission probabilitiethe
tion mechanism of the polar surface. ratio of the amount of Mg to that of O was 1:0:99.1812
supporting the idea that a stoichiometric MgO film was
grown on Ad111).
II. EXPERIMENT Figure 4 shows the typical sequence of RHEED pattern
The experiments were performed in a custom-designeduring the growth at a substrate temperature of 300 K. The
ultrahigh-vacuum(UHV) system with a base pressure of 2 incident electron beam was parallel to {f#10] azimuth of
xX10°8 Pa. A mechanica"y and e|ectrochemica”y po|ishedthe substrate. The result of RHEED patterns indicated that
Ag(111) surface was cleaned by repeated cycles of sput-  the MgO film grew heteroepitaxially on Agil1). The epitax-
tering and annealing at 900 K. After repeated preparatiof@l orientation of the MgO film was determined to be
cycles, a sharp RHEED pattern was observed, and no corfi11)ygo//(111)sg and [110]ygo0//[110]ag. The half-
tamination was detected by Auger-electron spectroscopygrder streaks did not appear during the growth, showing that
(AES). A MgO film was grown by alternate adsorption of the (1X1) unreconstructed MgQ@11) film was grown on
Mg and G on Ag(111) at substrate temperature of 300 K. Ag(11l). Streaks in RHEED patterns indicated that a rather
First, 1-ML (2 A) Mg was deposited by evaporating high flat (111) surface could be obtained. The RHEED pattern
purity (99.98% Mg onto Ag(11l). The growth rate was became blurred with increasing film thickness, suggesting
monitored using a quartz crystal oscillator. The Mg film wasthat a thick Mg@111) film was unstable.

A. Heteroepitaxial growth of MgO on Ag(111)
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interface Einer) IS smaller for the case with coherent
Mg-Ag bonds as compared with the case, in which fine par-
ticles with thermodynamically more stab{&00 faces grow

on Ag(111) without coherent Mg-Ag bonds. The structure of
the grown film is determined to minimize the sum of the
electrostatic energy of the filmE( ecird and Ejpier. Here,

we should note thaEgeciro Of @ (111) film does not reach
exorbitant values for ultrathin filmgsee Fig. 2c)], because
Eclectro IS proportional to the film thickness. Therefore, the
gain in interaction between Mg and Ag overcomes the dis-
advantage of the electrostatic energy, and th& 1] unre-
constructed Mg@.11) film is grown on Ad111). In addition

to the strong interaction with Mg atoms, the Ag substrate
plays another important role for stabilization of the
MgO(111) film. The MgO film was prepared by alternate
adsorption of Mg and @ Therefore, the film is unstable due
to breakdown of charge neutralifffig. 2(d)], when the film
thickness is an odd numb@vlg top). On the metal substrate,
however, the image charge is induced in a metal, helping
stabilization of the film with odd layers.

Besides the strong interaction between Mg and Ag atoms
FIG. 4. A typical sequence of RHEED patterns and schematiat the interface, the stabilization of Mgl1) can be ex-
models during the growth of the MgO film on Al]) at a substrate  plained in terms of charge state. Due to the reduction of the
temperature of 300 Ka) Ag(111), (b) 1-ML Mg/Ag(11)), (c) 2-ML  coordination number, Madelung potential largely decreases

MgO/Ag(111), (d) 10-ML MgO/Ag(111). The incident beam was for the surface & on the(111) surface. The binding energy
parallel to the[110] azimuth of the Ag111). of the 2p band, thus, decreases for the surfacde @nd the
Fermi level might be located in thep2band. In such a case,

The in-plane lattice constant of the M¢t11) film was  electrons flow out of the upper valence states of the surface
calculated from the spacing between streaks in the RHEE®?~, and the charge of the surface Ois reduced. The
pattern. For the 10-ML-thick MgQ11)/Ag(111), the in- charge of Mg" at the interface would also decrease to keep
plane lattice constant was determined to be 3.083 A%  the film neutral[Fig. 2€)]. The decrease in the charge re-
which was+10% larger than that of the bulk ori2.97 A).  duces a macroscopic electric field, and the instability of the
The in-plane lattice constant was 326.03 A for the film should be remedied. That is the second point to stabilize
2-ML-thick film and did not change with film thickness, in- the polar Mg@111) film on Ag(111). Here we should note
dicating that the expansion was uniform throughout the epithat the reduction in charge of surfacé Oeads to reduction
taxial layer. The increase of the in-plane lattice constanbf Madelung potential. Therefore, the amount of the charge
leads to reduction of the surface electron density, whicHransfer is determined under the condition in which both
might help a decrease in the electrostatic energy of théladelung potential and the charge of surface Qre self-
MgO(11Y) film. consistent. Tsukada and Hoshino studied the O-terminated
MgO(111) surface by DV-Xx calculations, and revealed that
the charge of the top and bottom atoms is reduced to half of
the bulk atomg. When the charge of the surface atom is

Having established the existence of thex(1) unrecon- reduced to half of the bulk atoms, the macroscopic electric
structed Mg@111) film on Ag(111), we should discuss why field would not appear, irrespective of the film thickness. In
this structure is stable in spite of the previously mentionedhe present study, a thick M@®L1) film could not be grown
arguments on the instability of a polar surface of ionicon Ag(111), implying that the charge of the topmost O atoms
crystals' We think that the stabilization of the §41) unre-  did not reduce to half of the bulk one.

B. Stability of the (1X1) MgO(11)) film on Ag(111)

constructed Mg@L1)) film can be explained in terms of in- Finally, we would discuss the surface reconstruction of
teraction between Ag and Mg atoms at the interface andhe MgQ(111) film. Since the surface energy off 400 face
charge state of surface atoms. is lower than that of 4111} face in rocksalt structure com-

In the previous study, a single crystalline M@00) film pounds,{100; faces are expected to appear for growth nor-
grew heteroepitaxially on AG00) by evaporating MgO con- mal to the(111) face. In case of NaCl/GaAtll), triangular
gruently from an electron-beam evaporattB).”*> On  pyramids with three exposedl00 faces grow on the
Ag(111), however, a MgO film could not grow heteroepitaxi- substraté:* As discussed in Introduction, @2 2) recon-
ally by EB. Heteroepitaxial growth of a single crystalline structed Ni@111) film is grown on Ay111),” and thep(2
MgO film was achieved by alternate adsorption of Mg andx 2) structure corresponds to the smallest triangular pyra-
O, on Ag(111). These facts indicate that the strong interac-mids surrounded byl00 faces. Here, we should note that
tion between Mg and Ag atoms plays a decisive role in staboth films were grown by congruent evaporation of NiO or
bilizing the (1x1) MgO(11]) film. The free energy of the NacCl at the substrate temperatures higher than 420 K. There-
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FIG. 5. UPS of the polar MgQ11) surface taken with He | FIG. 6. EEL spectra of the polar MgDL1) surface(line). The

source. Spectra of the Mg@00) surface is shown for comparison. Primary-electron energy was 60 eV. Spectra of M@ surface is
shown for comparisoidotted ling.

fore, the grown film forms in a thermodynamically stable

structure. In the present case, however, we have grown ggion was not observed for Mg@L1). In addition, the tail
metastable flat MgQ11) film by alternate adsorption of Mg of the elastic peak became larger and a new pgel @p-
and Q at 300 K. Once a flaf11l) film is formed on peared at 1.2 eV, indicating existence of the inelastically
Ag(111), activation energy is needed to change the metascattered electrons with small loss energgince the AES
stable(11]) film into stable triangular pyramids surrounded signal indicative of Mg metal was not observed at all, the tail
by {100 faces. Therefore, the flat unreconstructéldl)  or the new peak did not originate from Mg aggregates in the
MgO film remains in a metastable form on @41). MgO film.

Due to the low growth temperature and the significant
mismatch between the substrate and the oxide lattice, the
film may contain a significant concentration of defects.

As we could prepare the unreconstructed polar Md®  Therefore, the spectroscopic features could be due to emis-
surface, the electronic structure of this surface was investisjon from defect states in the Mg@QL1) film. Defective MgO

gated by EELS ael”glgps' comparing with that of a nonpolag,ifaces have been studied by a variety of techniques such as
MgO(100 surface.”™Absence of Ag LMM Auger peak in ypg Eg| s, theoretical calculation, etc. In EELS of defec-

the 10-ML MgQ(111)/Ag(11]) assures that EELS and UPS tive MgO surfaces, sharp peaks are observed at 2.3 eV and 5

probe the MgO film with influences of the substrate negli—ev which are attributed to Mg vacancy (centej and O
gible, because their probing depth is smaller than or equal t0_’ Vg
that of AES vacancy E centej, respectively. Sharp structures are also

Figure 5 shows UPS spectrum for the MJ®1) surface observed for MgO powders by diffuse reflectance spectra,
measured with a He (21.2 e\} source. For comparison, the and these structures at 5.8 and 4.6 eV have been attributed to

spectrum of the 10-ML-thick MgCL00) film on Ag(100 is  1ons with fourfold and threefold ligand coordinati6hOn
included in the same figure. The main features for NI the other hand, such sharp peaks were not observed in the
were almost similar to those for Mg@00) except around the EELS of MgO(111) below 5 eV. Recently, we have revealed
Fermi level. For Mg®@100), there were no density of states that metal induced gas statésliGS) were formed at the
(DOS) near the Fermi level, while an appreciable DOS ap-insulator-metal interfac®. Since the new states of the
peared in the region from 2 eV to the Fermi level for MgO(11]) film were observed independently of the film
MgO(111). These finite DOS at the Fermi level did not origi- thickness, the states did not originate from MIGS. Therefore,
nate from metallic Mg, since component of metallic Mg wasthe structure below 5 eV could be assigned to the excitation
not observed in AES. Furthermore, we have revealed that thef electrons in the unfilled band derived from O 2p, or the
finite DOS at the Fermi level disappeared even for the inexcitations of newly appearing electronic states on(tid)
completely oxidized film in the previous stutfyTherefore, surface.
the finite DOS at Fermi level did not originate from metallic ~ The UPS and EELS results suggested that the Mg0
Mg or the incompletely oxidized Mg, the surface states ofsurface was not an insulating surface but a semiconducting
MgO(111). The UPS results suggested that the polaor metallic surface. This electronic structure of the
MgO(111) surface was a metallic surface. MgO(111) surface can be explained in terms of Madelung
Figure 6 shows the EELS of the M@@l1) surface mea- potential as discussed in the preceding section. Compared to
sured with primary electron energy of 60 eV. For compari-the binding energy of isolated ions, the binding energy of
son, spectrum of the MgQ@O0) surface is also shown in the Mg?* 3s orbital decreases, and the binding energy éf O
figure. The structure above 7 eV for MgQl1) was almost  2p orbital increases by the Madelung potential in a crystal
similar to that of Mg@100), showing that a stoichiometric phase. Because of the decrease in the coordination number,
MgO film grew on Ag111).2*5 On the other hand, differ- the Madelung potential largely decreases for th&l) sur-
ence appears in the structure below 5 eV between MI§®  face, compared with th€l00) surface. Therefore, the band
and (111). In contrast with Mg@100), the clear band-gap gap is reduced and the M@@1) surface changes into a

C. Electronic structure of MgO(111)
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semiconductor or metallic surface. However, a possibility offace were different from those of thel00) surface. For
a certain new electronic state characteristic of ttikl) sur-  MgO(111), a clear band-gap region was not observed in

face cannot be excluded. EELS, while finite density of states appeared in UPS, imply-
ing that the Mg@111) surface was a semiconducting or me-
IV. CONCLUSIONS tallic surface.
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