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Insulator at the Ultrathin Limit: MgO on Ag(001)
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The electronic structure and morphology of ultrathin MgO films epitaxially grown on Ag(001) were
investigated using low-temperature scanning tunneling spectroscopy and scanning tunneling microscopy.
Layer-resolved differential conductance (dI /dU) measurements reveal that, even at a film thickness of
three monolayers, a band gap of about 6 eV is formed corresponding to that of the MgO(001) single-
crystal surface. This finding is confirmed by layer-resolved calculations of the local density of states

based on density functional theory.
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Insulators like many metal oxides are of considerable
technological importance, e.g., as insulating barriers in
miniaturized electronic circuits, as magnetic tunnel junc-
tions [1] in magnetoelectronics and magnetic data stor-
age, or for the development of a variety of nanodevices
based on oxide heterostructures. Intensive surface science
studies have been performed on single crystal metal oxide
surfaces [2,3] and thin films [4-6] in order to understand
their surface structure and their electronic properties on a
microscopic level. The band structure of wide band gap
materials might be strongly modified when their size is
varied from the molecular regime to macroscopic crystals
[7], thus influencing electronic and dielectric properties, as
well as the chemical reactivities at the surface. Therefore,
it is of fundamental interest to explore the changes of the
surface electronic structure with respect to layer thickness
until the electronic structure of a macroscopic single crys-
tal surface is achieved.

Recently, the growth of ultrathin insulating NaCl layers
on Al(111) [8] and of CoO and NiO layers on Ag(001)
[9] has been studied by scanning tunneling microscopy
(STM) and atomic resolution has been obtained. From the
change in image contrast a maximum thickness of three
layers for successful imaging was inferred [8]. Based on
image contrast as well as on tunneling current versus volt-
age curves taken on both NiO islands and Ag substrate,
the existence of a band gap has been deduced [9]. For
nanostructures of CaF; and CaF, on Si(111), chemical
imaging of insulators has been demonstrated using scan-
ning tunneling spectroscopy (STS) in combination with a
simple model for tunneling across two barriers, the vac-
uum gap and the insulating film [10]. However, no atomic
resolution has been obtained in this case and, for CaF,, it
is only assumed that the full gap is already formed for the
first CaF layer on Si(111) [10].

In this Letter, we determine for the first time layer-by-
layer the electronic structure and the morphology of
ultrathin MgO films on Ag(001) by STS and STM mea-
surements and by ab initio calculations of the local density
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of states (LDOS) using density functional theory (DFT).
We show that the electronic structure of the corresponding
insulator crystal surface already forms within the first
three monolayers (ML).

The experiments were performed with a homebuilt low-
temperature STM in ultrahigh vacuum [11]. The single
crystal Ag(001) surface was cleaned by standard sputter-
ing and annealing. Epitaxial MgO films were grown on
a Ag(001) substrate at 500 K by evaporating Mg in an
O, partial pressure of 1 X 107 mbar [12]. Stoichiome-
try and 1 X 1 surface crystalline structure of MgO(001)
films were cross-checked by Auger electron spectroscopy,
x-ray photoelectron spectroscopy, and low energy electron
diffraction. Ultrathin MgO films (0.3-5 ML) were stud-
ied with STM and STS at 50 K. Differential conductance
spectra (dI/dU), related to the LDOS [13], were mea-
sured with lock-in detection (270 Hz sinusoidal modula-
tion of 5 mV amplitude added to the bias). All features
of the spectra were carefully checked for reproducibility
with different tunnel currents, tip-sample distances, and
tip conditions, and on various topographically comparable
surface regions. For acquiring dI/dU spectra over wide
voltage intervals, the tip-sample separation z was varied
during the voltage sweep in different modes, i.e., by a lin-
ear ramp (dz/dU = const) [14], or by keeping constant
either the tunnel current or the tunnel resistance [15,16].
For comparison, electron energy loss spectroscopy (EELS)
and angle-resolved (£2°) ultraviolet photoelectron spec-
troscopy (UPS) were performed [17].

Figure 1 shows STM images displaying typical surface
geometries used for dI/dU measurements. After depo-
sition of 0.3 ML MgO (Fig. 1a) two-dimensional square
islands of 10—15 nm size have nucleated homogeneously
on the Ag(001) surface. Some islands near a silver step
edge are embedded in the silver layer of the upper terrace,
due to Ag adatom diffusion at elevated sample tempera-
ture [18]. Thus, the two different island contrasts (i), (ii)
near a terrace step (Fig. 1a) are indicative of the position
and [100] orientation of the terrace step prior to nucleation.
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FIG. 1. STM images of (a) 0.3 ML MgO/Ag(001), U =
5.0 V, I = 1.0 nA; (b) Ag(001) atomic resolution through an
MgO island, U = 30 mV, I = 2 pA (left bottom corner: bare
Ag substrate); (c) atomic resolution of the MgO layer (one
type of ion is resolved), U = 2.5V, I = 50 pA; (d) 2.0 ML
MgO/Ag(001), U = 3.0 V, I = 1.0 nA.

After deposition of about 2 ML MgO (Fig. 1d) the Ag sur-
face is completely covered with MgO, forming terraces of

typically 50 nm width and 3D pyramidic islands which al-

low layer dependent dI/dU measurements. The typical

surface density of point defects in these films is <0.1% of

a ML [19].

Figure 2a shows representative dI/dU spectra measured

with the tip positioned above a 1 ML thick MgO island

(free of defects on a scale of 10 nm X 10 nm). At
negative sample bias, i.e., for tunneling out of occupied
electronic states, the LDOS increases at —4 V, whereas at
positive sample bias (unoccupied states), two structures
are detected around 1.7 and 2.5 V. Between —4 and
+1.7 V, the tunnel current remains finite and the dI/dU
spectrum is essentially flat. The intensity of the LDOS
peak around 1.7 V observed in STS for 1 ML MgO di-
minishes for 2 ML and is not detectable anymore for 3 ML
(Fig. 2b). Therefore, we attribute this feature to MgO-Ag
interface states [20]. In contrast, the high local density of
unoccupied states around 2.5 eV does not decrease with
film thickness and, consequently, is identified with MgO
states [3,21]. From the UPS spectrum (Fig. 3a) of a 10 ML
MgO film, which fixes the valence band maximum at about
4 eV below the Fermi level [22,23], and the EELS spec-
trum (Fig. 3b) of the same film, which shows the en-
ergy losses corresponding to the interband transitions in
MgO bulk and at the MgO(001) surface of 7.8 eV (B) and
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FIG. 2. STS of ultrathin MgO/Ag(001) films (U-sweep inter-
val, tunneling parameters before opening the feedback loop, lin-
ear tip-sample distance variation): (a) tip placed above a 1 ML
MgO island: -6.0 to 0V, Uy = —6.0V, I = 0.2 nA, dz/
dU = —0.12nm/V; 3.0 to 0V, Uy =3.0V, I = 0.2 nA,
dz/dU = —0.16 nm/V; (b) film thickness dependent dI/dU
spectra: 3.0 to 1.0V, Uy =3.0V, Iy = 1.0 nA, dz/dU =
—0.25 nm/V; (c) Ag(001) field resonance states: (o) tip
above Ag(001), (e) tip above 1 ML MgO island; 7.5 to 3.0 V,
Uy=175V,I,=02nA, dz/dU = —0.20 nm/V.
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FIG. 3. Angle-resolved UPS and EELS of a 10 ML stoichio-
metric MgO(001)/Ag(001) film. (a) He IT normal emission
(Evg: valence band onset). (b) EEL spectrum (E, = 30 eV):
Ag-MgO interface plasmon excitation (P) [17], lowest interband
transition at the MgO(001) surface (S), bulk interband transi-
tion (B). (c) MgO(001) energy level scheme derived from (a)
and (b).

6.2 eV (S) [24-26], respectively, we deduce the energy
level scheme illustrated in Fig. 3c. Thus, the onset of
the 2.5 eV peak observed in STS (Figs. 2a and 2b) cor-
responds to the onset of the MgO(001) empty surface state
band [24,27].

Combining STS (Figs. 2a and 2b) with conventional
electron spectroscopy (Fig. 3), we conclude that the elec-
tronic structure of a MgO(001) single-crystal surface de-
velops already within the first three monolayers.

We performed first principles calculations based on DFT
to evaluate the layer-resolved LDOS as a function of the
number n of adsorbed MgO layers (0 = n = 3) [28,29].
The calculated k-resolved LDOS for the 1 ML MgO sys-
tem shows that screening of the Ag states by MgO is
considerably more efficient at the surface Brillouin zone
boundary than at I". Consequently, the states at I deter-
mine the minimum gap width, in agreement with the elec-
tronic structure of MgO [3,27,30]. In Fig. 4, we report
the LDOS calculated in the plane of the first atomic layer
in each system compared to a five-layer pure MgO slab.
In the gap, the average surface LDOS decays exponen-
tially with the number of adsorbed MgO layers. Increasing
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FIG. 4. Calculated surface layer LDOS for 0 to 3 MgO layers
on a five-layer Ag-only slab and surface LDOS of a five-layer
MgO-only slab (see text).

the MgO film thickness up to three layers produces a sur-
face band gap corresponding to that of the five layer pure
MgO slab, which is representative for the MgO(001) sur-
face [31]. This result matches very well the experimental
findings (Figs. 2a and 2b).

Differential conductance spectra above 3 V (Fig. 2c)
show the first Ag(001) field resonance states (known as
image states from two photon photoemission spectroscopy
[32]) shifted towards higher energies caused by the elec-
tric field between the tip and sample [33]. When the tip
is placed above a MgO island, these peaks shift towards
lower energies consistent with the reduced work function
(0.4 eV) observed in UPS for a 1 ML MgO/Ag(001) film.
Field resonances may influence the apparent STM image
contrast [34]. Thus their energetic positions can be used
to distinguish between the oxide and the metal. In fact,
in STM images taken at 5 V (Fig. 1a), which corresponds
to the position of the second Ag(001) field resonance state
when tunneling through 1 ML MgO (Fig. 2c), these is-
lands appear clearly higher (0.30 nm vs 0.21 nm geomet-
ric height) than the Ag-Ag steps (0.20 nm). At higher
coverage, when tunneling into MgO states, the apparent
MgO-MgO step heights (Fig. 1d) correspond to their geo-
metric heights.

At 2.5 V we obtain atomic resolution of the MgO layer
(Fig. 1c). The lattice contains local defects and appears
not perfectly arranged which may be due to the influence
of the interface state on the image formation at the applied
bias voltage. The observed surface lattice constant has
twice the value of the one of MgO; thus only one type
of ion is imaged. Within the gap (—4 to +2.5 V), the
MgO reduces exponentially the probability of tunneling
into the substrate. The remaining finite density of Ag
states within the gap allows us to obtain atomic resolution

276801-3



VOLUME 87, NUMBER 27

PHYSICAL REVIEW LETTERS

31 DECEMBER 2001

of the Ag(001) substrate imaged through a 1 ML MgO
island (Fig. 1b) [35]. For bias voltages outside the gap,
the islands appear always with bright contrast.

In summary, we found via STS investigations and model
calculations that, within the first three atomic layers of
MgO, a band gap of about 6 eV develops corresponding
to the value for MgO(001) single crystals. By simply
choosing accurately the number of dielectric spacer lay-
ers (1-3 ML), the electronic, magnetic, and chemical in-
teraction between a metal substrate and atoms, molecules,
clusters, or boundary layers adsorbed on the dielectric ma-
terial may be tuned in a controlled manner. This opens new
perspectives for the development of oxide heterostructure-
based nanodevices [36] and applications in magnetoelec-
tronics [37].
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