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Dependence of STM Images
on Bias Polarity for Sm Layers
on Mo(110) and Mo(211) Surfaces
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Thin Sm layers adsorbed on Mo(110) and (211) surfaces were studied
with scanning tunneling microscope. It was found that obtained images of
these adsorption systems significantly depend on the polarity of the scanning
tunneling microscope bias voltage. This dependence is more pronounced for
the Sm on Mo(110) than on Mo(211). For Sm/Mo(110), at low Sm coverages
the change of bias polarity results in significant difference in the measured
height of the adsorbed Sm layer, while the heights of substrate terraces
remain the same for both signs of the applied bias voltage. In the coverage
range 0.65 < 6 < 1, scanning tunneling microscope images, obtained with
negative bias, show the gaps in Sm layers, which are invisible for positive
bias.

PACS numbers: 68.37.Ef, 68.37.—d, 71.20.Eh

1. Introduction

The scanning tunneling microscope (STM) has been a very powerful tool
for investigations of structures of surfaces of metals and semiconductors as well
as of thin adsorbed layers [1-4]. However, STM images stem from both atomic
and electronic structures of surfaces [3, 5], which complicates interpretation of
the obtained results. Thus, it is well established that surface atoms in metallic
systems are usually imaged as protrusions for both positive and negative bias
voltages. In contrast, oxygen atoms adsorbed on transition metal surfaces can be
seen as depressions or protrusions depending on the polarity and magnitude of the
bias [6-9]. In nanometer scale, STM images, obtained with different signs of bias
voltages for metallic systems, again, are usually very similar, while semiconductor
surfaces demonstrate a strong dependence of STM images on the bias sign.

This effect is caused by different tunneling conditions for electrons going from
the tip to the surface (when the tip bias is negative) and electrons going from the
surface to the tip (when the bias is positive). Accordingly, different electronic
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states give rise to the STM current, namely, states within the energy range from
FEr to Er + €V or from Er to Er — eV, so that the current depends on the local
density of states (LDOS) at the surface in these energy ranges. In simple metals
the dependence of LDOS on energy is rather smooth, and the switch of bias does
not affect STM images significantly. For semiconductor surfaces this electronic
effect can be very pronounced, sometimes leading to quite different images and
estimated heights of surface steps [3].

For surfaces of rare earth metals, which are particularly interesting due to
unusual electronic properties arising from highly localized 4 f electrons [10], it can
be expected that obtained STM images will depend on the sign of bias because of
possible presence of occupied or empty f bands in vicinity of Er. Gd thin layers
were widely investigated with STM and scanning tunneling spectroscopy (STS)
techniques [11-15]. It was found that Gd islands on W(110) were imaged differently
for different tunneling conditions. In particular, flat areas of islands, visible in
STM images obtained with negative bias, for positive bias were “subsided” with
pronounced decoration around them [14]. A strong dependence of the height of
apparent surface steps observed with STM on the sign of bias was recently reported
for Gd layers on Mo(112) [11]. The apparent surface corrugation was found for
the bias voltage corresponding to the tunneling involving the occupied bulk bands
and explained in terms of band symmetry for observed Gd structures.

In this regard, samarium metal presents a very interesting case due to a
narrow f-derived peak in LDOS near below Er [16], and therefore new effects
in the dependence of STM images on the bias voltage can be expected. It is
generally believed that Sm has two different valence states, namely, trivalent ([Xe]
4f5 (5d6s)® — Sm3T) in the bulk metal while divalent ([Xe] 4% (5d6s)? — Sm?*)
at surface. Moreover, the diameter of Sm®* atom is 3.61 A [10], while of Sm?* is
4.04 A [10, 17]. The issue of Sm valence has been studied in a great number of
papers devoted to investigations of the Sm thin films deposited on various metallic
[18-25] and semiconductor substrates [26-29]. However, STM investigations of
Sm surfaces are scarce, and we are aware of only a few papers concerning STM
investigations for Sm layers on Si(111) and Si(100) [27, 28], on Mo(110) [20], and
on low-index Cu surfaces [24, 25].

It should be mentioned that recent theoretical calculations [16] have shown
that both [Xe] 4f° (5d6s)® and [Xe] 4f° (5d6s)? starting configurations of Sm, due
to self-consistent redistribution of valence electrons, result in the same local density
of states. The calculated LDOS resembles only those peaks in photoemission
spectra, which are believed to be pertinent to divalent Sm (that is, located about
—2 eV with regard to Ex), while observed peaked structure about —5 eV has been
attributed not to Sm®t, but to the influence of surface contaminations like O
or H [16].

The hydrogenation of rare earth metals leads to a significant (22% for GdHz)
volume expansion [30-33]. The rare-earth metals hydrides are isolators or semi-
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conductors provided that the number of H atoms per one rare-earth atom is more
than 2 [30, 34]. As such, the decorations of steps and dependence on the bias for
STM images of hydrogenated thin Gd layers on W(110) [35] may be attributed
to known effects pertinent to semiconductor surfaces. Similar consideration seems
reasonable also for Sm. To our best knowledge, no microscopic investigations of
hydrogen-exposed Sm layers have been reported to date.

2. Experiment

The STM (Omicron) ultra-high (better than 1 x 10~° Torr) vacuum cham-
ber was equipped with a spherical retarding field analyzer (RFA), used for low
energy electron diffraction (LEED) and Auger electron spectroscopy (AES), and a
quadrupole mass spectrometer (QMS) for thermal desorption spectroscopy (TDS).
The deposition of Sm was performed at room temperature. In the preparation
chamber, the sample could be heated up to 2000 K.

The Mo(110) and Mo(211) samples were cut off from a single Mo monocrystal
(of 5N purity). The surfaces were parallel to (110) and (211) crystal planes with
accuracy of +0.05°. The samples were cleaned using a standard procedure, which
included extensive heating at 1200-1300 K in oxygen atmosphere at 107 Torr,
followed by several high-temperature flashes at 2300-2400 K. The samples were
believed to be free from impurities when the Auger amplitude (AA) of carbon
(272 eV) was at least 300 times lower than that of molybdenum (186 eV).

Metallic Sm (of 3N purity) was used for deposition. The Sm was evaporated
from a molybdenum crucible, heated by a tungsten heating coil warped around
it. Empty crucible was positioned into an auxiliary vacuum apparatus, where the
heating to 2000 K was performed for several hours. Then the crucible with a piece
of Sm metal was transferred (in Ar gas atmosphere) and mounted again in the
auxiliary vacuum apparatus for outgasing. After several days of outgasing, the
Sm source was transferred (again, in Ar gas atmosphere) to the STM chamber.

The STM head was calibrated by using the (7 x 7) reconstructed Si(111)
surface as well as the Mo(211) surface [36]. STM measurements were performed
in the constant tunneling current mode. The sample during measurements was
grounded, so the bias voltage was applied to the tip. The STM images were
processed using the WSxM software from Nanotec Electronica [37].

3. Results and discussion

STM images, obtained for Sm coverage 6 ~ 0.1 ML on Mo(110), are shown
in Fig. 1. For a negative bias (Fig. la), the measured height of Sm islands is
of 1.8 +£ 0.1 A, while for a positive bias (Fig. 1b) it diminishes to 0.5 £+ 0.1 A.
In contrast, the height of Mo(110) terraces remains unchanged on switching the
polarity of the bias and corresponds to the Mo{110} interplane distance in a bulk
crystal (2.23 A).
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Fig. 1. STM images of 0.1 ML Sm/Mo(110) at negative and positive biases.
100 x 100 nm?, U = —2 V, I; = 0.5 nA (a); 100 x 100 nm?, U =2 V, I, = 0.5 nA (b).

Already at 6§ = 0.3 ML, LEED reveals the formation of the ¢(7 x 2) structure,
and STM images, obtained with a positive bias (Fig. 2a), show that almost the
whole surface is covered by a smooth adsorbate layer. In contrast, STM images,
obtained with a negative bias (Fig. 2b), reveal some areas with different atom
arrangements.

Fig. 2. STM images of 0.4 ML Sm/Mo(110) at positive and negative biases.
100 x 100 nm?, U =2V, I; = 1 nA (a); 100 x 100 nm?, U = —2 V, I; = 1 nA (b).

During STS experiments (at vacuum 5 x 107% Tr) we observed Sm islands.
After obtaining STM images, presented in Fig. 3, we attempted STS measure-
ments, but the island suddenly exploded. The next scan revealed that a large



Dependence of STM Images on Bias Polarity . .. S-63

surface area became covered by small Sm agglomerates with no trace of the island
(Fig. 3c) seen before. Taking into account that rare-earth metals (RE) compounds
with hydrogen (REH, where 2 < x < 3) have lattice constant greater over 20%
than in case of pure metals [30-33], electric field created by tip could lead to change
of H atoms per rare-earth atom and stress rises inside island. This stress could be
responsible for destroying islands during STS measurements.

Fig. 3. STM images of 0.6 ML Sm/Mo(110) at positive and negative biases.
180 x 180 nm?, U =2V, I; = 0.22 nA (a); 180 x 180 nm?, U = —2 V, I; = 0.25 nA (b);
500 x 500 nm?*, U =2 V, I, = 0.22 nA (c).

For Sm coverages higher than 1 ML, the effect of different imaging vs. bias
polarity is less pronounced, but is still discernible. Figure 4 shows STM images
obtained for §# = 1.7 ML with positive (a) and negative (b) bias voltages. Profiles
recorded within the same area for both images (Fig. 4c) reveal certain differences in
apparent heights of the terraces. In particular, the height of the terrace, measured
between bright-and-bright or dark-and-dark parts, is of 2.2+ 0.1 A, and does not
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depend on the bias polarity. This value is equal to that obtained for the height of
terraces of a clean Mo(110) surface, and therefore it seems reasonable to suggest
that the Sm layers just overbuild the Mo terraces. However, the height of Sm
islands (measured between dark and bright areas) occurs significantly different
when estimated with positive and negative biases. Namely, with a positive bias
the estimated height of the island is 3.3 + 0.1 A while with a negative bias it
increases to 4.1 4 0.1 A.
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Fig. 4. STM images of 1.7 ML Sm/Mo(110) at positive and negative biases.
350 x 250 nm*, U = 2 V, I; = 1 nA (a); 250 x 250 nm®, U = —2 V, I; = 1 nA
(b); profile along lines in part (a) — light and (b) — dark (c).

The STM images obtained with positive and negative biases for low Sm
coverages on Mo(211) are quite similar. Only after exceeding the 0.6 ML Sm
coverage the layers are imaged differently for positive and negative bias voltages.
The STM images obtained for # = 0.7 ML are shown in Fig. 5.

For a positive bias, the surface is imaged as smooth terraces with several
holes in each (Fig. 5a). However, a negative bias reveals a well developed surface
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Fig. 5. STM images of 0.7 ML Sm/Mo(211) at positive and negative biases.
100 x 100 nm?, U =2 V, Iy = 0.5 nA (a); 100 x 100 nm?, U = -2 V, I, = 0.5 nA (b).

relief (Fig. 5b). The height of the terraces is found to be of 1.2 0.1 A (again,
this can be understood as Sm overbuilds the Mo(211) terraces), independently of
bias polarity. For a negative bias, some rectangular islands, 0.6 +0.1 A height, are
visible, while they become invisible for opposite bias. The borders of these islands
are parallel to the [110] and [111] directions on the Mo(211) surface. The terraces
seen in the STM images have a well developed c¢(2 x 2) structure, in which Sm
atoms occupy every second adsorption site in the row. The rectangular islands
have the ¢(1/6 x 2) structure, in which Sm atoms along the rows are more closely
packed than in the ¢(2 x 2) structure. With increasing coverage, the number of
the islands increases, and they cover the entire surface.

It should be noted that defects, seen in the STM pictures obtained for Sm
coverage d = 1 ML, for a negative bias are imaged as holes (0.5 &+ 0.1 A depth)
in smooth areas (Fig. 6a), while for a positive bias they get transformed to small
islands (Fig. 6b). STM images for thick (# > 1 ML) layers do not depend on the
polarity of bias. A detailed mechanism of the growth of Sm layers on the Mo(211)
surface is discussed elsewhere [38, 39].

The dependence of the Sm/Mo(211) surface imaging on polarity of the bias
appears for the coverage range that corresponds to the minimum of work function
[38, 39]. The work function minimum relates to the beginning of the metallization
of adsorbed layers, which reveals itself in the appearance of characteristic plasmon
losses in LEED spectra [40]. It should be noted that the Sm layer on Mo(112) is
non-uniform, that is, consists of rather dense (probably, metallic) islands forming
over otherwise more dilute ¢(2 x 2) structure of the layer. Because of different
electronic structures, the domains will be imaged differently and this can explain
the dependence of the STM images on the polarity of bias.
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Fig. 6. STM images of 1 ML Sm/Mo(211) at negative and positive biases.
100 x 100 nm?, U = =2 V, I; = 1 nA (a); 100 x 100 nm?, U =2V, I; = 1 nA (b).

A similar dependence of STM images on polarity of the bias was observed
for Sm layers adsorbed on semiconductors [27-29]. This effect was attributed to
semiconducting properties of the substrate. Hence, it seems possible that hydro-
gen contamination could be responsible for the different imaging of Sm layers also
on Mo surfaces. It has been found [41] that hydrogen desorption from highly
hydrated Sm occurs at 870 K, while the operating temperature of the samarium
source is about 700 K, so that some hydrogen contamination of deposited Sm can-
not be excluded. In this case, forming Sm hydrides might result in semiconducting
electronic structure of deposited layer, thus explaining the appearance of the de-
pendence of STM images on bias polarity. For this reason we have studied the
composition of surface layers by means of thermodesorption spectroscopy (Fig. 7).

Figure 7 presents TDS spectra of thick Sm layers on Mo(110) surface
(part (a)), together with H signal (part (b)). Samarium has 5 stable isotopes:
H48m (3.07%), 19Sm (13.82%), °°Sm (7.38%), '°2Sm (26.75%) and '°*Sm
(22.75%) [42]. We choose the masses between 152 and 156 to check Sm and SmH,,
fluxes, because the isotopes 152 and 154 are the most intensive. The range of in-
vestigated masses includes Sm™ (152 and 154 a.m.u.), SmH™" (153 and 155 a.m.u.),
SmHj (154 and 156 a.m.u.), and SmHZ (155 a.m.u.), so if there were some SmH,,
there should be signals at 153, 155 and 156 a.m.u., accordingly to the hydride
state. Recorded TDS spectra are identical with TDS spectra published in [18].
The signal from the mass 153 represents the same behavior as for masses 152 and
154 and originates from the overlap of very strong signals from %2Sm and '54Sm.
If the signal from mass 153 came from SmH, the same run should be for the mass
155, but the mass 155 remains at the background level during the net thermodes-
orption process. The same is valid for SmHy where masses 154 and 156 originate
from SmH, created by 2Sm and '**Sm isotopes. SmHj in this range of masses is
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Fig. 7. TDS spectra of thick Sm layer on Mo(110) surface (a) and the hydrogen sig-
nal (b).

represented only by the mass 155 (for ®2Sm) and, as mentioned above, the signal
from the mass 155 remains on the background level.

Figure 7b presents the signal from the molecular hydrogen together with the
1528m signal. Both curves look similar, both peaks are in the same position in the
temperature scale. There are several possible explanations of such behavior. It
cannot be excluded that hydrogen comes from the adsorbed Sm layer or segregates
from the bulk of Mo. The sample holder or QMS also could be a source of hydrogen.
Also, a possible formation of negative SmH,, ions, which are undetectable by the
standard QMS, cannot be excluded. Another possibility is that in QMS, the
SmH, complexes undergo dissociation instead of ionization. In this case the mass
spectrometer will show Sm and H signals, which cannot be distinguished from the

desorption of separate Sm and H atoms.

4. Summary

It has been found that obtained images of Sm layers adsorbed on Mo(110)
and (211) surfaces significantly depend on the polarity of the STM bias volt-
age. This dependence is more pronounced for Sm/Mo(110) than for Sm/Mo(211).
In particular, at low Sm coverages on Mo(110), when LEED indicates forming
c(7 x 2) structure, the change of bias polarity results in significant difference in
the measured height of the adsorbed Sm layer while the heights of substrate ter-
races remain the same for both signs of the applied bias voltage. In the coverage
range 0.65 < 6 < 1, STM images, obtained with negative bias, show the gaps
in Sm layers, which are invisible for positive bias. For Sm on Mo(211), in the
coverage range 0.65 < 6 < 1 ML, the STM images, obtained with a negative bias,
show deep gaps in the Sm layer, which are not visible for positive bias.
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The performed TDS study of Sm layers has not provided a clear evidence for

formation of Sm hydrides on the Mo(110) surface, which could be responsible for
different imaging of Sm layers with inverse bias voltages. Certainly more experi-
ments are needed, including the study of Sm adsorption in a controlled hydrogen
atmosphere, using also the STS for analysis of surface electronic structure.
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