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Mn overlayers on PbTe (111): Substitutional adsorption
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The formation of the Mn/PbTe (111) interface is investigated by photoemission spectrum. The core level behavior
of Mn 2p is consistent with Mn substitutional adsorption during the initial Mn deposition, forming a (/3 x v/3)R30°-
Pbgy ¢7Mng 33Te phase of the second layer. Further deposition of Mn can cause metallic Mn islands to cover the sub-
stitutional substrate. Ultraviolet photoemission measurements show that the Fermi level is shifted into the conduction
band, indicating Ohmic contact formation at the Mn/PbTe (111) interface. The valence band maximum associated with the
Pbg ¢7Mng 33 Te layer is located at 1.27 eV below the Fermi level, and a schematic electronic structure of the Mn/PbTe (111)
interface is given. The work function of the substituted substrate with Pb-covered Mn islands is determined to be 4.16 eV,
in comparison with 4.35 eV for the Pb-covered substituted substrate and 3.95 eV for the pristine PbTe (111) surface.
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1. Introduction

Narrow band-gap PbTe is of great interest for its ther-
moelectric and optical properties and important applications
in energy and light sources.!'=# The mobility values of elec-
trons and holes in PbTe are strongly influenced by magnetic
dopants. Many interesting properties, such as magneto—optical
effects related to the giant Zeeman splitting of band states, !
carrier-induced ferromagnetism, 1] and the formation of bound

magnetic polarons, !’

occur in magnetic element-doped PbTe.
An important property was recently discovered that the ther-
moelectric power of Pb;_,Mn,Te is about twice as high as
that of pure PbTe.®] Although it is speculated that the various
properties of magnetic element-doped PbTe mainly originate
from the sp—d exchange interaction between the delocalized
band carriers and the localized magnetic moments introduced
into the host lattice by the magnetic ions, the detailed mech-
anism of the exchange interaction between the host material
and magnetic dopants is still unclear.

Up to now, most studies have concentrated on the bulk
PbTe system,[®!%1 and a few of them have focused on the
interaction between the magnetic atoms and the surface of
PbTe, which is another way to explore the interaction be-
tween magnetic atoms and host materials. This is also very
important for PbTe, for it has been used not only as bulk

11,12 14]

but also as films,! ] quantum wells,[13] superlattices,[
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nanowires, 15! and colloidal and embedded nanocrystals.“ﬂ

Recently, it has been reported that PbTe is converted from
a normal insulator into a nontrivial topological insulator un-
der surface strain,['”! and that the surface state, which is pro-
tected by time reversal symmetry, can be engineered only by
magnetic adsorbate.!'8] Moreover, the investigation of the ini-
tial growth of dopant on the surface is helpful to formulate a
microscopic picture for the incorporation of dopant into bulk
materials. 120

Manganese (Mn) is the most common magnetic dopant
for PbTe.?!! It is believed that its outermost 4s” electrons con-
tribute to the crystal bonds while the 3d> electrons stay local-
ized. The total spin of the Mn>* ion is 5/2 and its total orbital
momentum L is zero. Therefore, in the absence of an external
magnetic field, the ground state of the Mn ion is sixfold-spin
degenerate, and there is no crystal field effect on it due to the
vanishing angular momentum.?? In this work, we systemi-
cally study the adsorption of Mn on the PbTe (111) surface by

using photoemission spectrum.

2. Experimental details

The experiments were performed in a multifunctional
ultrahigh-vacuum (UHV) VT-SPM system (Omicron Instru-
ments for Surface Science) with a base pressure better than
2x10710 Torr (1 Torr=1.33322x10% Pa). The system was
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described in detail elsewhere.[>3! PbTe (111) film (~ 1-um
thick) was ex situ grown by molecular beam epitaxy (MBE)
on the BaF, (111) substrate in a solid source MBE system. [24]
Once it was transferred to the multifunctional UHV VT-SPM
system, a clean ordered PbTe (111) surface was obtained by
Ar™ (500 eV) sputtering for 1 h, followed by annealing at
250 °C for 10 min. The cleanliness and the orientation of
the sample were checked by low-energy electron diffraction
(LEED) and subsequent X-ray photoemission spectrum (XPS)
measurement, and a sharp (1x1) LEED pattern was observed
after the surface had been cleaned, which has previously been
determined to be the Pb-terminated surface.!”! Mn was de-
posited from a resistance-heating Mn evaporator. The thick-
ness values of the deposited layers were monitored using a
quartz crystal oscillator, and calibrated with the XPS mea-
surements. The deposition rate was controlled at about 0.15
monolayer (ML)/min, and during deposition the temperature
of the PbTe (111) substrate was kept at room temperature. The
XPS measurements were carried out with an Mg Ka source
(1253.6 eV), and the resolution of the peak shift for XPS
measurements was estimated to be about 0.13 eV. The ultra-
violet photoemission spectrum (UPS) measurements were per-
formed with a He-I (21.2 eV) UV lamp and a sample bias
of —5.0 V. The overall energy resolution for UPS was about
0.15 eV. All the XPS and UPS measurements were carried out

at room temperature.

3. Results and discussion
3.1. XPS measurements for Mn overlayer on PbTe (111)

Figure 1 shows the XPS spectra of Mn 2p core level col-
lected each as a function of Mn thickness for Mn deposition
on the Pb-terminated PbTe (111) surface. It is worth men-
tioning that the peak at 644.5 eV (denoted by C) for the clean
PbTe (111) surface originates from Pb 4p;/, core level. As
shown in Fig. 1, two new peaks appear at the initial deposition
of Mn. These two new peaks, which are located at 641.2 eV
(denoted by B) and 652.9 eV (marked by B'), are ascribed to
the Mn 2p3/, emission and Mn 2p; /, emission, respectively.
These spin—orbit-split spectral features are associated with the
strong hybridization between the Mn 3d and Te 5p orbitals, in-
dicating the formation of Mn-Te bond, or Pb;_,Mn,Te com-
pound. Similar results were also observed for Mn deposition
on ZnSe, or ZnS, forming Zn;_Mn,Se,[®! or Zn;_,Mn,S,20]
and more recently at the Mn/CdTe (110) interface.*”) By in-
creasing Mn thickness, the intensities of these Mn-Te bond
spectral features (marked by B and B’ in Fig. 1) increase, and
reach their maximum values at a (nominal) Mn thickness of
about 0.45 ML.
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Fig. 1. XPS spectra of the Mn 2p core level each as a function of Mn
thickness on PbTe (111). The substrate Pb 4p; , feature at 644.5 eV is
denoted by C, the spin—orbit-split metallic Mn core levels at 639.2 eV
and 650.5 eV are represented by A and A’, and the spin—orbit-split Mn—
Te bond spectral features are marked with B and B'.

The evolutions of the Mn core level spectra with Mn
thickness increasing from zero to 0.45 ML can be under-
stood with our previous investigations for Mn adsorption
on PbTe (111).12328] The first-principles calculations at the
Mn/PbTe (111) interface,?®! together with scanning tunneling
microscopy (STM) and XPS measurements of Pb 4f and Te
3d core levels,?3! have already revealed that at the initial de-
position of Mn (O, < 0.45 ML) on the Pb-terminated PbTe
(111) surface, Mn atoms substitute for the Pb atoms in the 2nd
layer by ‘kicking them out’ from the subsurface (exchange in-
teraction), and bond to the nearby Te ions through the strong
hybridization between the Mn 3d and Te 5p orbitals, form-
ing (v/3 x v/3)R30° (/3 x v/3)R30°-Pbg ¢;Mny 33Te) super-
structure, and the ‘kicked out’ Pb atoms are released to the top
of the surface as free Pb atoms. Accordingly, the schematic
structures of this substitutional adsorption of Mn are summa-
rized in Fig. 2. During the initial deposition of Mn, Mn atoms
substitute for the 2nd layer Pb atoms, forming Mn substituted
(v/3 x v/3)R30° islands, and the ‘kicked out’ Pb atoms are re-
leased to the top of the surface. At an Mn coverage of about
0.45 ML, a full Mn substituted Pbg 67Mng 33Te layer, i.e. the
second layer is formed with 0.33 ML of Pb floating on the
top of the surface. Such kinds of exchange (interaction) phe-
nomena between the adatoms and substrate atoms are well-
known in III-V, II-VI or V semiconductor heterostructures. In
a B/Si (111) system, boron adatoms are substituted for subsur-
face Si atoms, forming a (v/3 x v/3)R30° superstructure, [>°!
and for the Mn/GaAs system, Mn adatoms are substituted for
Ga atoms, by removing the Ga atoms from the substitutional

sites. 39
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Fig. 2. Schematic structures for substitutional adsorption of Mn. The clean Pb-terminated PbTe (111) substrate is composed of the
Pb-Te dipole layer. At a Mn thickness of Oy, < 0.45 ML, Mn is substituted for the Pb atoms in the 2nd layer, forming an Mn
substitutional (v/3 x v/3)R30° superstructure, and the substituted Pb atoms are released to the top of the surface as free Pb atoms.

Further deposition of Mn with the thickness being larger
than 0.45 ML causes the spin—orbit-split metallic Mn core lev-
els to appear at 639.2 eV and 650.5 eV (marked by A and A’
in Fig. 1).?7! By increasing the Mn thickness, the intensity
of these metallic Mn core levels increases very slowly, and it
does not exceed the Mn-Te bond spectral features until the
Mn thickness increases up to 31 ML. In addition, the intensity
of Pb 4f; ), core level at 136.9 eV associated with the free Pb
atoms keeps constant up to a Mn thickness of about 102 ML
(see Fig. 4(a) in Ref. [23]), far beyond the escape depth of the
photoelectron. These results suggest that further deposited Mn
atoms (Oyg, > 0.45 ML) nucleate on the substitutional surface
as metallic Mn islands covered with free Pb atoms on top of the

surface, which is in good agreement with the STM results. >}

3.2. UPS measurements for Mn overlayer on PbTe (111)

In order to further understand the nature of the Mn/PbTe
(111) interface, a complete set of UPS measurements are per-
formed. Figure 3 shows the valence-band evolution with Mn
thickness, the left panel contains valence-band structures, and
the right panel shows the cutoff energy of photoemissions.

During the initial deposition of Mn (Oy, < 0.45 ML),
the valence-band maximum (VBM) (marked by A in Fig. 3),
which is ascribed to pristine PbTe and composed of 5p or-
bitals of Te and 6s orbitals of Pb,[*!] exhibits almost no shift,
except for the intensity decrease with the increase of the Mn
thickness, which indicates that no band bending occurs for the
substitutional adsorption. Meanwhile, an additional VBM ap-
pears at about 1.27 eV below the Fermi level (marked by B in
Fig. 3), which is ascribed to the 3d-orbitals of Mn atoms and
composed of Sp-orbitals of Te atoms (more details will be dis-
cussed below). With Mn thickness being about 0.45 ML, the
additional VBM related to the Mn—Te bond reaches a maxi-
mum value, and the VBM related to the Pb—Te bond becomes
very weak. Since substitutional adsorption is completed at
a Mn thickness of about 0.45 ML, the whole 2nd layer is
the (v/3 x v/3)R30°-Pby ¢7Mng 33 Te layer (see Fig. 2 and the

above discussion), it can be deduced that the VBM related to
the Pb—Te bond at an Mn thickness of 0.45 ML derives mainly
from the outmost Pb—Te bilayer. For further deposition of Mn
(Onn > 0.45 ML), the UPS spectra in Fig. 3 show clearly that
a Fermi edge is detected, which results from the growth of
metallic Mn islands, together with free Pb floating on top of
the surface. With the Mn thickness increasing up to about
65 ML, the Fermi edge increases and becomes saturated due
to the growth of metallic Mn islands.
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Fig. 3. Evolutions of UPS spectra with Mn thickness on PbTe (111), left
panel: the valence-band structures; and right panel: the cutoff energies
of the photoemissions. The VBM ascribed to pristine Pb-Te bond is
marked by A, and the VBM ascribed to (V/3 x v/3)R30°-Pby 67Mng 33 Te
is denoted by B.

According to the variation in the secondary cutoff energy
with Mn thickness in Fig. 3, we can determine the change in
work function. The change of work function with Mn thick-
ness is shown in Fig. 4. With the Mn thickness increasing from
0.0 ML to 0.45 ML, the work function increases sharply from
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3.95 eV to 4.35 eV (see the inset in Fig. 4).
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Fig. 4. Evolution of the work function with Mn thickness on PbTe
(111). The inset shows the work function at low Mn thickness.

UPS and XPS measurements indicate that during the ini-
tial deposition of Mn (Oy, < 0.45 ML), the Mn atoms are
substituted for the 2nd layer Pb atoms by ‘kicking them out’
from the substrate, forming (v/3 X V/3)R30°-Pbg ¢7Mng 33Te
at the 2nd layer, and the ‘kicked out’ Pb atoms are released
to the top of the surface as free Pb atoms. The free Pb atoms
floating on top of the surface will surely give rise to an in-
crease in work function, however, its magnitude (4.25 eV for
the metallic Pb*?!) does not increase enough to explain the in-
crease in work function at the interface of Mn/PbTe (111). In
general, at a semiconductor/metal interface, a downward band
bending within the semiconductor layer will also lead to an
increase in work function due to the space charge layer within
the semiconductor.*3! However, the valence band spectra in
Fig. 3 indicates that no band bending occurred at the Mn/PbTe
(111) interface. Therefore, other mechanisms, i.e. the dipole
layer due to surface polarization and charge transfer between
Mn atom and the substrate, must be taken into consideration.
For the clean Pb-terminated PbTe (111) substrate, Pb and Te
layers are alternately arranged. As the electronegativity of Te
is higher than that of Pb (2.1 for Te and 1.8 for Pb), the dipole
layer at the outmost Pb—Te bilayer is formed by the surface
polarization (see Fig. 2). For substitutional adsorption of Mn,
our previous XPS measurements of the Te 3d core level (see
Fig. 4(b) in Ref. [23]) show that the binding energy of the Te
3ds, core level shifts from 572.3 eV for the Pb-Te bond to
572.7 eV for the Mn-Te bond, which are drawn schematically
in Fig. 5, suggesting that the outermost layer Te atoms at the
substitutional atmosphere will lose more electrons than at the
pristine Pb-terminated PbTe (111) atmosphere. This means
that the surface depolarization will occur by substitutional ad-
sorption of Mn. The surface depolarization, together with the
free Pb floating on top of the surface, leads directly to the in-
crease of the work function (from 3.95 eV to 4.35 eV). Fur-
ther deposition of Mn with a thickness larger than 0.45 ML
causes the work function to decrease sharply down to a satu-
rated value of about 4.16 eV, which is comparable to the work
functions of metallic Mn (4.1 eV) and Pb (4.25 eV).

Based on the XPS and UPS measurements, some Mn
thickness values are of particular interest for determining the
electronic structures at the Mn/PbTe (111) interface, and the
energy level alignments at the interface are shown in Fig. 5.
For an Mn thickness of 0 ML, the valence-band maximum
is located at about 0.34 eV below the Fermi level (Ep) (see
Fig. 3). Considering a band gap of 0.32 eV at room tempera-
ture for PbTe, the Fermi level is almost pinned at the conduc-
tion band minimum (CBM)), i.e. at 0.02 eV above the CBM. It
suggests that the unsaturated electrons from the Pb atoms on
the Pb-terminated surface directly result in a Fermi level shift
into the conduction band.
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Fig. 5. Schematic energy level alignments for the Mn/PbTe (111) interface
at different stages of pure PbTe (0.00 ML of Mn), the substituted (\/§ X
V3)R30°-Pby 67Mny 33Te at the second layer (0.45-ML Mn), and the Pb/Mn
covered substituted substrate (with a Mn thickness larger than 0.45 ML).

For an Mn thickness of 0.45 ML, a (\ﬁ X \/§)R30°—
Pby.g7Mng 33Te layer at the 2nd layer is fully established,
covered by a Pb-Te bilayer and free Pb at the outermost
surface. Apparently, the formation of this surface struc-
ture leads to the appearance of a new VBM located at the
1.27 eV below the Fermi energy and a downward shift
of the Te 3ds/, core level by 0.4 eV (see Fig. 4(b) in
Ref. [23]). This new VBM should be ascribed to the second
Pbg.67Mng 33Te layer. For alloying of Mn with PbTe forming
Pb;_Mn,Te, the band gap E; increases compared with the
pure PbTe as a function of Mn concentration of x,18 i.e., E, =
[(171.5 4+ 1/12.82 +0.19(T +20)2) +2500x] meV (where x
is the Mn concentration and 7 is the temperature). For the

Pbg.67Mny 33Te layer, the band gap is determined to be 1.14 eV
at T =300 K, which is roughly equal to the present experimen-
tal value of 1.25 eV, (Ecem — Evem(Pbo.67Mn0.33Te) = 1.25 €V).
First-principles calculations indicate that for this Mn substitu-
tional (\/§ X \/§)R30° superstructure, d-orbitals of Mn atoms
are localized mainly at the valence band and are composed of
p-orbitals of Te atoms without involvement with CBM com-
posed of p-orbitals of Pb atoms at the Fermi level.[?8! There-
fore, no change of the CBM can be expected and the VBM of
the top PbTe bilayer is also determined to be 0.02 eV below
Fermi level (see the UPS measurements in Fig. 3).
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For Mn deposition at a thickness beyond 0.45 ML, Mn
nucleates on the substituted surface, forming metallic Mn is-
lands, and those islands are covered with free Pb atoms on
top of the surface. Of course, no changes in the band gap
are expected once the substitutional adsorption has already
been completed at an Mn thickness of 0.45 ML and the for-
mation of a metallic Mn islands begins. However, our previ-
ous XPS measurements of the Te 3d core level (see Fig. 4(b)
in Ref. [23]) show that in an intermediate Mn thickness of
0.45 ML < Opn <7 ML, the Te 3ds, core level keeps shifting
towards a high binding energy by about 0.2 eV (from 572.7 eV
for 0.45-ML Mn to 572.9 eV for 7-ML Mn). As there is no
evidence for the formation of a second, Te-containing species,
it can be deduced that for an Mn thickness beyond 0.45 ML,
the metallic Mn overlayer induces a downward band bending
of about 0.2 eV within the underneath semiconducting sub-
strate, and at a Mn thickness of 7 ML, the band bending is
completely developed and remains constant for further Mn de-
position. Considering this downward band bending of 0.2 eV
in the intermediate Mn thickness, for the substituted substrate
with the Pb-atoms-covered Mn islands, the positions of (vir-
tual) CBM and VBM of the top PbTe bilayer are determined
to be 0.22 eV and 0.54 eV below the Fermi level respectively,
and the VBM of the (v/3 x v/3)R30°-Pby 67Mng 33Te layer is
located at 1.47 eV below the Fermi level. The whole pro-
cess for Mn deposition on PbTe (111) shows an Ohmic contact
forming at the Mn/PbTe (111) interface. An Ohmic contact at
the Mn/CdTe (110) interface is also revealed by Dharmadasa
et al.3?

4. Conclusions

In this paper, we carry out the photoemission spectrum
studies at the Mn/PbTe (111) interface. During the initial
Mn deposition, subsurface substitutional adsorption of Mn oc-
curs. With Mn thickness reaching up to about 0.45 ML, a
(v/3 x v/3)R30°-Pbg 7Mn( 33 Te at the second layer, covered
by free Pb atoms at the outmost surface, is formed. The work
function of this substitutional interface is determined to be
4.35 eV, in comparison with the work function of 3.95 eV
for the pristine PbTe (111) surface. The UPS measurements
indicate that the valence band maximum associated with the
Pby.67Mng 33Te layer is located at 1.27 eV below the Fermi
level. For further deposition of Mn, metallic Mn islands cov-
ered with free Pb atoms form at the top of the substitutional
substrate, giving rise to 0.2 eV downward band bending: this
band bending will result in the selective scattering of carri-
ers with different energies, which is beneficial to the further
improvement of the thermoelectric conversion efficiency for
PbTe.[3*! The results of the Mn/PbTe (111) interface behavior
are of fundamental interest and also helpful to fabricate spin-
tronics or spin-caloritronics based on PbTe, a well-known ther-
moelectric material with high tunneling magnetothermopower.
We expect that the substitutional interface will yield interest-

ing physics to be explored in comparison with the normal in-
terface.
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