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Abstract. Surface structures in the Te/Ni(111) system are revealed by using reflection high-energy electron
diffraction combined with X-ray and ultraviolet photoelectron spectroscopies. At a 0.33 mono-layer (ML)-
Te/Ni(111) surface, a reversible structural phase transition is observed with a transition temperature Tt
of 380 °C. The diffraction pattern from the low temperature phase is accompanied by streaks. The high
and low temperature phases are characterized by v/3 x v/3R 4 30° and 3 x /3 rectangle, respectively. The
mechanism of the phase transition is explained by the order-disorder transition with a rumpled chain model.
Both 0.51 ML- and 0.44 ML-Te/Ni(111) surfaces exhibit the complex diffraction patterns accompanied by
diffuse streaks. These surface structures are characterized by the 7 x /3 rectangle and 5v/3 x v/3R + 30°,
respectively. All diffuse streaks obtained at the above surfaces are consistently interpreted in the view of
the ill-ordered arrangements of the well-ordered v/3 linear chains. It is shown that the “y/3 linear structure”
is the key in the Te/Ni(111) system.

PACS. 61.14.Hg Low-energy electron diffraction (LEED) and reflection high-energy electron diffraction
(RHEED) — 68.65.-k Low-dimensional, mesoscopic, and nanoscale systems: structure and nonelectronic

properties — 64.60.Cn Order-disorder transformations; statistical mechanics of model systems

1 Introduction

Adsorbate-induced relaxation and reconstruction of metal
surfaces have been the subjects of numerous investigations
over the last few decades. In particular, the adsorption of
sulfur on nickel metal surfaces has been intensively studied
in terms of catalytic properties, and many complex sur-
face reconstructions have been found [1-5]. At S/Ni(111)
surfaces, for example, v/39-S for 0.22 monolayer (ML),
p(2x2)-S for 0.25 ML, (v/3 x v/3) R30°-S for 0.33-0.48 ML,
(5v/3 x 2)-S for 0.4 ML, and (8 x 2)-S for 0.44 ML have
been reported [6-8]. On the other hand, the Te/Ni(111)
system is not researched as long as we know. Because a
Te atom belongs to the same 16-group (chalcogen) as an S
atom, various surface structures are expected on this sys-
tem. Te surface layers on other substrates have recently
attracted considerable attention in both fundamental and
technological research fields [9-14].

In this paper we present the surface structures of the
Te/Ni(111) system studied by reflection high-energy elec-
tron diffraction (RHEED). The overlayer coverage and the
electronic state were measured by X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spec-
troscopy (UPS). The absolute coverage was calibrated
by using Rutherford backscattering spectroscopy (RBS)
combined with a computer simulation. The four different
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structures are found according to the Te coverage and the
substrate temperature. The key of these surface structures
is discussed and suggested to be a “y/3 linear structure”
as a base structure of this system.

2 Experimental

The apparatus used in this investigation is the accelera-
tor linked instrument for synthesis and analysis (ALISA)
in our institute. ALISA consists of a Van-de-Graaf-type
accelerator(200-2000 kV) and several interconnected vac-
uum chambers. A deposition chamber, in which the Te
deposition and the in situ RHEED observation were per-
formed, is equipped with an electron gun (VG scientific,
LEG-110), a quartz thickness monitor, and a Knudsen cell
(K-cell) with a BN crucible. The chamber is evacuated by
a 400 [/s turbo-molecular pump and achieved an ultra-
high vacuum (UHV) in the pressure range of 10~ Pa. The
XPS and UPS experiments were done in another chamber
(VG scientific, ESCALAB-200X), which is equipped with
a twin-anode X-ray source, a hemispherical analyzer, and
a multipurpose ion gun (VG scientific, EX05) for sputter
cleaning and/or etching. The RBS measurement was per-
formed in another chamber. A sample transfer system con-
nects these chambers and enables the sample to move be-
tween them in a UHV. The electron beam of 10-15 kV was
employed for RHEED. 2000 keV-He™ ions were utilized for
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the RBS measurement. XPS spectra were recorded using
an Mg Ko (hv =1253.6 ¢V) source with an instrument
resolution of less than 1.0 eV. The accuracy of UPS work
function measurements with Hell (hv = 40.8 €V) source
was estimated to less than +20 meV.

A sample exposing a (111) surface was cut by spark
erosion from a nickel single crystal rod grown by the float-
ing zone method. The sample was mechanically polished
to a mirror finish with alumina powder, and then electro-
chemically polished in a solution of HNOj3 (33 vol.%) and
CoH50H (67 vol.%). The sample was held on Ta wires
and can be heated in a vacuum by an electron bombard-
ment from the backside. Sample temperatures were moni-
tored by the TR-630A (MINOLTA Corp.) and IR-AP2CP
(CHINO Corp.) optical pyrometers with an emissivity pa-
rameter € of 0.25. The clean surface was obtained by cycles
of in situ Ar™ sputtering (typically, 3 keV, 0.2 zA, 30 min)
and annealing at 1100-1200 °C. The cleaning process was
repeated until no trace of sulfur, which is the last remain-
ing impurity, was recognized in the AES spectrum. The
clean surface displayed a sharp 1 x 1 RHEED pattern.

High-purity (99.9999%) Te was evaporated by the
K-cell, which was automatically temperature-controlled
in the range of 220-300 °C, onto the room tempera-
ture (RT) substrate of the Ni(111) 1x 1 surface at a rate of
~0.5 ML/min (1 ML: monolayer = 1.86 x 10! m~2). The
evaporation rate was monitored with the quartz-crystal
microbalance (Te coverage was estimated from the bulk
density of Te (6.24 g/cm?)). After ~1 ML-Te deposition,
we performed the sample heating and cooling at typical
rates of ~5 °C/min and ~1 °C/min, respectively, under
in situ RHEED observation. Interesting structures were
the object of the XPS and UPS measurements.

3 Results

After ~1 ML-Te adsorption, the RHEED shows no clear
diffraction pattern indicating the amorphousness of the
overlayer. The sample was gradually heated during the
RHEED observation. When the temperature reached to
~250 °C, the RHEED pattern changed to show streaks.
Figures la and 1b show the RHEED patterns obtained
by cooling the substrate to RT just after the appearance
of streaks. Taking into account the rotational symmetry
of the substrate, this surface is interpreted as a three-
domains structure as shown in Figure 1c. As the reciprocal
lattice is streaky along the (110) directions, the %—order
reflections are observed although there is no spot in the
reciprocal space. Figure le shows the real lattice derived
from the reciprocal lattice for a domain (Fig. 1d). The
surface unit cell is characterized by the 7 x v/3 rectangle
as shown in Figure le, which is described as, for example,
1-1
77
not describable in Wood’s notation [15] since it is rectan-
gular on a hexagonal substrate. In the following, however,
we use a simplified Wood’s notation like “7 x V37 even in
such cases for convenience sake.

by the matrix notation. This surface structure is
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A similar but different RHEED patterns shown in Fig-
ures 1f and 1g were obtained after prolonged annealing at
~300 °C for 10 min. The difference is %—order reflection
spots in place of the 1—14—0rder reflections in Figure la. Fig-
ures 1h—j show the deduced reciprocal lattice and the pe-
riodicity in the real space. The reciprocal lattice is streaky
along the (110) directions also in this case. This surface is
characterized by 5v3 X v/3R + 30° three-domains struc-

L =1 e the

ture (which is described as, for example, 10 —5

matrix notation) as shown in Figure 1j.

The streaky RHEED pattern changed into a halo
pattern over 580 °C. During cooling the sample from
~700 °C, two kinds of RHEED patterns were observed.
One was a V3 x V3R + 30° structure, which was ob-
served at higher temperature than 380 °C. The other was
a 2v/3 x 2v/3R 4 30° structure (Figs. 1k and 11) at lower
temperature than 380 °C. These two surface structures
were confirmed to have a reversible phase transition at
the temperature T, of 380 °C. In the low temperature
phase, two periodicities in the real space can give the same
RHEED pattern. Figures 1m—q show the schematic illus-
trations of the diffraction pattern and the possible real
lattices derived from it. Interpretation by a single-domain
model (Fig. 1n) leads the 2v/3 x 2v/3R + 30° structure,
and by a three-domains model, the 3 x /3 rectangular
structure (which is identical to 2v/3 x /3R + 30° struc-
ture. See Fig. 1q) is derived. In Figure 1k, the interval
between the reflections in the %th Laue zone is twice of
that in the Oth Laue zone. Only the right-going streaks
appear there. This is not explained by the single-domain
model but is well explained by the three-domains model
with the unbalanced domain growth. Thus, this low tem-
perature phase is concluded to have the 3 x /3 rectan-
gular three-domains structure (which is described as, for

example,

Zl)) _31' by the matrix notation) rather than the

2v/3x2v/3R+30° single-domain one. It must be noted that
the RHEED patterns are accompanied by similar streaks
found in the 7 x v/3 or 5v/3 x /3 structure.

XPS and UPS spectra were measured for the three
structures found: 7 x \/g, 5v/3 x \/g, and 3 x /3 struc-
tures. In order to determine the absolute coverage of Te,
RBS measurement for the 3 x v/3 structure was performed.
By comparing the spectrum with the RUMP computer
simulation [16], the coverage was estimated to 0.33 ML
(0.62 x 10 m~2). Taking this surface as a standard,
the Te coverages were estimated from the Te 3ds/, XPS
peak intensity ratios (Ni LMM peaks found in the re-
gion of 403-541 eV were utilized for normalizing the in-
tensity of each spectrum). Table 1 summarizes Te cover-
ages (), work functions (¢), and Te 3ds/, binding ener-
gies (Eresd;,,) of the Te/Ni(111) surfaces with those of
clean Ni(111), Te (bulk) and tellurides for comparisons.
¢ were estimated from the differences between the Hell
energy and the widths of the UPS spectra determined by
the cutoff and Fermi edges.
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Fig. 1. RHEED patterns of 0.51 ML-, 0.44 ML-, and 0.33 ML-Te/Ni(111) surfaces observed in (112) and (110) azimuths and
schematic illustrations of them as in reciprocal and real spaces. Primitive vectors are defined by a and b for a substrate unit
cell, and as and bs for a surface unit cell. Asterisk (*) denotes corresponding reciprocal vectors.

The adsorption of Te on the Ni(111) substrate de-
creased the work function from 5.5 eV to ~4.7 eV.
Ertesds,,, which were determined by applying the conven-
tional curve fitting technique using Voigt function to the
respective XPS peak spectrum from which the nonlinear
background was subtracted [17], of the Te/Ni(111) sur-
faces were within the range of those of tellurides.

4 Discussion

The 0.33 ML adsorption corresponds to one adsorbed
atom per a V3 X /3 unit cell. Determining the adsorp-
tion site is the remaining problem. Chemical modifica-
tions of tellurium appear to be similar to those of sulfur.
On the analogy of the Ni(111)v/3 x v/3R30°-S surface [8],
it could be suggested that a Te atom adsorbs on a hollow
site in the high temperature V3 x V3 phase. However, it

Table 1. Measured Te coverages (), work functions (¢), and
Te 3ds,> XPS binding energies (Eresay /2) with full widths at
half maximum in the parentheses.

Surface ¢ (ML) ¢ (eV)  Eresay,, (eV)
Ni(111)7 x +/3-Te 0.51 4.7 572.7(1.8)
Ni(111)5v/3 x v/3-Te  0.44 4.7 572.7(1.7)
Ni(111)3 x v/3-Te 0.33 4.6 572.6(1.5)
Ni(111) 5.5

Te(bulk) 4.8 [18] 572.9 [19)]
Tellurides 572.3-572.7 [19]

changes to the stabler 3 x v/3 structure below T, (380 °C),
which was not found in the S/Ni(111) surface. From the
electron negativities of Te and Ni atoms (2.1 and 1.8, re-
spectively [20]) and the Te 3d5/, binding energies shown
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Fig. 2. A rumpled chain model for a domain of the 3 x v/3 low
temperature phase. All Te atoms occupy the three-fold hollow
sites of Ni(111) at the two adsorption heights, lower (A) and
higher (B). Te(A) and Te(B) make v/3 linear chains A and B,
respectively.

in Table 1, the surface Te atoms on Ni(111) should be in
a negative charged state. Since the Te ionic diameter in
tellurides (0.442 nm [20]) is larger than the distance be-
tween the identical sites in the v/3 x v/3 structure at the
Ni(111) surface (0.431 nm), it is most likely that the sur-
face Te atoms form a rumpled layer where some atoms are
moved up vertically to the surface. The v/3 x /3 struc-
ture at high temperature phase can be explained by the
disordered phase of this rumpled layer: a Te atom at this
surface is moving, vibrating around a hollow site, losing
the order in the rumpling structure. This disordered phase
has the average structure of V3x4/3. The phase transition
at T, is interpreted as the order-disorder transition.

We propose a rumpled chain model for the 3 x /3
structure as shown in Figure 2. In this model, all Te
atoms occupy the three-fold hollow sites of Ni(111) at the
two adsorption heights, lower (A) and higher (B). These
Te atoms make /3 linear chains A and B, respectively
(Fig. 2). If the rumpling occurs by the repulsive force be-
tween the chains, it is reasonable to consider a vacant
chain at the site B. The vacant chain may release the
compressive stress in the vicinity, which can cause weak
rumpling or longer periodicity around it. Additionally, the
registry of the chains can be altered at this site to make a
phase boundary. In this model, the coherent length across
the chain is small because of the phase boundaries and
the possible fluctuation of the periodicity near them. The
streaky RHEED pattern is well explained by the small
region size across the chain.

Since a 0.33 ML-Te completely covers up the Ni(111)
surface as discussed above, surface Te atoms should con-
sist of, at least, two layers at both the 5v/3x /3 (0.44 ML-
Te) and 7 x v/3 (0.51 ML-Te) phases. Charge states of Te
atoms at the second layer must be closer to neutral than
that at the first layer, because Te atoms at the second layer
contact with only Te atoms. This is suggested by the Te
3ds /2 binding energy and the work function approaching
to the respective values of Te (bulk) as the Te coverage in-
creases as shown in Table 1 although the amounts of these
shifts are small. It is difficult to propose a reasonable struc-
ture model within a simple ionic/atomic diameter view for
these phases because in these surfaces, at least, two kinds
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Fig. 3. Schematic illustration of the Te/Ni(111) surfaces in
real space. as and bs are primitive surface vectors. A, B, C,
D, E, and F represent v/3 chains. A combination of chain A
with one of the other chains defines a surface structure. For
example, the combination of chain A with chain B offers a
surface unit cell (4, B) (i.e. the 7 x v/3 phase).

of Te (the first layer Te atoms strongly affected by the
Ni(111) surface potential, and the second one which is
less charged and surrounded by only Te atoms) exist.

Generally, diffuse streaks on diffraction patterns of-
ten come from a not-well-ordered surface which should be
traced to an inadequate thermal treatment. The 0.51 ML-
Te/Ni(111) surface may be attributed to this case since
this surface isn’t annealed and shows larger FWHM of
the Te 3d5/, peak than the other surfaces (Tab. 1). How-
ever, the annealed surfaces, i.e. 0.44 ML-Te/Ni(111) and
0.33 ML-Te/Ni(111) also give the diffraction patterns ac-
companied by diffuse streaks. This fact suggests that these
surfaces have some intrinsic structures profoundly associ-
ated with the disorder. A diffuse streak reflection appears
from lack of the long-range ordering along the correspond-
ing direction. Therefore, the streaks found in the RHEED
patterns indicate the coexistence of both il and well or-
derings along the bs and ags surface vectors, respectively.
Figure 3 shows the schematic illustration of these surfaces.
Here, let us consider on two adjacent identical chains A
and B consisting of the v/3-spaced lattice points along an
a, surface vector on the surface. These chains are elements
to give /3 reflections and the combination of chains A
and B defines a surface unit cell as indicated by (A, B) in
Figure 3 (i.e. the 7 x v/3 rectangle). Thus, each combina-
tion of the chain A with one of the nearest identical chains
determines the respective surface unit cell. The streak is
originated from the small coherent region in the direction
across the chain. Since the features of the surface unit
cells given by (4, B), (A,C), and (A, D) seem to be little
different from each other as seen in Figure 3, it is most
likely that the (A, B), (4, C), (A, D), and the other similar
structures can coexist naturally at around 0.44-0.51 ML
coverage of Te. If some amount of (A,C) and/or (A, D)
parts exists in major (A, B) lattices in the 7 x v/3 surface,
they play anti-phase boundaries which reduces the coher-
ent length. The same is true in the 5v3 x /3 and 3 x V3
surfaces. The possible registry change at the boundary is
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shown in Figure 3 as (A4, F) and (A, F). Thus, the dif-
fuse streaks obtained at all presented surfaces (0.33 ML-,
0.44 ML-, and 0.51 ML-Te/Ni(111)) can be explained by
the surface unit cells determined by ill-ordered arrange-
ments of the well-ordered v/3 linear chains. It means that
the “v/3 linear structure” is the key in the Te/Ni(111)
system.

5 Summary

We have presented surface structures of the Te/Ni(111)
system with use of RHEED, XPS, and UPS. The
0.33 ML-Te/Ni(111) surface exhibited the reversible struc-
tural phase transition with the transition temperature of
380 °C. The high and low temperature phases were charac-
terized by v/3 x v/3R £ 30° and 3 x /3 rectangle, respec-
tively. We proposed the order-disorder transition of the
rumpled \/§ linear chains. The 0.51 ML- and 0.44 ML-
Te/Ni(111) surfaces were characterized by 7 x /3 rectan-
gle and 5v/3 x v/3R430°, respectively. The diffuse streaks
obtained at all presented surface were consistently inter-
preted in the view of the ill-ordered arrangements of the
well-ordered /3 linear chains. It was shown that the “v/3
linear structure” is common in the Te/Ni(111) structures.
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