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Commensurate-incommensurate transition and strain relief patterns in monolayer Cg, on Cd(0001)
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We have studied the commensurate-incommensurate phase transition, rotation epitaxy, and strain relief
patterns in Cqo overlayers grown on Cd(0001) with a low-temperature scanning tunneling microscopy. When
deposited at low temperature (~200 K), Cg molecules form the 10x 10 high-order commensurate (HOC) phase
with two different half-unit cells, resembling the Si(111)-7x7 surface. Postannealing at room temperature (RT)
results in the transition from HOC phase to incommensurate phase, in which strain relaxation takes place in
the form of periodic vacancies and Cg heptamer arrays. In the case of RT deposition, parallel stripe domain
walls appeared in the commensurate 2+/3x2+/3 R30° phase. These results provide essential information for
understanding the strain relaxation mechanism, and the role of substrate temperatures in the process of Ce thin

films growth.

DOI: 10.1103/PhysRevB.103.245430

I. INTRODUCTION

In the past decades, there have been extensive studies on
the commensurate-incommensurate (C-I) phase transition in
physisorbed systems and epitaxial graphene [1-6]. According
to the Novaco-McTague theory, C-I phase transition occurs
via the formation of domain walls (discommesuration) when
adsorbate-adsorbate interaction is comparable to adsorbate-
substrate interaction [7,8]. Strain is usually built in the
domains and is released in domain walls. If the adsorbates are
compressed in the domains, they will be stretched in domain
walls and vice versa. Depending on the wall crossing energy,
the domain walls may either form parallel stripe patterns or
hexagonal array [1]. When the overlayer is far from commen-
suration, the interplay of longitudinal and transversal strains
may lead to the overlayer rotation relative to the symmetry
axes of substrate, i.e., orientational (rotational) epitaxy [7].

Cgp monolayer on solid surfaces represents a model sys-
tem because of the structural symmetry and rich electronic
properties. A wide range of monolayer structures of Cgp have
been found on metallic or semiconducting substrates such as
Au [9-12], Ag [13-16], Cu [17-19], graphite or graphene
[20-23], pristine or modified Si [24-27]. Interestingly, both
C-I phase transition and rotational epitaxy have been observed
in the Cgp monolayers. For example, the solitonlike domain
walls induced by stress relaxation were observed in the Cg
monolayer grown on Ge(100) [28]. Orientational epitaxy
takes place in the Cgy monolayer on Pb(111) through a lattice
rotation of 20°, corresponding to a higher-order commensu-
rate (HOC) phase [29]. For C¢p on Cu(111), lower temperature
deposition results in two metastable phases, i.e., linear-wall
mazes and disordered maze patterns, which are rotated for
an angle of 30° and 6 ~ 8° with respect to the Cu(111)
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lattices [19]. In particular, the disordered-maze phase is
highly compressed with a nearest-neighbor distance of 9.6 A,
representing a limiting case where the adsorbate-adsorbate
interaction is dominating, while the linear-wall-maze pattern
is an intermediate case where neither adsorbate-adsorbate nor
adsorbate-substrate interaction is dominating.

Compared to the noble metal substrates such as Au,
Ag, and Cu, the divalent hexagonal close-packed metal Cd
is usually used as electrode material due to the smaller
electronegativity [30-32]. Thus the interface structure of
Cgo monolayer on Cd(0001) plays a fundamental role in the
electronic devices because the Cgy molecules are contacted
with metallic electrode. In this paper, C-I phase transition and
strain relief patterns have been found in the Cgy monolayer
grown on Cd(0001). With substrate temperature increasing,
the Cgp monolayer shows a structure evolution from the
10x10 HOC phase to an incommensurate phase that consists
of periodic vacancies and heptamer arrays, and to the
24/3%x2+/3 R30° commensurate phase with stripe domain
walls. In particular, the 10x 10 HOC phase has two different
half-unit cells (HUCs), very similar to the Si(111)-7x7
surface. Strain relaxation takes place in the incommensurate
phase and results in the formation of periodic vacancies and
Ceo heptamer arrays. The strain relief patterns and coexistence
of compressive and tensile strains in the incommensurate
phase as well as the stripe domain walls constituted by
antiphase boundaries in the commensurate phase have never
been found in the previous Cgp thin films, to the best of our
knowledge.

II. EXPERIMENTS AND CALCULATIONS

The experiments were conducted in an ultra-high vac-
uum low temperature scanning tunneling microscopy (STM)
(Unisoku USM1500) with a base pressure of 2.0 10~ mbar.
The Si(111)-7x7 substrate was prepared by overnight
degassing at ~800 K and subsequently flashing to 1500 K. Cd

©2021 American Physical Society


https://orcid.org/0000-0002-1671-1136
https://orcid.org/0000-0002-8533-3546
https://orcid.org/0000-0002-2420-9920
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.245430&domain=pdf&date_stamp=2021-06-23
https://doi.org/10.1103/PhysRevB.103.245430

WANG, SUN, TAO, YANG, SHI, LI, AND WANG

PHYSICAL REVIEW B 103, 245430 (2021)

..
» . -.-oa.o.
fa}h.i .loio\.l..ao
lol..n..‘l“.l-c LAl
T AR RAD . YR AFAAT ALY
'.l--Oogoinha.OA-..,
.--00....0- (AR R ALRE LR
TRV AR AL LY
!.lv.d.ll-.

’
SN EA LRI R LA R AN D
AL AT AL A

’a

P henny

B R N AR B R B
B N RS . ™
o . [ IS

T E T RN EEERLAY

.
LR AR A B BRI

3 4 5
Distance (nm)

FIG. 1. The 10x10 high-order commensurate (HOC) phase and incommensurate phase of C¢y monolayer on Cd(0001). (a) Filled-state
STM image of the HOC phase obtained by low-temperature deposition (200 K), —0.4 V. (b) Empty-state STM image of the HOC phase
showing the distinct contrasts between the two half-unit cells (HUCs), 0.2 V. (c) Close-up view of the HOC phase, 0.2 V. (d) Schematic
structural model of the 10x10 HOC phase. (e) Periodic vacancies and Cgy heptamer arrays appeared in the incommensurate phase of R2°
domain after annealing to RT, 1.5 V. (f) Line scan corresponding to the red line in (e). The images sizes are 20 nmx 19.5 nm for (a) and (b), 10

nmx 10 nm for (c), 14.6 nmx 13.9 nm for (e).

atoms with a purity of 99.998% were thermally evaporated
from a quartz crucible onto the Si(111)-7x7 surface. Flat
and smooth Cd(0001) thin films were obtained by depositing
10 ~ 15 monolayer (ML) of Cd. Due to the strong anisotropic
electron motion with large lateral effective mass, the as-grown
Cd(0001) thin films reveal a perfect electronic transparency
such that the interfacial Si atoms can be clearly resolved. Cgg
molecules were evaporated from a home-made tantalum boat
onto the Cd(0001) films. The substrate was kept at different
temperature between 200 and 330 K so as to obtain different
structures of Cgp monolayer. Post-growth annealing the as-
grown Cgp films to room temperature (RT) was performed.
STM images were acquired in constant-current mode at 77.6
K with the bias voltages applied at the samples.

The theoretical calculations were performed by using the
ab initio simulation [33,34]. The electron-ion interactions
were described with the projector augmented wave poten-
tials [35,36] and the electronic exchange-correlation energy
was treated by generalized-gradient approximation of Perdew-
Burke-Ernzerhof [37]. The optB86b-vdW was employed to
consider the nonlocal dispersion forces [38]. The adsorption
calculations were conducted by playing various potential con-
figurations of the C60 molecule on a Cd(0001) surface. The
Cd(0001) surfaces were modeled by using a slab geometry
with four atomic layers of a 5x5 unit cell and a ~20-A
vacuum layer. The kinetic energy cutoff for the plane-wave
expansion was set to 400 eV. The k-point sampling in the Bril-
louin zone was implemented by the Monkhorst-Pack scheme
with the grids of 3x3x 1. All of the atoms except for the bot-
tom two Cd layers were fully relaxed within the residual force

smaller than 0.02 eV/A. The simulated STM images were
obtained using the constant current mode based on calculated
charge densities.

III. RESULTS AND DISCUSSIONS

We start the experiment by depositing Cgy molecules on
Cd(0001) at low-temperature (~200 K). Figure 1(a) shows
an “in phase” domain of the as-grown Cgy monolayer. Each
unit-cell contains nine Cgy molecules: three in the upper
HUC:s, three in the lower HUCs, and the remaining three
located at the border line between upper and lower HUCs.
The arrangement of Cgy molecules reveals a hexagonal lattice
constant @ = 30 & 0.2 A, which is nearly ten times the lattice
constant (2.97 A) of Cd(0001) [39] It is slightly larger than
three times of the preferred spacing (10.02 A) in Cg crystals
[40], corresponding to a very small (1.2%) compressive strain.
Thus this in phase domain can be described as a 10x10 HOC
phase or a 3x3 superstructure as displayed in Fig. 1(d).

In the empty-state STM image [Fig. 1(b)], the HOC phase
exhibits two distinct contrasts between the upper and lower
HUCs, similar to the well-known Si(111)-7x7 surface and
the 7x7 superstructure of Cgp on Au(111) [41]. As shown in
the close-up view in Fig. 1(c), the three Cgy molecules in the
upper HUCs reveal a two-lobe contrast; while the other six
Cgo molecules exhibit a bright round protrusion without sub-
molecular resolution. Based on the optimized configurations
and simulated STM images of Cgg on Cd(0001) [Figs. 2(a),
2(a")], the two-lobe motif corresponds to the molecular ori-
entation with 6:6 bond facing up, similar to the previous
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FIG. 2. Optimized configurations of a C¢y molecule adsorbed on Cd(0001) surface. Top views of the structural models (a)—(e) and simulated
empty-state STM images (a')—(e’) of five kinds of high-symmetry orientations corresponding to the Cg with a 6:6 bond (a), (a’), hexagon (b),
(b'), carbon atom (c), ('), pentagon (d), (d'), and 5:6 bond (e), (¢’) facing up, respectively.

observations of a Cgy molecule on Au(111) and Cu(100)
[12,41,45]. Most importantly, there are four corner holes ap-
pearing at the four apex positions of rhombus unit cells, which
also appeared in the Si(111)-7x7 surface.

Interestingly, we found a structural transition from the
HOC phase to an incommensurate phase induced by postan-
nealing the sample to RT. As shown in Fig. 1(e), rotation
epitaxy takes place in Cgy monolayer through a small lattice
rotation for 2° relative to the substrate lattice directions. We
notice that periodic vacancies appeared in this domain such
that the Cgp molecules are no longer uniformly distributed
on the substrate; instead, they are reorganized into the highly
ordered arrays of individual Cgy heptamer. As indicated by the
white rhombus, the heptamers reveal a hexagonal lattice b =
27.6 £ 0.1 A and a misorientation angle of 19° with respect to
the Cd(0001) lattices. The transformation matrix between the
lattices of incommensurate Cgo phase and Cd(0001) substrate
can be described as [7, 3.5, —3.5, 10.4]. Each C¢y heptamer is
surrounded by six trigonal vacancies (three pointing down and
three pointing up). Within the heptamer clusters, the central
Cso molecule is surrounded by three bright and three dim
molecules.

The formation mechanism of periodic vacancies around
Ceo heptamers can be attributed to the strain relaxation in-
duced by rotation epitaxy. As revealed by Fig. 1(f), the height
profile line demonstrates that the intermolecular spacing is
not uniform. The Cgy-Ceo distance is 11.7 ~ 11.8 A between
the heptamer clusters, but is reduced to 9.3 ~ 9.7 10\; within
the heptamers. It means that the Cgy molecules are highly
compressed inside the heptamers with compressive strain of
7.2%, but are strongly stretched outside the heptamers (within
vacancies) with a tensile strain of 17.8%. In other words, com-
pressive and tensile strains coexisted in this incommensurate
phase, similar to the case of discommensurate reconstruction
of Si(111)-Cu, Ga, and In systems [42]. According to the
reported Cgp-Cgp spacing for Cgy monolayers on Cu(111) [19]
and Ag(111) [43], the 9.3-A distance observed here represents
the lower extreme value for Cgy monolayer.

If we deposit Cg molecules directly at RT, instead
of low-temperature deposition with postannealing, a com-

pletely different Cgy monolayer can be obtained. As shown
in Fig. 3(a), the Cgy molecules form the commensurate
2+/3%2+/3 R30° structure with parallel stripe domain walls.
Based on the C-I phase transition theory, the stripe patterns of
domain walls result from the repulsive interaction between the
walls, due to the positive wall crossing energy [44]. Within the
Ceo domains, there are either three or four parallel molecular
rows. The intermolecular spacing is 10.4 A, slightly larger
than the preferred spacing (10.02 A) in the fee Cgp crystals. It
means this incommensurate phase suffers a small tensile strain
of 3.7%. As shown in the high-resolution images of Fig. 3(b),
all C¢p molecules reveal a bright round protrusion with a small
off-center hole, similar to the Cgy motif on Cu(100), Si(100)-
2x1, and graphene [45-47]. Compared with the simulated
image in Figs. 2(e), 2(e’), this motif corresponds to the molec-
ular orientation with a 5:6 bond facing up. We also noticed
that the Cgyp molecules from two neighboring domains adopt
the opposite orientations, as indicated by the arrows at the two
sided of domain walls. For this reason, the stripe domain walls
may be also referred to as antiphase boundaries. We speculate
that the opposite orientations of Cgy molecules are helpful
to release the tensile stress in the commensurate 2+/3x2+/3
R30° domains. It should be pointed out that such a kind of
parallel stripe domain walls (antiphase boundaries) has never
been observed in the 2+/3x2+/3 R30° phases reported pre-
viously, to the best of our knowledge. At first glance, these
stripe domain walls resemble the linear-wall mazes in the
metastable Cgy phase on Cu(111). However, the former is a
commensurate phase with 2+/3x2+/3 reconstruction, while
the latter is a high-order commensurate phase with a p(2x2)
coincidence, where nearly 50% Cg molecules reveal a dim
contrast.

In order to explore the electronic states of Cgy molecules
on Cd(0001), we performed scanning tunneling spectra
measurements inside the commensurate 2+/3x2+/3 domain.
Figure 3(c) shows a representative conductance d//dV spec-
trum acquired on top the individual Cgp molecules. The
peaks at —2.2 eV, 0.3-0.7 eV, and 1.9 eV correspond to the
highest occupied molecular orbital (HOMO), the lowest unoc-
cupied molecular orbital (LUMO), and the LUMO+1 states
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FIG. 3. Stripe domain walls in the commensurate 2+/3x2+/3 R30° phase obtained by RT deposition. (a) The Cg molecules inside the
two neighboring domains show the opposite orientations. The antiphase domain boundaries constitute stripe domain walls, 20 nmx20 nm,
1.8 V (b) Close-up view of the 21/3x2+/3 R30° phase, 10 nmx 10 nm, 1.8 V. The Cq, molecules exhibit a bright round protrusion with a
small off-center hole. (c) Differential conductance dI/dV spectrum acquired in the commensurate 2+/3x2+/3 R30° domain with a set point of
U = 1.0V, I =70pA. The LUMO level splits into two discrete peaks at 0.34 and 0.68 eV, respectively, and the HOMO-LUMO gap is 2.5 eV.

of Cgp molecule, respectively. The gap between HOMO and
LUMO is 2.5 eV, smaller than the situation of Au(111) and
graphene/Cu(111) substrates [10,21]. The triply degenerate
LUMO level splits into two discrete peaks at 0.34 and 0.68 eV.
Such splitting can be attributed to the Jahn-Teller distortions
of Cgp molecules brought by the charge transfer from substrate
to Cgp molecules [47].

Figure 4(a) shows the topography of second layer of Cgg
grown at RT. The Cgp molecules are arranged at the direction
of 17° relative to Cd(0001) lattices. Interestingly, there is a
kagome superstructure involving nineteen Cgp molecules. The
lattice constant of the kagome superstructure is 36.4 & 0.2 A,
which is /13 times of Cgy-Cgo spacing (¢ = 10.1 £0.1 A).
As shown in the close-up view [Fig. 4(b)], the Cgp molecule
at the hexagon centers reveals a three-lobe clover pattern,
corresponding to the Cg orientation with hexagon facing up

FIG. 4. Second Cg layer obtained by RT deposition. (a) Kagome
structure showing \/ 13x+/13 superstructure in a R17° domain,
15 nmx 15 nm, —0.5 V. (b) Zoom-in image of the kagome struc-
ture, 6 nmx6 nm, —0.5 V. The central C¢, molecule is surrounded
by six molecules at the inner small hexagon and 12 molecules at
outer large hexagon. (c) Schematic model of the kagome structure.
The six small triangles made of three molecules are located at the
asymmetric positions with respect to the large hexagon, constituting
the anticlockwise pinwheel pattern.

[Figs. 2(b), 2(b")]. Around the central molecule, there are six
Cgo molecules located at the inner small hexagon (the first
nearest-neighbor to the central molecule), and 12 molecules
appeared at the outer large hexagon (the second nearest-
neighbor to the central molecule). Most importantly, the 12
Cgo molecules at the outer hexagon exhibit a two-lobe motif,
corresponding to the Cg( orientation with 6:6 bonding facing
up [Figs. 2(a), 2(a’)]. Furthermore, the 12 molecules adopt
different orientations like the petals in a flower. Previously,
similar flower patterns were observed in the second Cg layer
on Au(111), where a complex orientation order was identi-
fied [10]. As shown in the schematic model in Fig. 4(c), the
kagome superstructure reveals a chiral feature: the six small
triangles made of three molecules appear at the asymmetrical
positions with respect to the outer large hexagon, constituting
the anticlockwise pinwheel pattern. If we consider the inner
small hexagon as a small “domain”, then the 12 molecules
located at outer large hexagon can be regarded as intersecting
“domain walls”. What is unique about such kinds of domain
walls is that they release strains through adjusting the Cgg
orientations, rather than through changing the intermolecular
distances as before.

Shown in Fig. 5(a) is a Cg monolayer island grown at
elevated substrate temperature (~330 K). It is found that
two types of triangular domains appear in this island. Within

FIG. 5. (a) A Cg monolayer island showing triangular domains
formed at 330 K, 60 nmx60 nm, 0.4 V. (b) Close-up view of the
triangular domain, 25 nmx25 nm, 0.4 V.
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the domain marked by an up-triangle, the Cgy molecules
reveal a bright or dim contrast with an apparent height
difference of 0.2 A. At a first glance, the arrangement of
bright molecules looks disordered, but close inspection indi-
cates that they have a local 2x1 superstructure [Fig. 5(b)].
In the domains marked by a down-triangle, there are only
very few bright molecules, most molecules show a dim con-
trast. Thus we refer to the two types of domains as bright
and dim ones. Previous studies indicated that the dim Cg,
molecules reside in the vacancy or nanopit positions, while
the bright molecules are located on top of substrate atoms.
Thus we attribute the formation of triangular domains to the
substrate reconstruction and vacancy formation at elevated
temperature.

Both the bright and dim domains reveal a similar size of
~10 nm. Due to the quasiperiodic arrangements of bright
molecules, the domain boundaries between bright and dim
domains are not very clear. Inside the bright and dim domains,
the Cgp molecules are aligned at the direction deviating for 9°
from Cd(0001) lattices with a Cgy-Cgg distance of 10.56 A,
slightly larger than the bulk value (10.02 A) in Cg crystals.
Thus there is a small tensile strain of 5.3% inside the two types
of domains.

IV. CONCLUSION

The C-I phase transition, rotation epitaxy, and strain re-
laxation patterns in Cgp overlayer grown on Cd(0001) surface
have been observed. When deposited at low temperature
(~200 K), the Cgy molecules form a HOC phase with
10x 10 reconstruction (3x3 superstructure), resembling the
well-known Si(111)-7 x 7 surface due to the presence of corner
holes and two different HUCs. Postannealing the as grown
Ce¢o monolayer to RT leads to the structural transition from
the HOC phase to an incommensurate structure. Strain relax-
ation occurs in the incommensurate domain such that periodic
vacancies and Cgp heptamer arrays form in this phase. When
deposited on Cd(0001) at RT, Cgp molecules form the com-
mensurate 2+/3x2+/3 R30° phase, which contains parallel
stripe domain walls. These results are helpful for gaining
insight on the strain relaxation mechanism and for improving
the quality of Cg thin films.
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