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Extremely quantum confined electronic energy spectrum and optical

properties of ultra-stable CdSe and ZnO nano-clusters

Prof. Igor Dmitruk
National Taras Shevchenko University of Kyiv, Ukraine

From 1% of July to 31% of August 2016 I
worked as a visiting professor in the Cooperative
Research and Development Center for Advanced
Materials at the Institute of Materials Research,
Tohoku University working with Associate
Professor Rodion Belosludov. During this visit 1
have worked on the problem of structure
determination of ultra-stable CdSe and ZnO
nanoclusters having extremely small size and their
possible role as seeds for zinc oxide tetrapods
grows.

Zinc oxide is a promising material for
applications in photonics and optoelectronics. It
has advantages of wide direct bandgap, stability,
and it consists of very abandoned atoms. Not less
important is the fact that zinc oxide is nontoxic
and environment friendly. Zinc  oxide
nanoparticles have additional advantages of
structure variations and tuning of electronic
energy bands.

Recently we have found a novel series of
magic nanoclusters (AB), for II-VI compounds
with n = 13, 19, 33, 34, and 48. For the case of
CdSe (CdSe)s3 and (CdSe)ss magic nanoclusters
have been prepared in macroscopic quantities.
However, ZnO demonstrate formation of another
series of magic nanoclusters (ZnO), with n = 12,
34, 60, 78, and 168 (Figure 1). Only one magic
number n = 34 is the same for ZnO and other
studied II-VI compounds. Theoretically, the
structure of (CdSe)ss4 originally proposed is a
core-cage arrangement in which core of (CdSe)s is
contained in the empty cage (CdSe)2s, denoted as
(CdSe)25(28+0), to form (CdSe):4(28+6). The
empty cage (CdSe)23(28+0) 1is basically a
polyhedral atomic shell consisting of 24
six-member-rings of alternating -Cd-Se- network
with 6 four-member-rings which bend the shell to
smoothly close the network as a hollow cage.
Probably nanocluster (ZnO)ss has the same
structure. To reveal the structure of others we
should notice that the series of (Zn0O), magic
nanoclusters starts with »#=12 which is
well-known magic number for binary fullerenes
corresponding to the smallest closed shell with
isolated squares. To check its stability for ZnO we

have performed the first-principles calculations on
HITACHI SR16000-M1 supercomputer.

Full geometry optimization and vibrational
and electronic spectra analyses of ZnO
nanoclusters have been performed using density
functional theory (DFT) with B3LYP exchange
correlation functional and 6-31G basis set.
Time-dependent DFT (TDDFT) has been applied
for electronic excited states calculations.
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Figure 1. The time-of-flight mass spectrum of zinc oxide
clusters obtained by laser ablation of zinc peroxide powder.
Gray line displays measured signal, black line shows the
smoothed spectrum. The clusters of enhanced stability are
pointed and labeled. Insets show the fragments of the
spectrum in the vicinity of (ZnO)sy and (ZnO)ies cluster
mass regions in linear scale.

Structure optimization of ZnO nanoclusters with
different starting geometries revealed their
tendency to form shell structures. For example,
Figure 2 shows several steps of optimization of
the structure of (ZnO)12 nanoparticle starting from
wurtzite bulk crystal fragment.

Figure. 2. Gradual structure transformation (from left to
right) of (ZnO):, nanoparticle during geometry optimization.
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Unlike other II-VI compounds it relaxes
spontaneously to closed shell structure. That
demonstrates its elevated stability.

Another example is determination of the

structure of n=34 nanocluster. For CdSe the
largest  binding energy  has  core-cage
(CdSe)34(28+6). We have performed similar
calculations for the different isomers of (ZnO)s4
nanocluster: core-cage, empty cage, bulk fragment,
etc. Surprisingly, the most precise MP2
calculations show that binding energy of
core-cage (28+6) and empty cage structures are
equal within precision of 0.01 Hartree.
Taking into account this trend of ZnO to form
closed shells we can suggest the following
structures of magic ZnO nanoclusters observed in
mass-spectroscopy. They consist of concentric
nested (onion-like) shells of (ZnO)iam?, m=1, 2, 3.
The first shell at m=1 is (ZnO)i2, the second one
at m=2 is (ZnO)ss, the third one at m=3 is
(ZnO)08. The cluster (ZnO)so consists of the two
shells: (ZnO)i> inside of (ZnO)4g. (ZnO)16s cluster
has three nested shells: (ZnO)i2, (ZnO)ss, and
(ZnO)10s (Figure 3). In this way, the simple
mathematical sequence exactly describes the
experimentally observed magic numbers is the
mass spectra. Following the sequence, the next
closed atomic shell ZnO clusters will be (ZnO)3e0,
(ZnO)es0, and so on.

Topologically, the sequence of (ZnO),, n =
12m’>, m = 1, 2, 3 and so on shells can be
described as the set of Goldberg polyhedra G(a,b)
of octahedral symmetry with tetragons instead of
pentagons and a = b: Grv(1,1), Giv(2,2), Giv(3,3)
and so on. Unlike carbon, for describing the shells
of which the polyhedra were successfully applied,
Zinc and Oxygen atoms alternate in vertices of
both tetragons and hexagons, so each the atom has
three neighbors of the other element, and the
octahedral symmetry of the polyhedra changes to
the tetrahedral one, while the octahedral shape of
the polyhedra remains. Of course, as Euler
characteristic of a convex polyhedron equals to 2,
the Goldberg polyhedra built of tetragons and
hexagons have exactly 6 tetragonal faces. The
higher stability of the shell is expected for the case
of isolated tetragons, and moreover, if they are
spread evenly on the polyhedron surface,
analogously to isolated pentagon rule for
buckminsterfullerene. To support the suggestion
of onion-like shell structure of the magic ZnO
clusters the first-principles calculations have been
performed. The structures of (ZnO)i2, (ZnO)eo,
(ZnO)16s, and (ZnO)se0 clusters have been
optimized at MP2/6-31G, B3LYP/6-31G,

HF/6-31G, and AMI1 theory levels, respectively.
The highest theory level used for each the cluster
was restricted by rational calculation time and the
software capabilities.

Figure 3. Optimized structure of ZnO nested cages clusters:
(ZnO)12, (ZnO)ep(48+12), and (ZnO)163(108+48+12).

The symmetry group of all the shown nested
shell structures is Tn. The stationary points of
geometry optimization have been checked to be a
minimum by harmonic vibrational frequency
analysis. For (ZnO)i2, all the frequencies are
positive, thus, the Tr symmetric shell is indeed the
minimum point of potential energy surface.
However, “negative” frequencies were found for
the Tn symmetric structure of (ZnO)eo. After
decreasing the symmetry down to Ci, applying
small random shifts of all the atoms, and
optimizing the geometry again, the structure has
been adjusted slightly, which has 199 meV lower
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total energy than the corresponding initial
structure, and all the vibrational frequencies
positive. The distortion of the initial Tn symmetric
nested shell structure is rather small and it can be
explained by Jahn-Teller effect.

This symmetry reduction from Th to T point
group was observed for studied nested shells ZnO
clusters. It should be noted that further symmetry
reduction does not increase binding energy
indicating that T is the actual point group of these
clusters.
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Figure 4. Calculated vibrational and electronic spectra of
(Zn0)34(28+6) nanocluster.

It is naturally to affiliate seeds of
well-known  ZnO  tetrapods, which have
tetrahedral symmetry, with (ZnO)iss magic
clusters (and, probably, with the larger ones,
(ZnO)360, (ZnO)ss0, and so on), which have the
same T symmetry. Tetrapods, but not T symmetry
crystals, grow because faces of the clusters consist
of hexagons that are energetically favorable, while
vertexes contain squares that are energetically
unfavorable.

Although ZnO magic-sized nanoclusters
have not been prepared in macroscopic quantity
we can study their physical properties
theoretically in comparison with CdSe. Figure 4
presents calculated infrared, Raman, and optical
absorption spectra of (ZnO)34(28+6) nanocluster.
Unlike CdSe it shows no gap in vibrational
density of states. Active modes are distributed

more evenly in the spectrum. On the other hand,
electronic spectrum demonstrates more similarity
to CdSe. Probably it can attributed to larger
ionicity of zinc oxide which leads to difference in
interatomic bonds strength and directionality.
While electronic spectrum is determined mostly
by quantum confinement effect which is similar
for clusters of the same size and structure.

Predicted difference in vibrational spectra
can be used to distinguish onion-like shell
structures predicted for ZnO from less regular
core-cage structures like (CdSe)ss(28+6) which
are energy favourable for other II-VI compounds.

These clusters can be used as building
blocks of novel nano-devices and nano-composite
materials for applications in nano-electronics and
photonics.

I appreciate invitation to Tohoku University
and this unique chance for fruitful collaboration.
Many thanks to Director of IMR Prof. Koki
Takanashi, Head of Cooperative Research and
Development Center for Advanced Materials Prof.
Tadashi Furuhara, and my colleague Assoc. Prof.
R. Belosludov. I also thankful to Mr. N. Igarashi
for continuous support in computer code and
facility and Ms. E. Takahashi in her assistance for
my family to stay in Sendai.

HOBES TETVWIELE
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Ultrasonic Materials Processing
Professor Teiichi Ando, Ph.D.
Northeastern University, USA

I was a visiting researcher in the Cooperative
Research and Development Center for Advanced
Materials, hosted by Professor Hidemi Kato of the
Institute of Materials Research for the period from

September 5th to 30", During my short stay in the
Kato Lab, I have had opportunities to address my
research in ultrasonic materials processing in the
form of a seminar and to exchange ideas on
non-equilibrium materials processing with Prof.
Kato and his colleague Prof. Takeshi Wada. I also
had an opportunity to discuss research on
droplet-based material processing with Prof.
Noriharu Yodoshi of the IMR. The main points of
the thoughts communicated to and exchanged with
the people I met during my stay at IMR are outlined
below.

While there are a variety of methods by which
we can create non-equilibrium thermodynamic
states in materials, the specific methods I have been
investigating are rapid solidification processing and
high strain-rate ultrasonic deformation processing.
Of the two approaches, my seminar focused on high
strain-rate ultrasonic deformation processing. In
high strain-rate deformation, as in ultrasonic
joining, excess vacancies generated by the
non-conservative motion of jogs on screw
dislocations remain in the material at a high
concentration. An in situ NMR study on deforming
pure aluminum [1] has revealed vacancy mole
fractions as high as 0.1, Figure 1. High prior
vacancy concentrations have also been estimated in
aluminum wire subjected to ultrasonic deformation
by TEM, Figure 2 [2].

10 18 20 25 3.0 35

UT=10° (1/K)

Figure 1: Excess vacancy concentration in deforming
pure aluminum; determined by NMR at a strain rate

of 0.55 s_1 and predicted at various strain rates [1]

Figure 2: Vacancy clusters and Frank loops in pure
aluminum wire subjected to ultrasonic deformation
at 773 K for 1 s [2]

Excess vacancies in high concentrations
may impact material behavior in three ways;
through  their  effects on  diffusion,
thermodynamic stability and mechanical
behavior. They enhance substitutional diffusion
possibly by many orders of magnitude as

deduced from the relation D/D""™ =X,/ X}’

where D is the enhanced diffusivity, D" is
the normal diffusivity in the annealed state and

X" 1s the equilibrium concentration of thermal

vacancies. This effect was confirmed by
ultrasonic  diffusion couple experiments of
aluminum and copper sheets in which the
diffusivity of copper in aluminum was
determined to be five orders of magnitude
above the normal value calculated at the joining
temperature [3].

Excess vacancies would also increase the
free energy of the solid in which they are
generated, possibly causing melting even below
the equilibrium melting point. Figure 4 shows a
plot of normalized melting point, 7,,(X,)/T,/,
against X, where significant melting point
depression is predicted when X exceeds

0.01. Calculations for other metals, e.g., copper
and nickel, also yield similar results.
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Figure 3: Normalized melting point of aluminum
calculated as a function of vacancy concentration [3]

Another important effect of excess vacancies
is the osmotic force exerted on dislocations that
causes them to climb at high speed. The osmotic
climb force on a mixed dislocation, given by [4]

Fm:/c_T(l;xf)x? l;ln X, 0
Cp ‘(I;x?)x? X

where b is the Burgers vector and 7 is the
dislocation line vector, translates into an
effective hydrostatic pressure of 600 MPa at a
vacancy concentration just 50% above the
equilibrium value, and 10,000 MPa when
X, /X" is increased to 10°, which may readily

occur in a metal subjected to ultrasonically
deformation. Thus, excess vacancies would
accelerate recovery and recrystallization to their
highest rates, possibly offsetting the concurrent
strain hardening. Such softening in a metal
subjected to ultrasonic deformation is seen in
Figure 4 where pure aluminum wire subjected to
ultrasonic deformation is actually softer than the
as-received wire. The occurrence of dynamic
recovery and recrystallization was confirmed in
aluminum subjected to ultrasonic deformation

[5].

Figure 4: Cross sections and micro-hardness of aluminum wire: (a) as-received, (b) subjected to ultrasonic

vibration for 1 s at room temperature under 460 N,

under 67 N [2].

Ultrasonic powder consolidation (UPC), a new
low-temperature powder consolidation technique [6,
7], can produce full-density, metallurgically intact

consolidates in seconds, Figure 5. Systematic UPC

(c) subjected to ultrasonic vibration for 1 s at 773 K

experiments with copper powder have indicated
that the rapid consolidation in UPC occurs by a
mechanism that involves the three effects of
excess vacancies on diffusion, thermodynamics
and dislocation mobility [8].

Figure 5: Cross sections of (a) aluminum powder particles and (b) bulk aluminum consolidated from
the powder by UPC at 573 K under 100 MPa [6].
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Excess Further work is needed to more fully
elucidate the effects of ultrasonic deformation
processing on material behavior and exploit them
in non-equilibrium materials processing. New
areas of research that are identified include
fabrication of energetic materials, rapid
low-temperature material synthesis, simultaneous
consolidation and joining of coatings, duplex
(multiplex)-structured materials, porous
materials, simultaneous mechanical alloying and
consolidation, consolidation of amorphous
powders, additive manufacturing

and fundamental investigation of phase
transformations in the presence of crystalline
defects. Future collaborations were discussed
with the IMR PlIs, Profs. Kato and Wada, in the
areas of ultrasonic processing of nanoporous
materials and amorphous powders.

In closing, I sincerely thank my host
Professor Hidemi Kato for inviting me to his lab
as a visiting scholar, without which my sabbatical
in Japan would not have been so fruitful.
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