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Fig. 1. (a) The randomly adsorbed Xe atoms on Ni (110) formed regular artifical structure shaped like the letters “I B M” by using

STM atom manipulatin techniquel'); (b) Si (111) 7 x 7 surface was etched into nano-scale groove/® with atomically sharp edges and

regular structures shaped like the Chinese characters “f1[H” by atom manipulation technique; (c) the scale difference between the

W wires used as STM tip material (diameter is approximately equal to 2 x 10 * m) and the distance of neighboring in atoms on

InAs (111) AP (distance ~9 x 10 '° m) is similar to that between the Mount Qomolangma (height is approximately equal to 9 x

10® m) and a pingpang ball (diameter is approximately equal to 4 x 102 m).
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Fig. 2. (a) Schematics illustrating lateral atom manipulation; (b) schematics of the tip path and the tip-atom interaction during lateral

atom manipulationP; (c) the tunneling resistances required for the lateral manipulation in the displayed systems; (d) the typical

tunneling resistances parameter for pulling, sliding, and pushing modes of lateral atom manipulation®.
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Fig. 3. (a) Schematics illustrating vertical atom manipulation; (b)—(e) steps of picking up and dropping a single In atom on
InAs(111)A by vertical atom manipulation®l; (b) tip approaching the marker with bias of +0.8 V; (c) dropping an In atom from
the tip apex. Resolution changing indicates the tip become dull because of the dropping event; (d) picking up the In atom as

marked; (e) after the picking-up event, the tip return sharp; (f) the I(z) curve recorded during the vertical manipulation of a single

In atom!0%,
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Table 1.  Systems for lateral manipulation.
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Table 2. Systems for vertical manipulation.
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Fig. 4. Tuning the dispersion relation of 2DEG by building artificial quantum structure of desired lattices [»1195:1%: (a)—(d) Parabol-
ic dispersion relationship of the natural 2D electron gas on Cu(111); (b) STM image of Cu(111) showing the standing wave of sur-
face states at scattering at defects and step edges; (c) wave length of the standing wave varies with energy, fitting the k vector with
energy show the parabolic dispersion; (d) band structure taken by ARPES shows the parabolic dispersion; (e)—(i) linear dispersion
realized in the artificial electronic honeycomb lattice constructed by manipulation of CO molecules on Cu (111); (f) schematic of the
designer honeycomb lattice; (g) building the designer honeycomb lattice by moving CO molecules; (h) STM image of the artificial
molecular graphene lattice; (i) dI/dV spectra showing the density of states around EF, similar to that from Dirac cone; (j)—(n) dis-
persion less flat band realized in the artificial electronic Lieb lattice constructed by manipulation of CO molecules on Cu(111);
(k) schematic of Lieb lattice; (1) design of artificial electronic Lieb lattice; (m) STM topography of electronic Lieb lattice; (n) dI/dV
spectra showing the flat band DOS curve.
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(1) XF 07 (755 BE map 8], FErh i 2588 40 WoR # AN ARES, IR 5 nm

Fig. 5. Realizing the quasi-periodic, fractional and the topological states in the artificial lattice by manipulation of CO molecules on
Cu(111)1012-14; (a)—(c) the quasi-periodic artificial lattice with Penrose tiling structure; (a) structure schematic overlaid on the
STM topography. Right: 8 kinds of tiling units; (b) STM topography of this quasi-periodic artificial lattice; (c¢) corresponding density
of states (DOS) map; (d)—(f) fractals lattice of the third generation Sierpinski triangle; (d) schematic of structure design; (e) corres-
ponding STM topography; (f) corresponding DOS map; (g)-(i) breathing Kagome lattice with topological corner states;
(g) schematic of structure design; (h) corresponding STM topography; (i) corresponding DOS map; (j)—(1) Kekulé lattice with topo-
logical edges states; (j) schematic of structure design; (k) corresponding STM topography; (1) corresponding DOS map.
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(e) ZAE T R AR =X PR T 5 r T B H RS (o) FUREERS (o) S B map &5 () FT R ™ A= 0T 88 3 10 45,
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Fig. 6. Quantum dots and quantum dot molecules constructed by vertical atom manipulation on III-V semiconductor
surfaces®?=?7: (a) Structure model of InAs(111) with 2 x 2 reconstruction; (b) surface In adatom; (c) quantum dots constructed
by manipulating In adatoms; (d) linear QD molecule formed by two neighboring In6 QDs, and the DOS maps; (e) 3-fold symmetric
QD molecule, and its DOS maps; (f) reconfigurable QD molecules and (g) their DOS maps; (h) circular QD molecules with (i) s or-
bital and (j) p orbital like coupling as revealed by the DOS maps.
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(a)— (c) CuN #JJiE B A TAY S 19 A [R] B Mn J7 7 4% ;5 (a) STM JE SR E (10 mV,

0.1 nA); (b) BEEUR Z & ; (c) dI/dVi; (d)— (f) CuN &% BN TSR REH G Feg I T8#; (d) BN B K (e) SP-STM JES
[ (2.5 nm x 4.5 nm, 4.2 mV, 20 pA), #3577 U5 [100], K/ 200 mT; (f) B L8R RALE 09 Z2(t) 3% (2)— (h) A TR T-4E 00 [ 5EZ
WIS (g) AR TRE L (h) R <807 1T858 4 FRAS 09 1 5E 53 HEAS %5 22

Fig. 7. Artificial spin chains constructed by manipulation of magnetic atoms/™41%: (a)—(c) Mn chains on CuN substrate; (a) topo-
graphic STM image (10 mV, 0.1 nA); (b) schematics of the structure and (c¢) dI/dV spectra; (d)—(f) Feg chain on CuN; (d) schema-
tics of structure and spin order; (e) spin polarized topographic STM image (2.5 nm x 4.5 nm, 4.2 mV, 20 pA, B = 200 mT @[100])

and (f) Z(t) spectra on the indicated atoms; (g)—(h) atomic-spin-based logic gate realized in the Co chains model device on Cu sub-

strate; (g) schematics of the device, and (h) DOS maps revealing the “OR” gate functions.
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Fig. 8. Spin dynamic detection and manipulation in atomic spin structure realized by combining atom manipulation and RF (radio

frequency) pumping-probe techniques!!5119:

(a), (b) Spin sensor constructed by manipulation of Fe atoms on Cuy,N/Cu(100) sub-

strate; (a) schematics of the structure; (b) spin polarized topographic images showing the two Neél states (0 and 1); (c), (d) coher-

ent spin manipulation of single Ti atoms on MgO (001) substrate; (c) ferromagnetic and (d) antiferromagnetic coupling of the Ti

atom pair revealed by SP-STM images and RF signal.
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Fig. 9. Complex artificial quantum structures showing potential functions of quantum information storage and processing!"85261:
(a)—(c) Information transport realized by reflecting the Kondo signal from one Co atom in the focal point to the other empty focal
point; (a) geometric schematic; (b) the elliptic quantum corral structure with a Co atom at one of the focal points; (¢) DOS map
showing Kondo signal at the other focal point; (d), (e) quantum holographic data storage realized in an designer CO structure on
Cu(111) (d) by info-encoded DOS maps (e) at different energies; (f)—(h) quantum information transplantation realized the “iso-
morphism” quantum structures, e. g. two different artificial structures of CO on Cu(111) (f) and (g) with identical electronic states
at certain energies (h); (i)—(j) Kondo free information transport and logic “and” gate (i) and “fan out” gate (j) realized in the artifi-
cial quantum corral structures on Ag(111) surface.
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Fig. 10. Single atom etching technique and application (990122127 (a) Topographic STM image of H saturated Si(100) surface

(1.5 V, 0.4 nA, 0.4 nm x 0.6 nm); (b) single Si dangle bond (DB) created by applying voltage pulse; (c) 8 bit rewritable storage of

A-L using single atom lithography; (d)-(f) “OR” gate model device based on Si DBs constructed by single atom lithography;

(d) corresponding STM topography(—1.8 V, 50 pA); (e) corresponding constant-height Af images(V = 0V, Z, = —350 pm);

(f) model schematic (g)single atom transport device based on single P dopant on Si(100) realized by using STM lithography; (h) cal-

culated potential varies with position; (i) dIsp/d Vgp as a function of Vgp and V.
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Fig. 11. Autonomous atom manipulation strategy and application®®%: (a) Diagram of autonomous manipulation system; (b) assign

the basic tasks by analyzing the manipulation target and substrate; (c) designing the working scheme using algorithms; (d) optimi-

zed the rough-pass scheme; (e) example of autonomous manipulation of Co atom on Cu(111) surface; (f)—(i) application of

autonomous atom manipulation in model high density memory on Cl saturated Cu(100) surface with Cl vacancies; (f) schematic of

Cl vacancy; (g) 0, 1 states of a single bit defined by the position of Cl vacancy; (h) diagram of the byte representing the binary AS-
CII code for ‘e’; (i) STM topography written as “TU Delft” (2.00 nA, 500 mV, 1.5 K).
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SPECIAL TOPIC—Toward making functional devices at an atomic scale:
Fundamentals and frontiers

Investigation of artificial quantum structures constructed by
atom manipulation”

Li Yu-Ang? Wu Di? Wang Dong-Li? Hu Hao?»  Pan YiYt
1) (State Key Laboratory for Mechanical Behavior of Materials, Center for Spintronics and
Quantum Systems, Xi’an Jiaotong University, Xi’an 710049, China)
2) (Frontier Institute of Science and Technology, Xi’an Jiaotong University, Xi’an 710049, China)

( Received 9 September 2020 )

Abstract

The atom manipulation technique based on scanning tunneling microscope refers to a method of relocating
single atoms or molecules on a certain surface at atomic accuracy by using an atomically sharp tip, which is a
unique and powerful tool for studying the quantum physics and prototype quantum devices on a nanometer
scale. This technique allows us to build artificial structure atom-by-atom, thus some desired interesting
quantum structures which are difficult to grow or fabricate by conventional methods could be realized, and
unique quantum states, spin order, band structure could be created by the fine tuning of the structural
parameters like lattice constant, symmetry, periodicity, etc. Combined with nanosecond scale time domain
electric measurement and autonomous control technique, the atom manipulation would be useful in exploring
the atomic precision prototype quantum devices, and providing some valuable knowledge for future electronics.
In this review, we introduce the atom manipulation technique and related milestone research achievements and
latest progress of artificial quantum structures, including electronic lattices with exotic quantum states on
Cu(111), quantum dots on III-V semiconductors, magnetic structures with tunable spin order, structures for
quantum information storage and processing, prototype Boolean logic devices and single atom devices. The
STM lithography and autonomous atom manipulation are discussed as well. With such improvements, this

technique would play more important roles in developing the functional quantum devices in future.

Keywords: scanning tunneling microscope, atom manipulation, artificial quantum structures, local electronic

states
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