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Fig. 1. Probing the AB effect using STM: (a) Schematic illustration of an STM interferometer, in which quantum interference arises
from electron-wave scattering by two impurities located at 7 and 7y, as reflected in the measured LDOS. Upon applying an extern-
al magnetic field, the AB effect modulates the interference process, resulting in periodic oscillations of the LDOS['®. (b) Theoretical
simulations of the interference patterns induced by two impurities on the Ag(111) surface under different magnetic fields, where the
horizontal fringes originate from the AB effect!'%. (c) Schematic of a coupled double quantum dots structure, highlighting two types
of electron trajectories: circular and “8” orbits??. (d) Magnetic-field evolution of the third-order differential conductance d®I V3,
measured at position (iii) in panel (c)?%. (e) Quantum interference patterns at different energy levels at the center of the “8” orbit

under an external magnetic field, where yellow and black dots denote constructive and destructive interference, respectively[20l.
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Fig. 2. Probing quantum phase via backscattering and wavefront dislocation: (a) Schematic of quantum interference between an
STM tip and a defect; (b) backscattering processes in monolayer graphene, where the wave vector carries no orbital angular mo-
mentum; intervalley scattering between the K and K’ valleys induces a pseudospin rotation of 29,1[43]; (¢) STM topographic image of
monolayer graphene with hydrogen adatom!’; (d) inset shows FFT of panel (c); an inverse transform performed along the interval-
ley-scattering direction indicated by the red dashed circles yields the real-space charge-density oscillations, revealing two additional
wavefront dislocations!*’l; (e) inset shows FFT image; an inverse transform along the intervalley-scattering directions marked by the
white dashed circles produces real-space charge-density oscillations with one additional wavefront dislocations*¥; (f) schematic of
Bernal-stacked bilayer graphene; (g) intervalley scattering processes in Bernal-stacked bilayer graphene; (h) real-space charge-dens-
ity oscillations along a specific intervalley-scattering direction in bilayer graphene induced by single-atom defects located at differ-
ent lattice sites, producing 4, 2, and 0 additional wavefront dislocations, respectively™; (i) calculated wavefronts in twisted bilayer
graphene™; (j) valley characteristics of surface states in a three-dimensional topological insulator with and without an in-plane
magnetic field; (k) real-space oscillation patterns of the DOS measured by spin-polarized STM!"; (1) calculated spin textures/™”);

(m) calculated quantum metric and Berry curvature/®.
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(a) (b)

FFT amplitude

FFT phase
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S S R X

K3 FHFESRSMUIRARGER  (a) 5T U0 s B kAR o0 R8T 2 AT 0 R s BB P S il #E— 500 gy 34
BAHT 3, 4550 B R (26 L TE 32 05 1) 46, SRR BB B A A T8 S i 0Y; (b) JBE A U2 A S M AR S 78 D] 7S -2 B 25 4
TS A B, Ho, 2 B AR R T AT R B 4 R R B A A T A TR A 58T B EIWEE = T H
23 (8] 43 AR, AR LAY AR AL 45 SR e T T R A BT AR Y5 () W B 408 A 38 0 1 STML TR 448 6] 02 (d) 42 BuAs 3 i B e ) # )
TR0 (o) (c) Tl BBy A5 5 i AH 4% 8 2

Fig. 3. Probing phase information via order-parameter decomposition: (a) Schematic illustration of decomposing a local order para-
meter based on FFT. The order parameter can be further resolved into three intervalley coherent components, whose amplitudes are
combined along mutually orthogonal directions to form the total IVC order parameter®. (b) Spatial distribution of the valley-co-
herent order parameter in magic-angle twisted bilayer graphene at v = —2. The upper-left panel shows the global intensity of the
valley-coherent wave function, while the IVC bond, IVC site A, and IVC site B maps reveal its spatial patterns; the corresponding
phase information encodes the detailed shapes of these patternsi®!l. (c) STM topographic image of graphene with hydrogen adatoms/*?.
(d) Extracted Kekulé bond-order signall®?. (e) Phase information of the Kekulé bond-order signal in panel (c) [*2l.

T£ Ginzburg-Landau BHSHEZE T, PDW J¥£ RG22, Hoh, pg 8 CDW P2 i, Sp h

] Sy 18] SDW J¥Z . itk @40 CDW 1 SDW HJ4H
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PDW A S XELLIYE B3 AR .
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2008 4, Agterberg fil Tsunetsugu™ {1 # g
TAEHG i, PDW Hn] BB A7 7E Fn BB, Fo9m b
BRFATT LU BORTE (B &,/2 5% &y/4), IR
CDW I SDW F=2E fidl. filln, —4 &,/2 W HELE

pQ X AgAZq tec., Sq xi(AgAiqg —c.c). PDW Hix Bz 2B AN 4, Ti7E CDW g i — 4
XK CDW fil SDW WA SEPR_F i T PDW Pr5E, KT Rimie”. MEAWEE Q (K 4(a))
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(6 om AR () A(d)) BUE. (HIE, PDW  —HEBUBEAR A ST 07100 % A A o o

FI CDW /SDW' HL 7 J5% 22 18] (9 4 8 X% 7T L 3 5ot 8 Jr B AR LR AT 2 () R ART , JFAG: DAF 5C 1) 0 4 1
TSR, ALY E AR A X TEERR AWM =) jar)e? Hil @
BB Cri 2 ARG Kt — B IVEXS W ERRUER, aq(r) ARHR, ATA9eas o A AR A:
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(f) p(54 mV)

+
(0,1/2)

2Q(1/4,0) (1/2,0)

(m) | 3aq : — Pepw(r) —— Prow(T)

B 4 A 4805 AR5 PDW A1 CDW BAHAE  (a) PDW 2P 45 7R 2 B 1% (b) B (a) X5 R A9 AH A AE S 10 (c) CDW {4
N L 0001 (d) ] () X R AR A A R DO (@) BigStyCaCuyOg, s B9 STM B S [ 97 (f) 1T 43 31 % 1 A [F] BB &~ e L i 2B
BT (), (h) 48370 2Q FT Q NI UM 45 7 (i) Fe(Te, Se) MU AEIE 3273 1140 000 () 1= F 43 5 %k i A%
et T E LI AR g P 100 (k) (1) 43 ORISR 2Q FI Q X L AR 4345 199 (m) NbSe, H1 CDW 5 PDW X I ) A 43 43 A7 17 &t (191
Fig. 4. Probing the phase of PDW and CDW using 2D lock-in techniques: (a) Schematic illustration of a half-vortex in a PDWI[1%);
(b) corresponding phase map for panel (a) ['°; (c) schematic illustration of a dislocation in a CDW!%; (d) corresponding phase map
for panel (c) ') (e) STM topographic image of Bi,Sr,CaCuyOg,s°; (f) FFT at different energies, shown in the upper and lower
panels, respectivelyl®”; (g), (h) phase distributions corresponding to the wave vectors 2@ and @, respectively®”; (i) real-space distri-
bution of the superconducting energy gap in Fe(Te, Se) thin films['"; (j) FFT at different energies, shown in the upper and lower
panels, respectively'®; (k), (1) phase distributions corresponding to the wave vectors 2@ and @, respectively!'®”; (m) phase distribu-
tions of the CDW and PDW in NbSe, /'3l
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Table 1.  Comparison of quantum phase detection techniques.
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Abstract

Quantum geometric phase is a fundamental physical quantity that characterizes the intrinsic properties of
wave functions and quantum states, encoding critical information regarding the geometry, topology, and many-
body correlations of a system. Traditionally, accessing this phase information has relied heavily on momentum-
space probes or macroscopic transport measurements, making the direct visualization and quantification of
quantum phases in real space a long-standing experimental challenge. In recent years, scanning tunneling
microscopy /spectroscopy (STM/STS) has emerged as a powerful platform for directly probing quantum phases
at the atomic scale, owing to its exceptional spatial resolution and sensitivity to local electronic states. This
review summarizes the latest research progress of breakthroughs in STM-based quantum phase research, with a
specific focus on four highly innovative methodologies and their corresponding experimental results.

We first discuss the probing of geometric phases via local Aharonov-Bohm (AB) interferometry, where
nanoscale real-space interferometers constructed with STM enable direct resolution of coherent local density of
states (LDOS) oscillations driven by external magnetic fluxes, allowing quantitative extraction of geometric
phases. Next, we examine the resolution of topological phases through defect-induced backscattering; by
carefully analyzing quasiparticle interference and associated wavefront dislocations around atomic defects, this
approach enables direct extraction of topological invariants, such as winding numbers, and Berry phases
without the need for an external magnetic field. We then describe the reconstruction of complex phase
structures via order-parameter decomposition, highlighting advanced spatial decomposition techniques applied
to strongly correlated and highly symmetric systems, such as magic-angle twisted bilayer graphene, which
successfully disentangle intertwined orders and provide crucial experimental criteria for identifying microscopic
ground states. Furthermore, we review the investigation of phase textures and topological defects using 2D lock-
in techniques; applied to unconventional superconductors, these spatial filtering methods enable high-precision
mapping of phase modulations in pair density wave (PDW) and charge density wave (CDW), and successfully
visualize topological defects such as phase jumps, vortices, and half-dislocations. These transformative advances
demonstrate that STM and associated analytical techniques effectively translate abstract mathematical
quantum phases into visualizable, quantifiable real-space observables. This not only offers profound new
experimental perspectives for decoding topological states of matter, symmetry breaking, and complex electronic
correlations, but also lays a solid foundation for future phase engineering and the development of next-

generation quantum devices.
Keywords: scanning tunneling microscope, Berry phase, charge density wave, pair density wave
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