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Scanning tunneling microscopy and
its application in studying quantum materials
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» Introduction for STM: principles and instrumentation

» Application of STM in the study of superconductivity

» Inelastic tunneling spectroscopy, spin-resolved STM, time-resolved STM




STM principles: the concept of tunneling
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Pre-1900 Physics (Classical Physics)
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Post-1900 Physics (Quantum Physics)
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Solid-state tunneling
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« Solid-state electron tunneling + Superconducting tunneling

Leo Esaki - z
5 Pb/Al-oxide/Al
Esaki Tunnel Diode Superconducting gap of
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Conduction Band Conduction Band
o states to ectrons ) E“PTY !
::Jnnel IO = STATES ) .
2A S 1
- [TAPPLIED VOLTAGE)(e)
Valence Band ) . : T '
Valence Band FELL ED - ' (/
=] sTaTES o
No Voltage Current ) o !A’ ‘ o . (c)
Conduction Band THER“ALLY . DE“SITY OF GURRENT
EXGITED STATES ‘
ELECTRONS
““““ ENERGY (8)
. "HOLES" AU (0]
— - NP [(APPLIED VOLTAGE)(e)
Voltage o . ‘a) - . A21 Al L2h|

Brian Josephson

DC effect:

Supercurrent can flow
through insulating layers
with no resistance.

AC effect:

With an applied voltage, V,
across the insulating layer,
the junction would radiate
at a frequency of 2eV/h.
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The birth of STM

* Invented by Gerd Binnig and Heinrich Rohrer in 1981

The Nobel Prize in Physics 1986

Heinrich Rohrer Gerd Binnig

IBM Research — Zurich "for their design of the scanning tunneling

microscope"
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The birth of STM

* Invented by Gerd Binnig and Heinrich Rohrer in 1981
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Control voltages for piezotube

Tunneling Distance control
current amplifier  and scanning unit

1010101010101010

Data processing
and display

Piezoelectric tube
with electrodes

Tunneling
voltage

Gerd Binnig and Heinrich Rohrer
IBM Research — Zurich




Scan mode of STM () L H ek
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« Constant current mode  Constant height mode

(b)

(a) Current

Feedback
loop
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> Feedback keeps current as constant > Feedback is disabled
» The mostly used mode » Only suitable for very flat surface and

low thermal drift case
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Bardeen’s theory of tunneling (k) Lmmsxy
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« Tip and sample are considered as two electrodes
« Transmission rate calculated by perturbation
* Neglect tip-sample interaction

 Tunneling matrix: Muv=% fd_S'-(t!f;f”tpv—gbvﬂb;) [ ¥>

M,, is the tunneling matrix element between states ¥, of
the tip and v, of the sample surface
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Bardeen’s theory of tunneling

« Tip and sample are considered as two electrodes
« Transmission rate calculated by perturbation
* Neglect tip-sample interaction

2 — — —
« Tunneling matrix: M#.,,=2ﬁ—m de-(z{J;Vt/}v—va;bﬁ)

M,, is the tunneling matrix element between states ¥, of
the tip and v, of the sample surface

When Bias Voltage is applied, the net tunneling current can be described as:

—4qe (T°

[=—— | M |% ps(&) pe(e—eV){f(e—eV)[(1 — f(e)] — f(&) * [(1 — f(e — eV)]}de
= % ooI M |? ps(e) pi(e — eV)[f(e — eV) — f(&)]de

Where | M |* is the tunneling Matrix element, which is proportional to the overlap of tip and sample
wave functions, p is density of states (DOS) of sample or tip, f(x) is the Fermi function.
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Bardeen’s theory of tunneling () LR EAS
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Consider T = 0 K and a simple metal tip with a “flat” DOS:

41Te

+eV
I~ == p,(0) f | M 12 py(e)de
0

If we further assume the tunneling matrix is constant, at T = 0 K:

+eV dl
o M| pu(de EEED gy

dl T ,
When T >0 K: FT7A J ps(&)f' (e + eV)de

« Where f’is the derivative of the Fermi function.
« Therefore the tunneling conductance measures the thermally smeared LDOS !
« Other factors can also broaden dI/dV spectrum, such as electrical (RF) noise.
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Bardeen’s theory of tunneling G
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* Tunneling matrix

M _# ST = . M,, is the tunneling matrix element between
B 2m f GuV iy =9 V) states ¥, of the tip and ¥, of the sample surface

: _ _ Tersoff-Hamann Model
We model the tip as a locally spherical potential well

where it approaches nearest to the sample surface

/- AN Tersoff et al.
- B ) o) PRL 50, 1998
M,y < Py (Ty) |, (Fy)|* oce 2R+ — (1983)
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Current (pA)
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Tunneling current decays exponentially as increasing
the tip-sample distance

Displacement of Tip (1 A/div)

Pan et al. APL 73, 2992 (1998)
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» To obtain high quality dl/dV spectroscopy, we need:
* A stable tunneling junction (low drift, low vibration)
* A clean and metallic tip (with “flat” DOS)
» Use Lock-in amplifier
» Careful shielding, grounding, and RF filters

» Lock-in technique: AV=V'cos(wt)

2
I(Vo+AV) = I(Ve) + X1 v o+t e
(Vo + AV) = (0)+dV v, cos(oo)+2dv2 cos(wt)]? + -

I4 ( w
. (e
Ao qy I K7 tip sample
14

>V - @ ~1mV :dl

—— Ext < —

Lock-in amp dv

\AAN
VVVV

>
<
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di/dV mapping
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> Local density of states spectrum at a single location 7 is related to the k -space eigenstates P, () by:
ps(E,7) < Xy (1) > 8(E — (k)

» Sources of disorder such as impurities or crystal defects cause elastic scattering which mixes eigenstates
of different k but the same (k).

» When scattering mixes states Tc;l and Ez, the result is a standing wave in the quasiparticle wavefunction
Py of wavevector q,, ¢, = (kq — k3)/2.

> LDOS will contain an interference pattern with wavevector q = (El —EZ)IZ, or wavelength A = 2n/q. It is
called “quasi-particle interference” (QPI).

> In a simple metal, the amplitude of scattering obeys
Fermi’s golden rule:

w(i > o Z V@ 1Ppi(E ki) pr(Ep Ky)

Kong et al. Nano Lett. (2022)
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Scanning tunneling microscopy/spectroscopy

Local Density of di/dV Spectrum
States (X, Yy, E)

Ly

DOS

Energy |
| dI/dV Map

NNNNNN \x
o

Most commonly
acquired data set
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Instrumentation-STM scanner
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Pilezoelectric ceramics

Lead zirconate titanate (PZT)

Ax=0.9 d31-V-L*/D
1V~10A
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Instrumentation-STM scanner

« Besocke design (beetle type)

tip l%;g] 2
walker L'B:ﬁ]'

assembly 4

"ﬁ's PED) 5t

(1) (2) (3) (4) ()

— ]

w » Advantage: Very low thermal drift, good vibration isolation » Advantage: Compact design, Low
» Disadvantage: Short travel length of coarse motion thermal drift, easy to integrate with magnets

16
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» Vibration isolation is critical for achieving atomic resolution and high quality spectroscopy
< 1pm vibration is desired for STM

Methods: Isolation table
 Basement with solid foundation

e |solation table

Spring

« Spring with damping

* Rigid design Eddy current
damper

* Turn off Vibration source (pumps)

* Acoustic-isolation room

17




Low-temperature STM D b A
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» Investigate phenomena only occur at low temperature (Superconductivity)
» High energy resolution

» Low thermal drift (critical for spectroscopy, mapping)
» Slow down dynamics (diffusion, desorption,...)

. dl oo ,
* Energy resolution: FT7As J ps(e)f' (e + eV)de e Thermal drift:
—® AL=a(T) LAT

« Thermal broaden: AE = 3.2 kgT

~83 ~21 =12 5
meV meV meV 'E
; 10F
AE ~0.1meV ~ ~10 peV §

C g0 100 180 200 250
Temperature (K}

.| D 18
Wn-u
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Low-temperature STM

e Continuous flow * LHe cryostat  LHe cryostat
with He-3 insert

|
L-He ﬁ Needle valve 3He Pump

Transfer Line
Scale ‘ I
30 cm
e—Beam
Heater
Flange . | <
Load—-Lock
Attachment A Chamber \\ !ll //
‘_ &t STM
Carousel 2
Flange Y Adr
e Floated L-He
[ T A —— | Table Dewar
H 1 Ton ﬂj i 1 Turbo
Ij:,_::::::.g.-.é.-.:_ _Pump_ @ :@]:[l— | Pump
VNN NN RN _f Vaﬂuum
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» Introduction to STM: principles and instrumentation

» Application of STM in the study of superconductivity

» Inelastic tunneling spectroscopy, spin-resolved STM, time-resolved STM
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STM In the study of superconductivity

» Surface imaging: atomic structure, reconstruction, domains, defects, etc...

» Tunneling Spectroscopy (STS):
* Measurement of superconducting gap
* Local states (impurity states, vortex states...)

» Spectroscopy mapping:
* The imaging of quasi-particle interfere (QPI)
* Other static orders (CDW, SDW, nematic order...)

21
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FeSe/STO

BSCCO (2212)

» Surface imaging

Lin et al. Nature 579, 523 (2020)

Wang et al. CPL 29, 037402 (2012)

¥ Hoffman et al. Science 295, 466 (2002)
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STM In the study of superconductivity
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» Tunneling Spectroscopy: measuring superconducting gap

« The gap opening at E¢ in DOS is the important characteristic of superconductivity
 Due to the gap opening, the quasi-particle energy changed to:

E;, = \/gi + A(k)? where A(k) is the SC gap or order parameter

. E|
- DOSisgivenby: p:= Re where Re indicates the real part of the expression

J (E2 — A(k)2 | that follows

« For a isotropic s-wave
superconductor, A(k) is
iIndependent of k: A(k) = Ao.
Which means the Fermi
surface is fully gapped.

The DOS of a isotropic s-wave
superconductor

23
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» Tunneling Spectroscopy: measuring superconducting gap

« The gap opening at E¢ in DOS is the important characteristic of superconductivity
 Due to the gap opening, the quasi-particle energy changed to:

E, = \/gi + A(k)? where A(k) is the SC gap or order parameter

. E|
- DOSisgivenby: p:= Re where Re indicates the real part of the expression

J (E2 — A(k)2 | that follows

* For a d-wave superconductor, ' The DOS of a d-wave superconductor

the order parameter is: It is not fully gapped, and the V-shaped

A(k) = Ay cos(20) | td}:/ed\slci:n;g:oes the existence of nodes in

24
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STM In the study of superconductivity

» Tunneling Spectroscopy: measuring superconducting gap
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» Spatial variation of SC gap

(b) AG ST
B e e AW g
:“. t - Pate L o,
. .9 <4 ’ A | I 4
« As areal space probe, STM is capable r A TRetd Ades e |
: : B e "
of detecting the spatial dependence of 2y & Wy
the a. . Pye s T 9 \
o c'.-j' /“ﬁ ¢t i
3 W ey 8}y
el AR
» The spatial inhomogeneity of the SC - e
gap may be attribute to: i g g

v Doping inhomogeneity
v' Low sample quality
v" Intrinsic factors

Energy gap, A (meV)
w0 & (4l
o (@] o
T T T
B
R

-100 50 0 50 100 0 20 40 60 80 100
Sample Bias (mv) Integrated LDOS (arbitrary units)

@. Fischer, et al., Rev. Mod. Phys. 79, 363 (2007)
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» In-gap states

Anderson’s theorem:

 For a s-wave superconductor, the bound states that generated by potential scattering (Non-
magnetic scattering) are on the gap edge. Therefore non-magnetic impurities do not suppress the
s-wave superconductivity.

 For magnetic impurities, which can flip the spin of paired electrons, will suppress the
superconductivity and introduce bound states inside of the superconducting gap.

Mn impurity in Nb Mn impurity in Pb
- B AI:=12.6: | | | | "'-‘Im 1 [
—r ; A remsiinyppieh | ‘% 6L
B r=8 N — I
a _.M O |
L A i E 4
r=4 b
. - J\-/"—-_—; % i
rv— i £ |

-8 -4 0 4 a8 '5-4-3-2-1012345
Voltage (mV) Bias (mV)

Voltage (mV)
Yazdani et al. Science 275, 1767 (1997) Ji et al. PRL 100, 226801 (2008)
.- T [ 27
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» In-gap states

« For phase change pairing (such as d—wave, s+-) , nonmagnetic impurities can also suppress

superconductivity.
Zn in BSCCO Cu in NaFeAs
1! e | 0.8
0.3+
2 l I = 0.8 E - | Cussite .
g s * 3 = r
§ la N > 04 s
o A = Q
% 104 ° § 0.1 %xg//\/—J
E £ ~— \
) 05 . a WVM‘%
0.0 i
e w8 e 0 s 0 5 10 S0 5 0 5 10
Sample bias (mV) Bias voltage (mV) Bias voltage (mV)
Pan et al., Nature 403, 746 (2003) Yang, H. et al., Nat. Comm. 4, 2749 (2013)
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» Vortex imaging

For type Il superconductor, the B field can penetrate into
the bulk in the form of Vortices.

Supercurrent circulates around the normal core of the
vortex.

The core has a size the superconducting coherence
length ¢ (parameter of a Ginzburg—Landau theory).

The supercurrents decay on the distance about A (London
penetration depth) from the core.

For type-l1l superconductor, A > £/+/2
Vortex with quantized flux of &, =h/2e =2.07 x 107> Wb

» Mapping vortex can provide useful information:

» Coherence length (€)

 Vortex pinning and dynamics

* The shape of the vortex core reflects the
anisotropy of A(k)

29



STM In the study of superconductivity

ShanghaiTech University

» \ortex core states

Volume 9, number 4 PHYSICS LETTERS 1 May 1964

BOUND FERMION STATES ON A VORTEX LINE IN
A TYPE II SUPERCONDUCTOR

C. CAROLI, P.G.DE GENNES, J. MATRICON
Service de Physigque des Solides, Faculté des Sciences, Orsay (S & 0)

Received 31 March 1964

This note discusses the excitations of low energy € << A (where A is the gap in zero field) which
exist near an Abrikosov vortex line 1) in a pure superconductor of type II. The energy gap €q for these
excitations is very small € ~A2 /EF'where Eyg is the Fermi energy. Above €, the density of states is
finite and comparable to that of a cylinder of normal metal of radius £ (the coherence length). These
low lying states will play a major role in the discussion of transport and relaxation phenomena in type
II superconductors at low temperatures.

» Due to the confinement to the quasiparticles by the vortex core,
Caroli-de Gennes-Matricon (CdGM) predicted that there are
confined low-energy bound states with the energy levels at
about E, = + uA?/EL (U=1/2, 3/2, 5/2, ...) with A the
superconducting energy gap and E the Fermi energy.

LiFeAs

Distance (nm)

T 5 0
-10 -5 0 5 10 Energy (meV)
Bias (mV)

Chen et al., Nature Commun. (2018)
Kong et al., Nature Commun. (2021)

5 0
Energy (meV)

» The energy of core states relies on
the pairing symmetry.
* For fully gapped s-wave, the core
states are discrete
» For d-wave, the core states are
expected to be continuous
 For p-wave, the core states are at

Zero energy
30
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» QPlin SC: Bogoliubov quasiparticles

2|V(ﬁ)|zpi(Ei;Ei) pr(Es, Ef)

. 2w * *
(i = f)oc 3 | Uity + ViV

u;, and v, are Bogoliubov coefficients: “Ta Mo
1 e(k) 1 @ d
u, = sign [A(K)] |=[1+—= v =+ 1 — |ul? 5
k g [ ( )] 2[ E(k) k \/ | kl B 07 \\ L
x>
2 . q; > // a9,
|uk,-u;;fivk,-v;';f is called coherence factor, the plus q’

sign is for magnetic scatterers, and the minus sign is for -0
non-magnetic scatters.

« For non-magnetic scatterers, the coherence factor is
suppressed for g that preserve the sign of A(k), but
enhanced for q that change the sign of A(k).

« For magnetic scatterers (such as vortices), the
coherence factor is suppressed for g that change the
sign of A(k), but enhanced for q that preserve the
sign of A(Kk).

QPI i

._l ln;: B

P 45

S phase sensitive! Hanaguri et al. Science 323, 923 (2009)
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STM in the study of superconductivity

» Besides QPI, STM discovered other static spatial modulations in superconductors:

B .4 Bss8o CaN@CuOChs; -~
: : 3 : W R A \~_‘_

-~ N
o

100A

0 pA
Hoffman, et al., Science (2002)

2 pA

anneban

Aishwarya, et al., Nature (2023)

Liang, et al., PRX (2021)
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» Introduction to STM: principles and instrumentation

» Application of STM in the study of superconductivity

» Inelastic tunneling spectroscopy, spin-resolved STM, time-resolved STM
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Vacuum Cu,N

%
+AE
—0— ¢)

di/dVv

Inelastic co-tunneling — o~
Interaction Hamiltonian: S * S + u

e.g. Schrieffer, Wolff Phys. Rev. 149 491 (1966)

—AE/e t +AE/e

34
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| » Single molecule vibration

7 elastic -
368

-ho/e _ . - inelastic 201 M 1
= hoe V or 1]

—20¢t 266

CaDs i
\/’\—/_/\‘/V/\\M\/\NUV\’\A 2

dl
dv -2
1] 1 L L 1 L
0 100 200 300 400 500

Voltage (mV)

“hole hoe V B

d2(/dV2 (nA/V2)

O

Scaled dl/dV

Voltage (mV)

Stipe et al. Science (1998) Heinrich et al. Science (2004)

35




Spin-polarized tunneling Chy) Lo b gk

< & ¢/ ShanghaiTech University
Ao

insulator

Haoyih @unmesmit TR : atiom ampeans sab mis BVIVmage e

» STM is an atomic-scale tunneling magneto-resistance junction.
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Spin-polarized tunneling
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» Classical magnetism

Spin-polarized tip (

a)
oF ¥ MW e‘ @.

[170]

0. 0. ®. 0‘ T—>[001]

» Detect magnetic orientation by tunnel magnetoresistance

« Thermally activated switching
« Real-time recording of magnetic switching

Fe"S'a”E' on W(110) « Time resolution: ms (—ps), noise limited at low tunnel currents
T=56 K  Krause et al. PRL (2009)

Krause et al. Science 317 1537 (2007) a7
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Spin-polarized tunneling

» Classical magnetism

Fe chain created by STM atom manipulation

Neel state (0) Neel state (1)

gzao-"""“- 23280_1‘1‘1‘1‘_

0 1 2 3 4 5 0 1 2 3 4 5
Position (nm) Position (nm)

Switching

Loth, et al. Science (2012) Enayat, et al. Science (2014)
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» Magnetic skyrmion > Spin density wave

Cr(001) surface

e

% S

©76 S

> o

272 £ st

° L N X . L . . A L L =i L N R L L L N L
0 10 20 30 40 L) 10 20 30 40

g Distance (nm) h Distance (nm)

'
/

Hu, et al. Nature Commun. (2022) 39
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» Video-rate STM

» STM preamplifier

(e.)
N

(N
\_/
Cm
| |
| |
m.
S " D
© o ®
2N O
+Q

Bandwidth: 10 KHz to 1IMHz
Time resolution: 1-100 us

Sequences of STM images of Bi deposits on Au(100)

Matsushima, et al. Faraday Discuss. (2016)
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Time-resolved STM
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» Recording I(t) curve

2) Side ca,q,

FE
/,

Y
I,_ —\\ '
TOp ! ] i
- -
<010> (\ /'

High t» <100> Low

6 - 4

N

364 mV Pulse
-~ High

Current (nA) O
o
o

Time Bin

10

» Single atom tracking

T Single Atom Tracking:
195 meV N H Thermal Diffusion
_l_ 70 meV 5

U *T A

e
——1
-3
I . |
i

T=74K
time =69 s

(© (d)

® W. Ho, et al. JCP (2002)
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Time-resolved STM

» Electronic pump-probe technique
~1us

Pump Pulse: Inelastic Tunneling excites spin

Voltage:

v

Vacuum Atom Cu,N

14)
13)
2)
+AE_‘_ 1)

_1 _AE
T

Tip Cu
Delgado et al. PRL 104 026601 (2010), Loth et al. Nature Physics (2010) 42

STM tip

Ec+V




Time-resolved STM
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» Electronic pump-probe technique

Voltage: —Atdelay time

| | oo t

f

Probe Pulse:

90
¢
‘s

-
S

Low
conductance

Sensing by Tunnel-Magnetoresistance (TMR)

@

o>
-~ ]
—

High

conductance

Loth et. al., Science (2010)
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Time-resolved STM
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» Electronic pump-probe technique

Voltage:

A 4

STM tip

Cu,N
—O
Tunneling Electrons:

Detected Current:

|
| —
|
| —
|

~t+
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Time-resolved STM
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» Electronic pump-probe technique
'Excitation ] Relaxation I

~ ”
~ ” I
N7

860

840

7, =207 ns _

Energy relaxation time

820

Close spaced
Fe-Cu dimer
B=65T

A e™ [ probe pulse

800 r

780

0 200 400 600 800 1000
Delay time At (ns)
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Time-resolved STM

» Electronic pump-probe technique

« Control spin dynamics with SP-tip « Sensing local magnetic environment
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Time-resolved STM

» THz-STM technigque
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» THz-STM technigque
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Tracking the ultrafast motion of a single molecule with THz-STM
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» Introduction for STM: principles and instrumentation

» Application of STM in the study of superconductivity

» Inelastic tunneling spectroscopy, spin-resolved STM, time-resolved STM
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