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Tunnel Current in transfer Hamiltonian:
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J. Bardeen, Phys. Rev. Lett. 6, 57 (1961).

Vacuum Tunneling



Calculating the Tunnel Current

Application of Transfer Hamiltonian to STM geometry :

I = ρ r0 ,EF( )e−2ks

 2m / 2 = 0.51Å−1 eV
−1

where

Φ = 4eV ⇒ 2k = 2 / Å

Tunnel current decays by 1 order of magnitude per Å change in tip-sample distance

s tip-sample distance

 k = 2m / 2 Φ + E − eV / 2( )With decay length F workfunction

J. Tersoff and D. R. Hamann, Phys. Rev. Lett. 50, 1998 (1983).



G. Binnig and H. Rohrer, Helv. Phys. Acta 55, 726 (1982).

History
First STM by Binnig & Rohrer



First Results on CaIrSn4(110)

Growth Spiral

Atomic Steps

G. Binning et al., Phys. Rev. Lett. 49, 57 (1982).



Topografiner – the Predecessor of the STM

R. Young et al., Rev. Sci. Instrum. 43, 999 (1972);
See also: I. Amato, Science 276, 1982 (1997).



Realization of Coarse Approach and Vibration Damping



Pocket-size STM and viton stack for vibration damping



Beetle Type STM Compensating Thermal Drifts

J. Frohn et al. Rev. Sci. Instrum. 60, 1200 (1989).



Sample Holder for Variable-Temperature STM 30 - 600 K 

H. Brune et al., Thin Solid Films 264, 230 (1995).



Stick-and-Slip Linear Motor for Coarse Approach



Electrochemical Etching of W-tips



Tip preparation by Voltage Pulses during STM Operation



Al(111) – seeing atoms and below – fcc vs hcp hollows
What ’sees’ the STM

H. Brune et al., Europhys. Lett. 13, 123 (1990);
W. A. Hofer et al., Chem. Phys. Lett. 397, 354 (2004).



I ∝ dEρsample (E, x,y)
0

eV

∫ ρtip(E − eV) dI / dV(V, x, y) ≈ ρsample (eV,x,y)

Scanning Tunneling Spectroscopy - STS



(111)-projected bulk
bandstructure of Cu

Bylander & Kleinman (1983).

Surface States – Cu(111)



Electron scattering at atomic steps

5 K, Vt = 1.0 mV, It = 1.1 nA 5 K, Vt = 13 mV, It = 0.32 nA, 1000 Å x 1000 Å

Ag(111)Cu(111)

100 Å



Local Density of States (LDOS) of Ag(111)

2D LDOS:

2D e- density:

EΓ 

EF

 
ρ2D E( ) = L0Θ E − EΓ( ) = m*

π2
Θ E − EΓ( )

 
n2D =

m*

π2
EΓ ≈1013cm−2

2DEG at semiconductor heterojunctions: n2D ≈ 5 ⋅10
11cm−2



Surface State
C/Al(111) substitutional defects on Ag(111)

Brune et al. EPL 13 (1990). N. Knorr et al. PRB 65 (2002).

lF = 75 Å
LDOS ≈ cos(2kFr)/r2

lF = 3 Å 
LDOS ≈ cos(2kFr)/r5

10 Å 20 Å100 Å

Friedel Oscillations
Bulk



Watching tracer diffusion: Cu/Cu(111)

T = 13.5 K, Q = 1.4 x 10-3 ML

100 Å



Watching tracer diffusion: Cu/Cu(111)

T = 15.6 K, Q = 1.4 x 10-3 ML
100 Å



Tracing Cu monomer diffusion Cu(111)

Em = 40±1 meV   n0 = 1x1012.0±0.5 s-1

T = 13.5 K, Q = 1.4x10-3 ML
Vt = 0.1 V, It = 0.1 nA

N. Knorr et al. PRB 65 (2002).



Long range interactions show up in pair–distribution

F = (0.50±0.07) p,  q = (0.20±0.01) Å-1,  kF, Cu(111) = 0.21 Å-1

prediction: Lau & Kohn (1978), model: Hyldgaard & Persson, JPCM (2000)

N. Knorr et al. PRB 65 (2002).

Short-range repulsion of 14 meV !
J. Venables & H. Brune PRB 66 (2002).



Ce/Ag(111)

10 Å

F. Silly et al. Phys. Rev. Lett. 92 (2004).



Quantum trough 
on Ag(111)

Quantum Confinement



Particle in box of width L
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LDOS in Quantum trough



Electrons in Quantum Corral: Fe/Cu(111)

M.F. Crommie, C.P. Lutz, D.M. Eigler, Science 262, 218 (1993).
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Detecting vibrational quantum levels for C2H2/Cu(100)

B. C. Stipe et al. Science (1998).

Inelastic Electron Tunneling Spectroscopy (IETS)



Isotope Effect – C2H2 vs. C2D2/Cu(100)

B. C. Stipe et al. Science (1998).



 tot =  el vib nuc rot

W. Heisenberg, Z. Phys. 41, 239 (1927).

K. F. Bonhoeffer and P. Harteck, Z. Phys. Chem. B 4, 113 (1929).

The first preparation of pure para H2 enabled the confirmation by 
emission spectra and heat conductivity measurements in the gas phase

Para and Ortho Species in
Homonuclear Diatomics



IN = 1 Bosons

IN = 1/2 Fermions

Molecule  tot  nuc  rot

para�H2 AS AS S (even J)

ortho�H2 AS S AS (odd J)

ortho�D2 S S S (even J)

para�D2 S AS AS (odd J)

Example: Hydrogen and Deuterium
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Rg = 109 ⌦, T = 4.2 K

STM-IETS on H2, D2, and HD/h-BN/Ni(111)
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F. D. Natterer et al. PRL 111, 175303 (2013).

Detection of rotational quantum levels



S. Baumann et al. Science 350, 417 (2015).

Electron Spin Resonance (ESR) with the STM

MAGNETIC RESONANCE

Electron paramagnetic resonance of
individual atoms on a surface
Susanne Baumann,1,2* William Paul,1*† Taeyoung Choi,1 Christopher P. Lutz,1

Arzhang Ardavan,3 Andreas J. Heinrich1

We combined the high-energy resolution of conventional spin resonance (here
~10 nano–electron volts) with scanning tunneling microscopy to measure electron
paramagnetic resonance of individual iron (Fe) atoms placed on a magnesium oxide film.
We drove the spin resonance with an oscillating electric field (20 to 30 gigahertz)
between tip and sample. The readout of the Fe atom’s quantum state was performed by
spin-polarized detection of the atomic-scale tunneling magnetoresistance. We determine
an energy relaxation time of T1 ≈ 100 microseconds and a phase-coherence time of
T2 ≈ 210 nanoseconds. The spin resonance signals of different Fe atoms differ by much
more than their resonance linewidth; in a traditional ensemble measurement, this
difference would appear as inhomogeneous broadening.

I
na spin resonance experiment, radio-frequency
(RF) radiation excites transitions between
low-energy electron or nuclear spin states.
Electron paramagnetic resonance (EPR), also
known as electron spin resonance (ESR), re-

veals, for example, the electronic environment of
paramagnetic defects in solids (1) and distances
between spin labels in biological macromolecules
(2). Conventionally,magnetic resonance depends
on absorption and emission of electromagnetic
radiation and generally requires a large ensem-
ble of nearly identical spins. However, in certain
systems, magnetic resonance can be detected on
individual spin centers, notably by optical read-
out (3) or by force microscopy (4). Couplings
between itinerant and localized spins have been
exploited to electrically detect magnetic resonance
in small ensembles (5), in individual spins in quan-
tum dots (6), in individual P atoms in Si (7, 8),
and in individual magnetic molecules in an elec-
tromigration device (9).
A promising avenue to improve the spatial res-

olution of spin measurements is the use of scan-
ning tunneling microscopy (STM). STM can drive
inelastic excitations in spin systems (spin excita-
tion spectroscopy), revealing the energy spacing
between levels of a quantum spin (10, 11). In
addition, spin-polarized STM can measure the
spin orientation in magnetic nanostructures via
a change in the tunnel current caused by atomic-
scale tunneling magnetoresistance (12–14). Al-
though spectroscopy in STM offers atomic-scale
spatial resolution, it suffers from temperature-
limited energy resolution. Previous attempts to
combine ESR and STM have focused on the
detection of increased noise in the tunnel cur-
rent I at the spin precession frequency (15–17),
and a number of theoretical mechanisms for

non–spin-polarized contrast have been proposed
(18). However, the experiments operated at room
temperature, and the presence of a frequency-
dependent current signal has been sporadic (18).
A recent STM experiment applied an RF electric
field to a magnetic molecule (19) and attributed
an RF-frequency–dependent dI/dV signal to spin
resonance, where V is the tunneling voltage.
A schematic of our experimental setup (Fig.

1A) shows that Fe atoms are separated from the
Ag substrate via a one-monolayer MgO film.

Iron atoms adsorb on the oxygen binding site
of MgO and have four Mg atoms as second-
nearest neighbors, in a C4v symmetry (Fig. 1C).
This bonding structure results in a strong easy-
axis magnetic anisotropy perpendicular to the
surface (z direction), i.e., along the Fe-O bond.
Figure 1B and fig. S1 (20) show STM topographic
images of the Fe atoms studied. The energy
landscape of the lowest five states of the Fe atom
(Fig. 1D) consists of low-energy states j0iand j1i
that are degenerate states except for the Zeeman
splitting, separated by an anisotropy barrier
formed by the additional spin states.
A spin-polarized (SP) STM tip was fabricated

by transferring one Fe atom from the surface to
the nonmagnetic tip apex (20). The SP tip was
positioned over the Fe atom under study, and a
gigahertz frequency voltage VRF was applied
between tip and sample, in addition to the DC
bias voltage VDC. The RF voltage created a time-
dependent electric field between tip and sample
(Fig. 1A, blue). This RF electric field drove the
resonant transition between states j0iand j1i.
During EPR measurements, we swept the RF fre-
quency andvaried the source power to compensate
for the frequency-dependent transmission of
the wiring, and thereby obtained a constant-
amplitude VRF at the tunnel junction (figs. S2
and S3). The DC voltage was used to measure
the tunneling magnetoresistance of the tunnel
junction with the SP tip, which resulted in a
tunnel current that depended on the relative
population of states j0iand j1i (14).
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Fig. 1. Experimental setup for EPR of Fe on MgO. (A) Schematic model: a spin-polarized STM tip is
brought close to an Fe atom on a thinMgO film. Amagnetic field is applied to produce a large in-plane field
BX and a small proportional out-of-plane field BZ. Spin resonance of the Fe atom is driven by a gigahertz
frequency electric field E

→
ðtÞ. (B) Constant-current STM image of Fe (yellow) and Co (green) atoms on a

single atomic layer of MgO. EPR curves shown in subsequent figures were measured on the indicated Fe
atom. Imaging conditions: 10 pAat0.1 V,T= 1.2K,B=5.375T. (C) Geometryof Fe atom (yellow) bindingon
top of O (red) on an MgO layer. (D) Diagram of the five lowest energy levels of the Fe atom.The BZ field
splits the lowest two energy levels, j0iand j1i, by an amount hf0 ≈ 0.1 meV, where h is Planck’s constant.
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ESR-STM on single Fe atoms on MgO/Ag(100)
We applied a large static magnetic field, B ¼

jB⇀j, mostly in the plane of the sample but tilted
out by ~2°, which created a strong in-plane mag-
netic field, BX, and a small out-of-plane field, BZ.
The out-of-plane BZ established an energy split-
ting between states j0iand j1i, and the in-plane
magnetic field BX modified the spin components
of these two quantum states to strengthen the
spin resonance transition between them (see be-
low). We set BZ so that the frequency f0 of the RF
electric field needed to excite the transition be-
tween states j0iand j1i fell at ~25GHz (~100 meV).
Given the known magnetic moment 5.2 mB (Bohr
magneton) of Fe onMgO (21), this energy spacing
was obtained for BZ ≈ 0.18 T. At the STM op-
erating temperature of 0.6 K and at low tunnel
currents, the spin system was mostly (>75%) in
state j0i, except when resonantly excited.
To obtain EPR spectra, we swept the frequency

f of the RF electric field and monitored the time-
average tunnel current. Figure 2A shows a constant
tunnel-current signal over the entire frequency
sweep, except for a single EPR peak. The peak
position changed linearly with themagnetic field
(Fig. 2D). On resonance, the tunnel current in-
creased from the set-point current of 1.0 pA to
1.1 pA. The full-width at half-maximum (FWHM)
of the resonance signal was 21 ± 2 MHz, which
is limited here by the strong driving RF field
and tip-sample vibrations (20). When a non–spin-
polarized tip was used, the EPR signal was absent
(fig. S11), so the contrast observed represented
spin-polarized detection. We excited spin reso-
nance in the Fe on the MgO surface, not on the
Fe atom on the tip apex, which served only as
spin-polarized detector, owing to its subpico-
second excited-state lifetimes (22).
To understand the mechanism of coherent

transition, we describe the spin and orbital
nature of the magnetic states j0iand j1i. Fe on
MgOwas recently measured with spin excitation
spectroscopy and x-ray absorption spectroscopy
to determine its low-energy quantum states (21).
When bound to MgO, the free-atom’s spin and a
large portion of its orbital angular momentum
are preserved (21). By using the approximation
that the Fe atom is in the d6 configuration and
in the lowest Hund’s rule term (orbital moment
L = 2 and spin S = 2), the quantum states deter-
mined previously (21) are well approximated by
the ligand-field Hamiltonian

H0 ¼ DL2
z þ F0ðL4

þ þ L4
−Þ þ l

⇀
L⋅⇀S

þ mBð
⇀
Lþ 2

⇀
SÞ⋅⇀B ð1Þ

Here D = −433 meV gives the axial (out-of-
plane) anisotropy;F0 = 2.19meV is the tetragonal
(fourfold rotational) ligand field that describes
the splitting between in-plane orbitals (dxy and
dx2−y2) that results from the four nearest Mg
atoms; l = −12.6 meV gives the spin-orbit cou-
pling; and the last term determines the Zeeman
energy. Operators Lz, L–, and L+ refer to the or-
bital moment’s z-axis and ladder operators. The
use of this Hamiltonian, rather than an effective-
spin Hamiltonian (1, 11, 14), gives richer insight
into the effects of electric fields (20).

We propose that the large RF electric field E
→
ðtÞ,

applied mostly along z, moves the Fe atom with
respect to theMgO lattice. This structural change
modifies the ligand field parameters, which re-
sults in a time-dependent Hamiltonian H1 that
can drive coherent transitions between states
j0iand j1i

H1ðtÞ ¼ F1ðtÞðL4
þ þ L4

−Þ ð2Þ

In the absence of an in-plane magnetic field,
the largest terms of the eigenstates of H0, ex-
pressed in the basis of z-axis orbital and spin
quantum numbers jML;MSi, are

j0i ¼ 0:92jþ2;þ2i − 0:40j−2;þ2iþ ::: ð3Þ

j1i ¼ 0:92j−2;−2i − 0:40jþ2;−2iþ ::: ð4Þ

These two states overlap in their orbital com-
ponents under application of H1 (both contain

ML = ±2), but are effectively polarized in their
spin component. The absence of overlap in the
spin component leads to a nearly vanishing co-
herent transition rate h0jH1j1i. In accordance, we
did not observe any EPR signals on Fe at BX ≈ 0.
When BX >> 0, the states j0iand j1i contain other
jML;MSi components [see (20)] making the spin
component less polarized, thus increasing the co-
herent transition rate.
We did not observe a spin resonance signal

for Co atoms on the MgO surface, even though
Co’s magnetic moment is similar to that of Fe
(21, 23) (fig. S11). The orbital symmetry of Fe
matches the fourfold symmetry of the binding
site and leads to resonant transitions, whereas
the same binding site symmetry does not lead
to resonant transitions in Co because its lowest-
energy states are dominantly composed of ML =
±3 components. These are not mixed by the
fourfold symmetric effect of ðL4

þ þ L4
−Þ, so no
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Fig. 2. EPR spectra of individual Fe atoms. (A) EPR peaks in the tunnel current as a function of fre-
quencyof RFelectric field at five different values ofB.Tip height setpoint 1 pAat 5mV,T=0.6K,VRF = 5mV.
Plots show the change in tunnel current, DI, between RFon and RFoff, obtained by chopping VRFat 95 Hz.
The spin-polarized tip is positioned at the topographic peak of Fe atom indicated in Fig. 1B (and identified
as “FeB” in Fig. 2D). For clarity, traces are offset vertically in proportion to the magnetic field. (B and C)
Enlargement of a small frequency window at two B fields as labeled, using the same conditions as in (A).
Averaging timewas 50min per data set. (D) EPRpeak positions of five different Fe atoms as a function of
BZ and B. The B = 0 intercepts of the linear fits (lines) for each atom fall at −0.8 ± 0.9 GHz.We use the
mean value of the measured slopes and compare it to the known magnetic moment 5.2 mB of Fe on MgO
(21) to infer BZ relative to B (20). STM images of all five atoms are shown in fig. S1.
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mHo = (10.1 ± 0.1) µB

f0 f↓f↑

Coupling Ho to an Fe sensor – read with ESR-STM

Ho/MgO/Ag(100) first single atom magnet: F. Donati et al. Science 352, 318 (2016); 
Fe to read stray-field of Ho on MgO/Ag(100): F. D. Natterer et al. Nature 543, 226 (2017).



2 bit memory – ESR read-out on Fe sensor atom

9  M A R C H  2 0 1 7  |  V O L  5 4 3  |  N A T U R E  |  2 2 7

LETTER RESEARCH

whose magnetic state can be read locally by magnetoresistance, and 
remotely by means of ESR on a nearby sensor atom.

Figure 1 shows our experimental set-up consisting of a low- 
temperature STM with ESR capability17, which uses an Fe atom as a 
local magnetometer to determine nearby magnetic moments29. A total 
magnetic field B =  0.495–0.9 T is applied nearly in-plane,  yielding an 
out-of-plane component Bz ≈  50–100 mT that sets the Zeeman  splitting 
of the Fe field sensor17. Upon dosing Ho on bilayer MgO, we find 
 individually adsorbed Ho atoms in two binding sites: atop oxygen and 
on bridge sites, in agreement with previous reports14. Here we focus on 
Ho atoms atop oxygen—the Ho species that shows long lifetime14—and 
note that we can move individual Ho atoms from bridge to oxygen sites 
by using the STM tip and by applying voltage pulses. The co-adsorbed 
Fe sensor atoms can be distinguished from Ho by a lower topographic 
height and by their spectroscopic fingerprint: Fe atoms show  inelastic 
spin excitations at approximately 14 meV (ref. 21); Ho atoms are devoid 
of spin-excitation signatures. However, we measure a two-state  signal 
on Ho atoms that shows discrete changes in conductance of typically 
2%–4% with a spin-polarized tip (Fig. 1b). The current trace has  
plateaus of long residence times in the high- and low-conductance 
states. For the sample bias voltage V =  150 mV used in Fig. 1c, the 
 magnetic residence time ranges from dozens of seconds to fractions 
of a second for tunnel currents I =  6–600 pA. The essentially linear 
increase in the switching rate (Methods) with tunnel current  indicates a 
 single-electron rate-limiting process with a miniscule switching proba-
bility of the order of 10−9 per tunnelling electron (see also Extended 
Data Fig. 1). We observe that the Ho states remain stable for hours 
when the bias voltage is kept below | V|  ≈  73 mV (Extended Data 
Fig. 1). At higher voltages we see an increasing switching rate of the 
Ho states with bias voltage (Fig. 1d). We therefore have two means 
to control the switching rate: the tunnel current and the bias voltage. 
To write the Ho state, we repeatedly subject the Ho atom to a current 
pulse at V >  150 mV, until we detect a change in magnetoresistance 
at V =  50 mV that indicates that the Ho atom is in the desired final 
state. Three rate-increasing voltage thresholds appear in Fig. 1d and 
Extended Data Fig. 1, which may reflect transition energies between 
different magnetic states of Ho on MgO.

In the following, we use a nearby Fe sensor atom to prove that the two 
Ho states correspond to two magnetic orientations of the Ho moment. 
The Fe sensor acts as a local magnetometer29 because the Zeeman  
splitting of its ground states responds to the dipolar field of the nearby 
Ho atom. The Zeeman splitting of the Fe sensor, which is dominated 
by the external out-of-plane magnetic field Bz, is therefore shifted to 
lower frequency when the Ho moment is aligned in the direction of Bz, 
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Figure 3 | Example of a stable two-bit atomic Ho array. a, The Ho atoms 
(HoA and HoB) were arranged in an (x, y) =  (4, 4) and an (x, y) =  (8, 3) 
configuration with respect to the Fe sensor, measured in increments of 
the oxygen sublattice (V =  60 mV, I =  6 pA). b, ESR spectra demonstrating 
simultaneous read-out as measured on the Fe sensor atom (V =  60 mV, 
I =  20 pA, VRF =  15 mV, Bz ≈  100 mT). All four states can be read out in 
a single ESR spectrum. The only change in the magnetic states occurred 
after deliberately switching the Ho atoms and no spontaneous reversal was 
observed over several hours. The black solid lines are fits to Lorentzian 
curves.

Figure 2 | Controlling and measuring the magnetic states of holmium. 
a, Electron spin resonance (ESR) spectrum of an Fe sensor for Ho in  
the high-conductance (top, red) and low-conductance (bottom, blue)  
state. The continuous black lines are fits to a single Lorentzian and were 
used to extract the resonance frequencies of the ESR signal (V =  60 mV, 
I =  20 pA, VRF =  15 mV zero-to-peak, Bz ≈  100 mT). The inset schematics 
show the dipolar field of the Ho atom in the up and down states.  
b, A log–log plot of the frequency difference ∆ f for different Fe–Ho 

distances (data points) shows excellent agreement with a magnetic  
dipole–dipole interaction (line) and follows a power law with a power 
index (slope in the log–log plot) of − 3. The one-parameter fit yields a 
Ho magnetic moment of (10.1 ±  0.1)µB. The uncertainty accounts for the 
standard error on the least-squares fit parameter and the error propagation 
from the magnetic moment of the Fe sensor. Measurements of different  
Ho atoms (coded with distinct symbols) show identical moments.
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and to higher frequency when it is aligned in the direction of − Bz. The 
ESR spectrum on the Fe sensor in Fig. 2a revealed a single resonance 
peak when Ho was in its high-conductance state. After switching Ho 
to the low-conductance state, the ESR peak correspondingly shifted to 
lower frequency. We find that the frequency difference ∆ f sensitively 
depends on the Fe–Ho distance, as seen in Fig. 2b. The identical  scaling 
for different Fe–Ho pairs shows the equivalent magnetic structure 
among distinct Ho atoms. Following previous work29, we describe the 
∆ f versus distance scaling in terms of the magnetic dipole–dipole inter-
action for out-of-plane polarized moments. Using the Fe moment of 
(5.44 ±  0.03)µB (where µB is the Bohr magneton and the error given here 
and elsewhere represents the standard deviation in the fit parameter)  
on the same MgO/Ag(100) surface29, a one-parameter fit yields the 
Ho moment of (10.1 ±  0.1)µB. A magnetic moment of 10.1 µB suggests 
a 4f 10 Ho(iii) ion configuration where its total angular momentum  
J is polarized out-of-plane (Jz =  ± 8). Note that we are sensing the out-
of-plane component of the total magnetic moment, which includes  
contributions from all orbitals in addition to the dominant 4f  electrons 
(see Methods). The previously deduced lower Jz value14 could be 
influenced by the averaging over Ho atoms in different adsorption 
sites on MgO in the X-ray ensemble measurements (see Methods). 
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