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Many-body phenomena are ubiquitous in solids, as electrons interact with one another and
the many excitations arising from lattice, magnetic, and electronic degrees of freedom. These
interactions can subtly influence the electronic properties of materials ranging from metals,!
exotic materials such as graphene, #° and topological insulators,* or they can induce new
phases of matter, as in conventional® and unconventional superconductors,®® heavy fermion
systems,!” and other systems of correlated electrons. As no single theoretical approach de-
scribes all such phenomena, the development of versatile methods for measuring many-
body effects is key for understanding these systems. To date, angle-resolved photoemis-
sion spectroscopy (ARPES) has been the method of choice for accessing this physics by
directly imaging momentum resolved electronic structure.2*#%”2 Scanning tunneling mi-
croscopy/spectroscopy (STM/S), renown for its real-space atomic resolution capability, can
also access the electronic structure in momentum space using Fourier transform scanning
tunneling spectroscopy (FT-STS).1"14 Here, we report a high-resolution FT-STS measure-
ment of the Ag(111) surface state, revealing fine structure in the otherwise parabolic elec-
tronic dispersion. This deviation is induced by interactions with lattice vibrations and has
not been previously resolved by any technique. This study advances STM/STS as a method
for quantitatively probing many-body interactions. Combined with the spatial sensitivity of

STM/STS, this technique opens a new avenue for studying such interactions at the nano-scale.
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Non-interacting electrons in a crystal occupy quantum states with an infinite lifetime and
band dispersion €(k) set by the lattice potential. Interactions with the other electrons and ele-
mentary excitations of the system scatter the electrons, resulting in an altered dispersion rela-
tion £(k) and a finite lifetime. These many-body effects are encoded in the complex self-energy
Y(k,E) = Y(k, E) 4+ i¥"(k, E). The imaginary part ¥"(k, E') determines the lifetime of the
state and is related to the scattering rate. The real part >'(k, ) shifts the electronic dispersion
E(k) = e(k) + ¥'(k, E). The tools available for studying energy and momentum resolved self-
energy are limited” For example, bulk transport and optical spectroscopies provide some access
to k-integrated self-energies while ARPES accesses k-resolved information for only the occupied
states. It is therefore important to develop a more extensive suite of versatile techniques, especially

in the context of complex systems that remain poorly understood from a theoretical perspective.

STM/STS accesses momentum space electronic structure by imaging real-space maps of the
modulations in differential conductance (dI/dV’), which is proportional to the local density of
states (LDOS) of the sample. These modulations arise from the interference of electrons scattered
elastically by defects, and contain information about the initial and final momenta that are acces-
sible by a Fourier transform of the real space map. As the electrons are dressed by interactions,
the momentum space scattering intensity map is often referred to as the quasiparticle interference
(QPI) map. The dominant intensities in a QPI map occur at scattering wave vectors linking con-
stant energy segments of the band dispersion. By tracking the energy dependence of these peaks,
the electronic dispersion F(k) can be obtained. This technique has been used to map coarse dis-

16117 and to examine scattering selection rules'®” While the influence

persions in many materials
of many-body effects in FT-STS has been postulated since early reports,? the direct influence on
dispersion and a quantitative account of self-energy effects were missing. Here, we extend this

technique to the examination of fine structure in the £ (k) due to many-body interactions.

The two-dimensional Shockley surface state of the noble metal silver Ag(111) was selected
as an ideal system for demonstrating the quantitative capabilities of FT-STS. The Ag(111) surface

state is well characterized, and while it exhibits distinct many-body effects, it lacks the complicated



interplay of interactions that appear in many complex modern materials. 8% The dispersion of
the surface state is free-electron-like over a wide energy range given by e¢(k) = Rh%*k?*/2m* —
1, where m* is the effective mass and p is the chemical potential. This parabolic dispersion
is modified by the electron-electron (e-e) and electron-phonon (e-ph) interactions. As both are

accurately described by conventional theory,22%

a straightforward comparison with theory can be
made, requiring few parameters. The e-e interaction decreases the electron lifetime for energies
away from the Fermi level. The e-ph interaction introduces an additional scattering channel for
energies above the typical phonon energy scale (the Debye frequency Af1p), decreasing the lifetime
and modifying the bare dispersion near the Fermi energy Fr. The latter is a subtle effect in the

case of Ag(111), that had not yet been observed due to the high resolution required in both energy

and momentum.

STM/STS measurement of the Ag(111) surface yields real-space conductance maps (see Fig.
for the map at £/ = E'r) with circular LDOS modulations arising from scattering from point-like
CO adsorbates, and vertical modulations produced by step-edge reflections. The small terraces on
the surface produce subtle confinement effects not representative of the pristine surface state. In
order to access intrinsic surface properties, we removed their contribution by setting d//dV in this
region to the average value over the entire image. The ability to isolate regions of interest in this
way is unique to STM/STS, as probes such as ARPES would average over these domains. Fig.
1b shows a typical dI/dV spectra, averaged over a defect free region. The momentum space QPI
intensity map S(q, Er) (Fig. [Ik) exhibits a ring of radius q(Er) = 2k(Er), as expected for a
free-electron-like dispersion where back scattering is dominant*? A line profile S(|q|, Er) of the
QPI map is shown in Fig. , where we have performed an angular average of S(q, F'r) in the
regions above and below the dashed lines. This restriction isolates the contributions of the point-
like CO scatterers. The momentum space resolution Ag ~ 0.0026 A~ is set by the dimension
of the map ( 239 x 239 nm?) while the energy resolution AE = 4kgT = 1.5 meV is limited by

thermal broadening of the tip and the sample.

We now examine the detailed electronic structure of the Ag(111) surface state by consider-



ing the full energy dependence of the angle-averaged profile S(|q|, E), as shown in Fig. 2h. A
parabolic band dispersion is evident over a wide energy range while the QPI signal intensity ex-
hibits a monotonic decrease from the onset of the surface state to higher energy. From the data we
extract ;4 = 6541 meV and m /m, = 0.414-0.02, consistent with previous measurements 1822324
These values define the bare dispersion in the absence of e-ph coupling. Deviations from this dis-
persion, as well as an enhanced QPI signal intensity, are evident in the vicinity of £z, shown more
clearly in the inset of Fig. 2h. A similar increase in QPI signal intensity was observed near E in

one of the first FT-STS reports on the Be(0001) surface state™” and the e-ph interaction was later

proposed as a possible origin.*

To identify the source of these deviations and to assess the QPI signal we modeled the system
using the T-matrix formalism, considering scattering from a single CO impurity in the unitary
limit (see methods). The e-e interaction was handled within Fermi liquid theory while the e-ph
interaction was treated within standard Migdal theory" with the phonons described by the Debye
model (Debye frequency h{2p = 14 meV, dimensionless e-ph coupling strength A = 0.13). Within
these approximations the self-energy Y(F) is a function of energy only. The resulting simulated
QPI intensity is shown in Fig [2b. The model closely reproduces both the coarse and fine details
of the data. The overall monotonic decrease in QPI intensity is linked to the group velocity of
the bare electronic dispersion and is not related to many-body effects. However, the increase in
the intensity near E» and the deviations from the parabolic band dispersion arise from the e-ph

interaction.

We now perform a quantitative analysis of the self-energy. For reference, Fig. [3a shows the
e-ph self-energy for the same values of A{2p and A used in Fig. . To extract ¥(E), a Lorentzian
was fit to the data in the vicinity of the peak to obtain both the QPI peak position and height. (See
methods. An example fit is shown as the dashed line in Fig. [Id.) A plot of the QPI peak height
reflects the behavior of £”(E) as shown in Fig. [3b, where we compare the data with the model.
Here we have normalized both sets of data (as described in the figure caption) in order to eliminate

the role of the tunneling matrix element in setting the scale of the experimental data. There is



good agreement between the model and experiment apart from a slight deviation ~ 20 meV, which
we attribute to a set point effect below q = 2kp.** The decrease in —X"(F) within hQp = 14
meV of Er produces the non-monotonic variation in peak height superimposed over the group
velocity dependence. This is due to the closing of the phonon scattering channel at energies below
the characteristic phonon frequency, resulting in longer-lived quasiparticles near £/r. We note that
the value h{)p required to reproduce the data is close to the value for the top of the bulk acoustic
branches.”® The real part ¥’(E) can be estimated from the data by taking the difference between
the measured peak position and the parabolic dispersion. The result is shown in Fig. [3k, where
peaks in >'(E) occur in the data at the same energy scale reflected in Fig. . The dimensionless
strength of the e-ph coupling A can be estimated from dY’ /dE|p—g, " We obtain A = 0.13 4 0.02,
consistent with previous estimates. 2123

Our FT-STS results provide a stunning visualization of the subtle modifications in disper-
sion and scattering intensity arising from many-body interactions in a simple system. This method
provides high resolution in both momentum and energy that is competitive with state-of-the-art
ARPES. Moreover, FT-STS accesses both occupied and unoccupied states opening up the possi-
bility of examining particle-hole asymmetric systems. These aspects give access to many-body
features not previously observed in such a direct way. With enhanced stability and lower tem-
peratures, further advancements in the application of FT-STS to quantify many-body interactions
in more complex systems can undoubtedly be expected. However, perhaps the most compelling
advantage of FI-STS is the prospect of exploiting STM’s unique spatial sensitivity to explore
variations in the many-body interactions in nanoscale regions and intrinsically inhomogeneous

materials.

Methods

Experiment: Measurements were performed in a Createc STM in ultra high vacuum at a tempera-

ture of 4.2 K with a tungsten tip formed by direct contact with the Ag crystal. The Ag(111) surface



was cleaned by three cycles of Ar sputtering each followed by thermal annealing to 500 °C. The
I(V') map measured over 80 hours consists of 380 x 380 spectra taken on a 239 x 239 nm? area.
Each I (V') spectrum consists of 512 data points and was Gaussian smoothed maintaining thermally
limited energy resolution of AE = 1.5 meV. dI/dV spectra were acquired by numerical differ-
entiation of the /-V sweep. Atomic resolution scans on the same area lead to a spatial resolution
of (0.58+0.01) nm. The peak position Sy of each line profile S(q, ') was determined by fitting a
Lorentzian within a range of +-0.01 A~! peak position expected from ¢(k). The renormalization of

the bare dispersion has been observed in four different data sets.

Theory: Calculations were performed using the 7T'-matrix formalism for scattering from a

single impurity.*Y The QPI intensity is given by the impurity-induced LDOS modulations
5p(a,w) = —= 3 InG(k, w)T(w)G(k + q ). )
Y 27T - ? J

Here T' = —V}sin(d) exp(id) is the T-matrix, where § = 7/2 is the phase shift (unitary limit), V;
is the scattering potential. The Green’s function is given by G (k,w) = [w — §(k) — X(w)] " where
&= —h*k*/2m* —p (m* = 0.41m,, u = 65 meV) is the dispersion of the surface state and ¥ (w) =
—in — iyw? /2 + Se_pn(w) is the self-energy. Here n = 2.5 meV is the lifetime broadening due
to scattering from the terraces, ¥ = 62.7 meV is the e-e interactions,** and 3., (w) is obtained

from a Debye model with Q2 = 14 meV and coupling strength A\ = 0.13.%*
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Figure 1: A summary of FT-STS of the surface state of Ag(111). (a) Conductance map (dI/dV)
of a 239 x 239 nm? area at £ = eV = 0 meV (tip height set at V = 100 meV, I = 200 pA).
LDOS modulation due to scattering at step edges and CO adsorbates are visible.The areas around
the step edges were removed as discussed in the text. Furthermore, a tip change induced stripe
was corrected by a line-by-line subtraction of the average line value that excludes CO impurities.
(b) Average dI/dV spectrum from a defect free area with a total size of 100 nm?.The particle-
hole symmetric steps at Fp likely originate from an inelastic co-tunneling pathway via phonon
modes polarized perpendicular to the surface.(c) Absolute value of the Fourier transform (power
spectrum) of the dI/dV map (FE = 0, panel a) showing a ring with radius q = 2ky where q is
the scattering vector. The increased intensity along the ¢, direction originates from the step edge
contributions. (d) The QPI line profile S(q, £ = 0). This is obtained by integrating (c) within the
range above and below the dashed lines in order to isolate contributions from the CO adsorbates.
The scattering peak is slightly asymmetric with an enhanced intensity at low ¢, which is more
pronounced at higher energies. Scattering peak positions and heights were obtained by fitting the
line profiles as shown in (a) within a range of =0.01 A~! around the peak position (dashed line).
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Figure 2: Measured and calculated dispersion of the QPI intensity. (a) The measured disper-
sion of S(q, F'), obtained by plotting the line profiles as shown in|1{d for all bias voltages. Overall
the dispersion is parabolic with ;1 = 65 + 1 meV and m*/m, = 0.41 £ 0.02, obtained by fitting
the peak position excluding the energy range [—20, 20] meV. The intensity of the scattering peak
generally decreases with increasing energy but has a non-monotonic increase near I£r. We observe
an additional scattering intensity below the onset of the surface state (£ < —70 meV). The inset
reveals a subtle renormalization of the dispersion within Er £ 14 meV.(b) Theoretical calculation
of the QPI intensity with © = 65 meV, m*/m, = 0.41. The model includes electron-electron
(Fermi-liquid theory) and electron-phonon (Debye model, 7{2p=14 meV, A = 0.13) interactions
and assumes the CO adsorbates scatter in the unitary limit.
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Figure 3: Quantitative extraction of the real and imaginary part of the self-energy. (a) Calcu-
lated real (3, solid line) and imaginary (X", dashed line) parts of the self-energy for the parameters
used in Fig. . (b) Scattering peak height Sy(q, ') as a function of energy determined experimen-
tally (dots) and theoretically (solid line). The theory curve has been normalized to the value at
E' = 0 while the experimental data had been normalized to the average value over the window
[—5, 5] meV. The overall decrease of the scattering peak height with increasing energy is related to
the energy dependence of the group velocity. The increased intensity at Fr 4+ 14 meV is caused
by a dip in —X" due to the e-ph interaction. This relationship opens up a new way to experi-
mentally obtain ¥”. (c) Real part of the self energy determined from the difference between the
scattering peak position £(k) and a parabolic fit €(q). The solid line corresponds to the theoreti-
cally determined X’ as presented in (a). Calculated and measured self-energy real part agree well,
demonstrating that FT-STS is an alternative tool to obtain ¥'(w).The dashed lines at = 14 meV in
(a) to (c) indicate the position of the Debye energy hf2p.
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