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An energy-resolved atomic scanning probe
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The scanning tunneling microscope is arguably the most versatile instrument for probing the local
density of states of material surfaces, molecules, and devices. Despite its versatility, it has a limited
range of accessible energies, whereas other spectroscopic techniques typically have a limited spatial
resolution. Tunable atomic systems, though, can mimic, for instance, materials and electronics
and probe them in ways not easily achievable by traditional techniques, especially for transport
phenomena. Here, we fuse atomic and tunneling techniques to demonstrate a method that provides
both spatial and energy resolution, as well as expands the accessible energy range to that prevalent
in many-body systems. In this hybrid approach, the current supplies a simple, yet quantitative
operational definition of a local density of states for both interacting and non-interacting systems
as the rate at which particles can be siphoned from the system of interest by a narrow energy
band of non-interacting states. Ultra-cold atomic lattices are a natural platform for implementing
this concept to visualize the energy and spatial dependence of the atom density in interacting,

inhomogeneous lattices, including ones with nontrivial topologies.

I. Introduction

The density of states is ubiquitous in classical and
quantum physics, as it quantifies the energy distribution
of available states. The local density of states (LDOS),
in particular, gives the available states at position r and
frequency w according to [I]

D(r,w) = Y [(rln)*3(w — wn). (1)

Here, |¢,) is the n-th eigenfunction of the full Hamilto-
nian with eigenvalue w,. Spectroscopic means allow for
the measurement of the density of states over the entirety
of a system’s energy spectrum, but do not generally pro-
vide spatial resolution. Scanning probes, though, mea-
sure the LDOS at the position of the probe tip, but do
not have access to the whole spectrum.

In the standard operation of a scanning tunneling mi-
croscope (STM) to probe the LDOS D(u) at frequency
u, the tip distance is held constant while the sample bias
—V is changed, leading to a steady-state current [2H5]

0
I x / D(w)dw. (2)

—eV/h
The LDOS is found from the differential conductance,

dI

D(p) o av

3)

eV/h=p

This expression neglects the voltage dependence of the
electronic transmission from tip to sample, among other
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factors. Interpretational issues notwithstanding, this lim-
its the accurate extraction of the native electronic den-
sity of states to the linear response regime, as not all
changes in the current are due to changes in the LDOS.
In particular, when the system has strong many-body in-
teractions, such as a poorly screened electronic impurity,
large applied biases will disturb the natural local state
by disrupting the nearby electron density.

Here, we bring the tunability of cold-atom lattices to
bear on this problem. These systems provide a means
to simulate condensed matter [8HI2], including transport
phenomena [T3HI6], while simultaneously yielding oppor-
tunities to go beyond solid-state scenarios. In this vein,
rather than an applied bias, we propose to use a nar-
row band probe P that scans in energy (see Fig. to
interrogate the many-body system S. The current into
(out of) an empty (full) reservoir of bandwidth 4wp off-
set to a frequency p is proportional to the LDOS, i.e.,
the fraction of particles at frequency u,

pt2wp
I= —2ew7>/ D(w)dw ~ —8ewbD(p), (4)
n

720.27)

so long as wp is small relative to variations of D(w). The
occupied (unoccupied) local density of states is given by
using an empty (full) probe P.

This setup requires tunability of P: Its chemical po-
tential, occupation, bandwidth/hopping, and “contact”
magnitude/location with S need to be adjustable without
compromising its non-interacting behavior. Ultra-cold
atoms in artificial lattice potentials are naturally suited
to implement this setup, as we will show [see Fig. a) for
a schematic]. In this context, the method is applicable
to a wider class of systems and simulations than spa-
tially resolved radio-frequency spectroscopy, a powerful,
yet invasive, tomographic method better suited to homo-
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FIG. 1. The many-body LDOS of an interacting system S is
measured by putting it “in contact” with a non-interacting,
narrow band probe P via the focused laser beam C. (a) The
cold-atom system can be realized by optical tweezers or op-
tical lattice potentials, as shown schematically, with alkaline-
earth atoms [6]. The lattice laser beams’ intensities and di-
mensions determine the coupling rates and trapping frequen-
cies. The system (probe) lattice traps only atoms in their
ground (metastable excited) electronic state [7]. Coupling be-
tween the probe and system lattices is driven by a laser beam
(i) tuned to the transition between the two electronic states
of the atoms, and (ii) focused on the sites where the atoms
“flow” between S and P. The probing band has a frequency
offset p and a small hopping frequency wp. (b) A representa-
tion of the setup in frequency space shows the narrower range
of frequencies and offset of the probe.

geneous systems with appropriate atomic hyperfine elec-
tronic states and photodissociative mechanisms [17, [I8].

II. Results
A. General Approach

The Hamiltonian, H, of both the system and probe is

Hs + He — hwp Z (c;fciﬂ + h.c.) + thczci, (5)
ieP i€P

where wp and p are the hopping and relative onsite fre-
quencies, respectively (i.e., the trapping frequencies for a
cold-atom system) and c;r (¢;) are the creation (annihila-
tion) operators of site . The many-body Hamiltonian of
S is Hs , and the contact Hamiltonian between S and P
is He, which we also take to have hopping frequency wp,
thus giving a weak tunneling into a narrow band. Al-
though not necessary, for simplicity, the probe is taken
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FIG. 2. The current I versus time ¢ for the (a) occupied and
(b) unoccupied S states using an initially empty and filled
P, respectively, offset to frequency p. Here, ws = 1 ms™?
(a typical cold-atom tunneling frequency), wp = 0.1 ms™",
and the total lattice length is N = 64. (c) The LDOS for
S determined from Eq. using the average current in the
region t € 7 = [2 ms, 32 ms| [demarcated by dashed lines in
(a) and (b)], which minimizes transient and edge effects. The
error bars (shaded regions) indicate the standard deviation
of the current in the region 7 combined with the broadening
error 2wp. The Fermi level, wr, is found from the point were
the occupied and unoccupied states cross over. (d) Integrated
error of the LDOS versus total lattice size and (e) averaging
time [for N = 32 (blue solid line) and N = 512 (green dashed
line)]. The baseline error [when N — oo, the dotted line in
(d) and (e)] is set by the non-zero wp, which broadens the
actual LDOS [see Eq. (AB)]. For short lattices and times,
the error in the LDOS is already small, only a few percent.
Thus, even modest cold-atom systems or numerical many-
body calculations can effectively reconstruct the LDOS.
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FIG. 3. (a) The current versus time for the occupied (left)
and unoccupied (right) states for interaction strengths U; = 0
ms™', 2 ms™!, 4 ms™! (from top to bottom), and total size
N = 32. (b) The resulting LDOS using the same procedure as
in Fig. 2] and with the shaded regions indicating the standard
deviation of the current combined with the probe broadening.
Note that a steady-state current still forms as the system
ceases to be a true insulator once it is connected to the non-
interacting probe. As U increases, a gap opens up between
the occupied and unoccupied bands, in addition to causing
a pronounced broadening. The dashed lines on the figure
indicate the LDOS found using a mean-field approximation

(see Appendix [C)).

to be one dimensional.

Optical lattices are ideal for implementing the scan-
ning probe concept above. Independent manipulation of
the lattices for the ground and excited (metastable) elec-
tronic configurations of atoms allows for the construc-
tion of the system and probe [7]. After S and P are
loaded with ultracold atoms in different electronic con-
figurations and in their independent lattice ground states,
laser beam #t-pulses of duration ¢ and phase § focused on
sites s and p will activate the contact between S and P:
He = hwpa;:as + h.c. with wp = ife?. The composite

system then evolves, giving rise to the current I, which
yields the LDOS at frequency p according to Eq. .
The measurement is repeated for each p of interest. Fur-
thermore, the system could be probed at multiple con-
tact points, repeatedly, and using several probes (see Ap-

pendix .

Any experimental realization of this method requires
tunability of the hopping frequencies (the probe band-
width) and the onsite frequencies (the probe offset),
among other parameters. The trap depth and spacing
controlling the hopping can be tuned via the magnitude
of the trapping potential. The onsite frequency is re-
lated to the ground state of each well, which can be ad-
justed with the transverse size of the lattice beam (see
Appendix [E). In S, Bose-Fermi mixtures can be loaded
or the optical potential engineered beyond a lattice to al-
low for the simulation of different types of many-body
systems, such as spatially inhomogeneous or varying
strength interactions. Further control, including interac-
tions via optical or orbital Feshbach resonances [I9H21],
can be achieved by assembling the two non-overlapping
lattices atom by atom [22] 23].

B. Non-interacting LDOS

We illustrate this method by examining a many-body
system with Hamiltonian

Hs =—h Z Wi (CI,JCH»LJ + h.C.) + FLZ Umi,Tniyi,
i€S,0 €S
(6)

where w; are tunneling frequencies in the system (some-
times taken to be uniform, i.e., w; = wg), N o = e ¢ s
:

1,0 1,0
the number operator, and Uj; is the interaction fredueﬁcy.
The two (or more) components may refer to the spins of
electrons or internal states of ultracold atoms. When
inter-spin interactions are present, Hp is expanded in a

similar manner to include spin.

We first examine a spin-polarized, non-interacting sys-
tem S: U; = 0 and w; = ws for all ¢ € S, which can
be both solved exactly for the current [24H26] and the
LDOS (see Appendix [B). Figure [2|c) shows the recon-
struction of the LDOS using Eq. (4)) with a finite lattice
and time average, giving quantitative agreement with the
exact LDOS. The dominant source of error is the finite
probe bandwidth wp, not the length of the lattice or
the time of the average [Figs.[2(d) and (e)]. This demon-
strates that cold-atom systems or many-body simulations
are well suited to implement this method, even though
they are limited to finite lengths and times. As the total
lattice length, N — oo, the averaging time, |T| — oo,
and the probe bandwidth, wp — 0 (in this order), the
exact LDOS would be recovered.



C. Many-body LDOS

We now apply the same approach to an interacting sys-
tem with a constant U; = U. Figure [3]shows the LDOS
of a Mott-insulator like state. As the interaction strength
increases, the band splits and a gap forms between the
occupied and unoccupied bands, as is typical for a Mott
insulator. However, the Fermi level, wp ~ U/2, and the
occupied band is shifted to higher frequency. The obser-
vations also agree with predictions from Green’s function
calculations in the hopping-only and interaction-only lim-
its (see Appendix [C)).

Moreover, the energy-resolved local density of states
elucidates the role of interactions on the physical re-
sponse. For instance, a filling-dependent, conducting-to-
nonconducting transition occurs as a function of U for
interacting-induced transport [27]: An inhomogeneous
quench in U, where the interaction strength is taken from
0 to a finite value for half the lattice, drives particles from
that half of the lattice to the other (non-interacting) half
so long as U is not too strong and the filling not too
large. Figure [3|(b) demonstrates that it is this shift of
the occupied bands to higher frequency that aligns oc-
cupied states in the interacting side to open states in
the non-interacting side, allowing particles to flow. As
U is increased further, eventually only the tail of the
occupied band is aligned with open states, thus giving
a decreasing—but nonzero—current solely due to many-
body interactions. The mean-field solution, however, pre-
dicts the current should go exactly to zero.

When the spatial dependence of the density of states
is of interest, the probe can be used in a regime analo-
gous to a “scanning-mode”: The probe can be coupled to
the system at any lattice site, as shown in Fig. Eka). As
an example, we examine the Su-Schrieffer-Heeger (SSH)
model of electrons hopping in polyacetylene [28,29] in the
presence of many-body interactions. The SSH model has
alternating electronic hopping coefficients that dimer-
ize the lattice. Here, w; is wy(w2) when ¢ € S is even
(odd). In the non-interacting case, it has a topological
invariant—the winding number. When this number is 1,
edge states will be present at the boundary. When the
lattice is half-filled, the presence of a homogeneous inter-
action U does not remove the edge states. These can be
seen in Figs. [[(b) and (c) as the sharp, localized peak of
the LDOS at the boundary, and the interaction acts by
simply shifting the LDOS. When the filling is increased
to three-quarters, the LDOS peak at the boundary is
broadened into the upper band. Moreover, the splitting
that occurs for half-filling is washed out as the Fermi
frequency increases beyond the bandgap.

III. Conclusion

We conclude by noting that the density of states is
a central concept in our description of matter. We
have provided an operational definition of the LDOS for
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FIG. 4. (a) Schematic of a dimerized lattice system S —the
SSH model with interactions—with alternating hopping co-
efficients w; and w2 being interrogated by the narrow band
probe P. (b,c) LDOS of the interacting SSH model with
wp =1 msfl, w2 = 1.5 msfl, and U = 2 ms™! as a func-
tion of lattice site and chemical potential. When the lattice
terminates on a weak bond, edge modes appear and live in the
gap between the electronic bands. The LDOS is for (b) a half-
filled system and (c) and three-quarters-filled system, both of
which show the presence of edge modes. In the former case,
the edge modes are half-occupied in the ground state and the
interaction term is essentially equivalent to an onsite energy
shift. In the latter, the larger overall filling causes a higher
occupation in these same modes and broadens them into the
upper band. The energy resolved atomic scanning probe al-
lows a clear visualization of the sublattice localization of the
edge modes. The Fermi level is found empirically from where
the full and empty bands overlap (averaged over all the sites).
Its error can be large when the LDOS is very small over some
range of energies (other ways to find the Fermi level, such as
pinning it at the midpoint between features, may yield better
estimates).



many-body systems, applicable in and out of equilibrium
(e.g., exciting S via a quench or some other process), to
fermionic or bosonic systems, etc. The core principle is
that for a current to flow—whether in a steady state or
not—into an empty, narrow probe band, there must be
occupied states at that energy (similarly for a full nar-
row band and unoccupied states). In contrast to other
methods (such as the single-site method from Ref. [30)),
this approach uses the restriction of the probe to access
the long-time properties of the total current and does
not require time-dependent variation once the particles
are in motion. The measurement is resolved in both en-
ergy and space, as well in other characteristics (e.g., spin-
resolved). We demonstrated that a cold-atom setup will
allow for the measurement of this operational definition:
The many-body LDOS can be extracted with minimal
disturbance to the system. While cold-atom systems al-
low for tunability, issues still can arise regarding, e.g., the
orbital character of the local states and higher energy ex-
citations. Unlike solid-state systems, however, the effect
of these issues can be separated or even corrected in this
setup.

A related approach would be to use tunable cold-atom
systems to more controllably—i.e., with less disturbance
to the native state—implement Egs. and . The
energy-resolved scanning probe, however, acts not to
mimic solid-state systems, but rather to implement the
ideal, tunneling-based probe, one that minimizes the to-
tal current flowing and other disturbances. This will
complement the quantum-gas microscope [31], which re-
solves the spatial location of atoms. The flourishing of
quantum simulations, from emulating condensed matter
32, B3] to the physics of the early universe [34, [35],
demonstrates the need to probe—both experimentally
and numerically—the undisturbed density of states with
spatial and energy resolution up to many-body scales.
In this vein, the energy-resolved atomic scanning probe
will illuminate the nature of excitations and symmetry
breaking in everything from the mundane to the exotic.

IV. Acknowledgments

Daniel Gruss acknowledges support under the Coop-
erative Research Agreement between the University of
Maryland and the National Institute of Standards and
Technology Center for Nanoscale Science and Technol-
ogy, Award TONANB14H209, through the University of
Maryland. Massimiliano Di Ventra acknowledges sup-
port from the DOE Grant No. DE-FG02-05ER46204.

A. Numerical considerations and error
quantification

In order to extract the LDOS from real-time measure-
ments on finite lattices, the current must be averaged
over a finite time, i.e., the current will be in a quasi-

steady state [36]. The estimate of the LDOS is thus

1

D(M)O(m -

I(t)dt. (A1)

As |T|,N — oo, this will converge to the true steady
state. As we demonstrate, an accurate LDOS is already
apparent for small lattices and short times, and thus it
requires only modest resources (it is not experimentally
or numerically taxing).

The numerical calculations are as follows: For the non-
interacting system, we integrate the equations of motion
to find the current [24H26]. The transient current when
the probe “comes in contact” with the system is damped
on the characteristic tunneling time and the recurrence
time is proportional to the lattice size, which dictates
both the lower and upper limits to the time region 7T
given a finite lattice length. We use 7 = [2 ms, N/2 ms],
where N is the lattice length. We can also define an error
for the non-interacting case,

VI DG — Dex()]? d

Percentage Error = 100 % - ;
J Dex(p1)* dp
(A2)

where Dy (1) is the exact LDOS.

The uncertainty due to probe broadening is due to con-
tributions to the current from anywhere within the probe
bandwidth of 4wp, which results in an error, o4 (u), of

D(p) — max [D(u), D(p — 2wp), D(p + 2wp)]  (A3)
for the positive p side and, o_(u),
D(r) — min[D(p), D(st — 2wp), Diji+ 2wp)]  (A4)

for the negative side. We combine this with the stan-
dard deviation, ogtgev, from the time-dependent current,
giving a total error of

+ _ /.2 2
Otot = o3 + Ostdev*

For interacting systems, we perform time-dependent,
density matrix renormalization group calculations [37,
38] within the ITensor tensor product library [39]. In
all simulations, we decrease the time step until the cal-
culation converges with respect to energy and we allow
the matrix product bond dimension to increase without
bound. The energy cutoff is 107%ws. The averaging is
in the region 7 = [2 ms, N/2 ms], as with the non-
interacting case.

(A5)

B. Non-interacting LDOS

The non-interacting lattice is exactly solvable for both
the current and the LDOS. For simplicity, we take the
probing lattice to be a paradigmatic, one-dimensional lat-
tice with homogeneous hopping frequency wp. Since we



are interested in a narrow band reservoir, we take the
weak hopping wp to also be the coupling between S and
‘P. For the current, we need the retarded Green’s func-
tion for this semi-infinite lattice with a frequency offset
u (i.e., an onsite potential shift), which is [26] [40]

() = g (=)~ /1d — =] B)
Using this expression, the current for the infinite lattice,
N — o0, is given by the Landauer formula [36],

1= [ dwlfs)

where fs(p) are the initial particle distributions (Fermi-
Dirac distributions or completely filled/empty) in S(P)
and T'(w) is the transmission coefficient

4Re {\/4%2, — )2} Re {\/4%29 — wz} |

2
‘,u + 1y/4wd — (w — p)? + 1y/dw? — w2’

(B3)
Implementing the setup with fp(w) € {0,1} gives the
reconstructed LDOS as simply a sum of the occupied
and unoccupied states, and also directly yields the Fermi
level, wp. Above, the system of interest S is half filled
and in its zero temperature ground state. Here, we
show, for simplicity, how the LDOS of a fully filled non-
interacting system can be mapped out. The current in

fr(W)] T(w), (B2)

T(w) =

this case is [ = f”fj: T(w ~ —(2/m)ewpT (1)
when wp < wg. Thus
4 wp 2 2 2
I~ ——e (u)s) dws —p (B4)

for |pu| < ws. Then Eq. gives the exact LDOS,
) = V4Aw? — p?/(27w%), for a non-interacting S.
The remaining terms in the full expression broaden the
reconstructed LDOS by approximately the probe band-
width, 4wp, which thus has to be small enough to dis-
criminate features in the LDOS of S and, when using a
cold-atom setup, the bandwidth should be large enough
to get an appreciable current.
For systems in the thermodynamic limit, the LDOS is
related to the real-space Green’s function by [41]

D(r,w) = . Im [g
T

(1) (B5)
These two equations give the same expression for a
noninteracting semi-infinite lattice. The energy disper-
sion is wy = —2wscoslkn/(N + 1)] and (r = O|¢g) =

2/(N + 1)sin[kn /(N +1)] with k =0,1,--- , N. Thus,

(L=N+1)

= 4 2, B
27rw$ ws w (B6)
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FIG. 5. The topological system from Fig. [l] with interaction
strength U = 0 ms™' and at half filling. In this case, the
even-sites can be exactly half-occupied, removing the shift on
the Fermi frequency and the splitting of the modes when half-
filled. If the filling is increased or decreased, the structure of
the LDOS remains the same.

Here, ks is the value when w — ws = 0 is satisfied.
The Green’s function is similar to Eq. (B1). Explicitly,

g5(w) = (wfz\/4w‘2§fw2) /(2w2), so D(r = 0,w) =

—(1/m)Im(g") = /4w — w?/( 27rw . These both agree
with that obtamed from Eq. and the Landauer for-
mula.

Figure[5]shows the topological system of dimerized lat-
tices from Fig. b) without an applied interaction term,
which yields to non-perturbed state of the SSH system.

C. Mean-field approximation

The Green’s function of the infinite, uniform Hubbard
model in the mean-field approximation is [41]

w+ps — U1 —n)

in k? ’ = .

Gins (K, 0, ) (W~ ps —wi)(w+ ps —U) — Unwy,
(C1)

Here, we focus on the 1D case with wy, = —2ws cos(km/L)

and chemical potential s representing an onsite energy
shift. ¢ =1,] denotes the chosen spin species, and n is
the filling factor. The poles of the Green’s function lead
to the energy dispersion, which has the form (w—w, )(w—
wy ) with wk giving the two bands:

U U? 1 w?
wf—2u5+w2k:|:\/4+<n >ka+ . (C2)

The retarded Green’s function in real space is
Ging(r,0,0) = (1/N1) 224 €% ging (K, 0,w + i07), where
the summation is within the first Brillouin zone and NV
is the lattice size. Since the Green’s function is for a
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FIG. 6. Scanning-mode applied to an inhomogeneous sys-
tem. (a) The time-dependent current shows the formation
of a steady-state flow into P when attached to the center of
S. (b) S has an inhomogeneous interaction profile: a linear
decrease from U =4 ms™! on one end to U = 0 ms™' on the
other. (c) The LDOS for occupied and unoccupied states as
a function of frequency offset p and contact lattice position
i. The weakly-interacting region of the system allows more
particles to occupy lower frequency states, while the more
strongly-interacting side forces the open states well beyond
the Fermi level. In addition, a superimposed even-odd effect
is visible, which is due to the finite size of the lattice, creating
oscillations from the boundary.

uniform, translational invariant system, we may choose
r = 0. The LDOS, however, is from the Green’s func-
tion of a half-infinite lattice. An infinite lattice can be
thought of as an assembly of two half-infinite lattices con-
nected by an additional central site, so we use a deriva-
tion similar to Ref. [26] and obtain g, ,(r = 0,0,w) =
[w+ps —Un—2w2g"(r =0,0,w)]~!. Inverting the rela-
tion, we find ¢"(r = 0,0,w) for a half-infinite chain, and
the LDOS can be obtained from Eq. .

In the isolated-site limit (i.e., the “atomic limit”)
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FIG. 7. The integral of the measured LDOS from Fig. |§| (blue
x’s) below the Fermi level gives the total particle occupation,
which matches that found from a direct measurement of n,
the occupation number, from the numerical calculation of the
ground state (green line). The formation of a steady state
current then provides not only a measure of the occupied and
unoccupied states but also yields the real space occupation.
The error bars represent the propagated error from the broad-
ening and standard deviation as in the previous figures.

where (ws/U) — 0, the Green’s function is ex-
actly solvable and on a selected site it is gs(o,w) =
|:1—(n/2)+ n/2

wtps wtps—U
tion between an infinite lattice and a half-infinite lattice
because there is no tunneling between sites. By an an-
alytic continuation w — w — 0", we obtain g%. Then,
D(o,w) ={[1 = (n/2)]6(w + ps) + (n/2)6(w + ps — U)}.
Thus, there are two peaks at —us and —us + U. Away
from the isolated-site limit, the two peaks broaden into
two bands separated by U, and this agrees with our ob-
servation shown in Fig.

] In this limit there is no distinc-

D. LDOS of an inhomogeneous interaction

In previous sections, we focus on systems that have
a uniform interaction term U applied to the entirety
of §. As an additional example, we examine a sys-
tem in scanning-mode with spatially inhomogeneous
interactions—e.g., a linear decrease in the interaction
strength U, Fig. @(b)—can determine both how the parti-
cle density shifts in space and energy. Figure @(c) shows
the occupied and unoccupied LDOS of this inhomoge-
neous lattice as a function of position. The spatial de-
crease of the interactions forces particles to the region
with small interactions, where at the very end the lattice
has an LDOS similar to a non-interacting system. Just
near the non-interacting boundary, however, a large peak
in occupied density of states forms, i.e., states pinned well
below the Fermi level. On the interacting side, the num-



ber of particles is small with an LDOS just below the
Fermi level. A superimposed even-odd effect is visible,
which is due to finite lattice effects, creating oscillations
away from the boundaries.

Up to the calculated error, there is a direct cor-
respondence between the particle occupation and the
integrated occupied LDOS, as with the typical non-
interacting LDOS. Figure [7] shows the comparison be-
tween the particle occupation from the simulation and
the LDOS integrated over the full energy range from
the application of the scanning-mode configuration to
the inhomogeneous, interacting system. We note that
the atomic scanning probe approach to numerically com-
puting the local density of states gives a straightforward
alternative to other numerical methods [42].

E. Experimental details

Among several embodiments of the energy-resolved
atomic scanning probe with ultracold atoms, such as
one using nano-patterned magnetic traps, we envision a
highly-controllable one based on engineered optical po-
tentials with alkaline-earths, specifically, fermionic stron-

tium atoms, 7Sr [6]. In the setup introduced in the
text, we consider the electronic ground state 'Sy and the
metastable state 2Py coupled by a clock laser [43]. The
system (probe) lattice is tuned to the magic-zero wave-
length of the metastable (ground) state [7), [44]. There-
fore, atoms of S in the ground state do not see the lattice
of P, and, vice versa, atoms of P in the metastable state
do not see the lattice of S. This guarantees independent
control of both the system and probe trapping potentials
and interactions.

Multiple energy-resolved atomic scanning probes could
be potentially implemented, and each probing performed
multiple times in an scheme technically demanding, but
not fundamentally limited. For example, a 1D lattice sys-
tem S could be probed by multiple P; aligned perpendic-
ular to the system. For fermionic strontium atoms, the
number of atoms in each probe P; could be measured via
fluorescence in a cycling transition as follows [7]. First,
carry out a Raman transfer of the atoms in P; from the
state 5sbp> Py to 5s5p> Py via 5s6sS;. Second, implement
pulsed Raman sideband imaging on the cycling transition
5s5p3 Py-5s6d® D3 as in Ref. [45] but using the Zeeman
manifold [46]. Third, bring atoms back to the original
probe state 5s5p>P, with a Raman transfer as in the
first step. At this point, the probe P; could be brought
again into contact with the system.

[1] L. Hedin, B. I. Lundqvist, and S. Lundqvist, J. Res. Nat.
Bur. Stand. Sect. A 74A, 417 (1970).

[2] P. K. Hansma and J. Tersoff, J. Appl. Phys. 61, R1
(1987).

[3] C. J. Chen, Introduction to scanning tunneling mi-
croscopy (Oxford University Press New York, 1993).

[4] J. Stroscio and W. Kaiser, Scanning Tunneling Mi-
croscopy. Academic Press, Boston (1993).

[5] R. Wiesendanger, Scanning probe microscopy and spec-
troscopy: Methods and applications (Cambridge Univer-
sity Press, 1994).

[6] S. Stellmer, F. Schreck, and T. C. Killian, in |Annual
Review of Cold Atoms and Molecules (World Scientific,
2014) pp. 1-80.

[7] A. J. Daley, M. M. Boyd, J. Ye, and P. Zoller, Physical
review letters 101, 170504 (2008).

[8] I. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys.
80, 885 (2008).

[9] C. Fertig, K. Ohara, J. Huckans, S. Rolston, W. Phillips,
and J. Porto, Phys. Rev. Lett. 94, 120403 (2005).

[10] N. Strohmaier, Y. Takasu, K. Gilinter, R. Jordens,
M. Kohl, H. Moritz, and T. Esslinger, Phys. Rev. Lett.
99, 220601 (2007).

[11] A. Lamacraft and J. Moore, in Ultracold bosonic and
fermionic gases, edited by K. Levin, A. L. Fetter, and
D. Stamper-Kurn (Elsevier, Amsterdam, The Nether-
lands, 2012).

[12] C.-C. Chien, S. Peotta, and M. Di Ventra, Nat. Phys.
11, 998 (2015).

[13] H. Ott, E. deMirandes, F. Ferlaino, G. Roati, G. Mod-
ugno, and M. Inguscio, Phys. Rev. Lett. 92, 160601

(2004).

[14] K. Giinter, T. Stoferle, H. Moritz, M. Kohl, and
T. Esslinger, Phys. Rev. Lett. 96, 180402 (2006).

[15] J.-P. Brantut, J. Meineke, D. Stadler, S. Krinner, and
T. Esslinger, Science 337, 1069 (2012).

[16] S. Krinner, D. Stadler, D. Husmann, J.-P. Brantut, and
T. Esslinger, Nature 517, 64 (2015).

[17] C. A. Regal and D. S. Jin, Phys. Rev. Lett. 90, 230404
(2003)!

[18] Y. Shin, C. H. Schunck, A. Schirotzek, and W. Ketterle,
Physical Review Letters 99, 090403 (2007).

[19] R. Zhang, Y. Cheng, H. Zhai, and P. Zhang, Phys. Rev.
Lett. 115, 135301 (2015).

[20] M. Hofer, L. Riegger, F. Scazza, C. Hofrichter, D. R.
Fernandes, M. M. Parish, J. Levinsen, 1. Bloch, and
S. Folling, [Phys. Rev. Lett. 115, 265302 (2015).

[21] G. Pagano, M. Mancini, G. Cappellini, L. Livi, C. Sias,
J. Catani, M. Inguscio, and L. Fallani, Phys. Rev. Lett.
115, 265301 (2015).

[22] D. Barredo, S. de Lsleuc, V. Lienhard, T. Lahaye, and
A. Browaeys, |Science 354, 10211023 (2016).

[23] M. Endres, H. Bernien, A. Keesling, H. Levine, E. R.
Anschuetz, A. Krajenbrink, C. Senko, V. Vuletic,

M. Greiner, and M. D. Lukin, |Science 354, 10241027
(2016)!

[24] M. Zwolak and G. Vidal, Phys. Rev. Lett. 93, 207205
(2004).

[25] C.-C. Chien, M. Zwolak, and M. Di Ventra, Phys. Rev.
A 85, 041601 (2012).

[26] C.-C. Chien, M. Di Ventra, and M. Zwolak, Phys. Rev.
A 90, 023624 (2014).


http://dx.doi.org/10.1142/9789814590174_0001
http://dx.doi.org/10.1142/9789814590174_0001
http://dx.doi.org/10.1103/PhysRevLett.90.230404
http://dx.doi.org/10.1103/PhysRevLett.90.230404
http://dx.doi.org/10.1103/physrevlett.99.090403
http://dx.doi.org/ 10.1103/PhysRevLett.115.135301
http://dx.doi.org/ 10.1103/PhysRevLett.115.135301
http://dx.doi.org/ 10.1103/PhysRevLett.115.265302
http://dx.doi.org/ 10.1103/PhysRevLett.115.265301
http://dx.doi.org/ 10.1103/PhysRevLett.115.265301
http://dx.doi.org/10.1126/science.aah3778
http://dx.doi.org/10.1126/science.aah3752
http://dx.doi.org/10.1126/science.aah3752

[27] C.-C. Chien, D. Gruss, M. Di Ventra, and M. Zwolak,
New J. Phys. 15, 063026 (2013).

[28] W. P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev.
Lett. 42, 1698 (1979).

[29] M. Atala, M. Aidelsburger, J. T. Barreiro, D. Abanin,
T. Kitagawa, E. Demler, and I. Bloch, Nature Phys. 9,
795 (2013).

[30] A. Kantian, U. Schollwoéck, and T. Giamarchi, Phys.
Rev. Lett. 115, 165301 (2015).

[31] W. S. Bakr, J. 1. Gillen, A. Peng, S. Folling, and
M. Greiner, Nature 462, 74 (2009).

[32] I. Bloch, J. Dalibard, and S. Nascimbne, Nat Phys 8,
267 (2012).

[33] J. L. Cirac and P. Zoller, Nat Phys 8, 264 (2012).

[34] C.-L. Hung, V. Gurarie, and C. Chin, Science 341, 1213
(2013).

[35] K. Kasamatsu, I. Ichinose, and T. Matsui, Phys. Rev.
Lett. 111, 115303 (2013).

[36] M. Di Ventra, Electrical transport in nanoscale systems
(Cambridge University Press Cambridge, Cambridge,
UK, 2008).

[37] G. Vidal, Phys. Rev. Lett. 91, 147902 (2003).

[38] G. Vidal, Phys. Rev. Lett. 93, 040502 (2004).

[39] E. M. Stoudenmire and S. R. White, “ITensor - Intel-
ligent Tensor Library,” http://itensor.org/, accessed:
2016-04-06.

[40] M. Zwolak and M. Di Ventra, Appl. Phys. Lett. 81, 925
(2002).

[41] G. Rickayzen, Green’s functions and condensed matter
(Dover publications, 2013).

[42] B. Schoenauer, P. Schmitteckert,
arXiv:1612.05597 [cond-mat] (2016).

[43] M. J. Martin, M. Bishof, M. D. Swallows, X. Zhang,
C. Benko, J. von Stecher, A. V. Gorshkov, A. M. Rey,
and J. Ye, Science 341, 632 (2013).

[44] M. S. Safronova, Z. Zuhrianda, U. I. Safronova, and
C. W. Clark, [Phys. Rev. A 92, 040501 (2015).

[45] M. F. Parsons, F. Huber, A. Mazurenko, C. S.
Chiu, W. Setiawan, K. Wooley-Brown, S. Blatt, and
M. Greiner, Phys. Rev. Lett. 114, 213002 (2015).

[46] P. Schindler, T. Monz, D. Nigg, J. T. Barreiro, E. A.
Martinez, M. F. Brandl, M. Chwalla, M. Hennrich, and
R. Blatt, Phys. Rev. Lett. 110, 070403 (2013).

and D. Schuricht,


http://dx.doi.org/ 10.1038/nphys2790
http://dx.doi.org/ 10.1038/nphys2790
http://itensor.org/
http://dx.doi.org/10.1126/science.1236929
http://dx.doi.org/10.1103/physreva.92.040501
http://dx.doi.org/ 10.1103/physrevlett.114.213002
http://dx.doi.org/10.1103/PhysRevLett.110.070403

	An energy-resolved atomic scanning probe
	Abstract
	I Introduction
	II Results
	A General Approach
	B Non-interacting LDOS
	C Many-body LDOS

	III Conclusion
	IV Acknowledgments
	A Numerical considerations and error quantification
	B Non-interacting LDOS
	C Mean-field approximation
	D LDOS of an inhomogeneous interaction
	E Experimental details
	 References




