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QUANTUM SIMULATION

Microscopic evolution of doped Mott insulators from
polaronic metal to Fermi liquid

Joannis Koepsell*?*, Dominik Bourgund™?, Pimonpan Sompet“?, Sarah Hirthe'?,
Annabelle Bohrdt?>311, Yao Wang*®, Fabian Grusdt?®, Eugene Demler*S, Guillaume Salomon?"%,

Christian Gross'%®, Immanuel Bloch*#¢

The competition between antiferromagnetism and hole motion in two-dimensional Mott insulators lies at
the heart of a doping-dependent transition from an anomalous metal to a conventional Fermi liquid.
We observe such a crossover in Fermi-Hubbard systems on a cold-atom quantum simulator and reveal
the transformation of multipoint correlations between spins and holes upon increasing doping at
temperatures around the superexchange energy. Conventional observables, such as spin susceptibility,
are furthermore computed from the microscopic snapshots of the system. Starting from a magnetic
polaron regime, we find the system evolves into a Fermi liquid featuring incommensurate magnetic
fluctuations and fundamentally altered correlations. The crossover is completed for hole dopings around
30%. Our work benchmarks theoretical approaches and discusses possible connections to lower-

temperature phenomena.

nteracting electrons in conventional metals

are successfully described by Landau’s

Fermi liquid (FL) theory, which captures

the universal behavior of macroscopic

properties. The violation of the concepts
underlying FL theory is a hallmark of strongly
correlated quantum materials, leading to
phenomena such as pseudogap or strange
metal regimes (7). In this context, doped anti-
ferromagnetic Mott insulators are particularly
interesting, because they exhibit non-FL behav-
ior for weak doping but turn into normal FLs
for high doping (7-3). Furthermore, these sys-
tems often host unconventional superconduc-
tivity. The highest transition temperatures in
hole-doped cuprates occur in the same range
of doping as the strange metal phase, which
indicates a strong relation between the two
phenomena.

Recent studies on cuprates suggest that a
transition from unconventional metal to FL
occurs at a hole doping of 8* = 20% (4, 5); the
exact value of &* is expected to be material
dependent. Spectroscopy and transport mea-
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surements hint at charge carriers being “hole-
like” below and “particle (electron)-like” above
this hole concentration (5-7). Nonetheless, the
interpretation and universality of such find-
ings is unclear, owing to the microscopic com-
plexity of real materials.

In Mott insulators slightly below half filling,
the competition between hole motion and
antiferromagnetism leads to heavily dressed
dopants (8, 9), referred to as magnetic polar-
ons (10-16). The interplay between magnet-
ism and hole hopping remains relevant up to
intermediate dopings (I7) and is believed to
ultimately trigger pseudogap and supercon-
ducting phases at colder temperatures (7, 3).
A generally accepted description of these
phenomena in terms of interacting magnetic
polarons, spin-liquid states, or other microscopic
models remains elusive. For large dopings, anti-
ferromagnetic correlations become strongly sup-
pressed, particle motion is restored in the dilute
system, and FL-type quasiparticles form. At
which hole concentration magnetic polarons
dissolve, whether exotic regimes result from
interactions of polarons, and how local cor-
relations in the polaronic and the FL regime
are connected constitute essential questions of
the high-temperature superconductivity puzzle.

A paradigmatic description of strongly cor-
related quantum materials is the two-dimensional
(2D) Fermi-Hubbard model. Despite recent prog-
ress in its numerical analysis (I8, 19), a thorough
understanding of this model is still lacking,
making it a primary target for quantum sim-
ulation. The model consists of spin-1/2 fermions
on a lattice with nearest-neighbor (NN) tunneling
amplitude ¢ and on-site repulsion U, which
leads to antiferromagnetic spin couplings J.
Cold atom-based quantum simulators pro-
vide fully tunable implementations of such
systems with single-site resolved readout and
continuous doping control (20). Recent stud-

1 October 2021

ies of systems in and out of equilibrium have
characterized transport coefficients (21, 22)
and two-point correlations (23-26) in doped
Mott insulators. The advent of full spin and
density resolution (27, 28) enabled imaging of
the dressing cloud of magnetic polarons (29)
and the exploration of spin-charge separation
in one dimension (30-32) through the mea-
surement of spin-charge correlators.

In this study, we examined the hole-doping
dependence of multipoint correlations between
spin and charge (density) in 2D Fermi-Hubbard
systems and observed a simultaneous change
across all presented observables around a spe-
cific doping &g, (Fig. 1A). We realized 2D
Fermi-Hubbard systems at strong interactions
U/t = 7.4(8) or U/t = 8.9(5) using °Li atoms in
the lowest two hyperfine states in an optical
lattice with spacing @ = 1.15 um, as described in
previous work (28). Full spin and density read-
out is achieved by detecting each spin compo-
nent separately in adjacent layers of a vertical
superlattice (28) (Fig. 1B). The Gaussian enve-
lope of our optical beams creates a harmonic
trapping potential, which naturally leads to an
increasing hole doping from the center to the
edge of our system. We use this spatial variation,
together with our control of the total number of
fermions in the system, to study the doping
dependence of multipoint correlators (33). To
explore all relevant hole-doping regimes, we
use samples with up to ~100 atoms and tem-
peratures down to kT = 0.43(3)t (33), where
kg is the Boltzmann constant.

We study the connected part of bare N-point
correlations, which contains the new informa-
tion of order N (34), as illustrated in Fig. 1C.
The disconnected part of bare correlations arises
from lower-order contributions, whereas the
connected part measures genuine higher-order
effects.

The numerics we compare against are at
finite temperature kg7 = 0.4¢ and can be
divided into three categories (Fig. 1D) [see (33)
for details on all calculations]. We identify the
FL regime at high doping, which we achieve by
comparing to noninteracting (free) fermions
and perturbation theory-related methods. In
the low-doping regime, where FL concepts are
expected to fail, we are interested in testing dif-
ferent approaches and their ability to capture
low-doping physics. To this end, we include
calculations for two versions of Anderson’s
resonating valence bond (RVB) states (35),
namely uniform and n-flux, as well as a model
for mutually independent magnetic polarons
(string). Finally, we underscore key experimental
observations of higher-order correlations with
numerical calculations of the Fermi-Hubbard
model. Therefore, we provide exact diagonal-
ization (ED) of Fermi-Hubbard systems with
4x4 sites for which higher-order correlators
can be readily implemented. Owing to finite
size effects in the small cluster (33), we expect
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Fig. 1. Probing doped Mott insulators with spin-charge correlators.

(A) Conjectured phase diagram of the 2D Fermi-Hubbard model upon hole
doping & and temperature T. Boundaries indicate crossovers between different
regimes. Insets summarize our main experimental results. Incommen.,
incommensurate. (B) We independently image the two spin components of each
Fermi-Hubbard realization with our quantum gas microscope. This enables
reconstruction of the full spin and density (charge) information. The doping
varies spatially in our harmonic trap and can be tuned by the total particle
number to study the doping dependence of correlations. (C) Spin-spin, hole-spin-
spin, and hole-hole-spin-spin correlators are analyzed in this work. As illustrated,
bare multipoint correlations contain lower-order contributions and a connected
part. For instance, in the magnetic polaron regime, a hole alters the
antiferromagnetic environment in its vicinity. Therefore, bare hole-spin-spin

correlations are reduced (white) close to the hole compared with the strong
antiferromagnetic correlation at large distance (blue). The bare correlation
(C™®) can be decomposed into the genuine effect of the hole, that is, the
connected part (C°™, red), and the antiferromagnetic (AFM) background value,
that is, the disconnected part (C¥*, blue). The sum of both parts corresponds to
the bare correlation. Similarly, the genuine effect of a pair of holes on spin
correlations (i.e., beyond single-hole effects) is quantified by the connected part
of hole-hole-spin-spin correlations. This work focuses on connected correlations.
(D) We compare experimental findings to exact diagonalization of 4x4 Fermi-
Hubbard systems (top), mean-field—inspired approaches or free fermions
approximating Fermi liquids at high doping (second from top), as well as three
approaches (uniform-RVB, n-flux, and string), which are designed to capture the
low-doping regime (bottom two panels). Indep., independent.

to find qualitative (rather than quantitative)
agreements between ED and the experiment.
First, we investigate how the antiferromag-
netic alignment of two spins at positions 7
and 7, evolves, by measuring connected two-
point correlations (referred to as a bond)

Cc(d) = CC(Tl, 7'2)
=n(8,87,) - 6.)65))

where we normalize byn = 1/ (c (Sil> c (S’iz >>,
with o denoting the standard deviation, and
SZ is the  component of the spin operator at
position 7. The bond length, which is the dis-
tance between two spins, is given by d = 7, — 7.
If spin fluctuations are maximally correlated,
the normalization n ensures that the correlator
yields +1. Therefore, quantitative values become
comparable between different settings, because
+1 always means maximum possible positive or
negative correlation. In the Heisenberg limit at
half filling, n = 4, but for doped systems, 1 > 4.

As shown in Fig. 2A, doping quickly reduces
the amplitude of antiferromagnetic correla-
tions and leads to weakly oscillatory behavior
as a function of doping. Between & ~ 20 to
40%, spin correlations at different distances
(such asd = v/2,2, /5, v/8) reverse their sign
as compared with their undoped value. We
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also find this phenomenon in our ED calcu-
lations (fig. S11). Therefore, many antiferro-
magnetic short-distance spin-spin correlations
of the Mott insulator undergo a fundamental
change in a crossover region at doping of 6 =
20 to 40%. From this doping regime onward,
spin-spin correlations of a FL (free) start to
agree with experimental data (fig. S11).

The uniform-RVB state features sign flips of
correlations similar to experimental data and
also compares well for larger dopings. The string
model and n-flux behave similarly and show
agreement with our data for & < 20%, in line with
(24). Predictions for two-point correlations of dif-
ferent theoretical approaches are very similar
at low doping, which calls for a comparison of
higher-order spin-charge correlations.

In the FL, above hole concentrations around
50%, oscillating magnetism manifests itself as
visible peaks in the static spin-structure factor
S(g) shifting from (r, n) toward (m, 0). The
effect is even more pronounced in an adjusted
version S*(g) (Fig. 2, B and C), which neglects
the strong on-site term d = 0 equivalent to a
broad offset in Fourier space (33). This shift of
fluctuations toward momenta incommensurate
with the lattice spacing is in excellent agreement
with a perturbation theory-inspired two-particle-
self-consistent approach (TPSC) (36) and con-
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firms quantum Monte Carlo (QMC) calculations
(37,38). The observed shift of spin fluctuations
can be considered a FL. phenomenon, where
a stretch of the Fermi wave vector gy with in-
creasing doping causes such incommensurate
fluctuations through interactions on a mean-
field level. Establishing a connection to incom-
mensurate spin-density wave phases (stripes)
at weak doping and colder temperatures (39)
requires further exploration.

Furthermore, we extract the doping depen-
dence of the uniform (g = 0) spin susceptibility
xs (Fig. 2D) by applying the fluctuation-
dissipation relation (33) in an approach similar
to that described in (25, 40). To identify behavior
not captured by (i.e., anomalous to) mean-field-
related methods, we compare experimental data
with three FL-type calculations: free fermions
without interaction, a random phase approx-
imation (RPA), and TPSC. The interaction U
can be considered a free effective parameter
for RPA calculations, and we chose U/t = 4 to
avoid divergences (33). Down to 6 = &g, ~ 30%,
the susceptibility increases with decreasing
doping, which is quantitatively best captured
by TPSC calculations. However, below 8¢, the
susceptibility xs stops increasing for weaker
dopings. This bendover behavior is reminis-
cent of the pseudogap phenomenon as well as

2of5

1202 ‘97 3990300 UO AJISISATU[) UOSWI[)) J& FI0°90UdIOS MmAy//: S}y WOIj popeo[umo(]



RESEARCH | REPORT

Fig. 2. Magnetism from Mott insulator to Fermi
liquid. (A) Connected two-point spin correlations as a
function of doping for different spin distances. Red
(blue) experimental data points correspond to spin
distances with positive (negative) correlation at half
filling (see arrows to insets). Error bars denote one
standard error of the mean (SEM) and for doping the bin
width for averaging. Solid (dotted) lines of numerical
calculations indicated in the legend correspond to spin
distances of red (blue) data points. Shaded bands
indicate the statistical SEM for all calculations where
visible. (B) Measured static spin-structure factor S*(q)
[without on-site term, see (33)] for increasing doping
with arbitrary (arb) scales. (C) Trace through spin-
structure factor S(q) at 50% doping. Error bars are
representative also for lower dopings. The full width of
doping bins for (B) and (C) is 0.14. Solid pink represents
a mean-field-related TPSC calculation. (D) Doping
dependence of the uniform magnetic susceptibility,
obtained via the fluctuation-dissipation relation from
experimental data. Solid, dot-dashed, and dotted pink
curves correspond to TPSC, RPA, and free fermion
calculations, respectively. This figure is based on 3224
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experimental realizations at kgT = 0.43(3)t and U/t = 8.9(5).

anomalous with respect to (i.e., not captured
by) our FL calculations. QMC results (41) sup-
port this observation, which indicates that the
metallic regime close to the Mott insulator and
below &g, is of a different nature than the
conventional FL found at higher dopings [for
convergence of structure factors in FL, see (33)].

The weakly doped metallic regime hosts
magnetic polarons, whose dressing cloud can
be measured with a three-point correlator of
two spins around a hole (16, 29). We now in-
vestigate how this dressing cloud evolves when
the system turns into a conventional FL at
strong doping.

We consider the connected part of hole-
spin-spin correlations (33), which for spin-
balanced systems (S‘fi ) = 0 simplifies to

Cé(r,d) = C(13;11, 1) =
<ST1S1‘2> — Cc(rth)
r3

This correlator measures how a spin-spin bond
is perturbed away from the background two-point
correlation by a (post-selected) hole, denoted by
the empty-circle symbol, at a third position 73
(compare Fig. 1C). The distance of the bond
center to the hole is given by 7 = (7, + 15)/2 — 7.

For & around 10%, a hole perturbs all bonds
in its vicinity with a sign opposite to the anti-
ferromagnetic background. This means that
NN spins (d = 1) align more parallel (positive
connected correlation) and diagonal spins
(d = v/2) more antiparallel (negative con-
nected correlation) (Fig. 3). Such connected
correlations oppose the background antifer-
romagnetic spin-spin correlations and are char-
acteristic of magnetic polarons (polaronic

(2)
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correlations), that is, a direct manifestation of
their dressing cloud. Doublon-hole fluctua-
tions cause a similar connected signal at half
filling but play a minor role at 10% doping
(83). Connected correlations fall off with in-
creasing bond distance from the hole. We
measure the radial dependence of the polar-
onic dressing by plotting NN and diagonal
correlations as a function of bond distance
from the hole (Fig. 3C). Because this illustra-
tion combines two different bond lengths d,
we reverse the sign of dlagonal correlations
[multiplication by (—1)% ], such that a posi-
tive value indicates a connected correlation
opposing the antiferromagnetic correlations
of the Mott insulator.

In the FL regime at large doping, we observe
a negative connected correlation of all bonds
(also d = 1) in the presence of a hole. The
connected correlation has the same sign as the
negative NN and diagonal spin-spin correla-
tions at strong doping (compare Fig. 2A). Hence,
the presence of the hole enhances (i.e., does not
oppose) spin correlations. We interpret nega-
tive connected hole-spin-spin correlations in
the FL regime to be caused by the Pauli ex-
clusion principle, which leads to anticorrelation
of fermions in an area increasing with doping
(25). The post-selected hole restricts spins
to a smaller area and increases the observed
anticorrelation.

Therefore, holes oppose magnetic two-point
correlations at weak doping (magnetic polar-
ons) but enhance them at strong doping (FL).
A useful indicator to study the transition be-
tween these two metallic regimes is the NN
bond (d = 1) closest to the hole. Its connected
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correlation continuously evolves from positive
to negative across the regimes (while two-point
NN correlations remain negative for all dop-
ings) (Fig. 3D). An initial drop of the connected
signal is expected from the higher concentra-
tion of polarons, as their dressing clouds start
to overlap. Around 20% doping, the closest NN
bond becomes uncorrelated with the presence
of the hole and builds up a negative correlation
toward dy;,, consistent with ED. Connected cor-
relations of closest-distance diagonal bonds are
negative for all dopings with a slight minimum
around doping & ~ dg;. This dip can most likely
be explained by the effect of holes created
during the detection process on measured
correlations close to half filling. We performed
an analysis of systematic effects from detection
infidelities to exclude effects on other reported
findings (33). In Fig. 3D, we provide an esti-
mate for the renormalization of correlations
caused by detection holes (33), represented by
points with dashed edges.

String and RVB predictions for C¢ are very
distinguishable at weak dopings. Only the
polaron model (string) reproduces the exper-
imental ferromagnetic alignment of the closest
NN bond, whereas RVB states show strong
discrepancies to experiment. Uniform RVB is a
prime example of how a theoretical approach
can show excellent agreement with experi-
ment in two-point correlations at low doping
but reveal strong deviations at higher-order
correlators. At large dopings, uniform RVB and
free fermions start to capture the correlations
driven by fermionic statistics.

QMC studies of Fermi-Hubbard systems found
the bandwidth of quasiparticle excitations
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Fig. 3. Breakdown of polaronic correlations. (A) Relation between bare
and connected spin correlations in the vicinity of a hole. (B) Connected
correlation (represented as bonds) of spins on NN and diagonal lattice sites
(gray dots) in the presence of a single hole (white central dot) for different
dopings. The SEM for individual bonds is on the order of 0.5 x 1072,

(C) Averaging connected correlations of (B) (d = 1 and d = v/2) as a function
of bond distance r from the hole, where we flip the sign of correlations

with bond length d = v/2. Thus, a positive correlation indicates a connected
signal opposing the two-point correlations at half filling. Error bars denote one

evolves from polaronic (order 2J) to Fermi
liquid (order 8¢) at around 30% doping (42).
Our measurements suggest that polaronic
dressing persists up to 8 ~ 20% and smoothly
dissolves into correlations of a FL (free) around
Spr, ~ 30%.

‘When two polarons come close, their dressing
clouds overlap, which can either lead to the break-
down of polarons or induce effective interac-
tions between them. This is often considered a
possible mechanism for pseudogap behavior
(1, 2, 43). Hole-hole correlators do not show indi-
cations of hole binding at current temperatures
of cold-atom quantum simulators (24, 29, 33),
hence we search for interaction signatures in
the magnetic environment of two holes.

In the analysis, we post-select on two holes
at positions 73 and r, and evaluate the con-
nected (four-point) correlation between two
spins in the presence of a hole pair, which in
a spin-balanced system reduces to

C(lr,d)=CC (13,1411, 10) = ﬂ<silsj2>a )

—C(ry, 1) — Y(Cf(7'3;7'1,7'2) + C Py 1y, 1 )
3)

The composition of this correlator is illustrated
in Fig. 4A, and for the general expression, see
(33). The mutual distance of the holes is de-
fined as I = r,, - r; and the bond distance 7 is
measured with respect to the center of Z. C¢.
detects correlations linked to the presence of
the holes as a pair and measures how much
these deviate from a simple addition of two
independent single-hole signals C¢ with a

Koepsell et al., Science 374, 82-86 (2021)

U/t = 7.4(8).

weighting factor y = <ﬁr3 > <fzr4 >/<ﬁr3ﬁr4>

and hole density operator ﬁri.

We study the case of NN (/ = 1) or diagonal
(@ = v/2) hole pairs and bonds d = 1, v/2. To
obtain a sufficient signal-to-noise ratio in
the experiment, we combine the two config-
urations for NN [ = (1,0),(0,1)] and diagonal
pairs [1 = (1,1),(1,-1)] by averaging all bonds
with identical bond distance 7 from the pair.
To visualize correlations, we choose a repre-
sentation in terms of I = (1,0) and Z = (1,1) (Fig.
4B). We find connected antiferromagnetic align-
ment of bonds at closest distance to the pair,
which connects both metallic regimes. As shown
in Fig. 4, B and C, for NN holes, the closest bond
has a negative correlation at half filling [in-
herited from doublon-hole pairs (33)], which
stays antiferromagnetic for higher doping and
quantitatively agrees with correlations of a FL.
(free) for & > &p;. This bond is furthermore
robust against an increase in temperature to
kgT = 0.77(7)t. For diagonal holes, the diagonal
spin bond between them has the shortest dis-
tance to the pair (Fig. 4, B and C). This bond is
uncorrelated at half filling [doublon-hole
pairs contribute a ferromagnetic signal; see
ED at 6 = 0% or (33)], then rapidly turns anti-
ferromagnetic with doping, peaks at dg;, ~ 30%,
and is eventually described quantitatively by
correlations of a Fermi liquid (free) for 6 > &y
For higher temperatures, the correlation of
this bond is substantially reduced. A possible
systematic effect of detection holes on corre-
lations [see (33)] does not alter our findings
and is indicated in Fig. 4C as points with
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SEM and are smaller than the point size. The full width of doping bins

for (B) and (C) is 0.1. (D) Doping dependence of the NN and diagonal bonds
closest to the hole (see insets). Square (circular) data points were extracted
from a dataset with an average of 52.0(1) [91.3(1)] particles. Points with
dashed edges take into account estimates for the effect of detection
infidelities of this dataset (33). Solid lines represent numerical calculations
(see legend), and shaded bands indicate (where visible) their statistical SEM.
This figure is based on 18,107 experimental realizations at kgT = 0.52(5)t and

dashed edges. Approximate theories for low
doping partly predict such antiferromag-
netic correlations of closest distance bonds
but show limited overall agreement to ex-
perimental data.

To gain insight into how such correlations
would connect to lower-temperature physics,
we consider two holes (8§ ~ 2%) in the ¢-J
model, for which binding of polarons (holes)
occurs at relatively high temperatures (44). We
performed density matrix renormalization group
(DMRG) calculations of this scenario at 7" = 0 for
a six-leg ladder (33) and show the connected spin
environment in Fig. 4D for /= 1and [ = v/2. A
notable effect of hole pairing is the emergence of
a strong antiferromagnetic spin bond at closest
distance to the pair, suggesting local singlet
formation (44, 45). Our experimental data fea-
ture qualitatively similar negative correlations
(reminiscent of this singlet character) but no
further indication of hole binding [see hole-
hole correlations in (33)]. Hence, correlations
already existing at our experimental temper-
atures could smoothly connect to correlations
of possible hole pairing scenarios at colder
temperatures.

In this study, we measured how correlations
in antiferromagnetic Mott insulators evolve with
increasing doping, and we revealed a metal of
magnetic polarons at weak doping and a Fermi
liquid at dopings larger than &g, ~ 30%. The
distinctive capability of our quantum simulator
enabled us to study the continuous doping
dependence of observables unavailable in
traditional solid-state experiments. A transition
between the two metallic regimes is signaled
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the effect of detection infidelities of this dataset (33). Solid lines represent numerical calculations, as
indicated (see legend), and shaded bands, their statistical SEM. (D) DMRG calculations (T = 0) for two holes
in the six-leg ladder t-J model, where binding occurs. (B) and (C) of this figure are based on 23,695

experimental realizations at U/t = 7.4(8).

across all studied system properties (for a sum-
mary, see table S1), and the intricate spin-
charge correlations reported serve as a basis
to develop a microscopic understanding of
pseudogap or collective phenomena at colder
temperatures. How the observed doping for
this crossover in our experiment can be related
to solid-state measurements is unclear because
details such as band structure and the differ-
ence in accessed observables play an important
role. In a benchmark of three approximate low-
doping theories, we find limited overall agree-
ment with our system, which calls for more
effective descriptions. Spin-charge correlators
could also be studied in out-of-equilibrium
systems (23, 30, ), and even modest progress
in achieving colder temperatures with avail-
able cooling proposals (46) might enable ex-
perimental observation of pairing (44) and
pseudogap behavior (47). Future studies could
focus on fifth-order (48) correlators to further
solidify our understanding of exotic many-body
phenomena and test different theories (49, 50).
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From polarons to a Fermi liquid

Superconductivity in the cuprates emerges by doping an antiferromagnetic “parent” state with holes or electrons. With
increased doping, antiferromagnetism gives way to unconventional superconductivity, and the system eventually
becomes a Fermi liquid. Koepsell et al. simulated this progression using cold, strongly interacting lithium-6 atoms
trapped in an optical lattice. Although the equivalent ordered phases are not yet reachable at the experimentally
available temperatures, the researchers were able to measure multipoint spin and hole correlations over a wide range
of hole doping. The evolution of these correlators with doping revealed a crossover from a polaronic regime to a Fermi
liquid. —JS
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