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Experiments with quantum gas microscopes have started to explore the antiferromagnetic phase of the two-
dimensional Fermi-Hubbard model and effects of doping with holes away from half filling. In this work we show
how direct measurements of the system averaged two-spin density matrix and its full counting statistics can be
used to identify different correlated magnetic phases with or without long-range order. We discuss examples of
phases which are potentially realized in the Hubbard model close to half filling, including antiferrromagnetically
ordered insulators and metals, as well as insulating spin-liquids and metals with topological order. For these
candidate states we predict the doping- and temperature dependence of local correlators, which can be directly

measured in current experiments.

Ultracold atomic gases in optical lattices provide a versa-
tile platform to study strongly correlated phases of matter in
a setting with unprecedented control over Hamiltonian pa-
rameters [1, 2]. Moreover, the development of quantum gas
microscopes now allows for the direct measurement of real
space correlation functions with single site resolution in im-
portant model systems like the Fermi-Hubbard model, giving
access to viable information that can be used to identify vari-
ous quantum states of matter. Using state of the art technology
the many-body wavefunction can now be imaged on a single-
site and single-fermion level [3—7] and even the simultaneous
detection of spin and charge (i.e. particle-number) degrees
of freedom has been achieved [6]. In combination with the
capability to perform local manipulations, new insights can
be obtained into the microscopic properties of strongly corre-
lated quantum many-body systems, which are difficult to ac-
cess in traditional solid state systems. For example, the hid-
den string order underlying spin-charge separation in the one-
dimensional ¢ — J model has been directly revealed in a quan-
tum gas microscope [8]. Ultracold atom experiments have
also revealed charge ordering in the attractive Fermi-Hubbard
model at half filling [9] and observed longer-ranged antifer-
romagnetic (AFM) correlations [10, 11]. Furthermore trans-
port properties of the two-dimensional Fermi-Hubbard model
were investigated independently for spin and charge degrees
of freedom by exposing the system to an external field in the
linear response regime [12, 13], where clear signatures of bad
metal behaviour have been detected in the temperature depen-
dence of the charge conductivity [13]. In all these settings,
the ultracold atom toolbox can now be applied to gain new
insights.

One of the big open problems in the field of strongly corre-
lated electrons is to understand the fate of the AFM Mott in-
sulator in quasi-two-dimensional square lattice systems upon
doping it with holes. This problem is particularly relevant in
the context of the so-called pseudogap phase in underdoped
high-temperature cuprate superconductors [14]. In the last
decades many works have shown that the two-dimensional
one band Hubbard model below half filling captures various
phenomena which are found in the phase diagram of cuprates,
including superconductivity and charge density wave order-
ing, among others [15-17].

Quantum gas microscopy experiments are now starting to
probe the interesting temperature and doping regime in the
Fermi-Hubbard model where correlation effects in doped Mott
insulators become visible across the entire system [11], pro-
viding valuable insight into this problem. This immediately
raises the question how the various symmetric or symmetry
broken phases that have been proposed theoretically below
half filling can be identified in these experiments. Since ac-
cessible temperatures are still rather high, 7 > 0.5J where J
is the super-exchange energy, the correlation length of sym-
metry broken phases is typically on the order of several lat-
tice spacings, making a direct detection of order parameters
challenging. Moreover, various symmetric phases which have
been proposed as potential ground-states away from half fill-
ing, such as doped resonating-valence bond (RVB) states [18—
20], have very similar short-range spin-spin correlations as
magnetically ordered states with a short correlation length.
For this reason measurements of spin-spin correlators, which
are routinely performed in current quantum gas microscopy
experiments, can hardly distinguish these conceptually very
different states. In some important cases the symmetric states
are characterized by more complicated topological order pa-
rameters, which are hard to measure in experiments, however.

In this work we show how measurements of the reduced
two-particle density matrix, see Fig. 1, provide a signature
of different interesting phases that might be realized in the
doped Fermi-Hubbard model at strong coupling. We focus
our discussion on phases with strong spin-singlet correlations
and show that the presence or absence of SU(2) spin rotation
symmetry has a clear signature in the full counting statistics
(FCS) of the system-averaged reduced density matrix, allow-
ing to distinguish phases with AFM order from symmetric
RVB-like phases, even if the correlation length is finite. In
addition we provide results for the doping and temperature
dependence of nearest neighbor spin correlators for a metallic
antiferromagnet and a doped spin-liquid, as a guide for future
experiments.

The paper is organized as follows. In Sec. I we introduce
the two-spin reduced density matrix and discuss how its el-
ements can be measured in quantum gas microscopy exper-
iments. Furthermore, we show how the FCS of the system-
averaged reduced density matrix for two neighboring sites can



be utilized to distinguish symmetric from symmetry broken
phases. The following sections provide explicit examples: in
Sec. II we discuss the half filled case and present results for
Mott insulators with long-range AFM order as well as for in-
sulating quantum spin liquids. Finally, in Sec. III we calculate
the reduced two-spin density matrix and its FCS for two ex-
amples below half filling: an AFM metal as well as a metallic
state with topological order and no broken symmetries.

I. TWO-SPIN REDUCED DENSITY MATRIX AND FULL
COUNTING STATISTICS

In this paper we consider the two-spin reduced density ma-
trix of nearest neighbor sites, see Fig, 1, which contains in-
formation about all local spin correlation functions. We dis-
cuss how its matrix elements can be measured in ultracold
atom setups and show how states with broken symmetries and
long-range order can be distinguished from symmetric states
by considering the FCS of the reduced density matrix from re-
peated experimental realizations. Our approach thus provides
tools to address the long-standing question how AFM order
is destroyed at finite hole doping using ultracold atom experi-
ments at currently accessible temperatures.

1. Two-spin reduced density matrix

The local two-site reduced density matrix p; j, correspond-
ing to sites i and j = i + e, on a square lattice, is defined
by tracing out all remaining lattice sites r in the environment,
pij = W4 ; p, where p is the density matrix of the entire sys-
tem. In general p = ¢ ' describes a thermal state. We con-
sider states with a definite particle number [p, N] = 0, where
N is the total particle number operator. As a result the two-site
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Figure 1. The two-spin reduced density matrix o, measurable in ul-
tracold atom experiments, and its full counting statistics (FCS) can be
used to distinguish between symmetric and symmetry broken phases
in the Fermi-Hubbard model. The ground state on the square lattice
at half filling has AFM order, which leads to non-vanishing singlet-
triplet matrix elements {f|o%|s) # 0 as well as a broad distribution of
the triplet matrix element in the FCS, even if the correlation length
is finite. Below half filling the precise nature of the ground state is
still under debate, with doped quantum spin liquids as one possible
scenario. These give rise to a SU(2) invariant two-spin reduced den-
sity matrix with vanishing singlet-triplet matrix elements, as well as
a sharp delta-function distribution of the triplet amplitude.

density matrix is block diagonal, p;; = diag(pgg.), p;lj), ...) and

contains sectors withn = 0, 1, ..., 4 fermions for spin-1/2 sys-
tems (see appendix A for details). In the rest of the paper we
will only consider situations where the two sites i and j are
occupied by precisely one fermion each, irrespective of the
total fermion density, and calculate the two-spin reduced den-
sity matrix p3. It is obtained from the block with two fermions
and proper normalization. Experimentally it can be obtained
by post-selecting measurement outcomes with two particles
on the two sites.

More specifically we will consider spin-1/2 fermions and
represent the two-spin reduced density matrix pg f in the z-
basis {|TT),1TL), LT). 141)}, where the first spin refers to site i
and the second to site j. It can be written explicitly in terms
of local correlation functions in the z-basis,
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Here, S is the spin operator on lattice site i with @ €
{0, +, —, z} and we define S? = 1; as the identity operator. Note
that the expectation values (-) are defined after post-selecting
states with precisely one fermion each on sites i and j.

For quantum states p commuting with S<, i.e. [p,S%] = 0,
the two-spin density matrix becomes block diagonal. The first
two blocks are one-dimensional and correspond to the ferro-
magnetic basis states |T7T) and |]]). The third block corre-
sponds to the two-dimensional subspace spanned by the anti-
ferromagnetic states [T]) and |[T). If the state p has an ad-
ditional S* — —S* symmetry, which follows from a global
SU(2) symmetry for example, the reduced density matrix sim-
plifies further because the entire second line of Eq. (1) van-
ishes identically and we get
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In this paper we are particularly interested in cases with spon-
taneously broken or unbroken SU(2) symmetry and how it
manifests in the two-spin density matrix. For this purpose
it is more convenient to represent the two-dimensional sub-
block of the reduced density matrix in the singlet-triplet basis



defined by
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In the rest of this paper we will focus on the following combi-
nations of matrix elements of the two-spin density matrix:

pe =5 11 + (LU P 1L (5)

denotes the probability to observe ferromagnetic correlations
on the two sites of interest i and j. It can be directly measured
in the S* basis. Moreover

ps=(s1p sy and  po=p° ) (©6)

denote the singlet and triplet probabilities and
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is the singlet-triplet matrix element. The real part of py can
be again directly measured in the S *-basis.

The singlet and triplet probabilities, ps;, can be measured
in ultracold atom systems by utilizing the single-site control
over spin-exchange interactions in optical superlattices pio-
neered in Ref. [21]. To this end one can first increase the lat-
tice depth, which switches off all super-exchange interactions.
Next a magnetic field gradient along x-direction is switched
on for a time 7; which leads to a Zeeman energy difference A
of the two states |T]) and || T) and drives singlet-triplet oscil-
lations. Choosing 7; = 7/(26) the singlet-triplet basis {|s), |¢)}
is mapped to {(|T) £ i [LT))/ \/E}. Subsequently a superlattice
can be used to switch on spin-exchange couplings of strength
J between sites (24, j) and (2i + 1, j) for a finite time 7,. By
choosing 17, = /(2J) the original singlet-triplet basis {|s), |¢)}
is now mapped on {||T),|T!)}. After this mapping a measure-
ment in the z-basis directly reveals the singlet and triplet prob-

abilities, ps = (L TXLTI) and p, = {|ITL)XTL]), where the expec-
tation values (-) are taken in the measurement basis.

2. Shot-to-shot full counting statistics

Ultracold atoms not only provide direct access to local cor-
relation functions, but also to the FCS of physical observ-
ables, which contain additional information about the underly-
ing many-body states beyond the expectation values in Eq. (1)
[22]. On the one hand the FCS contain information about
quantum fluctuations. On the other hand they can be used to
reveal broken symmetries which manifest in long-range order
in the system [11].

In this paper we study the local, reduced two-spin density
matrix p° and its FCS in an infinite system. Our goal is to
distinguish between fully SU(2) symmetric quantum states
with short-range correlations, and symmetry broken states
with conventional long-range order, despite the fact that these

phases can have very similar properties locally. This can be
achieved by considering the FCS of p5 as follows: for sym-
metry broken states the direction of the order parameter varies
randomly between experimental shots, giving rise to a specific
probability distribution of p° in a given measurement basis.
This distribution can be obtained directly from experiments
by compiling histograms of a large number of experimental
shots. By contrast, this distribution will consist of a single
delta-function peak for states with no broken symmetry. It
is important to realize, however, that pS also takes different
values on different lattice sites within a single experimental
shot, which reflects the inherent quantum mechanical proba-
bility distribution of p5. Determining this quantum mechani-
cal probability distribution is usually referred to as FCS in the
condensed matter literature. In order to single out the effect
of order parameter fluctuations, we first have to average the
two-spin density matrix over the entire system in every shot:
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where L., — oo denotes the linear system size. We divide the
lattice into two-site unit cells along x, labeled by one of their
site indices i € UC, in which the reduced two-spin density ma-
trix pii re, is measured, see Fig. 1. Accordingly, the sum }’;.;c
in Eq. (8) is taken over all such unit-cells. This corresponds
to an average over the quantum mechanical probability distri-
bution and ensures that the resulting p® is insensitive to quan-
tum fluctuations. Consequently, we can single out effects of
the classical probability distribution of p* which arises from
different realizations of the order parameter and allows us to
distinguish symmetric from symmetry broken states.

The shot-to-shot FCS of p5(n) is obtained by measuring
pis’i re, for all unit cells at positions i in a single shot n, which
yields a measurement outcome for a specified matrix ele-
ment of pii 1, (n), and taking the system average in Eq. (8).
This procedure is repeated Ns times using a fixed measure-
ment basis (e.g. S°) and histograms of the matrix elements of

{ps(n)},,zl.__M yield the desired statistics.

In a translationally invariant system with short-range corre-
lations the state p is symmetric and has no long-range order.
In this case the shot-to-shot FCS of pS becomes a delta func-
tion,

P05 llsym. = (0% = p3). 9)

Because of the exponentially decaying correlations, taking the
average over the infinite system is equivalent to shot-to-shot
averaging of a single pair of spins, p(s) = pii e, (M) Ina fi-
nite system, quantum fluctuations give rise to a distribution
peaked around p(s) which is expected to have a finite width

woc £/ \/LcLy, where ¢ < L, is the finite correlation length.

In a system with a broken symmetry and long-range cor-
relations extending over the entire system, in contrast, spatial
and shot-to-shot averaging are not equivalent in general. All
measurement outcomes pzi +ex(n) = pgi +ex(n, Q(n)) explicitly
depend on the order parameter {(n) associated with the long-
range correlations in the system for shot n. As a result the



system-averaged two-spin density matrix pS(n) = p3(n, Q(n))
explicitly depends on the order parameter Q(n).

In systems with spontaneous symmetry breaking, the or-
der parameter Q(n) fluctuates from shot to shot. Because the
averaging over the infinite system in Eq. (8) makes p(n) in-
sensitive to local quantum fluctuations, it only depends on the
order parameter, i.e. ps(n) = p(S)(Q(n)). Therefore the shot-
to-shot FCS of pS reflects the probability distribution P[Q] of
the order parameter (n). The probability distribution of the
system-averaged reduced density matrix thus takes the form

Pl Nlsym.broken = f dQ P[] 5(0° — py(R)). (10)

When the order parameter €(n) takes a different value in every
shot n, the reduced two-spin density matrix is characterized by
a broad distribution function in general. Its width w converges
to a finite value in the limit of infinite system size.

The reduced density matrix p5 defined on neighboring sites
i and i + e,, forming two-site unit-cells of the square lattice, is
sensitive to order parameters indicating spontaneously broken
SU(2) symmetries, either ferromagnetic or AFM, and some
discrete translational symmetries as expected for valence bond
solids (VBS). We note, however, that p’ is insensitive to other
order parameters. In such cases the distribution function be-
comes narrow, as in Eq. (9), and the underlying ordering can-
not be detected.

We close this section by a discussion of finite temperature
effects in the two-dimensional Fermi-Hubbard model. Due
to the Mermin-Wagner theorem [23], no true long-range or-
der can exist at non-zero temperatures, and the SU(2) sym-
metry remains unbroken. However, the correlation length in-
creases exponentially with decreasing temperatures [11], until
it reaches the finite system size. In this case, the state can-
not be distinguished from a symmetry-broken state, and from
Eq. (10) we expect broad distribution functions of the entries
in the two-spin reduced density matrix. Because of the fi-
nite system size, the averaging in Eq. (8) does not eliminate
all quantum fluctuations, however, which leads to broadened
distribution functions; see Refs. [11, 24] for explicit calcu-
lations. When the system is too small, a clear distinction be-
tween SU(2)-broken and SU(2)-symmetric phases is no longer
possible.

II. TWO-SPIN DENSITY MATRIX AND FULL COUNTING
STATISTICS AT HALF FILLING

As described above, the shot-to-shot FCS of the reduced
two-spin density matrix can be used to distinguish states with
broken symmetries from symmetric states. Here we consider
two important examples at half filling: an AFM Mott insula-
tor and an insulating spin liquid in the two-dimensional square
lattice Fermi-Hubbard model. We emphasize that the ground
state is known to be an AFM in this case. The main purpose
of the spin liquid example is to highlight the stark contrast
between a magnetically ordered and a symmetric state in the
two-particle density matrix in order to set the stage for the
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Figure 2. Fingerprints for the spontaneous breaking of SU(2) invari-
ance in the shot-to-shot FCS of the system-averaged reduced two-
spin density matrix p5, see Eq. (8). When the SU(2) symmetry is
spontaneously broken, the order parameter points in a different di-
rection in every shot. This results in a broad distribution function
of some of the matrix elements of p°. (a) We use spin-wave the-
ory to calculate the distribution of the triplet matrix element {¢[05|¢)
in (a) for an infinite Heisenberg AFM at half filling. For a SU(2)
invariant quantum spin liquid the distribution function in an infinite
system becomes a delta peak. (b) The distribution of the singlet ma-
trix element (s|oS|s) is a delta peak in an infinite system even when
the SU(2) symmetry is broken, because the singlet state |s) itself is
SU(2) invariant.

discussion of systems below half filling. The FCS of system
averaged local observables is a very sensitive probe to distin-
guish ordered from disordered states, which are particularly
hard to discern if the correlation length is short.

The ground state of the Fermi-Hubbard model at half filling
breaks the SU(2) spin-rotation symmetry, it has long-range
AFM order and it is invariant under translations by integer
multiples of e, + e,. The corresponding order parameter is
given by the staggered magnetization, & = (—=1)/*» (§; ;).
Because Q points in a different direction in every experimen-
tal realization and the spins are always measured in the S*¢
basis, we expect a broad distribution of the reduced two-spin
density matrix between different experimental shots.

For example, the real part of the system-averaged singlet-
triplet matrix element is given by the staggered magnetization,

Repu= - ;C (<PU e, 1) = (UT1 0511, 1UD))
1 Tx,ly 2\ = M7
- IL Z(—l) (%) = Ml (11)

see Eq. (7). Note that the sum ) ;¢ in the first line is taken
over all two-site unit-cells, whereas the sum ), in the second
line extends over all lattice sites. The distribution function
P[Mﬁmg] of the staggered magnetization has been measured
in a finite-size system using ultracold fermions [11]. At low
temperatures [ M,, | becomes a broad distribution which ap-
proaches a box-like shape for an infinite system at zero tem-
perature T = 0 [24, 25]. In contrast, a narrow distribution

would be expected for a SU(2) invariant quantum spin liquid.
In Fig. 2 (a) we present the shot-to-shot FCS of the triplet



probability p,. For an infinite system at T = oo, i.e. p5 = 1/4,
and P[p;] = 6(p; — 1/4) becomes a delta-function at p; = 1/4.
For the quantum Heisenberg AFM at zero temperature, 7' = 0,
we predict a broad distribution with 0.05 < p, < 0.3. Our
calculation uses linear spin wave theory to obtain the two-
spin density matrix pS( o e,) in a basis where the AFM
order € points in z-direction, as discussed in detail in the ap-
pendix B. We obtain the shot-to-shot FCS by sampling ran-
dom directions © and performing basis transformations U(£2)
rotating the AFM order to point along Q, ie. pS(Q) =
Ut(Q) p(e) U(Q).

We extend the spin wave calculation by an external stag-
gered magnetic field with strength %, as a control parame-
ter for quantum fluctuations. For a strong magnetic field the
ground state is close to a classical Néel configuration and the
FCS of the system-average triplet matrix element is box-like
shaped between 0 < (f|o5|f) < 0.5 (see appendix B for de-
tails). When we reduce the strength of the external magnetic
field i, we find that the probability distribution P[p,] develops
an onset at finite p, > 0, as shown for 4, = 0 in Fig. 2 (a).
We conclude that this characteristic onset is due to quantum
fluctuations, which are suppressed when £, is large.

For a SU(2) invariant quantum spin liquid at 7 = 0 the
system-averaged triplet probability p is a delta distribution,
ie. Plpd = 6(py — p?). In contrast to the infinite temperature
case, the expectation value p? generically takes values differ-
ent from 1/4, however. The SU(2) invariance determines the
form of the two-spin density matrix to be [26],

1 -

p° = 1+ ds)(sl (12)
up to a non-universal number ¢ € [0, 1], which parametrizes
the strength of singlet correlations. The triplet probability is
thus given by p; = (1 —¢)/4.

In Fig. 2 (b) we show the shot-to-shot FCS of the singlet
probability pg, averaged over an infinite system. Because the
singlet state |s) is invariant under SU(2) transformations, ps is
independent of the order parameter € even when the SU(2)
symmetry is spontaneously broken. As a result we obtain
delta distributions P[ps] = 6(ps — pg) in all considered sce-
narios. For a system at infinite temperature p? = 1/4, i.e.
¢ = 01in Eq. (12), for a quantum spin liquid with the two-spin
density matrix in Eq. (12) p? = (1 + 3¢)/4, and for the quan-
tum Heisenberg AFM with broken SU(2) symmetry we find
from a linear spin-wave calculation that pgl Arm = 0.57.

Analyzing the shot-to-shot FCS of the reduced two-spin
density matrix represents a powerful method to distinguish
states with long-range correlations from symmetric quantum
spin liquids. Although we only discussed a spontaneously
broken SU(2) symmetry at half filling so far, the approach also
allows to distinguish symmetry broken states at finite doping
from fully symmetric states. Valence-bond solids, which are
fully SU(2) invariant but spontaneously break the lattice trans-
lation symmetry, can also be identified in this way, which is
of particular importance for frustrated quantum magnets as in
the J; — J, model [27, 28].

III.  TWO-SPIN DENSITY MATRIX AND FULL
COUNTING STATISTICS BELOW HALF FILLING

One of the big open questions in studies of the Fermi-
Hubbard model is to determine the nature of the ground-state
for strong interactions slightly below half filling. This is
the regime where the infamous metallic pseudogap phase has
been observed in cuprate high-temperature superconductors
[14], the main properties of which are believed to be captured
by the Fermi-Hubbard model [17, 29, 30], even though con-
trolled, reliable numerical results do not exist. Quantum gas
microscopy experiments have started to probe this regime and
might provide valuable insight into this problem [11]. While
many different scenarios have been proposed theoretically to
explain the pseudogap phenomenology in the cuprates, we
will focus our discussion of the reduced two-spin density ma-
trix below half filling on two possible phases, in close analogy
to the half filled case. The first example is a simple metallic
state with long-range AFM order, whereas the second exam-
ple describes a so-called fractionalized Fermi liquid (FL*),
which can be understood as a doped quantum spin liquid with
topological order and no broken symmetries [31]. In partic-
ular we are going to highlight signatures of these two phases
as a function of temperature and as a function of the density
of doped holes away from half filling. It is important to em-
phasise that we always consider the two-spin reduced density
matrix for two neighbouring, singly occupied sites. Experi-
mentally, this requires a post-selection of realizations where
each of the two lattice sites in question is occupied by a single
atom.

In the following we compute the reduced two-spin density
matrix for AFM metals and FL* using a slave-particle ap-
proach introduced by Ribeiro and Wen [32]. This approach
is quite versatile and allows to describe a variety of different
possible phases in the t — J model, which provides an effec-
tive description of the Fermi-Hubbard model in the large U
limit [32-34]. It is important to emphasize, however, that this
approach is not quantitatively reliable. Its strength is to pro-
vide qualitative predictions for different phases that might be
realized in the r — J model. The stability of analogous slave-
particle mean-field ground states has been discussed e.g. in
Refs. [35, 36]. In the following we briefly summarize the main
idea and refer to the appendix C for a detailed discussion.

Our starting point is the ¢ — J Hamiltonian

Hy=1J Z (Si-S;— iPnionjcP) (13)
(ij)eNN
+1 Z P(CZ oCio c;(rci’ P,
(ij)eNN

where we restrict to nearest neighbour hopping as in ultra-
cold atom experiments. Here, the spin operator S; is given
in terms of Gutzwiller projected fermion operators as S; =
%Pczaaaﬁc[ﬁﬂ where P is the Gutzwiller projector which
projects out doubly occupied sites.

The main idea of the slave particle description of Ribeiro
and Wen is to introduce two degrees of freedom per lattice



site: one localized spin-1/2 (represented by the operator S;), as
well as one charged spin-1/2 fermion described by fermionic
operators df(r, d, , which represents a doped hole (referred to
as dopon in the following). The three physical basis states
per lattice site of the  — J model are then related to the two

slave-degrees of freedom per lattice site via the mapping

% and doubly occupied dopon states are unphysical and

need to be projected out.

In terms of the slave-particle degrees of freedom, the
Gutzwiller projected electron operator of the #—J model takes
the form

&, =Pcl P= so 5 PlG + 5050 = 8d, 1P (17)

IT)i <17 0);, 14
)i <11 Oy A5 yhere P projects out doubly occupied dopon sites and s;/; =
0); < 1T = i (16) +1. In this slave-partice representation the ¢ — J Hamiltonian
' V2o in Eq. (13) takes the form
i.e. a physical hole is represented by a spin-singlet of a local- HY = H} + H, (18)
ized spin and a dopon. Other states of the enlarged slave-
particle Hilbert space, such as the triplet states |TT), [ll), where
|
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One big advantage of this approach is that the Hamiltonian
(18) does not mix the physical states with the unphysical
triplet states in the enlarged Hilbert space. A projection to the
physical states in the enlarged Hilbert space is thus not nec-
essary. Note that the Hamiltonian (18) resembles a Kondo-
Heisenberg model of localized spins S; interacting with a
band of itinerant spin-1/2 fermions d;cr,dm, which describe
the motion of doped holes. The density p of doped holes
away from half filling in the # — J model equals the density
of dopons in the slave-particle description, p = % Zi(djdi ).
We conclude that in the low doping regime, where the den-
sity of dopons is very small, the Gutzwiller projector ? for
the dopons can be neglected. In the same regime the ex-
change interaction between spins in Eq. (19) is just renor-
malized by the presence of dopons and can be approximated
as JP(1 — did,)(1 - djdj)sb ~ J(1 - p)* = J. The second
part of the Hamiltonan H¢ describes the hopping of dopons as
well as their interaction with the localised spins.

The two phases of interest in this section can now be un-
derstood as follows: in the AFM metal the localized spins S;
as well as the doped spins order AFM and the dopons form
a Fermi-liquid on the background of ordered spins. By con-
trast, the FL* corresponds to a phase where the localized spins
are in a spin-liquid state, and the dopons form a Fermi-liquid
on top [31, 33]. The absence of magnetic order requires frus-
trated spin-spin interactions, which in this case can arise from
RKKY-interactions mediated by the dopons. Note that the
FL* state violates the conventional Luttinger theorem [37],
which states that the volume enclosed by the Fermi surface in
an ordinary metal without broken symmetries is proportional
to the total density of electrons (or holes) in the conduction

(

band. Instead, the FL* state has a small Fermi surface with
an enclosed volume determined by the density of doped holes
away from half filling (p), rather than the full density of holes
measured from the filled band (1 + p) [38]. It has been ar-
gued that such an FL* state shares many properties with the
pseudogap phase in underdoped cuprates [33, 34, 39-44].

In order to obtain a phenomenological description of the
above mentioned phases we follow Ribeiro and Wen and em-
ploy a slave-fermion description of the localized spins

Si = fl ot 21)

where f;, and f;y are canonical spin-1/2 fermion operators.
This description is particularly suited to construct spin-liquid
states of the localized spins, where the f fermions describe
spinon excitations, as will be discussed later. In the following
we introduce the mean-fields used to decouple the various in-
teraction terms in the Hamiltonian, and which are the basis of
a phenomenological description of the two phases mentioned
above.

A. Antiferromagnetic metal

Let us focus on the first part of the Hamiltonian in Eq. (19)
describing a renormalized spin exchange interaction. Here we
use a mean-field decoupling which allows for an effective hop-



0.5 ‘ ‘ 07 ‘ ‘
T=0.025JT=0125J|T =0.175J T =0.025J|T =0.125J|T = 0.175 J
——p. -m-p, s P —o—(575;) |- m=(S78;) [ (575} | |
——p -E-p e Py 05| —o—(S7S]) |- m=(SS]) | we (SS))
Py Py 14 c c c

0.45 -

0.4

..z‘....g;....,z;....,z).n@....z}...@....:

singlet-triplet elements
¥
w
spin correlation functions
o
N

0.2 b 0.1r b
0.15 b 0r
0.1r b -0.1
0.05 - b -0.2
0 1 1 1 0.3 | | |
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
p p

Figure 3. Doping dependence of local correlations in the AFM metal. Part (a) of this figure shows the short-range singlet, triplet and
ferromagnetic amplitudes (py, p; and py) as a function of doping p. We show here data for three temperatures, namely 7' = 0.025J (bold line),
T = 0.125J (bold dashed) and T = 0.175J (dotted). The amplitudes decrease with increasing temperature due to larger thermal fluctuations.
The triplet and ferromagnetic amplitudes approach each other when doping the system continuously from p = 0.01 to p = 0.2. The singlet
amplitude p, remains larger than the other two amplitudes at large doping, by an amount determined by ¢, =~ 0.07 in Eq. (12). The order
parameter (S ;) in part (b) indicates that the SU(2) symmetry is restored at a critical doping of p ~ 0.06 for the temperature T = 0.125J.
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Figure 4. Full counting statistics of local correlations in the AFM metal. We show the FCS of the system-averaged triplet matrix element
(t|0° |t) of the two-spin density matrix. The left panel shows the FCS distribution at a fixed temperature T = 0.125J for different doping levels
p. It narrows as function of p and turns into a sharp peak at the critical doping p ~ 0.05, where the SU(2) symmetry is restored. The sharp
peak at a value around 0.23 determines the parameter c in the density matrix in Eq. (12), which takes the value c¢,~o0s = 0.07. The right panel
shows a similar behavior of the probability distribution as function of temperature at fixed doping, where thermal fluctuations restore the SU(2)
symmetry and lead to a narrow peak around a value {t[o%|¢) = 0.23.

ping and a pairing amplitude for the spinons: Note that the spinon pairing amplitude A;; effectively accounts
for singlet correlations between the localised spins and we
Xij =( ffa fjﬁ)&,ﬁ. (22) assume that it has a d-wave form, where A = =*(A;;) for

[ =i+ &yy.

Ay = o g (23 7T

The second part of the Hamiltonian in Eq. (20) consists of
terms describing the hopping of dopons as well as their inter-
action with localized spins. We now discuss the effect of each



of these terms using a mean-field analysis. Since we assume
that spins have local AFM correlations, the cross product be-
tween spin operators (S; x § ;) vanishes for nearest neighbors.
The last term in Eq. (20) can be decoupled either to generate
an effective hopping of spinons and/or dopons. In the latter
case the dopons are considered to hop in a locally Néel or-
dered background, i.e. 4(S;S;) ~ (~1)"~/=*b=/». This however
cancels with the third term in Eq. (20) and thus effectively
leads to a vanishing dispersion for the dopons. In contrast nu-
merical and theoretical studies for a single hole described by
the ¢ — J model show a dispersion relation with a minimum
around (r/2, /2) [45—49]. To overcome this discrepancy we
allow for further neighbor hopping amplitudes {z, #5,#3}, so
that dopons can effectively tunnel up to second and third near-
est neighbour sites within our mean-field analysis. The nearest
neighbour hopping amplitude is thereby set to #; = . As mo-
tivated in the work by Ribeiro and Wen, the second and third
nearest neighbour hopping amplitudes scale approximately as
L =2t3=J.

Finally the second term of the Hamiltonian in Eq. (20)
plays a major role here, since it takes the form of a Kondo
coupling between the dopons and the spins. The resonances
of the according processes are thus significantly larger in case
of a strongly developed spin ordered background. In order to
describe such a macroscopically developed AFM spin back-
ground we introduce the following mean-field amplitudes

A B
z _ ivtiy — g7 z
= (DM S g (24)
.. t, .
= Y 2Dl o (29)
vel2,3) L,

The dopon magnetization n* measures thereby the net effect of
a hole with respect to an AFM ordered background. The first
sum runs over further neighbors v = 2, 3, whereas the second
sum includes the following contributions fi, = *ez;; £ e5z
and i3 = +2e35. The detailed analysis of the mean-field
self-consistency equations is part of appendix C and follows
closely Ref. [32]. Note that we do not include a hybridiza-
tion between spinons and dopons, i.e. mean fields of the form
( f;di). Such terms are only important for a description of the
ordinary Fermi liquid at large doping.

In Fig. 3 we show the self-consistent mean-field results for
t = 16J. Note that we choose such a relatively small value of
J because the mean-field computation overestimates the ex-
tent of the AFM phase, which is known to vanish at a few
percent doping in realistic situations. A small value of J re-
duces the extent of the AFM phase as function of doping and
thus allows us to compensate for this artifact of mean-field
theory. The AFM order parameter as function of doping for
three different temperatures is shown in Fig. 3b, together with
the nearest neighbor spin correlators. The short-range singlet
and triplet probabilities py, p; for pairs of nearest neighbor
sites are shown in Fig. 3 (a). Both are close to the value
Psje = 0.5 at half filling, and decrease with doping. At higher
temperatures, thermal fluctuations reduce the absolute values
of the amplitudes. Beyond a temperature dependent thresh-
old between p =~ 0.05 and p =~ 0.1 the ferromagnetic and

triplet amplitude are very close to each other with a value of
Dy = 0.24, indicating that the SU(2) symmetry is restored.
In this regime, the singlet probability p, deviates from p, = py
by an amount which is related to the constant ¢ characterizing
the SU(2) invariant two-spin density matrix, see Eq. (12). The
comparison in Fig. 4 (a) yields an estimate ¢,z01 =~ 0.07.

In Fig. 3 (b) we also show the AFM order parameter (S i),
which takes non-zero values only if the SU(2)-symmetry is
spontaneously broken. For all temperatures, we observe a
transition from a phase with broken SU(2) symmetry at low
doping, to an SU(2)-symmetric phase at higher doping. The
transition point shifts to higher doping values when the tem-
perature is decreased. As a result of quantum fluctuations, the
non-collinear correlations (S /S ;) develop when the doping is
increased, and the collinear correlations (S?S j.) are strongly
reduced compared to their value (S 7S ;'»)p:o,T:o = —0.25 in the
classical Néel state. The latter is obtained as the mean-field
solution at half filling and zero temperature.

Indeed, the SU(2) symmetry breaking phase transition is
clearly visible in the FCS of the system-averaged two-spin
density matrix. In Fig. 4 (a) we show the FCS of the system-
averaged triplet probability, p, = (f|o’|f) at a fixed tempera-
ture 7 = 0.125J and for various doping values, ranging be-
tween p = 0.01 to p = 0.05. We observe how the SU(2)
symmetry is gradually restored and the distribution function
narrows when the critical doping value, where the transition
takes place, is approached. As demonstrated in Fig. 4 (b),
increasing the temperature at a fixed doping value has a simi-
lar effect on the FCS. Beyond the critical doping, respectively
temperature, a sharp peak remains and the SU(2) symmetry is
fully restored. For a fully mixed state at infinite temperature
the triplet probability is p/ 7 = 0.25, slightly higher than
the value p; ~ 0.23 which we predict in the SU(2) symmetric
phase at large doping values.

B. Fractionalized Fermi liquid

As a second example we consider signatures of a FL.* phase
in the reduced density matrix. This phase is SU(2) symmet-
ric and the mean-field amplitudes n, and m, in Eq. (24)-(25)
vanish identically. Only the mean-fields y;; and A;; remain
finite. Importantly, there is no hybridization between dopons
and spinons, i.e. { f;di) = 0. The localized spins are thus in
a spin-liquid state and the dopons form a Fermi liquid with
a small Fermi surface (~ p) on the spin-liquid background.
Note that a finite hybridization gives rise to a "heavy Fermi
liquid” in the Kondo-Heisenberg terminology, which corre-
sponds to an ordinary Fermi liquid phase in the corresponding
t—J model and is expected to appear only at large hole doping
levels (see Ref. [32] for a detailed discussion).

After solving the self-consistency equations under the con-
dition n, = m, = 0 (see appendix C), we determine the re-
duced density matrix in the singlet and triplet basis. The re-
sults are summarized in Fig. 5. Due to the presence of holes,
the singlet amplitude p; of nearest neighbor spins, as shown in
part (a) of this figure, slowly decreases as function of doping.
Thermal fluctuations reduce the singlet amplitude further, but
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Figure 5. Doping-dependence of local correlations in the FL* phase. We show the doping dependence of the short-range singlet, triplet and
ferromagnetic amplitudes (p,, p; and py) in (a), for various temperatures (I" = 0.05J (bold line), T = 0.1J (bold dashed) and T = 0.125J
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thermal fluctuations. Since the state is SU(2) symmetric, triplet and ferromagnetic amplitude are identical. The magnitude of short-range spin
correlations decreases by the presence of holes that destroy the AFM background ordering.

the qualitative doping dependence of the curves remains inde-
pendent of temperature. Because the state is SU(2) symmet-
ric, the triplet amplitude p, = py is equal to the probability
to find ferromagnetically aligned spins. This can be seen by
noting that p, — py = (S7S%) + (S?’S?) - 2(S;S%) = 0. Both
p: = py increase when the singlet amplitude p, decreases. The
singlet-triplet matrix element (s|p’ |¢) = 0 vanishes because of
the SU(2) symmetry, and is not shown in the figure.

In Fig. 5 (b) we calculate the doping dependence of spin-
spin correlations, for which (S7S j) = (S;’S;)/Z because of
the SU(2) symmetry. On nearest neighbors they are very
weakly doping dependent and remain negative, correspond-
ing to weak and short-range AFM correlations in the sys-
tem. The SU(2) invariant two-spin density matrix can be
characterized by the parameter ¢, see Eq. (12), which starts
at ¢p—001 ~ 0.08 for very small doping and continuously de-
creases to ¢,-0.; = 0.06 at higher doping.

C. Numerical results for the r — J model

Next we perform a numerical study of the two-spin reduced
density matrix pS in a periodic 4 x 4 lattice with one hole; this
corresponds to a doping level of p ~ 6%. We perform exact
diagonalization (ED) to calculate the zero-temperature ground
state, in a sector of the many-body Hilbert space where the
single hole carries total momentum k = (x/2,7/2) and the
total spin in z-direction is S* = 1/2. This state describes a
magnetic polaron, the quasiparticle formed by a single hole
moving in an AFM background [47, 50-54]. Even though the
considered system size is small, we expected that the local
correlations encoded in the two-spin density matrix are close
to their values in an infinite system at 6% doping. Because of

the limited size of the lattice, we refrain from calculating the
FCS of the system-averaged two-spin density matrix.

To study the effect that the mobile hole has on the sur-
rounding spins, we tune the ratio J/z. Although not identical,
we expect that the effects of larger tunnelings #/J and higher
doping p are comparable in the finite-size system: When
t > J, the hole is moving faster through the anti-ferromagnet,
thus affecting more spins. Indeed, when J/t > 1 the hole
is quasi-static and the surrounding spins have strong AFM
correlations; on neighboring sites their strength approaches
their thermodynamic values in the two-dimensional Heisen-
berg model.

In Fig. 6 (a) we show how the entries of the nearest-
neighbor two-spin density matrix depend on the ratio J/t.
When J/t = 1 we find that the singlet probability ps in the
doped system is still close to the value 0.57 expected from
linear spin-wave theory in an un-doped system. For smaller
values of J/t the hole has a more pronounced effect on the spin
environment, which leads to a decrease of the singlet proba-
bility ps. In addition, the probability p; to find ferromagnetic
correlations increases to values larger than 0.29 expected at
zero doping from linear spin-wave theory. For very small val-
ues of J/t < 0.1, we observe a phase transition in the finite-
size system, which is expected to be related to the formation
of a Nagaoka polaron [54, 56].

Qualitatively similar behavior is expected in an undoped
system when frustrating next-nearest neighbor couplings J,
are switched on, in addition to the nearest-neighbor interac-
tions J; = J. To demonstrate this, we use ED to calculate
the reduced two-spin density matrix in a J; — J, model on the
same 4 x 4 lattice. As shown in Fig. 6, increasing J, from
zero to J, = 0.5J; has a similar effect as decreasing J/¢ from
a value of 1 to 0.1. Le., locally the doped ¢ — J model cannot



be distinguished from a frustrated quantum magnet described
by the J; — J, Hamiltonian.

Our exact numerical results in the 4 X 4 system are con-
sistent with the physical picture derived previously from the
doped carrier formalism. Smaller values of ¢/J, expected to
reflect high doping values, lead to a decrease of the singlet
amplitude, which is directly related to the (S;-S ;) correlations,
on nearest neighbor sites.

Additional quantitative understanding of the J/z-
dependence in the single-hole problem can be obtained
by the geometric string approach introduced in Refs. [55, 57].
There, one describes the motion of the hole along a fluctu-
ating string of displaced spins and applies the frozen-spin
approximation [57]: It is assumed that the quantum state
of the surrounding spins is determined by a parent state |¥)
in the undoped system, and the hole motion only modifies
the positions of the parent spins in the two-dimensional
lattice, otherwise keeping their quantum states unmodified.
To calculate the two-spin density matrix piN on a given
nearest-neighbor bond, we trace over all possible string
configurations. Because the strings modify the positions of
the parent spins, pﬂN describes a statistical mixture of nearest
neighbor (,ng), next-nearest neighbor ([)iNN),... two-spin
density matrices, with coefficients pnn, PNNNs--- - The results
in Fig. 6 (a) (solid lines) are obtained by using the exact
ground state of the undoped Heisenberg model in the 4 x 4
lattice as the parent state. The weights pnN, PNNN,... are
determined by averaging over string states with a string length
distribution calculated as described in Ref. [55].

@ 1 hole, t—J, 4 x4 (b)07 0 hole, J; — Jo, 4 x 4
g ED
0.6 {| = string 06
05 W ‘ ‘
RO A 205
[ H =
© 04} ] o
g /;5 e+ /1\' 4 0.4
£ o5 bl L = ‘ ‘
c H c S S
¢ H ® 03 Prear t PLLL
0.2} :
T 10 1)
01} adlbhal 02 (4 16°%] 41
) (4171 )
0 0.1
0 02 04 06 08 1 0.6 0.4 0.2 0
J/t Jo/ Ty

Figure 6. (a) Entries of the reduced two-spin density matrix in a 4 x4
system doped with a single hole, as a function of J/z. We used ED
simulations for the ground state with total momentum k = (7/2, 7/2)
and with total spin §* = 1/2. We compare our numerically exact
results (symbols) to predictions by the geometric string theory (solid
lines), for details see Ref. [55], where the ratio J/¢ tunes the length
of the string of displaced spins. The reduced two-spin density matrix
of the doped system closely resembles the two-spin density matrix in
an un-doped but frustrated quantum magnet: In (b) we calculate oS
for a frustrated J; — J, model on a periodic 4 x 4 lattice with §* = 0,
with diagonal next-nearest neighbor couplings J,. Locally the two
systems become indistinguishable, and we find that larger values of
t/J correspond to larger values of J,/J;.
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IV. CONCLUSION AND OUTLOOK

Our work demonstrates that a magnetically ordered state
can be identified by measuring the statistical distribution of
the nearest-neighbor triplet amplitude of the system-averaged
two-spin density matrix, which arises due to random orien-
tations of the order parameter between different experimental
shots. In fact, it is sufficient to measure the FCS of a generic
local operator which does not transform like an SU(2) singlet
in order to identify the AFM phase from local measurements.
Moreover, we have calculated the nearest neighbour singlet
and triplet amplitudes as a function of the hole concentration
away from half filling within the doped carrier formalism and
demonstrated that the triplet probability distribution has a fi-
nite width in the magnetically ordered phase, which decreases
continuously with doping and temperature. At the phase tran-
sition from the magnetically ordered to a paramagnetic state,
such as the FL*, the distribution turns into a sharp peak.

The fact that the information about symmetry broken states
is contained in the FCS of the system-averaged two-spin den-
sity matrix shows that the FCS distribution can be measured
experimentally without the use of a quantum gas microscope.
Experiments with superlattice potentials where the average
over all double-wells is taken automatically during the read-
out after each shot work equally well. This might even be an
advantage due to the larger system sizes that can be reached
compared to setups with a quantum gas microscope.

Even though our work focused on AFM ordered states, we
emphasize that measuring the FCS with respect to different
order parameter realizations can also be used to detect other
types of broken symmetries, such as states that break lattice
symmetries like charge-density waves or valence bond solids.
We also note that our analysis can be straightforwardly ex-
tended to study correlations beyond nearest neighbors.

The tools introduced in this work potentially allow quan-
tum gas microscopy experiments at currently accessible tem-
peratures to shed light on the long-standing puzzle about the
nature of the pseudogap state in underdoped cuprate super-
conductors. Another interesting route to study effects of dop-
ing a Mott insulator is to measure the single particle spectral
function in analogy to ARPES experiments in the solid-state
context [58]. In combination with the tools discussed in this
work, quantum gas microscopy should be able to character-
ize the properties of doped Mott insulators to a high degree,
providing a valuable benchmark for theoretical proposals.
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Figure 7. Part (a) shows the singlet py, triplet p, and ferromagnetic p; matrix elements as a function of the external staggered field 4. Increasing
the staggered field drives the state closer to a classical Néel configuration. Part (b) shows the full counting statistics of the triplet amplitude for
different values of /.. A strong external staggered magnetic field suppress quantum fluctuations and we observe a continuous distribution of
the triplet amplitude in the range 0 < {#[p%|t) < 0.5. Since quantum fluctuation locally disturb the antiparallel alignement, the distribution has

an onset at a finite value for a small external staggered fields.

Appendix A: Symmetry of the reduced density matrix

The block diagonal form of the reduced density matrix in
section I is a direct consequence of the global particle conser-
vation. This is actually shown for a pure state in Ref. [59]
using a singular value decomposition. In the following we
verify that this also holds for any thermalized system with a
global conserved quantity under certain, rather weak, limita-
tions.

We thus start with a Hamiltonian with a conserved quantity
O, i.e. [H,0] = 0, and an associated system that is described
by the density matrix p = ¢H. Quite generally, the operator
O can be decomposed as O = 3; 0, where j labels e.g. dif-
ferent lattice sites. In the absence of spontaneous symmetry
breaking the operator O also commutes with the density ma-
trix [p, O] = 0, i.e. the state p has the same symmetry as the
Hamiltonian. In such a case we can show that the reduced
density matrix p4 = trj(p) of a subsystem A commutes with
the operator Oy = ¥, jes O, (here A is the complement of A):

[pA,OA] = '[I'A(p)OA - OAtI'A(p) = tI'A(pOA - OAp), (Al)

0 = trz([p,O]) = trg(pOs — Opp) + tr5(pO5 — Ozp).
(A2)

If we now use that the trace is cyclic, i.e. tri(pQz) =
tr;(O4p), and combine this with Eq. (1) and (2) from above,
we see immediately that [ps,0x] = 0. So we can conclude
that the two-site density matrix can always be written in a
block diagonal form, if the above requirements are satisfied.
In section I 1 of the main text we use this result to show that
the global U(1) symmetry (i.e. particle number conservation)
of the Fermi-Hubbard model together with the fact that we
only consider states with a definite particle number implies
that the reduced density matrix can be written in a block di-
agonal form, where each block can be labeled by the number
of electrons in the subsystem. This is independent of the pres-
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ence or absence of long-range magnetic order, which only has
consequences for the block diagonal form of the reduced den-
sity matrix in different spin sectors, but does not affect the
block diagonal form in the different particle number sectors.

Appendix B: Spin wave theory at half filling

In this first part of the appendix we want to summarize
a Holstein-Primakoff analysis (HP) of the antiferromagnetic
Heisenberg model on a bipartite lattice at half filling [60].
We thus aim to study the spin system deep in an AFM phase,
where neighboring spins tend to point in opposite directions.
In order to tune the strength of quantum fluctuations, we allow
for an additional external staggered magnetic field &, along
the z-direction, which explicitly breaks the SU(2) invariance
of the system and fixes the magnetization direction. We asso-
ciate all spins pointing upwards (downwards) with sublattice
A (B). Quantum fluctuations around the classical Néel state
are represented by bosonic excitations in the HP analysis.

Method - This quite standard approach is based on a canon-
ical mapping between spin and bosonic operators given by

Si=(S ~b/b)), Si=(=S+bib), (Bl
ST = V2sb], ST = V2sb!, (B2)
St~ V28b,, ST = N28b,, (B3)

where i € A and j € B and we have taken the semi-classical
large S limit. Furthermore, we have to constrict the local
Hilbert space by 2n,; < S, where n,; is the boson occupa-
tionj on site i. We now perform a rotation around the x-axis
on sublattice B and expand the Heisenberg model in 1/S. For
a small number of excitations, i.e. |S §| ~ §, we can neglect
terms of order O(1/S) and the spin wave Hamiltonian takes



the form

H'Y =~ S2INZ ~SIN> + zk: wilala, + %], (B4)
where z is the coordination number and

Yk = 3lcosk, + cosk,], (B3)

a, = cosh 6b, — sinh Gkbfk, (B6)

tanh (26) = —Ayj with A = %_th (B7)

wg =JISz m (B8)

The ground state has no magnon excitation, i.e. ,|GS) =0
and the ground state energy is then Ey = —JN3S(S + 1) +
% >k wk. The ground state wavefunction itself has the form

1 .
(GS) = Nexpl5 ) tanh by b, 1103, (B9)
k

where N is a normalization constant.

Results.— We now determine the two-particle reduced den-
sity matrix at zero temperature by computing the expectation
values (S{S f ) (see Eq. (1)) for the AFM ground state wave-
function at zero temperature. The entries of the reduced den-
sity matrix show that the system is close to a Néel state, so
that the matrix element in Eq. (7) is given by

Psc = M-, (B10)
with the local staggered magnetization
M, =KSHI =S - 15 d’k sinh? (). (B11)

Ist BZ

When the external staggered field is absent, i.e. 1, = 0, the
local staggered magnetization smaller than the total spin S
due to quantum fluctuations. Increasing the external staggered
field, the excitation of bosonic quasiparticles gets more unfa-
vorable, so that the local magnetization converges against the
total spin M, — S. This is also shown Fig. 7(a), which shows
the convergence of p,; against the total spin § with increasing
h,. The difference of singlet and triplet elements is given by

(B12)

Ds — Dt = 2g; _[<S,_ST>+<S,+S]_>]

=15 d’k cos (kd) sinh (26),

Ist BZ

with d = R; — R;. It decreases from approximately g.(h, =
0) = 0.13 to g,(h, = 10) = 0.01 (see Fig. 7 (a)) and thus
shows that the state associated with the reduced density ma-
trix approaches an equal superposition of triplet and singlet
component when increasing the external staggered magnetic
field h,. This is in agreement with the former result that the
three elements py, p; and ps converge to the total spin § with
growing .. Finally the ferromagnetic element decreases with
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increasing A, and is given by (see Eq. (5) )

pr=g-M-g-f (B13)

where

f= # f d*k cos (kd) sinh? (6y). (B14)
1st BZ

By explicitly breaking the SU(2) invariance due to the exter-
nal staggered magnetic field any ferromagnetic alignment of
neighbouring spins is unfavorable. We observe this effect also
in the FCS shown in Fig. 7(b). For further discussion see also
main text section II.

Appendix C: Doped carrier analysis of the 1 — / Hamiltonian

Here we complete the doped carrier mean-field calculation
introduced in the main text in section III based on Ref. [32].
Ribeiro and Wen showed that the phase diagram generally in-
cludes a pseudogap regime, where the mean-field amplitudes
are in agreement with a fully SU(2) symmetric ground state
for a small parameter regime of doping 0 < p < 0.1 and tem-
perature 0.1J < T < 0.2J consistent with a pseudogap metal,
where spinon and dopon do not hybridise and no ordering de-
velopes in the system (see phase diagram in Ref. [32]). In
this phase fermionic spinons form d-wave Cooper pairs and
a gap opens in the electronic spectral function, as expected
from ARPES measurements in the pseudogap regime of un-
derdoped cuprates. Moreover, the phase diagram has a very
dominant antiferromagnetic phase centered around half fill-
ing, which gets more pronounced when the ratio ¢/J is low-
ered. Other phases such as a d-wave superconductor and an
ordinary metal are also present in the phase diagram. These
phases are characterized by a finite hybridisation matrix ele-
ment between spinons and dopons.

In the following we show the mean-field Hamiltonian in
momentum space and determine the self-consistency equa-
tions. We restrict our analysis on special regimes of the mean-
field phase diagram. As discussed in more detail in Sec. III of
the main text we are interested in the antiferromagnetic phase
at low doping, as well as in the pseudogap regime, which is
modelled as a fractionalized Fermi liquid in this approach.

Overview on mean-field amplitudes.— Let us first assume
that the system exhibits a finite magnetization (S;) # 0. We fix
the magnetization direction to be along the z-axis and define
the following operators

mlo—aﬁ = fi,Tafi,ﬁ’ (CI)
1 f O
no fzﬁ =7 ry ia%iva, B (C2)
vez3) O @

where the latter includes further neighbor hopping amplitudes
t, with v € {2, 3} and the second sum runs over the respective
unit vectors ity = *eg/y £ ey/¢ and fi3 = +2eg;. We consider
then the following mean-field amplitudes m® = (=1)"*(m?)
and n* = (=1)*(n?). The amplitude n° measures thereby the



hopping of dopons and describes a net magnetization of holes
with respect to an AFM ordered spin background.

In principle it is also possible that spinons and dopons hy-
bridise, although in regimes of our interest this is not the case,
we consider them here for completeness. If the ground state is
for instance a normal Fermi liquid, we expect this amplitude
to be finite. The hybridization between spinons and dopons is

Finally we also recap that the spinons are assumed to form
Cooper-pairs in the d-wave channel A and we also allow for a
finite spinon hopping amplitude y as described in section III.

described by the operator Kl.jéaﬁ = ZdZG fjﬁ and its expectation
values
bo = (k;ii), (C3) Mean-field Hamiltonian.— After decoupling the Hamilto-
s t, nian in these channels and using the compact Nambu notation
b=t D, 5 2, Wi ©4 gl =141, Jand n) = [d] . d_, ], the mean-field Hamil-
ve23) - =ity tonian in momentum space takes the form
MF _3 7 2 2 7 z12 2,22
Hj7 =3JN(A” + x7) = Npg + 2JN|m*|” — ANnw*m* — 4Nboby — Nuy (C5)
ot ai(rx+ai(rz ﬁko-z lﬁk + ¥ [4nz—4fmz]0'0 0 !ﬂk
" Zk:[wk i) [ Bro: Yoz || n, " Zk:[w’”Q Tivo] 0 —4m[yi + paloo || n,
where
a; = =2 JA[cos (ky) — cos (ky)], (C6)
a/i = A+ pti[cos (k) + cos (k)] — %f/y[cos (ky) + cos (ky)], (C7)
B =b + %bo[tl [cos (ki) + cos (ky)] + 2t[cos (k) cos (k)] + t3[cos (2k,) + cos (2ky)]], (CB)
Yk = 312 c0s (2k,) cos (2ky) + F13[cos (2ky) + cos (2k,)] — pg. (C9)
[
The chemical potential py  is used to adjust the dopon density F/N for a fixed density of dopons p and read
in the system. We further use oy = 1,4, and Q = (7/a, /a). N
1 Jmé — ¢ sinh(Be],)
R P Lo, (C12)
N T €1 1 + cosh (ﬂes’k)
1 inh -
g — Z ym Bk —pa)  _
2N 24771 + cosh (B(yk — pa))
1 ag[cos (kx) + cos (ky)] ~ sinh Ber)
X+ 552 v [+ coshBery)
- € + cos (ﬁes’k)

Antiferromagnetic metal: by = by = 0;n* # 0,m* # 0.—
The hybridisation between spinons and dopons of the form
( fl.Tdi) is now neglected, i.e. by = b; = 0, since magnetic
ordering and superconductivity are not assumed to be present
at the same time. In this case the spinon-density Lagrange
parameter 4 = 0. The eigenenergies of the above mean-field
Hamiltonian H%[F for the spinon and dopon sector then read

(C10)

€ = %@ + (@) + (),
* (C11)

€5 = (15 4Inr)) — g,

where v, = —4(Jm*—n?). The set of self-consistency equations
are determined from minimizing the free energy density f =

13

sinh (Be})

A+ =0,
1 + cosh (Be;)

2N

1 sinh (B(yx —pa))
ity Zk: 1+ cosh (B(yk — pta))

1 Z ag[cos (kx) — cos (ky)]
k

T
Es,k

Note that we use a rescaled exchange coupling of J — 0.6J
here, as proposed by Ribeiro and Wen to counteract the
overemphasized AFM ordering tendency in such a mean-field
analysis. The rescaling factor is motivated by experimental
results on AFM ordering in cuprates.

=by =n* =m = 0-

Fractionalized Fermi liquid: b



Since we focus on a SU(2) symmetric ground state as pro-
posed for the pseudogap regime, ordering is absent and again

by = by = 0. We can thereby most simply adapt the above
self-consistency equations (C12) and enforce the constraint
n*=m*=0.
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