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Silver route to cuprate analogs
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The parent compound of high-T. superconducting cuprates is a
unique Mott insulator consisting of layers of spin-1/2 ions forming
a square lattice and with a record high in-plane antiferromag-
netic coupling. Compounds with similar characteristics have long
been searched for without success. Here, we use a combination
of experimental and theoretical tools to show that commer-
cial AgF, is an excellent cuprate analog with remarkably similar
electronic parameters to La,CuO4 but larger buckling of planes.
Two-magnon Raman scattering and inelastic neutron scattering
reveal a superexchange constant reaching 70% of that of a typ-
ical cuprate. We argue that structures that reduce or eliminate
the buckling of the AgF, planes could have an antiferromagnetic
coupling that matches or surpasses the cuprates.

silver fluorides | superconductivity | cuprates | strong correlation |
quantum magnetism

uprates are said to be unique materials in that they com-

bine low-dimensional arrangements of spin-1/2 magnetic
moments coupled by a record high antiferromagnetic inter-
action, strong covalence between transition metal (TM) and
ligands, and no orbital degeneracy. The strong quantum nature
of spin-1/2 ions manifests itself in several properties. Materials
with a quasi-1D electronic structure and layered materials show
heat transport by magnetic excitations in insulators that rivals
that of metals (1, 2). In quasi-1D compounds, magnon excita-
tions are not stable, leading to exotic phenomena, such as spin
charge separation (3, 4). Insulating two-leg ladder compounds
show a spin-gapped ground state and can become superconduct-
ing with pressure and doping (5). Even for insulating layered
materials, the magnetic excitation spectrum is remarkably dif-
ferent from the predictions of spin wave theory (6-8). This
extreme quantum nature of the magnetism is believed to be at
the heart of the high- 7. superconductivity of the doped layered
materials (9).

There have been several attempts to replicate the quantum
magnetism of cuprates with different TM ions (10). One pro-
posal has been to use nickel(I) in place of copper(Il) (11, 12).
While LaNiOs is isoelectronic and isostructural with the infinite-
layer parent cuprates, it lacks the strong covalent character
between the TM and ligand (13), and antiferromagnetic order
has not been found (14, 15). Sr2IrO4 has many similarities with
cuprates, including a robust antiferromagnetic order of spin-1/2
pseudospins. However, the correlated insulator character is
much weaker, and spin-orbit coupling effects dominate (16, 17).

Another obvious possibility is to move down the periodic table
from copper to silver (Fig. 1). The electronic structure of silver
oxides was explored in the early times of high T, (18). However,
the second ionization potential of silver is nearly 1.2 eV larger
than the one of Cu. Therefore, for a compound like AgO (which

Www.pnas.org/cgi/doi/10.1073/pnas.1812857116

is formally d°), it is convenient to transfer electrons from the
filled oxygen shells to the TM (Fig. 1B). Thus, AgO shows no
magnetic ordering as opposed to the formally isoelectronic CuO
(Fig. 14). The larger ionization energy of silver can be compen-
sated for by a right step in the periodic table, replacing oxygen
with the more electronegative fluorine (Fig. 1C).

Fluoroargentates were scrutinized some years ago (19, 20).
Cs2AgF, is structurally similar and isoelectronic with LasCuOy4
(the so-called “214” family). However, alternating orbital order-
ing stabilized by small structural distortions leads to ferromag-
netic intrasheet interactions instead of the robust antiferromag-
netic order of cuprates (21-23). Large superexchange constants
have been predicted in many fluorargentates (24), and static sus-
ceptibility measurements in a quasi-1D system suggest a superex-
change constant of the order of that found in the cuprates (25).
However, direct access to excitation energies from spectroscopy
has not been available to date.

A bonus property of F~ in place of O?~ is that, unlike CuO.
planes, neutral AgF, planes are possible, and therefore, the

Significance

Antiferromagnets can host strong quantum fluctuations in
their ground state if they combine both low dimensional-
ity and low spin. Materials based on copper oxides (spin-1/2
ions in layered or 1D structures) are unique in optimizing the
tendency to strong quantum fluctuations. As a bonus, they
show extremely large magnetic interactions, which lead to
interesting quantum effects at relatively high temperatures as
anomalous transport properties and high-T. superconductiv-
ity in doped systems. Obtaining similar features with other
ions has been a long-standing goal. We show that silver
and fluorine (which are next to copper and oxygen in the
periodic table) in the commercial compound AgF, reach the
goal, paving the way for a different generation of quantum
materials.
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Fig. 1. Schematic energy levels of cuprates and argentates in an ionic pic-
ture. All levels are assumed to be referenced to a common zero energy
vacuum so that the 3d® — 3d'° (4d® — 4d'°) level is located at minus the
second ionization energy of Cu (Ag). (A) Levels for CuO and La,CuOj,.
Cu is in the d° configuration. Electron addition (3d° — 3d'°) and removal
(3d° — 3d®) energies from Cu correspond to the centroid of the upper
and lower Hubbard bands, while removal from filled oxygen corresponds
to the valence band. The charge transfer energy Acyo and the Hubbard
Usy parameter are indicated. (B) In the case of AgO, silver is formally d®.
However, since the 4d° — 4d'° levels are deeper than the 3d counterpart,
the charge transfer energy is practically zero or even negative, and the
pictured filling is unstable toward more complex mixed valence behavior
(yellow arrow) (18). (C) Fluorine is more electronegative than O, which trans-
lates into deeper 2p® removal states and restores a positive charge transfer
energy in AgF,.

simplest compound is not of the 214 kind but is simply 012. Unex-
pectedly, as we show here, the binary and commercially available
AgF, compound turns out to be an excellent cuprate analog.
Fig. 2 A and B and SI Appendix, Fig. S1 show the structure (26)
and stacking of planes in AgF,. The topology is the same as in
LasCuOy, which in the low-temperature orthorhombic (LTO)
phase, also has the same pattern of displacements of the ligands
out of the plane (+ or —) but with a much smaller magnitude.
Also, as in parent cuprates, the ground state of AgF, is anti-
ferromagnetic (26) with a staggered moment of 0.7 ug (0.6 pug),
a weak ferromagnetic component of 1 x 10™2pg (2 x 10™°up)
per TM ion, and a Néel temperature of 163 K (325 K), where
parentheses enclose reference values (27) in La;CuOy.

Results

Density functional theory (DFT) computations show that the
electronic structure of AgF, is very similar to that in cuprates.
Fig. 2C shows hybrid DFT calculations comparing the char-
acters of the density of states (28). Both compounds have

@)

AgF;

well-separated Hubbard bands of dominant d,2_,> character
(indicated by red arrows in Fig. 2C), while the first ionization
states are of dominant p character; therefore, both compounds
are predicted to be charge transfer insulators according to the
classification scheme of Zaanen et al. (29). The small charge
transfer gap is considered a key characteristic of cuprates. Our
unbiased computations in Fig. 2C predict that AgF, should have
an even smaller charge transfer energy than the cuprates, which
can provide a test platform for theories based on the smallness
of this parameter (30).

As a minimal model of the electronic structure, we consider
one d,2_,2 orbital centered on the TM [as in cuprates (31)]
and two p orbitals on the F sites (one more than the cuprates).
p indicates the p orbital parallel to the TM-TM bond, while
p- is perpendicular to the bond but also mixes with the d,2_ 2
orbitals because of the substantial buckling (SI Appendix, SI Text
and Fig. S2). From unpolarized DFT computations, we find that
the hopping integral of a hypothetically straight Ag-F-Ag bond
with the same interatomic distances is ¢, = 1.38 eV, practically
the same value as the cuprates (32) (SI Appendix, SI Text and
Figs. S3 and S4). However, due to the increased corrugation
of the planes and the destructive interference of the p; and p.
orbitals, the effective hybridization is smaller, which explains the
narrower upper Hubbard band of AgF, in Fig. 2C (SI Appendix,
Table S1).

The similar splitting between Hubbard bands shown in Fig. 2C
for AgF, and La;CuOy4 (9.4 and 10.7 eV, respectively) sug-
gests that the Hubbard U, parametrizing the Coulomb repulsion
on the d,2_,2 orbitals is similar in the two compounds. How-
ever, this estimate does not properly take into account the
polarizability of the environment. An empirical estimate of Ug
can be obtained from Auger experiments in compounds with
similar ions but a filled d shell. Thus, for CusO (Cu d'°),
Sawatzky and coworkers (33) obtained Usq =9.2 eV, which is
close to the accepted value for Cu d? in CuOs planes. For Ag,O
(Ag d'°), they obtained Usq=5.8 eV, which is smaller than
for 3d, which is expected for the more diffuse 4d orbitals but
still quite large. This value, however, cannot be directly trans-
posed to AgF,, because the difference in screening has to be
taken into account. Screening of the free ion Hubbard Uj to the
value U in the solid is determined by the relaxation energy R of
the environment according to U = Uy — R. For TM compounds,
R is expected to scale with the polarization of the ligands and
to be inversely proportional to the ligand—TM distance to the
fourth power (34). For copper oxides, typical values of the oxy-
gen polarizability are in the range ao = 1.9 ~ 3.2 A®. Instead, in

LachO4

DOS (1/6V)

DOS (1/6V)
N

Energy (eV)

Energy (eV)

Fig. 2. AgF, vs. La,CuO4. (A) Top view of a plane in AgF,. The black rectangle indicates the unit cell. Big/small atoms are Ag/F. We indicate the sign of
F displacements in the c direction. Notice that nearest neighbor exchange paths are equivalent, although the overall symmetry is orthorhombic as in the
LTO phase of La,CuO4. (B) Side view showing buckling and stacking of planes. (C) Comparison of the orbital resolved (Upper: d,» Y Lower: p|; and p;)
and total (dashed lines) density of states of the two compounds computed within hybrid DFT in the antiferromagnetic state. The red arrows indicate the

Hubbard bands.
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AgF,, the ligand-TM distance is larger, and the polarizability of
the ligand is much smaller at ap =0.64 A®, leading to less effi-
cient screening. This allows for values of Uy in AgF, similar to
the cuprates (S Appendix, SI Text). Interestingly, from a differ-
ent perspective, the computations of Fig. 2C suggest the same
conclusion.

The similarity of the DFT electronic structures confirms the
conclusions of the simplistic picture of Fig. 1 A and C. From the
point of view of the strength of the correlation, the narrower
upper Hubbard band of AgF, suggests a more correlated sys-
tem but a smaller Uy and smaller charge transfer gap point in
the opposite direction. Our results imply that AgF,, is very cova-
lent, probably more so than the cuprates, which is consistent with
core- and valence-level spectroscopy results (35) but in contrast
with the prevailing view that fluorides are ionic compounds.

The more interesting parameter for a cuprate analogue
is the magnetic exchange interaction, which determines the
scale of magnetic fluctuations in magnetically mediated mech-
anisms of superconductivity in doped compounds. Not surpris-
ingly, AgF, is antiferromagnetic (26) as predicted by Anderson
superexchange.

A perturbation theory analysis shows that the dominant inter-
action is antiferromagnetic due to processes in which two holes
from neighboring Ag sites occupy simultaneously the bridging F
(SI Appendix, SI Text). As in cuprates (36), one needs to also con-
sider processes in which two holes occupy the same Ag site (also
antiferromagnetic) and direct ferromagnetic exchange. Buckling
tends to reduce the antiferromagnetic contribution as cos®(n),
where n=132.4° is the Ag-F-Ag angle (SI Appendix, Eq. S8).
While model computations have been very useful to discuss the
dependence of the magnetic interaction in fluroargentates on the
structure (37), the present lack of precise parameters does not
allow one to obtain an accurate absolute value. An alternative
estimate can be obtained from hybrid DFT computations, which
yield J =56 meV for the nearest neighbor interaction (Table 1)
(24). Computations (37) done with a new generation functional
(38) yield /=71 meV.

As in LaaCuQOy, the TM in one plane coincides with the cen-
ter of the four-TM plaquette in the next plane, which tends to
frustrate interplanar magnetic interactions in an antiferromag-
netically ordered state. In both compounds, the frustration is
partially relieved by the orthorhombicity, but the effect is much
larger in AgF,. For the ratio of interlayer to intralayer couplings,
our DFT computations predict values of the order of 10™2 (SI
Appendix, Table S2), a larger ratio than the experimental (27)
one in cuprates (10~°) but still well in the regime of a quasi-2D
quantum antiferromagnet.

Table 1. Exchange constants for AgF, and its two hypothetical
polymorphs

Cell vectors (A)

Polymorph a b c R (A) n J (meV)
o — AgF, 5.191 5.662 6.042 4.198 132.4 56
(5.101) (5.101) (5.831) (70)
6 — AgF, 5.671 5.670 5.607 4.166 148.5 137
w — AgF, 5.836 5.836 6.213 4.127 180 195

We report key structural parameters and values of the nearest neighbor
magnetic coupling constant calculated with the DFT total energy method.
R is the sum of the two Ag-F distances of the bond. o — AgF, is the
known stable phase in which experiments have been done (experimental
values are given in parentheses). w — AgF, is tetragonal, but cell param-
eters are reported in the v/2 x v/2 x 1 unit cell for comparison. The text
has a detailed description of the polymorphs. A hybrid functional was used
(Materials and Methods). Notice that this functional yields a value of J
below experiment. After this work was finished, a more accurate value was
obtained in ref. 37.

Gawraczynski et al.

We used a full set of exchange constants with longer-range
interactions (SI Appendix, Table S2) from DFT computations to
estimate the Néel temperature with classical Monte Carlo com-
putations (SI Appendix, SI Text). Correcting approximately for
quantum effects, we found a value higher than the experimental
one (by 27%) but of the same order. Given the approxima-
tions involved, this fair agreement validates the hybrid DFT
computations of exchange constants. As shown below, Raman
experiments reveal an even larger value of the effective nearest
neighbor exchange. We believe that uncertainties in the interpla-
nar coupling and extra terms in the Hamiltonian, like four-site
cyclic exchange, can explain the mild difference between the
DFT + Monte Carlo estimate of the Néel temperature and the
experiment.

To further test the analogy, we experimentally studied high-
quality powder samples of freshly prepared AgF,. Crystallinity
was verified with powder X-ray diffraction, which resulted in
a spectrum with similar characteristics but fewer impurity sig-
natures than a commercial sample (SI Appendix, SI Text and
Fig. S5).

Specific heat measurements reveal that only about 5% of the
maximum possible entropy change RIn(2) occurs around the
Neél temperature (SI Appendix, SI Text and Fig. S6). This is
consistent with a quasi-2D antiferromagnet, where short-range
in-plane correlations set in at much higher temperatures than
the 3D Néel temperature. A bulk EPR signal was searched
over a wide range of temperatures. However, despite several
efforts, it was not found. This is also analogous to the situation
in the cuprates and points to strong antiferromagnetic interac-
tions (SI Appendix, SI Text). Vibrational spectroscopy (Raman
and IR) shows phonon modes in good agreement with the pre-
diction of hybrid DFT, validating the latter computations (S
Appendix, Fig. S7). In addition, the detailed phonon assign-
ment (SI Appendix, SI Text and Table S3) allowed us to check
the integrity of the sample under the laser spot and to exclude
impurity phases or photochemistry by-products.

For high Raman shifts, we detected a broad band centered at
1,750 cm ! at room temperature, which hardens and becomes
narrower on cooling (Fig. 34). The temperature dependence
is very similar to the one for two-magnon Raman scattering in
cuprates (39). This allows us to identify unambiguously this line
as due to two-magnon Raman scattering in AgF,. Comparing
with cuprates, we deduce that the antiferromagnetic exchange
in this compound is Jar =70 meV, confirming the expected
large antiferromagnetic interaction and in excellent agreement
with the computation of ref. 37. The robustness of two-magnon
Raman scattering well above the Néel temperature also confirms
strong short-range antiferromagentic correlations, also like in
cuprates.

Fig. 3B shows the two-magnon Raman line recorded with three
different apparatuses (Materials and Methods). The line shape is
clearly visible with excitation energies of 1.17 and 1.58 eV. The
feature at 970 cm ™" is assigned to a two-phonon process. For
2.41 eV, the two-magnon feature is weak at high temperature
(compared with the two-phonon feature) but becomes stronger
on cooling, similar to the behavior for 1.17 eV (Fig. 34) and for
cuprates. Unfortunately, a detailed line shape analysis is not pos-
sible in this case due to a strong energy-dependent background
(dashed lines in Fig. 3B). The dependence on the excitation
energy suggests that the resonance profile of the two-magnon
line is shifted to lower laser excitation energies with respect
to what is found in cuprates (40), which is consistent with the
smaller charge transfer gap found in DFT.

To confirm the large value of J, we performed inelastic neu-
tron scattering experiments in a 150-g AgF, powder sample.
The experimental excitation spectrum (Fig. 44 and SI Appendix,
Fig. S84) shows a plume (indicated by the arrow in Fig. 44) at
a value of |Q| corresponding to the propagation vector of the
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Fig. 3. Two-magnon Raman spectra of AgF,. (A) Temperature dependence
for excitation energy 1.17 eV. We also show the low-temperature two-
magnon line shape of EuBa,Cu3zOg (EBCO) after ref. 39. The upper scale
corresponds to EBCO, while the lower scale corresponds to AgF, (this work).
Curves are labeled by the temperature in Kelvin. Comparing the energy
scales in A, we obtain that Jar = 0.7Jggco, wWhich yields Jar =70 meV for
AgF,. A linear background was subtracted to the spectra at 80 and 115 K
but not to the room temperature spectrum, which was measured using a
different machine (Materials and Methods). Spectra at different tempera-
tures/apparatus were normalized with the phonon lines as shown in Inset.
(B) We show data for AgF, at various excitation energies. For the 2.41-eV
laser line, two temperatures are reported. Dashed lines are estimated non-
magnetic backgrounds, which are well defined at high energy but cannot
be uniquely defined at low energy.

magnetic order, Qar. The plume originates on the powder aver-
age of the acoustic spin wave excitations emanating from Qar
(i.e., the Goldstone mode) and is typical of steep dispersions
(41) consistent with a large value of J. Fig. 4B is a simula-
tion using spin wave theory (42). Although the plume is well
explained by the theory using an in-plane magnetic exchange
constant similar to the one in Raman, uncertainty in the data
allows for considerable freedom on the admissible values of J.
The situation is different for the flat band at 148 £3 meV. Sim-
ulations show that this flat band originates in the maximum of
the magnetic dispersion relation, which produces a Van Hove-
like singularity when averaged over all possible grain orientations
in our powder sample, and its energy is roughly 2J (plus small
corrections due to interplanar coupling). The sensitivity to the
in-plane exchange allows to confirm J =70 meV as found in
Raman.

The intensity of the flat band has an interesting dependence
on wave vector, which is determined by the magnetic form factor.
Unfortunately, the atomic form factor of Ag in the d° configura-
tion is not available in the standard sources (43). Using instead
a Pd d° form factor (as the closest available 4d anion with a
known atomic form factor), we find a flat band intensity, which
is peaked at much smaller wave vectors respect to experiment
(SI Appendix, Fig. S8B). In the simulation in Fig. 4B, we used
a DFT form factor computed as in ref. 44, which substantially
improves the agreement with respect to the atomic form factor
but still yields a maximum of intensity at around 5 A" instead
of the maximum near 8 A~* observed in the experiment. Strong
covalency of the Ag—F bond is essential for the improvement in
the DFT simulation with respect to the atomic form factor. We
attribute the differences still observed to the known deficiencies
of DFT to accurately describe the bond charges in a correlated
material (45).

Discussion

The above results clearly indicate that AgF, is an excellent
cuprate analog with a very similar electronic structure and large
magnetic interaction. Putting AgF, under high pressure does
not flatten but tends to form lower-dimensional structures (46).

1498 | www.pnas.org/cgi/doi/10.1073/pnas. 1812857116

Remarkably, it has been predicted that the observed structures
as a function of pressure should lead to quasi-1D magnetism and
ladders with extremely high antiferromagnetic constants, allow-
ing one to visit practically all of the physics of low-dimensional
quantum magnets in the same compound (37).

Historically, the superconducting temperature in cuprates has
been optimized starting from simple ternary compounds and
increasing the number of chemical elements. In argentates,
starting from a binary compound that is already stable leaves
substantial freedom for such optimizations.

Clearly, a high priority is to produce doped AgF, planes. One
concern (47) is that ionic distortions may self-trap carriers and
hinder metallic conduction and superconductivity. Similar to ref.
48, we computed lattice spin polarons using DFT + U (Materials
and Methods). For electron-doped AgF,, we find that polaronic
tendencies are very strong and that electrons self-trap. For the
hole-doped case, polaronic tendencies are stronger than cuprates
due to the large buckling but remain moderate. Indeed, the
energy gain due to lattice relaxation is smaller than the estimated
bandwidth and of the order of the breathing phonon frequency
(~60 meV), indicating that metallic conduction may still be pos-
sible if high-enough doping is achieved. Polaronic tendencies
should be further reduced in the case of the flat-layer polymorphs
discussed below.

The cuprate family of parent high-T . superconductors is made
of materials very similar to each other. Indeed, changes in key
parameters, like J, are smaller than 15% (49). This severely ham-
pers the identification of clear trends in physical properties. A
close cuprate analog but with important differences (less marked
2D character, smaller J, narrower bands, smaller charge transfer
gap, rich polymorphism) opens the way to the clarification of the
mysterious cuprate-phase diagram by revealing clear trends.

Another desirable development is to make the planes flat,
which according to SI Appendix, Eq. S8, should increase J. Such
hypothetical polymorphs were studied in the past with DFT (20,
50-53). One such structure (20, 51) dubbed § — AgF, is obtained
by constraining the AgF, plane to be a mirror plane but allowing
the Ag-F—Ag bond to have an angle inside the plane. This poly-
morph shows a modest increase in energy at ambient pressure
with a large value of J according to DFT computations (20).
Since this kind of functional may overestimate the magnetic

Int.(a.u.)
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Energy (meV)

IQIA™) 1QlA™)

Fig. 4. Powder inelastic neutron scattering. (A) Measured neutron scat-
tering cross-section taken with incident neutron energy (E;) of 300 meV.
The vertical plume of scattering indicated by the arrow corresponds to
Ql=1.2 A~ where Q is the propagation vector of the magnetic order
[(1,0,0) in reciprocal lattice units]. The strong signal at high |Q| extend-
ing up to 60 meV corresponds to scattering from phonons, and the strong
|Q|-independent signal at very low energy corresponds to incoherent elas-
tic scattering. (B) Calculation of a powder-averaged neutron scattering
cross-section using spin wave theory, performing a powder average, and
convoluting with the instrumental resolution. We used an intraplanar
value of J=70 meV and interplanar J; =4 meV as suggested by the DFT
computations (S/ Appendix, Table S2).
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interaction, we have repeated the computation with hybrid DFT,
which yields a value of 137 meV as shown in Table 1. If one
further restricts the bond angles to be straight, a tetragonal poly-
morph is obtained (52) dubbed w — AgF,. In this case, a nearest
neighbor exchange approaching 200 meV is obtained. Obviously,
such polymorphs are not stable at ambient pressure. However, it
is possible that they can be stabilized by intercalation or that they
may be grown as one or few layers on an appropriate substrate.
Generally, we find that flat AgF, planes should have an antifer-
romagnetic J, which is more than twice the one of commercial
AgF, and assuming a magnetically driven mechanism (54), could
potentially lead to superconducting critical temperatures higher
than those exhibited by cuprates.

Materials and Methods

Structure. Visualization of the structure was performed with the use of the
VESTA software (55). The crystal structure of AgF, has been described in
detail before based on powder neutron data (56-58). At ambient condi-
tions, AgF, crystallizes in a distorted rutile-type structure of orthorhombic
symmetry. This structure contains puckered AgF; sheets containing corner-
sharing AgF4 plaquettes. The octahedral coordination of Ag?* is completed
by two fluorine atoms from neighboring sheets. This structure can thus be
described as built of puckered 2D sheets. S/ Appendix, Fig. S1 compares the
structure of AgF, with a typical cuprate.

DFT Computations. Unpolarized DFT calculations have been performed
using the projector-augmented waves method as implemented in VASP (59)
within the generalized gradient approximation of Perdew et al. (60) (PBE)
and the crystal structure of ref. 26. The band structure was obtained for the
experimental lattice (26) using a Monkhorst-Pack mesh of 26 x26x 26 k
points and a 500-eV plane wave cutoff. A smaller mesh of 8 x8x 8 k points
has been used for the projection onto maximally localized Wannier func-
tions. Polarized computations where done with the HSE06 functional (61),
which is a hybrid functional mixing PBE with 25% of Hartree-Fock exchange
energy.

For the phonon assignments, dynamical matrix interatomic force con-
stants and polarizabilities (macroscopic dielectric tensors) for computing IR
and Raman intensities were obtained from the density functional perturba-
tion theory scheme with (6 x 6 x 7) k-point mesh (including 64 irreducible
points) and cutoff = 520 eV using PBEsol functional in combination with
Hubbard U for Ag?T ions with one unpaired electron (electronic configura-
tion 3d°) within the DFT + U scheme as implemented in the VASP package
(59). The Hubbard U, (23) was set to 5 eV, and J, was set to 1 eV.

The I'-point vibrational frequencies were calculated by diagonalizing the
dynamical matrix for the fully converged structural AgF, model. IR intensity
of vibrational eigenmodes has been expressed within dipole approxima-
tion in terms of atom-born effective charges and corresponding phonon
eigenvectors using the formula for modal oscillator strengths (62, 63) as
implemented in ref. 64. Intensity of each Raman mode was calculated as
implemented in ref. 65. The electronic and ionic convergence was restricted
to 10~8 and 10~7 eV, respectively. The atomic forces were converged to a
maximal value of 0.02 meV/A. For the polaron configurations, we added or
removed one electron from a v/2 x v/2 x 1 supercell corresponding to 1/8
doping.

Raman Scattering. Raman spectra shown in Fig. 3 and S/ Appendix, Fig. S7
were acquired on a dry quartz capillary filled with AgF, in the 180° scat-
tering geometry. The capillary was prefluorinated with F, gas to minimize
reactivity toward AgF,. Using larger power than the ones reported may
lead to decomposition of the samples. Data were taken in the following
instruments: (/) Nicolet 6700/NXR FT-Raman equipped with an Nd:YAG laser
for excitation at 1,064 nm (1.17 eV), a Nicolet reflective mirror, and a lig-
uid nitrogen cooled Ge detector. Spectra were acquired with resolution of

1. Hofmann M, et al. (2003) Evidence for a large magnetic heat current in insulating
layered cuprates. Phys Rev B67:184502.

2. Hess C (2018) Heat transport of low-dimensional quantum magnets. arXiv:
1805.01746.

3. Kim C, et al. (1996) Observation of spin-charge separation in one-dimensional SrCuO,.
Phys Rev Lett 77:4054-4057.

4. Kim BJ, et al. (2006) Distinct spinon and holon dispersions in photoemission spectral
functions from one-dimensional SrCuO,. Nat Phys 2:397-401.

5. Dagotto E (1999) Experiments on ladders reveal a complex interplay between a spin-
gapped normal state and superconductivity. Rep Prog Phys 62:1525-1571.
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4 cm~" at 4-5 mW of laser power and referenced to that of elemental sili-

con. Calibration was done with respect to a standardized built-in Xe lamp. A
typical measurement was composed of several thousand accumulations (of
~2 s each) and took several hours to complete. This configuration has high
sensitivity and was used for the weak two-magnon feature at room tem-
perature. (i) Low-temperature measurements at identical source/detector
combination as in / were done in an RFS 100 Bruker Raman interferometer
with a resolution of 4 cm™". This instrument was calibrated with a black
body source at 1,273 K placed in the sample position. The incident laser
power density was set at 1.1 W/cm? (80 mW, ~3-mm laser beam diameter).
The sample was mounted on the cold finger of a liquid He flow cryostat.
Each spectrum is the average of 4,000 or 16,000 scans (2 or 8 h). (iii)) A
T64000 spectrometer from Horiba—Jobin Yvon equipped with a liquid nitro-
gen cooled Si detector and used in the confocal microscope mode (aperture
diameter: 150 um) with the Mitutoyo long-working distance lenses (focal
length of 200 mm). Typical gratings used were 150 lines per millimeter (pre-
liminary monochromatization stage) and 300 lines per millimeter (second
monochromatization stage). Calibration was done with a black body source
at 1,200 °C placed in the sample position. The 514.5-nm (2.41 eV, 420 mW
at head) Kr/Ar gas ion laser from Spectra-Physics was used as a source. Spec-
tra were acquired with resolution of 4.5 cm™" or better at maximum 5 mwW
of laser power on the cell and referenced to that of diamond or silicon.
Filters were used to bring down the beam power at the sample (in some
cases, down to 0.4 mW). A typical measurement was composed of 340 accu-
mulations (60 s each). (iv) Renishaw inVia Raman system with a 785-nm
(1.58-eV) line used as the excitation source. The light from the laser was
passed through a line filter and focused on the sample mounted on an x-y-
z translation stage with a 50x microscope objective. The Raman-scattered
light was collected by the same objective through a holographic notch fil-
ter to block out Rayleigh scattering. The microscope was equipped with an
1,800-grooves per millimeter grating, cutoff optical filters, and a 1,024 x
256-pixel Peltier-cooled RenCam CCD detector, which allowed for register-
ing of the Stokes part of Raman spectra with 5-to 6-cm ™" spectral resolution
and 2-cm~"' wavenumber accuracy. Calibration was done with a standard-
ized He/Ne lamp. The time required for completing a single Raman spectrum
was 4 min with a laser power of 0.25 mW.

Inelastic Neutron Scattering. Neutron scattering measurements were per-
formed on the MAPS spectrometer at the ISIS pulsed neutron and muon
source. A monochromatic neutron beam was selected using a Fermi chopper,
spinning at 150 Hz for incident neutron energy (E;) of 60 meV and 400 Hz
for E; = 300 meV. A sample of 150 g of mass was contained in an annular
geometry inside an aluminum can filled with Ar. Details of the simulations
are in SI Appendix, SI Text.
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