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Local C3v symmetry splits the d orbitals in Fe2Mo3O8

Figure S1 summarizes the local symmetry of the trigonally-distorted octahedral and tetra-

hedral sites in Fe2Mo3O8. These labels are used extensively in the main text and also here

in Supplementary Information.
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FIG. S1. Diagram of d-orbital splitting from free ion states to octahedral + tetrahedral symmetries

to C3v local symmetry for the distorted octahedral and tetrahedral sites in Fe2Mo3O8. States

of e and a1 symmetry are revealed in both the trigonally-distorted octahedra and tetrahedra. For

clarity, we label the degenerate dx2−y2 and dxy set of orbitals as e(1) whereas the doubly degenerate

dxz and dyz set are labeled as e(2). The dz2 orbital always transforms as a1. Note that the order

of the e symmetry orbitals is swapped on the distorted octahedral and tetrahedral sites, and the

a1 symmetry orbital is always associated with the e(2) pair.

Optical properties of Ni2Mo3O8 and Mn2Mo3O8

In order to explore structure-property relationships in the A2Mo3O8 family of materi-

als, we measured a number of Zn-substituted analogs of Fe2Mo3O8 as well as Ni2Mo3O8

and Mn2Mo3O8. Figure S2(a,b) displays the linear absorption spectra of Ni2Mo3O8 and

Mn2Mo3O8. The Ni compound sports a complicated set of d-to-d excitations near 0.25, 0.6,

1.1, and 1.5 eV whereas the Mn system has only one d-to-d excitation centered near 1 eV.

In both cases, the d-to-d excitations reside inside the gap. We extracted the charge gaps

of Ni2Mo3O8 and Mn2Mo3O8 with plots of (α·E)2 vs. energy and find that they are very

similar to that in Zn2Mo3O8. This comparison shows that chemical bonding in Fe2Mo3O8 is

special and merits further investigation.
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FIG. S2. (a,b) Absorption spectra of Ni2Mo3O8 and Mn2Mo3O8 single crystals in the ab-plane at

room temperature. (c) A Tauc plot is used to extract the direct band gap of these materials.

Optical properties of FeZnMo3O8 as a function of temperature

The optical properties of FeZnMo3O8 are summarized in Fig. S3. This system has Zn in the

T site leaving Fe2+ in the O site. The Fe(O) site excitation appears near 1 eV - the same

energy as in Fe2Mo3O8, but with slightly more separation between the local excitation and

charge transfer band. The temperature dependence of this structure is shown in Fig. S3(f),

and changes in the oscillator strength with temperature can be quantified with a modified

vibronic coupling model. This is just like Fe2Mo3O8, albeit with a somewhat lower coupling

phonon frequency. The temperature dependence of the band gap in FeZnMo3O8 is fairly

linear, different from that in the two end members [Fig. S3(b,c)].

Crystal quality played an especially important role in our measurements of FeZnMo3O8.

The sequence of our work compared to that of other groups was also to our advantage. The

authors of Refs. [S1, S2] had already done the majority of their work by the time we started

ours, so the crystal growth team enjoyed more time to improve sample growth protocols.

As a result, we measured higher quality materials with very well-controlled Zn substitution.

At the same time, we benefited from a comparison with the spectroscopic findings in Refs.

[S1, S2]. Although our work doesn’t focus on vibrational properties, this comparison iden-

tified a number of issues, and we refined our methods based upon what we learned. Two

factors differentiate our crystals from those in Refs. [S1, S2]: well-controlled crystal stoi-

chiometry and optical density. Stoichiometric FeZnMo3O8 single crystals obviously enabled

unambiguous assignment and analysis of the d-to-d on-site excitations. This is different from
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FIG. S3. (a) Linear absorption spectra of FeZnMo3O8 as function of temperature. (b) Tauc plot

to extrapolate the band gap. (c) Direct gap energy vs. temperature and fit to the Varshni model.

(d,e) Peak fit of the Fe2+ d-to-d excitation on the Fe(O) site at 300 K and 4 K, respectively. (f)

Oscillator strength vs. temperature and fit to a modified vibronic coupling model.

Ref. [S1], where the reflectance spectra shows some sample dependence - especially in the

vicinity of the tetrahedral Fe d-to-d band near 0.5 eV. The latter depends crucially on Fe

(and Zn) concentration. This took some time and many repeated measurements with differ-

ent crystals to unravel, but with proper samples, the trends are very logical. The authors

of Ref. [S1] also see light leakage. If a sample is too thin, a reflectance measurement will

have problems because instead of reflecting, light can transmit through the sample - at least

at certain energies. It is therefore important that the sample be thick enough to avoid this

problem. Unfortunately, crystals in this family of materials do not naturally grow very thick.

With temperature, the Fe2Mo3O8 family of materials expand and contract, which changes

the degree of leakage as well. The prior authors commented about this fact in their paper.

We encountered this problem early on just like they did, which is why we decided to per-
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form transmittance experiments. This obviates the light leakage problem entirely but makes

certain optical constants inaccessible.

Band gap vs. temperature for the A2Mo3O8 materials (A = Fe, Zn, Ni and Mn)

Figure S4(a-d) shows Tauc plots for several different A2Mo3O8 analogs in order to illustrate

how the direct band gaps are determined. Figure S4(e-h) show how the gap changes with

temperature as well as fits to the Varshni model [S3, S4]. The latter is a semi-empirical

model evaluating nonlinear behavior of the charge gap vs. temperature. It is expressed

as: Eg(T ) = Eg(0) − AT 2

T+B
, where Eg(0) is the limiting low temperature value of the band

gap, T is temperature, and A and B are fit parameters. As mentioned in the main text,

the band gap of Fe2Mo3O8 drops across the 61 K magnetic ordering transition - deviating

from the Varshni model fit. The band gaps of the analogs shown here are not sensitive

to their respective magnetic ordering transitions. The Zn, Mn, and Ni analogs have a

standard curvature whereas FeZnMo3O8 has a surprisingly linear trend. The parameters for

the Varshni model fits are shown in Table S1.
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FIG. S4. (a-d) Plots of (α·E)2 vs. energy are used to reveal direct band gap energies via extrapo-

lation for the FeZnMo3O8, Zn2Mo3O8, Mn2Mo3O8, and Ni2Mo3O8 materials. (e-h) Band gap vs.

temperature for each of these compounds along with fits to the Varshni model.
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TABLE S1. Summary of Varshni model fit parameters for the temperature dependence of the band

gap for Fe2Mo3O8 and the other analogs of interest in this work.

Material A B Eg(0) (eV) r2

Fe2Mo3O8 6.57×10−4 705.7 1.08 0.96

FeZnMo3O8 2.11×10−4 0.001 1.26 0.98

Zn2Mo3O8 6.37×10−4 431.8 1.82 0.95

Mn2Mo3O8 2.69×10−4 47.07 1.76 0.98

Ni2Mo3O8 2.28×10−4 42.94 1.79 0.97
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FIG. S5. Density of states for the materials of interest in this work. Panels (a) and (e) show the

density of states per unit cell. Panels (b-d) and (f-h) show the density of states per A, Mo, and O

atom. Only Fe2Mo3O8 has the strong, sharp resonance near the Fermi energy.

Unit cell and atom projected density of states

Figure S5 summarizes the electronic density of states projected per unit cell and per atom

for the A2Mo3O8 compounds where A = Mn, Fe, Co, Ni and Zn, respectively.

Spectral functions, self-energies, and orbital density of states

Figures S5 - S9 show the spectral functions, orbital projected density of states, and the

self-energies corresponding to the orbitals of the different materials in question. The nature

of the Mott gap is proved by the existence of a pole in the self-energy within the gap. The

nature of the band gap is demonstrated by the absence of a self-energy pole within the gap.
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The self-energy on the real axis was obtained using the analytical continuation maximum

entropy method for the local cumulant as explained in [S21].

FIG. S6. Mn2Mo3O8: Panels (a) and (b) show the spectral functions for two different energy ranges;

Panel (c) to (h) show the orbital projected density of states together with the real and imaginary

self-energies for the corresponding orbital. The panels labelled by the prime symbols correspond

to the orbital projected density of states, and those labelled by double prime correspond to the

self-energies.

On-site excitations in the A2Mo3O8 (A = Fe, Zn) family of materials

There are several additional aspects to the electronic structure of Fe2Mo3O8 including the

two on-site d-to-d excitations centered near 0.5 and 0.95 eV, respectively. Focusing first on

the d-to-d excitation emanating from the distorted octahedral Fe2+ site [Fig. S11(c)], we see

that it strongly overlaps with the charge gap excitation. To separate these effects, we fit the

d-to-d excitations with three oscillators plus the gap edge. The sum of these three peaks

provides the oscillator strength of the on-site excitation [Fig. S11(f)]. We quantified the

temperature dependence of the oscillator strength with a modified vibronic coupling model

as f = fx + f0coth(h ω
2kBT

) [S6–S9]. Here, f0 is the oscillator strength at base temperature,

fx is the oscillator strength from other mixing processes, ω is the frequency of the activating

phonon, h is Planck’s constant, kB is the Boltzmann constant, and T is the temperature.

The overall quality of the fit in Fig. S11(f) is typical, and we extract a coupling phonon

7



FIG. S7. Fe2Mo3O8: Panels (a, b) show the spectral functions for two different energy ranges;

Panels (c-h) show the orbital projected density of states along with the real and imaginary self-

energies for the corresponding orbital. The panels labelled by prime symbols correspond to orbital

projected density of states, and those labelled as double prime correspond to self-energies.

FIG. S8. Co2Mo3O8: Panels (a) and (b) show the spectral functions for two different energy ranges;

Panel (c) to (h) show the orbital projected density of states together with the real and imaginary

self-energies for the corresponding orbital. The panels labelled by the prime symbols correspond

to the orbital projected density of states, and those labelled by double prime correspond to the

self-energies.
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FIG. S9. Ni2Mo3O8: Panels (a) and (b) show the spectral functions for two different energy ranges;

Panel (c) to (h) show the orbital projected density of states together with the real and imaginary

self-energies for the corresponding orbital. The panels labelled by the prime symbols correspond

to the orbital projected density of states, and those labelled by double prime correspond to the

self-energies.

frequency of 151 cm−1. This value is in excellent agreement with the E1 symmetry phonon

at 144 cm−1 reported by Stanislavchuk et. al. [S1] and Reschke et. al. [S2]. Examination

of the displacement pattern of this mode reveals a complex combination of Fe(T) distortion

+ twisting of the Mo trimer + stretching one of the edge-sharing O centers between FeO6

and the Mo trimer [Fig. S12]. This distinct oxygen involvement modulates the Mo-O-Fe

angle and thus the Mo timer· · ·Fe(O) interaction. Examination of the local crystal structure

[S2, S5] reveals that the FeO6 is trigonally distorted, so coupling with an odd-symmetry

infrared-active phonon is required to activate this d-to-d excitation. We also carried out a

vibronic coupling analysis of the d-to-d on-site excitation in FeZnMo3O8. Vibronic coupling

activates the octahedral Fe site excitation in this system as well [Fig. S3(f)].

Next we turn our attention to the d-to-d excitation near 0.5 eV that emanates from the

Fe2+ center in the tetrahedral environment. What differentiates this on-site excitation from

that on the octahedral site is the dramatic fine structure that develops below the magnetic

ordering transition [Fig. S11(b)]. A similar response is observed in Fe2+:ZnSe [S10]. Here,

the Fe2+ ions are well isolated in the ZnSe matrix, and they sport a distorted tetrahedral

9



FIG. S10. Zn2Mo3O8 and FeZnMo3O8: Panel (a) to (d) show the spectral functions for two different

energy range; Panels (e) to (g) show the orbital projected density of states together with the real

and imaginary self-energies for the corresponding orbital. The panels labelled by the prime symbols

correspond to the orbital projected density of states, and those labelled by double prime correspond

to the self-energies.

crystal field - just like Fe2Mo3O8. The activation mechanism for the fine structure includes a

combination of crystal field effects, spin-orbit coupling, and dynamic Jahn-Teller distortion

[S10]. Overall, the low temperature spectrum of Fe2Mo3O8 is in remarkable agreement

with that of Fe2+:ZnSe in terms of peak positions, intensities, and the detailed splitting

pattern [S10] suggesting that the mechanism is identical. We also carried out an oscillator

strength analysis [Fig. S11(e)]. Despite the dramatic appearance of the aforementioned fine

structure, the oscillator strength of the Fe 2+ d-to-d excitation on the distorted tetrahedral

site is conserved as a function of temperature. Elongation of the FeO4 tetrahedron appears

to obviate the need for vibronic coupling while, at the same time, providing a mechanism

for the development of polarization [S11].

Vibronic coupling and the displacement pattern of the E1 symmetry mode

As discussed in the prior section, the Fe2+ on-site d-to-d excitation on the trigonally-distorted

octahedral site is activated by a modified vibronic coupling [S6–S9]. One characteristic of

this model is the odd-symmetry coupling phonon. A fit of the vibronic model to our data

10
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FIG. S11. (a, d) Tauc plot of (α·E)2 vs. energy for Fe2Mo3O8 and a plot of band gap vs. temper-

ature with a fit to the Varshni model. (b, e) Close-up view of the Fe2+ d-to-d on-site excitation on

the distorted tetrahedral site showing the fine structure that develops due to spin-orbit coupling

below the 61 K magnetic ordering transition. (c, f) Close-up view of the Fe2+ d-to-d on-site exci-

tation on the distorted octahedral site and oscillator strength vs. temperature along with a fit to

the vibronic coupling model [S6].

yields a coupled phonon frequency of 151 cm−1 in excellent agreement with the E1 symmetry

vibrational mode at 144 cm−1 [S1, S2]. The displacement pattern of this highly collective

mode is shown in Fig. S12. It is quite complex. One oxygen is distorting the quasi-

octahedral environment via the displacement of Mo trimer. The Fe(T) center displaces as

well, but it does not have any affect on the octahedral site. It is the modulation of the

Fe(O)· · ·O· · ·Mo connection that matters here. The Fe2+ d-to-d excitation on the trigonally-

distorted tetrahedral site is not activated by vibronic coupling.
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FIG. S12. Schematic view of the displacement

pattern of the 144 cm−1 E1 symmetry vibrational

mode. As discussed in the main text, this odd-

symmetry mode is responsible for vibronically acti-

vating the Fe2+ d-to-d transition on the trigonally-

distorted octahedral site in Fe2Mo3O8.

Fitting the d-to-d excitations of Fe2Mo3O8

We employed Voigt oscillators to fit the Fe2+ d-to-d excitations in Fe2Mo3O8. Figure S13

shows examples of fits to the on-site excitations at 300 and 4.2 K. Here, three Voigt oscillators

are employed to model the excitation on the Fe(O) site, and an additional peak is used

to account for the edge of the charge transfer band. This separation of local electronic

excitations gives a better understanding of changes in the Fe(O) excitations as a function of

temperature. We note in passing that the small sharp feature near 0.9 eV may be a magnon

sideband. Measurements in a magnetic field will help clarify this assignment. For the Fe(T)

site excitations in Fig. S13 (c,d), nine peaks are used for the fit although not all of the

oscillators are physically meaningful due to the low temperature fine structure.

Crystal structures for A2Mo3O8 (A = Mn, Fe, Co, Ni, Zn)

A Rigaku Oxford Diffraction SuperNova diffractometer equipped with an Atlas CCD-

detector and Cu K-α radiation was used to perform single crystal diffraction measurements.

Data collected at T = 300 K were analyzed (cell refinement and reduction) by CRYSAL-

ISPRO software [S12]. The structure refinement was performed by JANA2006 software

[S13]. Other technical details such as absorption and extinction corrections were discussed

previously [S1, S14, S15]. Images of the crystal structures were generated using the VESTA

software [S16]. Other images were prepared using INKSCAPE [S17]. The coordinates for

each of the materials in this series are summarized in the Tables below.
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FIG. S13. (a,b) Example peak fits us-

ing Voigt oscillators for the Fe2+ d-

to-d excitation on the Fe(O) site in

Fe2Mo3O8 at 300 and 4 K, respec-

tively. (c,d) Peak fits for the Fe2+

d-to-d excitation on the Fe(T) site in

Fe2Mo3O8 at 300 and 4 K, respec-

tively.

TABLE S2. Ni2Mo3O8: Fractional coordinates and lattice parameters used for the theoretical

calculations, within the P63mc space group (No. 186).

a = 5.7487(2) Å and c = 9.8656(4) Å

Atom Site (x, y, z)

Ni1 2b (1/3, 2/3, 0.0546(6))

Ni2 2b (1/3, 2/3, 0.6172(5))

Mo 6c (0.1461(2), 0.8539(10), 0.3530(2))

O1 2a (0, 0, 0.00000)

O2 2b (1/3, 2/3, 0.2552(2))

O3 6c (0.4891(12), 0.5109(12), 0.4737(17))

O4 6c (0.8317(12), 0.1683(12), 0.2422(18))

Details of the DFT + eDMFT calculations

Tables S2-S6 summarize the fractionalized coordinates and lattice parameters used in this

work. In DFT + eDMFT we used the nominal double-counting, which was shown in

Ref. [S20] to be very close to the exact double-counting. The nominal double-counting

uses the formula U(n0 − 1/2) − J/2(n0 − 1) with n0 for Mn, Fe, Co and Ni atoms of 5, 6,

7 and 8 d electrons, respectively. We also checked that exact double-counting leads to very
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TABLE S3. Co2Mo3O8: Fractional coordinates and lattice parameters [S18] used for the theoretical

calculations, within the P63mc space group (No. 186).

a = 5.76900 Å and c = 9.90700 Å

Atom Site (x, y, z)

Co1 2b (1/3, 2/3, 0.05766)

Co2 2b (1/3, 2/3, 0.62158)

Mo 6c (0.14602, 0.85398, 0.35870)

O1 2a (0, 0, 0.00000)

O2 2b (1/3, 2/3, 0.25420)

O3 6c (0.48790, 0.51210, 0.47470)

O4 6c (0.83240, 0.16760, 0.24270)

TABLE S4. Fe2Mo3O8: Fractional coordinates and lattice parameters [S1] used for the theoretical

calculations, within the P63mc space group (No. 186). The same crystal structure was used for

the calculations of the FeZnMo3O8 electronic properties, where Zn is situated on the distorted

tetrahedral site.

a = 5.77530 Å and c = 10.05880 Å)

Atom Site (x, y, z)

Fe1 2b (1/3, 2/3, 0.06229)

Fe2 2b (1/3, 2/3, 0.62262)

Mo 6c (0.14605, 0.85395, 0.36029)

O1 2a (0, 0, 0.00000)

O2 2b (1/3, 2/3, 0.25842)

O3 6c (0.48694, 0.51306, 0.47226)

O4 6c (0.83375, 0.16625, 0.24630)

similar solution with only minor differences in the details of the spectra. The robustness of

the nominal double-counting allowed us to converge DTF + eDMFT solutions with charge

converged criteria of 10−5, which is due to the statistical noise of the Monte Carlo impu-

rity solver. We ensured that the details of the Kondo peak in the Fe e(1) orbitals are well
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TABLE S5. Mn2Mo3O8: Fractional coordinates and lattice parameters [S1] used for our theoretical

calculations within the P63mc space group (No. 186).

a = 5.79750 Å and c = 10.27070 Å

Atom Site (x, y, z)

Mn1 2b (1/3, 2/3, 0.06590)

Mn2 2b (1/3, 2/3, 0.62770)

Mo 6c (0.14591, 0.85409, 0.36469)

O1 2a (0, 0, 0.00000)

O2 2b (1/3, 2/3, 0.26490)

O3 6c (0.48780, 0.51220, 0.47190)

O4 6c (0.83560, 0.16440, 0.24920)

TABLE S6. Zn2Mo3O8: Fractional coordinates and lattice parameters [S19] used for our theoretical

calculations within the P63mc space group (No. 186).

a = 5.78200 Å and c = 9.93400 Å

Atom Site (x, y, z)

Zn1 2b (1/3, 2/3, 0.05688)

Zn2 2b (1/3, 2/3, 0.62272)

Mo 6c (0.14601, 0.85398, 0.35843)

O1 2a (0, 0, 0.00000)

O2 2b (1/3, 2/3, 0.25440)

O3 6c (0.48822, 0.51182, 0.47381)

O4 6c (0.83333, 0.16667, 0.24200)

converged so that high-quality analytic continuation is possible.

To prove that the sharp peak in the Fe e(1) orbital on distorted tetrahedral side is of

many-body origin, we examine the temperature dependence of the spectra [Fig. S14] along

with the effect of varying the strength of the Coulomb interaction and Hund’s coupling

[Figs. S17 and S18]. In addition, we give further insights into the physical processes by

examining the temperature dependence of the valence histogram [Fig. S16], and the role of
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screening on the local susceptibility of both tetrahedral and octahedral sites [Fig. S15]. With

all these checks performed, we can confidently conclude that the sharp peak at the edge of

the valence band has a many-body origin and many similarities with the Kondo peak in

metals, although here it appears at the edge of the valence band in an insulator.

FIG. S14. Temperature dependent density of states (DOS) of Fe2Mo3O8. Total DOS (a), and

partial DOS on the Fe(T) (b) and Fe(O) (c) sites, respectively. Panels (d)-(i) display the orbitally-

resolved partial density of states.

Temperature dependence of the electronic structure

Figure S14 displays the temperature dependent density of states (DOS) of Fe2Mo3O8. The

sharp resonance at the top of the valence band is from the tetrahedral e(1) states, and

the inset of panel (d) shows a close-up view of its temperature dependence. While the
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peak is barely changed between 100 and 500 K, it is reduced by factor of three at 1000

K; it is nearly extinct at 1500 K. Its sudden collapse above 500 K is consistent with a

many-body Kondo temperature of ≈500 K. The broader peak at the top of the valence

band in panel (g), which originates from the e(2) orbital on distorted octahedral Fe site,

also shows some temperature dependence, but its temperature variation is weak, and can

be explained by normal temperature broadening of multiplet excitations, i.e., atomic-like

excitations broadened by temperature smearing. The Kondo effect is, of course, usually

studied in metals. Here we show that it can appear also in a complex insulator, which has

both Mott- and band gaps. The orbital with the weak Mott -like gap can develop a many-

body excitation near the edge of the band, which is used to screen magnetic moment - as in

normal metallic Kondo effect. The emergence of this peak in Fe2Mo3O8reduces the size of

the optical gap and explains the unique optical spectrum of this compound.

FIG. S15. Temperature dependence of the local susceptibility computed for the Fe(O) and Fe(T)

sites in Fe2Mo3O8. The tetrahedral site susceptibility saturates once the many-body peak in the

spectral function is fully formed. The local susceptibility is defined as χloc [µ2B eV −1] = µ2eff ∗β/3,

where β[eV −1] = 11604/T [K] and µ2eff is g2S(S+1) in the atomic limit.

To verify that the peak in the spectral function has many-body character, we computed

the local spin susceptibility at zero frequency on both the tetrahedral and octahedral iron
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sites. At high temperature, both sites show identical Curie-Weiss temperature dependence.

Below 500 K, the tetrahedral site shows saturated susceptibility, whereas the octahedral

site still shows Curie-Weiss behavior. The saturated susceptibility on the tetrahedral site

confirms that the fluctuating magnetic moment, which is present at high temperature, is

arrested below 500 K, - the temperature at which the many-body resonance is fully formed.

FIG. S16. Fe2Mo3O8: Temperature dependent Probability of the atomic superstates for the Fe

ions inside the distorted tetrahedra and octahedra. Various superstates correspond to the same

occupation of the individual orbitals but with different spin orientation (up versus down), as shown

in the left panel for the tetrahedra. For example, the [e(1)]3, [a1]
1 and [e(2)]2 notation corresponds

to three electron inside the e(1) orbital (two spin up and one spin down), one electron spin up

in the a1 orbital and two electrons spin up in the e(2) orbital. The superstate numbers on the

x-axis represent an internal label of the code and it runs from 0 to 1024 (the total number of

superstates for the d shell). The gray area shows the independent orbital occupations that repeat

themselves, for various spin configurations. For example, the states around labels 255-260 have the

same electron occupation as the states in the gray area, but the electrons have opposite spins.

To gain further insight into the temperature dependence of the many-body state, we show

the valence histogram summarizes the probability of atomic states in the thermal evolution

Fig. S16. There are 1024 atomic states for each d-orbital on an Fe atom, and we select

those that have the highest probability for this plot. On the tetrahedral site, the highest

probability is for the state pictorially drawn in Fig. 4 of the main text. Three electrons

are on the e(1) whereas the a1 and e(2) orbitals host a single electron in a high spin state.

This state has 5-fold degeneracy. Hence, the cumulative probability for this atomic ground

state is around 80%. The tetrahedral site shows substantially more temperature dependence

18



than the octahedral site. We see that with increasing temperature, the e(1) orbital loses

some of the electrons, so that the sixth electron (the single electron beyond half-filled high

spin state) is distributed more uniformly among the e(1), a1, and e(2) states, achieving

larger degeneracy and larger entropy. The e(1), therefore achieves higher spin, which is less

efficiently screened at elevated temperature.

FIG. S17. Fe2Mo3O8: U -dependent density of states.

Coulomb repulsion strength

Finally, we tested how the many-body resonance depends upon the strength of the Coulomb

repulsion. As a reminder, atomic-like excitations are expected to be shifted proportionally

to the change in the screened Coulomb repulsion (or change in Hund’s coupling). The

broad band excitations are expected to shift by a similar amount as the chemical potential
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FIG. S18. Fe2Mo3O8: J-dependent density of states.

is adjusted. On the other hand, the Kondo peak strength and in particularly the Kondo

temperature scale is expected to be most sensitive to the strength of the Coulomb repulsion.

Our estimated value of U and J in this class of materials is 10 and 1.0 eV, respectively.

Figures S17 and S18 show how the DOS depends upon U and J , respectively. As is clear

from both figures, the sharp resonance on the distorted octahedral site is somewhat reduced

with increasing U , whereas it is slightly enhanced with increasing Hund’s coupling J . The U

dependence can be explained by the fact that the Kondo temperature is reduced by increasing

U . In the most simple version of the symmetric single-impurity Anderson impurity problem,

the Kondo temperature has the form Tk ∝ exp(−U/∆), where ∆ is a number related to the

the strength of the hybridization. Of course we do not expect this relation to hold in this

material, nevertheless the reduction of Tk with increasing U is expected, which reduces the
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strength of the Kondo peak at room temperature.

The sharpening of the resonance with increasing Hund’s coupling is related to the fact

that the half-filled N = 5 high spin state of maximal spin 5/2 shifts closer to the ground state

of N = 6 configuration (spin S = 2) with increasing J . Hence, we are effectively reducing

the impurity bound-state energy Ed, which has similar effect on the Kondo temperature Tk

as the Coulomb repulsion U . In the extremely asymmetric Anderson model, where U is very

large, the Kondo temperature has the form Tk ∝ exp(−|Ed|/∆), where Ed is the energy

difference between the ground and excited state with different charge. As the increased

Hund’s coupling reduces effective Ed, we expect the resonance to grow.

Overall, the presence of the sharp resonance at the edge of the valence band is a robust

feature of DFT+eDMFT solution for Fe2Mo3O8, even though the strength and sharpness

of the peak, as well as its temperature dependence changes somewhat with the choice of

Coulomb repulsion parameters.

Simulating the impact of hybridization

It is well known that the many-body Kondo resonance can exist only if the hybridization

function at the peak is finite, and that the Kondo scale is exponentially sensitive to the

value of the hybridization at that frequency. The hybridization function is encoding the

screening processes, which couple the local degrees of freedom with the itinerant carriers in

the system. Moreover, it is well known that in the Hubbard-like models, the Kondo-like peak

develops simultaneously in the local spectral function as well as in the hybridization function,

enhancing the screening with reducing the temperature. The same occurs in Fe2Mo3O8,

except that the resonance does not appear at the Fermi level, but rather at the top of the

valence band in the insulator.

To prove that this sharp resonance has Kondo-like origin, we removed the sharp resonance

from the hybridization function, and observe its impact on the local spectral function. If the

resonance is atomic like in nature, i.e., a multiplet state, the peak will not be affected by the

small change in the hybridization function. On the other hand, if the peak is Kondo-like,

the small change in the hybridization function will have a profound effect on the spectral

function. In Fig. S19(a) we show the Fe density of states when hybridization function is

self-consistently determined (hybridization-ON) and when we cut out a small portion of the
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hybridization in the window around the peak (-0.44eV to -0.17eV), denoted by hybridization-

OFF. As can be seen in the figure, the peak disappears at that energy (of -0.4eV), and a

smaller and broader peak appears at lower energy (-0.58eV) where the hybridization function

is still finite. The same resonance is visible in Mo-d states as well as O-p states, proving

that the sharp peak is a mixture of the local degrees of freedom on the iron ( Fe spin), as

well as the itinerant states on Mo and O, which screen the iron spin.

In Fig. S20 we show the effect of increasing temperature, which also has similar effect

of reducing screening. The fact that the temperature has such a profound effect on the

peak strength, as well as the fact that the value of the hybridization at the peaks energy is

essential for its development, is a proof that the sharp peak is many body in nature.
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FIG. S19. Atom projected density of states for Fe2Mo3O8, computed using the self-consistent

hybridization (red curve labelled “hybridization-ON”) and the manually reduced hybridization in

the energy region of the Kondo-like peak (green curve labelled “hybridization-OFF”), as explained

in the text. Panels (a), (b) and (c) show the atom projected density of states for Fe d, Mo d, and

one of the inequivalent O p atoms in the unit cell.

Magnetic calculations

It can be seen in Fig. S21, that the Kondo peak found at the top of the valence band in the

e(1) orbital, almost disappears in the ordered state.
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