Band-Mott mixing hybridizes the gap in Fe;Mo30g
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We combine optical spectroscopy and first principles electronic structure calculations to reveal
the microscopic character of the charge gap in the polar magnet FeaMo3Os. Iron occupation on the
octahedral site draws the gap strongly downward compared to the Zn parent compound, whereas
occupation on the tetrahedral site creates a narrow resonance near the Fermi energy that emanates
from a flat valence band in a Mott-like state due to screening of the local moment - similar to
expectations for a Zhang-Rice singlet. We discuss this unusual hybridization in terms of orbital
occupation and character as well as the structure-property relationships that can be unveiled in
various metal-substituted systems (Ni, Mn, Co, Zn).

INTRODUCTION

While 3d-containing materials are well known for
strong electron correlations, narrow band widths, site-
and orbital-selective states, and robust magnetism, 4d
and 5d systems are recognized for strong spin—orbit cou-
pling, increased hybridization, extended orbitals, and a
tendency toward dimerization [1]. Combining these traits
in mixed metal materials leads to variety of unexpected
properties. Examples include interpenetrating sublat-
tices with independent spin dynamics and ground states
in SroCo0sOg [2, 3], self-healing photoelectrode materi-
als like CuRhOs [4], covalency-driven collapse of spin-
orbit coupling in BasCulrzO;2 [5], an ultra-high coer-
cive field in Sr3NilrOg [6, 7], magnetoelectric coupling in
Co4NbyOg [8], surprising spin entropy effects across the
magnetic quantum phase transition in CoNbyOg [9], and
nonreciprocal directional dichroism in NizTeOg [10]. An-
other mixed metal system with exciting properties and
curious hybridization is FeaMo3Og - also known as the
mineral Kamiokite [11]. While magnetism and magne-
toelectric coupling have been widely studied [12-19], the
charge excitations are highly under-explored.

Fe;MosOg is a polar magnet with giant magnetoelec-
tric coupling, strong Dzyaloshinski-Moriya interactions,
valence bond condensation (creating a cluster magnet),
and the possibility of orbitally-selective transitions [12—
19]. Zinc substitution, first on the tetrahedral Fe site
and then on the octahedral Fe site [15, 20], is of inter-
est for magnetic properties as well [11, 13, 20, 21]. The
structure of FesMo3QOg consists of corner-shared tetra-

hedral and octahedral sites separated by layers of Mo
trimers [Fig. 1(a,b)] [12, 22, 23]. This system has a 61
K magnetic ordering transition to a collinear antiferro-
magnetic state with a concomitant structural distortion
[14, 24-27]. Antiferromagnetic antiphase domain bound-
aries have been imaged in this state [28]. There is also
a 5 T transition to the ferrimagnetic state, with an ex-
tremely large magnetoelectric coefficient [14, 15]. Spec-
troscopic highlights include (i) nonreciprocal directional
dichroism [29], phonon trends across Tn [26, 27], and
a variety of magnetic excitations in the terahertz range
[30], (ii) Méssbauer to confirm the 24 charge on the iron
site [24, 25], and (iii) studies of charge transfer via time-
dependent optical Kerr effects [31] complemented by first
principles electronic structure calculations [20, 27, 32].

In order to place the charge excitations on a firm foun-
dation, we measured the optical properties of A;Mo3zOg
(where A = Fe, Ni, Mn, Zn) and compared our findings
with complementary electronic structure calculations.
We show that the 1.7 eV gap in ZnaMo3Og is determined
by the charge excitations of the Mo trimer. Replacing Zn
on the octahedral site with Fe yields FeZnMogOg. This
system has a substantially reduced and renormalized gap
determined by Fe-O hybridized bands that appear due
to the periodic lattice potential. In contrast, Fe;Mo3zOg
has both octahedral and tetrahedral sites occupied by Fe
atoms, and the gap is further reduced to 1.0 eV. In this
case, the charge gap is more complex to describe and has
mixed band and Mott features, namely, some orbitals
hybridize strongly with oxygen and form very narrow
bands, while other orbitals exhibit real space localiza-
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FIG. 1. (a) Crystal structure of the A2Mo3Os compounds, where A = Mn, Fe, Co, Mn, Zn. A(T) and A(O) represent ions
inside the tetrahedra and octahedral environments, respectively. (b) Schematic view of the Mo trimmer. (c-e) Absorption
spectra of ZnaMozOs, FeZnMozOs, and FeaMo3zOsg at room temperature. (f) A Tauc plot reveals the direct band gap of
FeaMo3Os and the Zn-substituted analogs. (g) Band gap schematic showing the impact of two different types of T and O-site
substitution. The upper and lower trend lines correspond to the (Fe,Zn)2Mo3Og series and the A2Mo3Os (A = Fe, Mn, Ni)
materials, respectively. (h,i) Calculated ptical conductivity for the A2MozOs materials.

tion and are Mott insulating. Mixed band- or metal-
Mott gaps are commonly called orbitally- or site- selec-
tive Mott states [33-38]. What distinguishes FesMo3zOg
from other orbitally-selective Mott systems is the nar-
row resonance emanating from the flat valence band.
The latter has strong many-body character. The gap
in FesMo3Osg is sensitive to magnetic ordering at 61 K
due to the heavily mixed character of the charge excita-
tions. Moreover, the d-to-d excitations on the octahedral
Fe site are vibronically activated, and spin-orbit related
features ride on top of the tetrahedral on-site excitations
below the magnetic ordering transition. We discuss these
findings in terms of band-Mott mixing in 3d®- and 4d-
containing quantum cluster magnets.

METHODS

High quality single crystals of FesMosOg, the Zn-
substituted analogs FeZnMo3Og, and ZnyMo3Og, as well
as MnsMo3Og and NisMosOg were grown by chemi-
cal vapor transport as discussed previously [14]. Crys-
tals were polished to control optical density and expose
the hexagonal face. A Bruker 55 Fourier transform in-
frared spectrometer equipped with a microscope attach-
ment was used to measure transmittance over the 0.41
- 2.0 €V energy range. Absorption was calculated as
a(E) = —2In(T(E)), where T(E) is the transmittance
and d is the thickness. Temperature was controlled by
an open-flow cryostat.

For theoretical calculations we used the density func-

tional theory (DFT) as implemented in WIEN2k [39]
and a charge-self-consistent dynamical mean field theory
(DMFT) as implemented in the eDMFT code [40-44]. At
the DF'T level, we used the generalized gradient approxi-
mation Perdew-Burke-Ernzerhof (GGA-PBE) functional
[45], with RKmax = 7.0 and 1026 k-points in the irre-
ducible part of the 1% Brillouin zone. At the eDMFT
level, we used the fully rotationally invariant Coulomb
interaction, a nominal double counting scheme [46], with
the d-orbital occupations for double counting corrections
for Mn, Fe, Co and Ni set to be 5, 6, 7 and 8, respectively.
To define the DMFT projector, we used the quasiatomic
orbitals by projecting bands in a large hybridization win-
dow (-10 to 4+10 eV) with respect to the Fermi level, in
which partially screened Coulomb interaction has values
of U=10eV and Jg =1eV in Mn, Fe, Co and Ni ions. In
order to solve the auxiliary quantum impurity problem,
a continuous-time quantum Monte Carlo method in the
hybridization-expansion (CT-HYB) was used [47], where
the five d orbitals for the Mn, Fe, Co and Ni ions (grouped
according to the local Cs, point group symmetry) were
chosen as our correlated subspace in a single-site DMFT
approximation. For the CT-HYB calculations, up to 2
x 10® Monte Carlo steps were employed for each Monte
Carlo run. The experimental crystal structures used for
our theoretical calculations [26] are given in the Supple-
mentary information.



RESULTS AND DISCUSSION

Optical response of FeaMo30s and the A-substituted
analogs (A = Zn, Mn, Ni)

Figure 1(c-e) summarizes the optical properties of the
(Fe,Zn)Mo3zOg family of materials. The absorption spec-
trum of the parent compound, ZnsMosOsg, is low and
flat in the near infrared, rising on approach to the O 2p
— Mo 3d charge transfer excitation. The experimental
direct band gap is at 1.75 eV. Because Zn?? is in the
d'% configuration, there are no d-to-d on-site excitations.
ZnsMo3Og therefore provides an opportunity to study
how the Mo trimer interacts with oxygen in isolation. At
the same time, it is an important scaffold upon which
additional complexity can be built.

Sequential A-site substitution of Fe, first into the oc-
tahedral site in FeZnMogOs, here denoted as Fe(O), and
then into the tetrahedral site in FesMosgOg, henceforth
Fe(T), lowers the charge gap significantly [Fig. 1(f)]. We
find direct gaps of 1.2 and 1.0 eV for FeZnMo3Og and
Fe;MosOg, respectively. The gap values were determined
from Tauc plots [48] of (a-E)? vs. energy.

Figure 1(d) displays the absorption of FeZnMo3zOs.
The charge excitations across the gap consist of mixed
O 2p + Mo 3d + Fe(O) 3d transitions. The lowest en-
ergy excitation across this gap comes from Fe(O) hy-
bridizing with Mo-O trimers. The 1.2 eV gap is substan-
tially lower in energy than the fundamental Mo-O band
gap, which theoretically remains roughly equal to that
in ZnyMozOg. As Fe?t populates the octahedral site
in FeZnMosOg, an on-site d-to-d transition arises near
0.95 eV. It strongly overlaps with the leading edge of the
charge transfer band. Once the Fe(T) site is populated
as well (as in FeaMo3Og), the gap is reduced further, and
two different types of d-to-d on-site excitations are iden-
tified inside the charge gap. As shown in Fig. 1(e), the
tetrahedral site contributes additional atomic-like excita-
tions centered at 0.5eV. These d-to-d in-gap excitations
are further discussed in the Supplementary information.
The full sequence of band gaps is summarized in Fig. 1(g).

To test the influence of A-site substitution on the band
gap and strength of the metal to MoO-trimer hybridiza-
tion, we measured the optical properties of the Mn and
Ni analogs of FeaMo3Og [Fig. S1, Supplementary infor-
mation]. MnsMozOg and NigMo3zOg have charge gaps
of 1.65 and 1.7 eV, respectively - very similar to that of
the Zn end member. This result is attributable to the 3d
orbital filling and character. The Mn system has a half-
filled d-manifold, which corresponds to a high spin Mott
state with a large gap. The d® configuration in the Ni
compound also has two holes and is thus in the large gap
Mott insulating state. As a result, there is little mixing
between the metal center and Mo-O trimer, hence these
transition metals do not play an active role in determin-
ing the low-energy excitations across the gap. We men-

tion in passing that both the Mn and Ni compounds also
have on-site d-to-d excitations [Fig. S1, Supplementary
information)].

On the other hand, FesMo3Og has both Mott-type and
band-insulating orbitals, which strongly hybridize with
the Mo trimer. This interaction activates the Fe centers
to play an important role in the low energy physics as dis-
cussed below. As a consequence, the band gap is sensitive
to the 61 K magnetic ordering transition and its associ-
ated structural distortion [Fig. S10(a,d), Supplementary
information]. This is different from the other AsMo3Osg
compounds, where the temperature dependence of the
band gaps are in excellent overall agreement with the
Varshni model [49, 50] implying no (or extremely sub-
tle) structural transitions. That the band gap decreases
across Tx is due to charge-lattice-spin coupling and the
flat bands emanating from the quasi-tetrahedral Fe site.

Strong hybridization, resonance, and interaction
with the Mo trimer

Figure 1(h) shows the theoretical optical conductivity
of ZnyMo30g, FeZnMo3Og and FesMo3Og computed us-
ing a combination of Density Functional Theory and em-
bedded Dynamical Mean Field Theory (DFT + eDFMT)
methods [40-44]. Here, we find the same trend of de-
creasing theoretical charge gap with Fe substitution. In
ZnyMosOg, the optical gap size is ~1.7eV which de-
creases to around 1.5 and 1.4 eV in FeZnMo3zOg and
FesMo3Og, respectively. Figure 1(i) compares the pre-
dicted optical conductivity of the Mn, Ni and Co analogs.
We find that the predicted gap is larger in all of these
compounds (around 1.55eV) as compared to FeaMosOsg,
and the edge of the gap is very smooth and temperature
smeared. This is quite different from that of FesMo3Osg,
where the gap is smaller and has an additional peak at
the onset.

To better understand what determines the low-energy
excitations and the character of the gap in this class of
compounds, we calculated the local density of states for
the A3Mo30g compounds [Fig. 2]. While the optical gap
in general is different than the gap of the single-particle
excitations measured by the local density of states, in
these compounds the two are very similar. This is be-
cause the band gap is direct in Zn,Mo3Og, and the hy-
bridized bands in the Fe compounds are extremely nar-
row, hence momentum conserving excitations have es-
sentially the same gap size as the finite momentum single
particle excitations. The insets show that the conduction
band in FeZnMo30g and Fe;Mo3Og slightly decreases as
compared to ZnsMozOg, but the change is small. Most of
the action is in the valence bands, where the FeZn band
edge moves considerably upward, and in the Fe;Mo3zOg
material a very narrow many-body excitation forms at
the onset of the gap. This is the reason for the first peak
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FIG. 2. Density of states (DOS) for A2Mo3zOs (A = Fe and Zn): (a) total DOS; (b-g) atom and orbital projected DOS;
(h, i) schematic view of the orbitals. The (T) and (O) symbols refers to the tetrahedral; and octahedral environments. For
example Fe(O) is the label for the Fe ion inside the octahedral environment and ey(T) is the label for the that orbital for
an ion in a tetrahedral environment. The vertical solid lines placed at zero chemical potential. The schematic insets of gray
tetrahedra/octahedra are guides to the eye pointing the reader to the electronic states of the transition-metal ions in the
corresponding environment. Orbital projected spectral functions for FeaMo3zOs in (h) and FeZnMosOs in (i).

in the optical conductivity in Fig. 1(h,i).

Figure 2(b-g) displays the density of states (DOS) pro-
jected per transition metal center and per orbital in the
tetrahedral (T) and octahedral (O) environments. The
local point group symmetry is Cs,. Therefore the e,
states are doubly degenerate, and the t54 states split into
a doubly degenerate set (t2q2) and a singly-degenerate
state (fag,1). First we notice that Mo states (dotted
grey line) are very similar in all compounds. The low-
energy excitations are however not on the Mo site when
Fe atoms are present. In panel (b), we show that the
sharp many-body resonance around —0.4eV comes pri-
marily from the Fe state in the tetrahedral environment,
eq(T). Panel (c) shows that a broader, but still quite
sharp excitations around —0.8 eV comes from the doubly-
degenerate tag2(O) state on the octahedral site. Since
both of these rather sharp excitations come from band
formation through hybridization, the Mo partial DOS
also has a small peak at exactly the same energy. This
demonstrates the quasi-particle nature of these peaks,
which are Kondo-like peaks that come from screening of
the local spin on ey4(T) and to42(O) orbitals, although
here, the screening is found in an insulator rather than
a metal - as expected for many body Kondo peak for-
mation. While broader peaks like that at —0.8eV are
not uncommon in transition-metal compounds and ap-
pear for example in monoxides [51, 52], the very nar-
row resonance appearing in the e, (T) orbital is unique
to FeaMo3Og, and is an analog of Zhang-Rice singlet in
cuprates [53, 54], because it appears due to screening of
the spin 1/2 hole on the Fe-ey(T") orbitals in the Mott in-
sulating state, with very well defined energy, and strong

hybridization mixing with Mo-O trimers.

While FesMo3Og displays sharp peaks in the valence
band spectra in both t2,(0) and ey4(T) orbitals [Fig.
2(b,c)], FeZnMo3Og has a Zn atom in the tetrahedral
site, which is in the d'° configuration, and hence in-
ert, with first excitations below —2eV. The octahedral
site containing Fe atoms still shows a sharp valence-band
peak in the doubly-degenerate t4 5 orbital, hence this
valence band edge peak determines the band gap size in
FeZnMo3Og and is the physical reason for the reduction
of the gap as compared to Zn;Mo3zOg. Finally, panels
(f) and (g) show the Zn-projected DOS in ZnsMo3Os in
which Zn states are all occupied and far below the Fermi
energy, so that the Mo trimer determines the low-energy
excitations and the gap size. Because the density of states
are momentum-averaged, we also show the spectral func-
tions [Fig. 2(h,i)].

Structure-property relations in the
metal-substituted analogs

Figure 3 compares the DOS of the Fe compound with
several other transition-metal analogs which have orbital
filling between d® and d® - namely the Mn, Co and Ni
analogs. We also display a schematic view of the orbital
occupation for both the tetrahedral site (left column) and
octahedral site (right column). The gap in each orbital
can originate from the band structure due to the peri-
odic potential (band-gap) or from the Mott localization
of electrons on a given A site, which we denote as the
Mott gap. In principle, we can distinguish between the
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FIG. 3. Atom and orbital projected density of states (DOS) together with a schematic view of the orbital

occupation and

character for A2Mo3Os (A = Mn, Fe, Co and Zn). Each panel has a schematic view of the electronic orbital occupation (left
side) and DOS (right side). Panels (a, c, e, g) refer to the ions inside tetrahedral environments (A(T)), whereas panels (b, d,

f, h) refer to ions in octahedral environments (A(O)).

two, because the single-particle spectral function is mod-
ified from the DFT bands by self-energy effects, which
are either finite (or zero inside the gap) in the case of
a band gap, or divergent inside the gap for the case of
a Mott gap [65-57]. The latter means that the electron
state can no longer be described within the band picture.
At the valence edge of the gap, however, the hybridiza-
tion can still provide an efficient screening channel, even
though no itinerant state is present at the Fermi level. In
this case a sharp resonance or a quasi-particle multiplet
can appear at the gap edge [58] which is temperature de-
pendent and sensitive to small perturbations. We have
identified such a many-body resonance in the e, (T) or-
bital in Fe;Mo3gQOg above.

The top panel of Fig. 3 shows calculations for
Mn;MozOg in which the electrons are in the high-spin d°
configuration. The Mott gap opens in all orbitals on both
tetrahedra and octahedra, which is much larger than the
band gap of Mo-trimer. Consequently the band gap and
low energy excitations in the Mn and Zn compounds
are determined by the same Mo-trimer states and hence
are similar. FesMo3Og is the most interesting among
all transition metal analogs showing a complex interplay
of band gaps, Mott gaps, and quasi-particle multiplets.

The t94(T) states on the tetrahedra are Mott insulating
with a large gap. As discussed above, the doubly degen-
erate eq(T) orbital contains one hole, which is equally
distributed among the two orbitals, and the Mott mech-
anism opens the gap - even though the self-energy pole is
less strong and the gap smaller than in the ¢4 (T) states.
Moreover, at the edge of the gap, strong hybridization,
directly computable by the DMFT hybridization func-
tion, shows a very strong and narrow peak due to many
body effects of screening. With this mechanism, the spin-
1/2 of the e4(T) orbital is screened by the Mo-trimer elec-
trons, a mechanism which is analogous to the Zhang-Rice
state in cuprates [53]. Note that this is different from the
sharp peak in transition-metal monoxides, called the va-
lence band edge, discussed in Ref. [51, 52]. The latter
appears in the antiferromagnetic state, where all gaps
are band-like in nature, and the spin states are split by
the Zeeman field, hence many-body screening of spin is
not possible. Here the spin preserves SU(2) symmetry,
and the resonance screens the local spin on Fe.

The octahedral site in the Fe d® state contains a com-
bination of Mott gap in the e,(O) states, and a band
gap in the to,(O) states, a so called orbitally-selective
Mott state [36, 37]. Note that the sharp peak at the va-



lence band edge appears as well, even though it is not
as sharp as the ey(T) resonance. Its nature is different,
as it appears in band-insulating t9,(O) orbitals, which
is similar to the valence band edge discussed in transi-
tion metal monoxides [51, 52]. Note that the hybridiza-
tion and band formation with oxygen and Mo electrons
is needed to open the band gap in Fe t5,(O) states, as
it contains only four electrons in three nearly degenerate
t24(O) orbitals.

Next we discuss the Co analog, which is in the d” con-
figuration. In this case, the e, (T) orbitals on the tetrahe-
dral site are fully filled, and the t5,(T) orbitals are in the
high-spin Mott insulating state with a large gap - larger
than Mo-trimer gap. On the octahedral site, the e,(O)
orbitals are Mott-insulating with a large gap, and the
t24(O) states are band-insulating in which Mo and oxy-
gen provide one electron to form a covalent band with the
t24(0) electrons. We note that no sharp low-energy peak
is found at the valence band edge, although in principle
such a peak is possible.

Figure 3(g,h) displays the Ni analog with its d®
configuration. In this case, the e4(T) and the non-
degenerate t9,1(T) orbitals are fully filled, and the
doubly-degenerate ty4 2 state shows a Mott gap which
is comparable to that of the Mo trimer. On the oc-
tahedral site, the t2,(O) states are fully filled, and the
eq(0) states are in the half-filled Mott insulating state.
This Mott gap is again comparable to the Mo-trimer gap.
Hence the reduction of the gap as compared to the Zn
analog is minimal.

SUMMARY AND OUTLOOK

To summarize, we measured the optical properties of
FesMo3Og and compared our findings with first prin-
ciples electronic structure calculations. We find a 1.1
eV direct gap composed of heavily mixed charge-transfer
excitations that is sensitive to magnetic ordering at 61
K, vibronic coupling that activates on-site d-to-d exci-
tations on the octahedral Fe site, and spin-orbit related
excitations riding on top of the tetrahedral Fe site d-to-
d excitation below the magnetic ordering temperature.
FeaMo3Og is a superb platform for unraveling structure-
property relationships. What differentiates FeoMo3zOg
from the Zn, Mn, and Ni members of this series is the
band-Mott mixing and Zhang-Rice resonance in this d°
system and how it hybridizes the gap. Taken together,
these findings enhance our understanding of charge trans-
fer in quantum cluster magnets and advance the use of
this powerful scaffold in new types of charge storage de-
vices.
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