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A counterintuitive enhancement of quantum fluctuation with larger spins, together with a few physical
phenomena, is discovered in studying the recently observed emergent magnetism in high-temperature super-
conductor FeSe under pressure. Starting with an experimental crystalline structure from our high-pressure x-ray
refinement, we theoretically analyze the stability of the magnetically ordered state with a realistic spin-fermion
model. We find, surprisingly, that in comparison with magnetically ordered Fe pnictides, the larger spins in
FeSe suffer even stronger long-range quantum fluctuations that diminish their ordering at ambient pressure.
This fail-to-order quantum spin-liquid state then develops into an ordered state above 1 GPa due to weakened
fluctuation accompanying the reduction of anion height and carrier density. The ordering further benefits from
the ferro-orbital order and shows the observed enhancement around 1 GPa. We further clarify the controversial
nature of magnetism and its interplay with nematicity in FeSe in the same unified picture for all Fe-based
superconductors. In addition, the versatile itinerant carriers produce interesting correlated metal behavior in
a large region of phase space. Our paper establishes a generic exotic paradigm of stronger quantum fluctuation

with larger spins that complements the standard knowledge of insulating magnetism.
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I. INTRODUCTION

Recent observation of Majorana zero mode [1] in a
single-layer FeSe thin film, a topological superconductor, has
refueled intense research interest in studying FeSe. Particu-
larly, the unusual high transition temperature (as high as 100 K
[2]) in this system and in the related compound K gsFe; ¢Se,
family [3] remains a challenging puzzle to our understanding.
While the exact microscopic mechanism of the high-7, super-
conductivity in these materials remains unclear, the proximity
to long-range orders (in this case, antiferromagnetic (AFM)
order and nematic/ferro-orbital (FO) order [4-6]) implies that
the strong correlations behind these orders are intimately re-
lated to the formation of high-7, superconductivity. From this
point of view, the FeSe families are particularly peculiar since
FeSe and its isovalent families FeSe|_,Te, and Kq gFe; ¢Se,
present rich magnetic correlations, from the C type [7,8] and

“weiku@sjtu.edu.cn

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2022/4(3)/033115(8) 033115-1

E type [9,10] to the block [11] AFM correlation with rather
large fluctuating local moments [12], in great contrast to the
rather consistent occurrence of a C-type AFM correlation in
nearly all Fe pnictides [13,14]. Such a rich behavior is be-
lieved to originate from the strong interplay between itinerant
carriers and the large local moments [15,16].

Even more exotic is the lack of magnetic order in the pure
FeSe, despite its large local moment almost twice the value of
those in the magnetically ordered Fe pnictides. This directly
contradicts the common lore of a weaker fluctuation with
larger moments. On the other hand, a very strong nematic/FO
order still remains in FeSe. This departing of the magnetic
and FO degrees of freedom is in great contrast to the rather
close proximity of these two orders in most Fe pnictides. It
questions the validity of spin nematicity being the leading
physical effect in causing the nematic order [17-19]. This
issue gains even more attention with the recent finding of pres-
sure induced magnetic order in FeSe. As shown in Fig. 1(a),
the magnetic order emerges upon 1 GPa of pressure and form
a dome shape on its own [20-22]. While it is possible to
mimic this unexpected behavior via perturbation theory [23],
the two independent domes of the FO order and magnetic
order strongly suggest their independent origins and call for a
physical picture: (1) Why is FeSe magnetically disordered at
low pressure even though it has a much larger local moment
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FIG. 1. (a) Experimental phase diagram of FeSe against pressure
[21], showing magnetic order above 1 GPa; (b) Experimental lattice
structure from our x-ray refinement at various pressures (the error bar
is smaller than the size of the symbol). Notice a clear enhancement
of magnetic order and a change of trend in the anion height (defined
in the insect) inside the structural (ferro-orbital) ordered phase below
1.5 GPa.

than the pnictides? (2) How is FeSe different from Fe pnic-
tides that order magnetically? (3) How does magnetic order
emerge in FeSe at higher pressure? (4) How does FO order
interplay with the magnetic order? Answering these questions
would not only clarify the unique physics observed in FeSe
but also offer a generic unified physical picture for the elec-
tronic correlations in all Fe-based superconductors.

Here, we investigate these issues via a magnetically
ordered-state stability analysis using a realistic spin-fermion
model obtained from our experimental lattice structure re-
finement at various pressures. Several surprising physical
phenomena are discovered, resulting from the rich interplay
between the large local moments and the itinerant carriers in
FeSe. First, at low pressure, the magnetically ordered state
is destroyed by strong long-range quantum fluctuation orig-
inating from the itinerant carriers, despite the fact that FeSe
has much larger spins than those magnetically ordered Fe
pnictides. This behavior is related to a stronger polarization
of itinerant carriers by larger spins and is opposite to the rule
of thumb that quantum fluctuation is only relevant to systems
with small spins. Second, under increased pressure, the fluc-
tuation weakens systematically, accompanying the reduction
of anion height and carrier density, and the magnetic order
emerges from a fail-to-order quantum spin liquid state around
1 GPa, where FO order gives rise to the observed enhanced
order. Third, our study further clarifies how in essence the
orbitals fluctuate differently from the spins, which naturally
leads to two separate domes in the phase diagram. Finally,
the versatile itinerant carriers create a correlated metal state
in a rather large region of the phase diagram, a feature of
general interest to not only the Fe-based superconductors but
many strongly correlated systems as well. Our study provides
a paradigm of large-spin fluctuation that complements the
current lore of insulating magnetism.

II. METHOD

To capture the realistic pressure dependence of the system,
we first measure the structural parameters, lattice constants,
and atomic positions, of the material under various pressure.
Room-temperature high-pressure synchrotron powder diffrac-
tion measurements were carried out at beamline 17-BM at
the Advanced Photon Source using a monochromatic x-ray

beam at a wavelength of A = 0.727750 A collimated down
to 100 um in diameter. Variable pressure diffraction data
were collected in situ using a Perkin Elmer amorphous-Si
flat panel detector centered on the x-ray beam. The sample-
to-detector distance was nominally set at 300 mm, yielding
an available 26 scattering angle of 27.5°, corresponding to
access of Bragg reflections with d spacing as low as 1.52 A.
The diffractometer geometrical parameters (such as precise
sample-to-detector distance and tilt of the detector) were op-
timized with respect to a NIST a LaBg (660a) standard. The
FeSe powdered sample was loaded in a membrane driven di-
amond anvil cell fitted with a pair of 800 um culet diamonds.
Gold was added to the sample as a pressure manometer and
silicone oil was used as pressure-transmitting medium. The
pressure values were determined by fitting the measured gold
unit cell volume to a third-order Birch-Murnaghan equation of
state using the parameters V) = 67.850 A3, Ky = 167GPa,
and K’ = 5.5 [24], where V; is the Au primitive cell volume
at ambient conditions, Kj is the bulk modulus, and K’ is its
first pressure derivative. Rietveld refinement using the Full-
prof software package [25] of the x-ray powder diffraction
were performed to determine the sample’s crystallographic
structure and lattice parameters under applied pressure.

Figure 1(b) gives the results of our structural refine-
ment. While the lattice parameters (top two panels) decrease
smoothly under pressure, there is an obvious change of trends
in the anion height (bottom panel) around 1 GPa and 5 GPa.
Unlike the lattice constant ¢ controlled by the van der Waals
interactions, the anion height is more sensitive to the local
charge distribution. It therefore correlates very well with the
strength of FO/structural correlation of the system. From am-
bient pressure to 1GPa, as the FO correlation grows weaker
the anion height also becomes smaller. Similarly, between
1 GPa and 5 GPa, where magnetic correlation is strong [22],
the spin nematicity and its induced FO correlation also en-
hances, giving a larger anion height. Note that the above
(short-range) correlations must be driven by rather high-
energy physical mechanisms, since their influence on the
anion height persists way above the transition temperature,
where our measurement is performed. Interestingly, beyond
5 GPa, where superconducting correlation becomes stronger,
the anion height again becomes larger, reflecting the enhanced
short-range FO/nematic correlation in the superconducting
phase of Fe-based superconductors [26-29].

We then use the experimental data as input to construct
a simplest realistic spin-fermion Hamiltonian that incor-
porate both the local moment and the itinerant carriers
[15,16,30-32],
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in which the local moments S; at site i couples antiferro-
magnetically to its first and second neighbors via J; and J,,
and couples ferromagnetically to the Fe-d orbitals m of the
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itinerant carriers via Hund’s coupling Jy. (Here o,y is a vec-
tor of the Pauli matrices.) The itinerant carrier cfns of Fe-d
and Se-p orbitals n and spin s at site i hops with pressure-
dependent parameter #;;. Since Eq. (1) lacks interaction
between fermions that drive the intrinsic orbital instability, we
include the effect of FO order via an order parameter € that
splits the energy of yz (upward) and xz (downward) orbitals
via 1,. The chemical potential p is evaluated for each set
of magnetic and orbital order parameters to ensure an equal
number of electron and hole carriers, corresponding to the
undoped parent compounds.

The pressure dependence of the hopping parameters ¢;; is
obtained by applying the experimental structural data at each
pressure to density functional theory (DFT) calculations of
the normal state, and then constructing symmetry-respecting
Wannier functions [33] to extract the corresponding low-
energy DFT Hamiltonian in the tight-binding form. It is
important to note that with realistic #;; of FeSe, we found
it necessary to incorporate the Se-p orbital as well (an
eight-band model) to reproduce the experimentally observed
low-energy magnetic excitations. While it is known that the
quasiparticle excitation has rather stronger renormalization
for some of the orbitals in FeSe [34-36], we find the use of
bare t’s in our calculation produces quantitatively reasonable
results, probably because the leading factor is the anisotropy
of the Fermi surfaces, which is reserved under renormaliza-
tion. In the absence of experimental data, the coupling J;
and J, between the local moments and their coupling to the
itinerant carriers Jy will be assumed to be weakly pressure de-
pendent to have a cleaner investigation of the physical effects
without too many tuning parameters. All the results discussed
below thus correspond to bare couplings of the local moments
Ji =19meV, J, =12 meV, and Jy = 0.8 eV that produce
the renormalized spin wave dispersion with the correct experi-
mental band width [7] at low pressure. This simplification can
easily be improved with future experimental data but should
not alter the physical messages discussed below.

Finally, we investigate the ordered state stability via the
linear spin wave theory by integrating out the fermion degrees
of freedom [16,30] in the ordered state, up to the second order
in Jy. A discrete 500 x 500 momentum mesh and a thermal
broadening of 10 meV are used to ensure a good convergence.
The resulting renormalized spin-wave Hamiltonian then gives
the spin wave dispersion [16] that reflects the stability of the
ordered state.

III. RESULT AND DISCUSSION

A. Emergence of magnetic order under pressure

Figure 2(a) gives our spin-wave dispersion of the ordered
state over the experimentally relevant pressure range 0.14 GPa
to 4.9 GPa. At low pressure, the obtained spin-wave energy is
imaginary (shown as negative in the standard convention) in
the vicinity of (;r, g ~ 0). This indicates that the (;r,0) ordered
state is unstable against itinerant carrier-induced long-range
quantum fluctuations [16] at the length scale longer than 27 /g
along the y direction, and thus the system would fail to order,
in agreement with the experimental observation. This result
provides a proper physical description of quantum fluctuation
behind the recent DFT results [37] that gives very similar total
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FIG. 2. Calculated spin-wave dispersion of the magnetically or-
dered state along the high-symmetry paths: (a) pressure dependence
showing stable ordered state above 1GPa, (c) local moment de-
pendence at P = 0.14 GPa showing unstable ordered state beyond
S = 1.5, and (d) orbital order dependence at P = 0.93 GPa showing
increased stability ordering by ferro-orbital order. Here S = 1.7 and
€ = 0eV are used, unless specified explicitly. (b) Momentum dis-
tribution of theoretical (upper panels) and experimental [8] (lower
panels) spectra of low-energy magnetic excitation at 10 = 1 meV
for low-pressure fluctuating state (left panels) and high-pressure or-
dered state (right panels) in 7 /2 momentum range around (7,0).
(e) Underlying ordered-state electron, e, and hole, i, Fermi surfaces
entering our calculations, showing a reduction of carrier density (area
of the pockets) at higher pressure (especially above 1.5 GPa).

energy for systems with arbitrary mixing of (v, 27 /N) with
N =2 to 4. By contrast, at higher pressure, the spin-wave
energy grows more positive. The (;r,0) order becomes stable
beyond 1 GPa, in excellent agreement with the experimental
observation.

These results reveal the essential fluctuation-dominant na-
ture of the magnetic order/disorder of FeSe. The absence of
magnetic order at low pressure is due to a strong itinerancy-
induced long-range quantum fluctuation [16] rather than
the weakness of the normal-state instability typically de-
rived from perturbation theories [23,38]. Particularly, besides
the small momentum region near (ir,0), our resulting spin-
wave dispersion is rather well-defined in nearly the entire
momentum space, indicating that the short-range magnetic
correlation remains very strong even in the absence of long-
range order. This is in good agreement with recent observation
of magnetic excitation in the spin-disordered state [7]. Con-
sistently at high pressure, given that the strong short-range
correlation is already well established, the emergence of
magnetic order simply follows the systematic reduction of
the quantum fluctuation, rather than an enhancement of the
normal-state instability.

The strong quantum fluctuation discussed here leaves a
clear signature in the low-energy magnetic excitation that can
be easily observed in inelastic neutron scattering experiments.
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As shown in Fig. 2(b.1), at low pressure where fluctuation is
so strong that long-range order is completely destroyed, the
low-energy excitation shows a clear elongation along the y
direction near the magnetic Bragg peak at (,0), reflecting
the strong quantum fluctuation involving these momenta. In
fact, such elongation has been clearly observed in the previous
measurements of the normal-state FeSe at 110 K above the su-
perconducting temperature [7]. Of course, to really verify the
quantum nature of the fluctuation, low-temperature observa-
tion is necessary. Such data is available in FeTeq s;Seg .49 [8],
which has very similar low-energy magnetic properties but
negligible superconductivity. Indeed, Fig. 2(b.3) demonstrates
a clear elongation in FeTegs;Sep49 similar to our results.
Notice that the strong intensity near (7r,0) is inconsistent with
the proposal of quadrupolar order [39]. Also note that in our
calculation this elongation greatly benefits from the already
weak stiffness in the local moment system when J, is not
much larger than J,/2. Therefore, we expect this elongation
more robust than in the itinerant-only pictures [40].

On the other hand, at higher pressure, where fluctuation
is weaker and long-range order emerges, the elongation is
significantly reduced [Fig. 2(b.2)]. Future experimental ver-
ification of this behavior would provide strong support to our
fluctuation dominant picture of the emerged magnetic order at
high pressure.

Note that the inelastic neutron experiments [7] have ac-
tually ruled out the current proposals of competing orders
[17,41] as an explanation for the lack of magnetic order at
ambient pressure in FeSe. Hardly any intensity below 10 meV
was found near (7, 7) or (;r, w/2) to generate a meaning-
ful quantum fluctuation capable of suppressing the magnetic
order completely. Recent NMR measurements [42] also con-
cluded no low-energy excitation beyond the vicinity of (;r,0).
In fact, generally speaking, production of an unordered phase
requires topological or geometrical ingredients beyond just
the existence of competing orders of different momenta. For
example, unordered valence bond solid or spin liquid states
can sometimes emerge between ordered states in geometri-
cally frustrated magnetic systems, only when a continuous
supply of nearly degenerate ground states is available [43],
just as in our results along the (7, ¢ ~ 0) line. On the contrary,
neutron experiments [7] found a 60 meV strong dispersion
from (77,0) to (7, ). Therefore, had the energy at (r, ) been
lowered to zero, the system would simply cross a quantum
critical point and order in the momentum, without an interme-
diate unordered phase.

B. Stronger fluctuation with larger moment

Our analysis reveals two underlying factors for the reduc-
tion of quantum fluctuation under increased pressure. First,
the dramatic jump in the results across 1.5 GPa [cf. in-
set of Fig. 2(a)] coincides with that in the anion height in
Fig. 1 (which reflects the underlying nematic correlation as
discussed above.) In the tetrahedral coordination, the anion
height is known to play an essential role in the electronic
structure of Fe-based superconductors [44,45], so it is not
surprising that it also modifies the long-range fluctuation
through tuning the collective screening of itinerant carriers.
Second, we observe a reduction of the itinerant carrier density

in the ordered state, especially above 1.5 GPa, consistent
with the decreasing magnetic fluctuation. (See, for example,
the reduced electron pocket in the bottom panels of Fig. 2.)
Naturally, with a smaller number of carriers, particularly cor-
responding to the hole pocket at I" point, their contribution to
magnetic fluctuations would reduce.

So, why is FeSe different from the Fe pnictides that
have smaller local moments and yet still order magnetically?
The microscopic key factor turns out to be very surprising
and against the conventional wisdom: its much larger local
moment [12,46]! In conventional theory of insulating AFM
magnetism, the fluctuation originates from the spin-1 S*S~
flip processes between the neighboring spins, which becomes
insignificant compared to the larger spins with stronger stiff-
ness. This consideration leads to the rule of thumb that larger
spins fluctuate less and behave more classically. Figure 2(c)
shows a clear opposite trend in our study. As we tune the value
of local moments from the smaller value comparable to the
regular pnictides (~1) to the larger value of FeSe (~1.7), the
resulting spin wave softens near (7,0) and the order becomes
unstable beyond S = 1.4. Specifically, due to the coupling
between the two degrees of freedom, a larger moment induces
a stronger spin polarization of the itinerant carriers, which in
turn fluctuates more the local moments at long range. Since
the itinerant carriers are more versatile against various order-
ing momenta, their enhanced fluctuations due to larger local
moments also naturally lead to richer variation of ordering
momenta in the FeSe;_,Te, families [15]. In essence, this
mechanism provides a paradigm opposite to the current lore
of magnetism in spin-only systems.

Note that the sensitivity to the size of the local moment
offers a second possible mechanism to give the observed
dome shape [22] of the magnetic moment under pressure
outside the scope of our paper. Starting at low pressure, where
local moments are very large so is the fluctuation, applied
pressure should systematically reduce the size of the local
moments and thus reduce the fluctuation to eventually al-
low the long-range order to establish and grow stronger. Of
course, this trend will eventually switch to a different one,
where the local moments start to reduce significantly at high
pressure, and the long-range order becomes weakened and
eventually diminishes, forming the right side of the dome
shape. This mechanism might be relevant in the real material
at higher pressure and can be systematically investigated once
the experimental quantification of the local moments become
available at high pressure.

C. Structural/FO/nematic order vs magnetic order

We now clarify the heatedly debated issue of relationship
of the structural/FO/nematic order and the magnetic order.
Concerning the origin of the former, a popular viewpoint is
the spin nematicity that completely ignores the orbital degree
of freedom: For the (r,0) magnetic order, Ising Z, symme-
try must be broken prior to (or at the same time as) the
rotational symmetry. One thus expects the normal-state spin
fluctuation to induce some degree of nematicity or even to
stabilize its order [19]. However, Fe-based superconductors
have additional twofold degenerate orbital freedom beyond
the spin-only consideration, and thus a larger group structure
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state through virtual processes (middle panels). Their different chan-
nels naturally lead to separate domes in the phase diagram (right most
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is necessary. In particular, the partially filled degenerate xz
and yz orbitals are highly anisotropic in their coupling to the
neighboring orbitals, and thus cannot be integrated out in any
reasonable analysis of nematicity. Unfortunately, in most Fe
pnictides, the rather strong coupling between the orbital and
spin correlations promotes a close proximity of their ordering,
masking the dominant microscopic mechanisms.

The case of pressurized FeSe offers a unique example in
which these two orders are well separated in the pressure
range, as shown in Fig. 1(a). Given that the magnetic order
forms its own dome at high pressure, it is simply unrea-
sonable to expect its associate spin nematicity [17,19,41] to
form a separate dome at a very different pressure region.
Figure 2(d) illustrates the impact of the FO order on the
magnetic fluctuation and ordering at 0.93 GPa. With enhanced
FO order, the spin-wave energy hardens and the magnetic
order becomes stabler and stronger. This is in excellent
agreement with the experimental observation of a clearly
raised magnetic transition temperature 7y around 1-1.7GPa
in Fig. 1(a) (indicated by the arrow), in contrast to the smooth
reduction from higher pressure. If it were not with the extra
help of FO order, the magnetic order would have diminished
around 1 GPa. In essence, the nematicity found in the mag-
netic order phase [the OR+M phase in Fig. 1(a)] is the true
spin-fluctuation induced nematicity, which is obviously very
weak, so weak that its ordering is indistinguishable from the
full magnetic order even though theoretically it should form
before the latter. On the other hand, the much stronger ne-
maticity at low pressure [the OR phase in Fig. 1(a)] is directly
associated with the FO order and benefits little from spin
nematicity in this case.

To further clarify the distinct nature of these two degrees
of freedom and their ordering, Fig. 3 illustrates a general
process for their fluctuations in the atomic picture. A spin
and orbital well-ordered many-body state can couple to the
spin fluctuated (upper panels) or orbital fluctuated (lower
panels) states via virtual intermediate high-energy states of
Hubbard-U energy scale. The stabilities of the long-range
order of these two degrees of freedom are thus controlled
by distinct fluctuation processes thermal- or quantumwise
and are conceptually independent (even though they might
couple to each other). Particularly, given the larger-moment-
enhanced fluctuation in FeSe at low pressure, the unique
separation of these two domes in the phase diagram of FeSe is
no longer puzzling. For completeness, the Appendix provides

FIG. 4. Tendency to stretch the fluctuation region and emergence
of correlated metal in Fe pnictides (a) against doping § and FeSe (b)
against pressure P. The versatile itinerant carriers tend to fluctuate
the magnetic ordered state, moving its phase boundary from the spin-
only system (dashed line) to that of the fermion-dressed system (solid
line). They also fluctuate the normal Fermi liquid state (long dashed
line), creating a rather large region of a correlated metal with strong
short-range correlation but without long-range order.

an illustration of the relationship between the AFM and FO
domes in Fe-based superconductor families.

D. Large phase region of correlated metal

Finally, we notice an interesting emergence of a correlated
metal behavior through the itinerant carrier induced fluctua-
tion. Start with only the local moments that order with a (;r,0)
momentum in part of the phase diagram, as marked by the
dashed lines in Fig. 4(a), which illustrate the doping depen-
dence of the pnictides. Now adding coupling to the itinerant
carriers with near (;r,0) nesting would naturally increase the
instability of the normal state [47] and raise the temperature
(red arrow) below which the normal Fermi liquid description
is inadequate. On the other hand, in the ordered state the same
tendency toward destabilization by the itinerant carriers takes
place as well and the real phase boundary is shifted to a lower
temperature (green arrow). This is due to the reconstruction of
the itinerant Fermi surface under the broken symmetry, which
gaps out all (77,0) nested bands and leaves only fluctuation in
the vicinity of (;r,0) that tends to destabilize the ordered state
[16]. As aresult, a large part of the phase diagram is occupied
by a correlated metal state that possesses strong short-range
correlations but without long-range order. This interesting
consequence is generally applicable to systems with coupled
local and itinerant degrees of freedom, for example also in the
cuprates.

Figure 4(b) shows a similar trend in FeSe at low pressure,
but with an opposite trend at high pressure. This is because the
renormalization from the itinerant carriers no longer comes
from the Fermi surface in this case, so the above consideration
is altered. Nevertheless, the strongly short-range correlated
metal is still expected in a large region of the phase dia-
gram, in which magnetic excitations should still be strong
and can impact significantly physical properties, for example,
the electronic transport [48,49]. Finally, this departing of the
instability boundary of the normal Fermi liquid state from
the actual phase boundary of ordering indicates a generic
alarming inadequacy of the standard operation that detects
the occurrence of low-energy magnetic, orbital, charge, and
pairing orders via the former (especially with low-order con-
siderations).
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IV. CONCLUSION

In conclusion, several surprising novel physical phenom-
ena are discovered, resulting from the rich interplay between
the large local moments and the itinerant carriers in FeSe.
We analyze the magnetically ordered-state stability using a
realistic spin-fermion model obtained from density functional
calculation and our experimental lattice structure refinement
at various pressures. First, at low pressure, the magnetically
ordered state is destroyed by strong long-range quantum fluc-
tuation induced by the itinerant carriers, despite the fact that
FeSe has much larger spins than those magnetically ordered
Fe pnictides. This behavior is related to a stronger feedback
screening of the larger spins, and is opposite to the common
lore that larger spins suffer less fluctuation. Second, under
pressure, the fluctuation weakens systematically accompany-
ing the reduction of anion height and carrier density and the
magnetic order emerges from a fail-to-order quantum spin
liquid state around 1 GPa, where ferro-orbital order gives
rise to the observed enhanced order. Third, our study fur-
ther clarifies how, in essence, the orbitals fluctuate differently
from the spins. This naturally leads to two separate domes
in the phase diagram, and resolves the highly debated issue
of the underlying mechanism of nematicity in Fe-based su-
perconductors. Finally, the versatile itinerant carriers generate
a correlated metal state in a rather large region of the phase
diagram, a generic phenomenon of interest to a large class of
strongly correlated materials. Our study offers a paradigm of
large-spin quantum fluctuation that complements the current
lore of insulating magnetism.
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APPENDIX

1. Unusual elongation in hole dope Ba122

Elongation along the (i, g) line in Fe-based superconduc-
tors reflects the fluctuation, and is related to the soft stiffness
of the local moments themselves. It requires a significant
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H (r.l.u)
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-0.5

0.5 1.5

FIG. 5. Momentum distribution of theoretical (a) and experimen-
tal [50] (b) spectra of low-energy magnetic excitation of Bal22 at
10 & 1meV and 5 ~ 10 meV, respectively.

change of the characteristics of the anisotropy of Fermi sur-
face changes enough, as in Bal22 with enough hole doping,
to switch the elongation to the (7 4 ¢,0) line. We perform the
same calculation with input from undoped Bal22 with a shift
of the chemical potential to simulate 26% hole doping. The
result is shown in the Fig. 5, and indeed now has an elongation
along the (7w + ¢,0) line, similar to the experimental observa-
tion in the normal state [50]. The higher temperature in the
experiment will introduce additional thermal fluctuation, so
the red area appears bigger.

2. FO and AFM domes in different families

The most relevant microscopic mechanisms of electronic
nematicity are FO order and the spin-nematic (SN) AFM
phase [the Z2 symmetry broken (;r,0) magnetic order]. The
phase diagram of FeSe under pressure provides a solid exper-
imental proof of the separation of the two domes associated
with these two microscopic mechanisms of nematicity. The
same separation is also observed in Lill1, in which a purely
electronic (FO driven) nematicity is observed [26], while the
magnetic ordered phase and its associate SN dome is never
found in ambient pressure. This most likely can also be ex-
plained via strong long-range magnetic quantum fluctuation.

The AFM phase in FeSe is a good example that experi-
mentally proves SN is generically very weak, so weak that its
transition temperature is not distinguishable from that of the
magnetic order (even though conceptually a strong SN should)
through the entire pressure range. That is, SN basically only
coexists with the magnetic order and the nematicity outside
the magnetic ordered phase is FO driven.

If one carries this conclusion to other Fe-based families, a
very simple and universal picture would emerge as illustrated
inFig6In 1111 [51] and Nal 11 [52], the FO dome has higher

Lil11 Bal22

FO

P X

FIG. 6. Illustration of the ferro-orbital order and antiferromag-
netic order in Fe-based superconducting materials.
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transition temperature than the magnetic dome. The same is
true in Bal22 [52] except at doping lower than 2%, where
the FO thermal fluctuates slightly stronger than the magnetic
order. In essence, since these two different mechanisms fluc-

tuate with different microscopic processes (Fig. 3), they really
should have individual domes in the phase diagram, even
though these two mechanisms do couple to each other and
slightly enhance each other [4].
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