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Pressure-induced reconstitution
of Fermi surfaces and spin
fluctuations in S-substituted FeSe

T. Kuwayama?, K. Matsuura®®, J. Gouchi?, Y. Yamakawa*, Y. Mizukami?, S. Kasahara®’,
Y. Matsuda®, T. Shibauchi?, H. Kontani“, Y. Uwatoko® & N. Fujiwara®*

FeSe is a unique high-T. iron-based superconductor in which nematicity, superconductivity, and
magnetism are entangled with each other in the P-T phase diagram. We performed 7’Se-nuclear
magnetic resonance measurements under pressures of up to 3.9 GPa on 12% S-substituted FeSe, in
which the complex overlap between the nematicity and magnetism are resolved. A pressure-induced
Lifshitz transition was observed at 1.0 GPa as an anomaly of the density of states and as double
superconducting (SC) domes accompanied by different types of antiferromagnetic (AF) fluctuations.
The low-T.SC dome below 1 GPa is accompanied by strong AF fluctuations, whereas the high-T

SC dome develops above 1 GPa, where AF fluctuations are fairly weak. These results suggest the
importance of the dy, orbital and its intra-orbital coupling for the high-T. superconductivity.

FeSe has unusual features among high-T, iron-based superconductors' because its superconductivity emerges
without magnetism in the nematic phase where four-fold rotational symmetry breaks®-*. The absence of mag-
netism originates from characteristic unconnected Fermi surfaces (see the unfolded Fermi surfaces in the left
panel of Fig. 1a): small hole pockets at pointI', k = (0, 0), and anisotropic electron pockets at point X, k = (i, 0)
or (0, ), which are caused by the splitting of the dy, and d, orbitals®'°. The orbital configuration at ambient
pressure (see the left panel of Fig. 1a) reduces the likelihood of nesting between electron and hole pockets with
the same orbital, leading to the absence of magnetism. The importance of orbital selectivity in Cooper pairing
for the superconducting (SC) state in the nematic phase has been suggested''.

Upon pressure application, FeSe undergoes an antiferromagnetic (AF) order instead of the nematic order.
The AF order is accompanied by an enhancement in T.: the T of 9 K at ambient pressure increases to 38 K at
pressures above 6 GPa'>. Nematicity, superconductivity, and magnetism are entangled with each other in the
pressure versus temperature (P-T) phase diagram. This makes it extremely difficult to understand the nature of
this system, although S substitution resolves the complex overlap between the nematic and AF phases, and rich-S
substitution induces the nematic critical phenomenon'*-'*. Furthermore, experimental difficulties are faced in
observing Fermi surfaces under pressure-restricted experimental approaches. In fact, direct observations via
angle-resolved photoemission spectroscopy (ARPES) or scanning tunneling microscopy (STM) have not been
reported so far. To date, only a few experimental results have been reported. In particular, the Hall coefficient
changes sign from minus to plus upon pressure application'®, and the band masses for several orbitals gradually
change around the nematic critical point (0.58 GPa)'”. The presence of a stripe-type AF order with Q=(x, 0) or
(0, ) has been suggested from the results of nuclear magnetic resonance (NMR) measurements'®!?. NMR meas-
urements on 12% S-substituted FeSe have revealed that the characteristics of low-energy magnetic fluctuations
change at 1 GPa*, which is indicative of the reconstitution of Fermi surfaces as well as the band mass change.

To explain the appearance of the AF order under pressure, a theoretical model has been proposed. In this
model, another hole pocket emerges with increasing pressure at point M, k = (7, ), causing a better nesting
with the electron pocket at point X (see the unfolded Fermi surfaces in the right panel of Fig. 1a®!). The better
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Figure 1. Contribution of each orbital to unfolded Fermi surfaces and the density of states (DOS). (a)
Schematic Fermi surfaces of pure FeSe in a tetragonal phase theoretically derived at ambient pressure®~'°

and high pressure'®*'. The Fermi surfaces colored in green, red, and blue represent d., d,., and dy, orbitals,
respectively. In a high-pressure regime, the antiferromagnetic (AF) order can be induced owing to the nesting
of dyy orbitals between points M and X, as indicated by arrows. (b) The DOS originating from dyy, dx., and d,,
orbitals and the total DOS calculated theoretically based on the crystal structure of 10% S-substituted FeSe.

nesting between points X and M with the same orbital can induce a stripe-type magnetic order. When the hole
pocket emerges at point M, the shapes of pockets at points I' and X are qualitatively similar to those at ambient
pressure, although their size changes monotonically with increasing pressure*'. The emergence of the dy, hole
pocket also enhances the density of states (DOS) (see Fig. 1b), as will be described in detail later. The pressure-
induced reconstitution of Fermi surfaces can change the Cooper pairing, leading to an SC-SC phase transition
from the SC state under the nematic order to a higher-T state (see Fig. 4b). The higher-T state would provide an
intriguing stage for the superconductivity mechanism common to iron-based superconductors with a high T.
However, such a theoretically predicted Lifshitz transition has not been reported so far because of the entangled
P-T phase diagram and the experimental difficulties faced in observing Fermi surfaces under pressure.

In this study, we conducted 7’Se(I=1/2)-NMR measurements under pressure, focusing on 12% S-substituted
FeSe, where the overlap of nematicity and magnetism is absent in the intermediate-pressure regime between 1
and 4 GPa'*!*. Based on the results, we suggest that the theoretically predicted Lifshitz transition is observed as
an anomaly of the DOS and as double SC domes accompanied by different types of AF fluctuations.

Typical NMR spectra corresponding to the nematic and magnetic orders are shown in Fig. 2a. We applied
a magnetic field of 6.02 T parallel to the a axis in the tetragonal phase throughout the NMR measurements.
In the nematic phase, the NMR spectra exhibit a double-edge structure?, as shown in the left panel of Fig. 2a.
The double edges have been observed as two separate peaks for pure FeSe!®!'*?%2%, This edge structure disap-
pears above 0.57 GPa. The spectra above 1 GPa exhibit a single peak. At 3.9 GPa, the ”’Se signal disappears at
approximately 60 K because of the AF order (see the right panel of Fig. 2a). The T dependence of the linewidth at
ambient pressure, 3.5 GPa and 3.9 GPa is shown in Fig. 2b. The AF order is observed via a remarkable increase in
the linewidth and the loss of the signal. We defined T as the temperature of the onset of linewidth broadening.

Now, we focus on the Knight shift (K) in a paramagnetic state. Figure 3a shows the T dependence of K in a
paramagnetic state. We adopted the average of the two edges for K in the nematic phase. The data below 3 GPa
were already publisged in an early work®. The Knight shift above 3 GPa is T dependent even at low temperatures
suggesting the influence of AF fluctuations, whereas the influence is absent below 3 GPa. Hereafter, we discuss
the P dependence of K below 3 GPa in relation to the DOS shown in Fig. 1b. Fig 3b shows the P dependence of
the NMR spectra at 60 K, and each spectrum is fitted by a Gaussian function. From the peak positions in Fig. 3b,
the P dependence of K is obtained, as shown in Fig. 3c. Note that the anomaly at 1 GPa is observed at entire
temperatures and therefore is not directly caused by the nematic transition.

The Knight shift in a paramagnetic state is decomposed as

K= Kspin + Korb (1)

where Kgpin and Ko, represent the spin and orbital parts of the Knight shift, respectively. The former and latter
are T-dependent and T-independent, respectively. Experimentally, K is decomposed into Kgpin and Ko, using the
uniform spin susceptibility, x (0). The orbital part K, is estimated to be 0.26% at ambient pressure [Supplemental
material], which is almost the same as that obtained for pure FeSe*. The results suggest that K, is insensitive
to S substitution. The spin part Kgpin and x (0) are related to Kpin = Ax (0), where A is the hyperfine coupling.
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Figure 2. Typical 7’Se-NMR spectra and linewidth for 12% S-substituted FeSe corresponding to the nematic
and antiferromagnetic (AF) orders. (a) The NMR spectra at ambient pressure show a double-edge structure

in the nematic phase below 60 K*°. The NMR spectra at 3.9 GPa broaden remarkably, and the signal is not
observed below the AF transition temperature Ty. (b) Full width at half maximum at 3.5 and 3.9 GPa. The
arrows shown by Tyem and T, represent the nematic and superconducting transition temperatures, respectively®.

The monotonic decrease in K below 3 GPa with decreasing T suggests that the influence of magnetism is absent
at low temperatures. In this case, x (0) can be described using the formula for conventional paramagnetic metals
and is related to the DOS of free electrons, D(EF). Therefore, Kgpiy is proportional to D(Ep):

Kspin D(Ep). (2)

Although the DOS shown in Fig. 1b is derived using a tight-binding (TB) model as described later, overall
features can be roughly explained by the DOS for two-dimensional free electron systems. For two-dimensional
free electron systems, D(EF) is expressed as

(Na)* 2m

b == "%

3)

where N2, g, and m are the total number of lattices, lattice constant, and electron mass, respectively. The P
dependence of D(E) originates only from that of a®>. According to X-ray analyses up to 1 GPa'?, the lattice
constant (a) shrinks linearly with increasing pressure. The lattice constant also shrinks for S substitution: 30%
S-substitution is equivalent to a pressure application of 1 GPa. Therefore, the discrepancy in a between pure
FeSe and 12% S-substituted FeSe is trivial. We use a for pure FeSe because a for 12% S-substituted FeSe is not
available at present. In addition, the data above 1 GPa is not avallable at present, and instead we adopted the
extrapolation of the data below 1 GPa. The values of a% and Kspin/@ 2 normalized by those at ambient pressure are
shown in Fig. 3d. The normalized Kgpin/ a?is a quantity compared with the theoretical results shown in Fig. 1b.
The step-like enhancement at 1 GPa reaches 10% of Kpin/a” at ambient pressure, Wthh is consistent with the
theoretical calculation of the total DOS shown in Fig. 1b. The enhancement of Kypin /a? seems to be smaller than
that shown in Fig. 1b, implying that the size of the hole pocket at the point M is fairly small, as described later.
We determined Kgpi, at low pressures below 1 GPa, assuming that Ko, is estimated to be ~ 0.26%. However,
at high pressures such as 2 or 3 GPa, the determination of Kgpi, is very difficult because the data of x (0) under
pressure are not available. The assumption of Ky, ~ 0.26% leads to an unrealistic result, namely, Kqpiy or the
DOS at high pressures becomes lower than that at ambient pressure. To overcome this difficulty, we focus on a
remarkable drop in Kgpin below T at 2 and 3 GPa (see Fig. 3a). The apparent drop at 2 and 3 GPa originates from
Kspin, indicating that T-independent Ky, decreases at high pressures. Therefore, we assumed that the decrease
in Ko, at high pressures is equivalent to the drop in Kgpi below T¢. In Fig. 3d, we estimated the decrease in Koy,
to be 0.005 and 0.01 % for 2 and 3 GPa, respectively, from the drop in Kgpiy below T.
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Figure 3. 7’Se-Knight shift for 12% S-substituted FeSe. (a) Temperature dependence of Knight shift (K) at
several pressures. The Knight shift below 3 GPa® reflects the density of states (DOS) at low temperatures. The
decrease in K due to superconductivity is clearly observed at 2 or 3 GPa. (b) Pressure dependence of the NMR
spectra at 60 K. Each spectrum is fitted with a Gaussian function, as indicated by dotted curves. (c) Pressure
dependence of K measured at 60 and 70 K. The dotted curves are guides to the eye. (d) Pressure dependence of
the square of the a-axis lattice constant (a?) and Kspin/a 2 normalized by those at ambient pressure. The dashed
lines represent the average of Kypin/a* at pressure regions below and above 1 GPa.

The step-like enhancement is theoretically explained by the hole pocket at (;, 7r) appearing across the Fermi
level owing to the lift of the d,,, orbital (see Fig. 1a). Assuming that a=1, the P dependence of the DOS for each
orbital was calculated for 10% S-substituted FeSe (Fig. 1b). The DOS was calculated using the TB models con-
structed from first-principles calculatlons based on the crystal structure. We denote the Hamiltonian for FeSy
Sej_y at pressure P (GPa) as jZis % (P). The model Hamiltonian used for these calculations is expressed as
= H{"(0) + AH(P) + AE

H(P) (4)

where AE is the correction term added to fit the real size of the Fermi surfaces observed experimentally from
ARPES and dHvA quantum oscillation®'°. Given that AH(P) = Héf)l) (P) — Héf)l) (0) changes linearly in the pres-

sure range of 0-4 GPa and is insensitive to the concentration x, Hé?l) (P) >~ Héo) (P), AH(P) is expressed as

AH(P) =~ §<Hg°> ) — H (0)). (5)

The DOS enhancement appears at around 1.5 GPa, which is consistent with the experimental results of K
shown in Fig. 2d.
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Figure 4. T dependence of 1/T; T of 7Se measured at 6.02 T and color plot of 1/T; T. (a) The data at ambient
pressure, 1.0, 2.0, and 3.0 GPa were published in an eraly work®. Tcs shown by arrows are determined from
AC susceptibility measurements at 6.02 T. Both nematic and superconducting (SC) orders are absent at 1.0
GPa. (b) The SC phase shows a double-dome structure at 6.02 T. T¢s shown by circles and inverted triangles
are determined from AC susceptibility measurements at 0 T and 6.02 T, respectively. Tcs shown by inverted
triangles are the same as those shown by arrows in (a).

The DOS enhancement can affect low-energy magnetic fluctuations obtained from the relaxation rates divided
by temperature,1/T; T, as the nesting condition between Fermi surfaces changes. Figure 4a shows the T depend-
ence of 1/T T at several pressures. Tcs shown by arrows were determined from the AC susceptibility measure-
ments at 6.02 T [Supplemental material]. When the wave vector (q)-dependence of the hyperfine interaction is
neglected,1/T T is expressed as follows:

1 Imy (g, )
[T ©

where w and x (¢, w) represent the NMR frequency and the dynamical spin susceptibility, respectively. Below T,
the signal intensity became extremely small, and thus, we could not detect signals below 10 K at 2.0 GPa and 15
K at 3.0 GPa, respectively. At ambient pressure, 1/T; T shows Curie-Weiss-like behavior in the nematic phase,
indicating the development of AF fluctuations®*2%:

1 b

nr T T g @
where a and b are independent of T. 6 is estimated to be almost zero at ambient pressure. However, the
Curie-Weiss behavior is strongly suppressed even at 0.57 GPa. Although the Curie-Weiss behavior is not clearly
observed at pressures between 2 and 3.5 GPa, an anomaly of 1/T T is observed at around T¢. In this pressure
regime, T, at 6.02 T gradually recovers with increasing pressure. The data at 3.9 GPa are completely different from
those at 2.0 and 3.0 GPa in that the anomaly occurs not at T, but at Tiy. The data series in Fig. 4a is presented
as a color plot in Fig. 4b. As shown in Fig. 4b, different types of AF fluctuations are observed in the P-T phase
diagram, indicating that the origins of the AF fluctuations are different between the lower and higher pressure
regimes. This result indicates a change in the nesting condition and confirms the theoretically predicted pressure-
induced Lifshitz transition.

The results of Kand 1/T; T show that the DOS and the AF fluctuations change at around 1 GPa, respectively.
Interestingly, the AF fluctuations, which are unambiguous in the low-pressure regime where the nematic order
occurs, unexpectedly become ambiguous in the high-pressure regime despite the AF phase boundary. In general,
the Curie-Weiss behavior should be clearly observed near the AF phase boundary. Therefore, ambiguous AF
fluctuations at high pressures are extremely rare compared to those of conventional AF magnets. This peculiarity
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arises because the nesting condition is not optimal, which implies that the dy;, hole pocket is fairly small. Such a
small hole pocket is consistent with the small increase in the DOS at 1 GPa.

Another peculiar phenomenon is the loss of the NMR signal at low temperatures in the high-pressure regime
above 1 GPa. This peculiarity can be attributed to the close relationship between the nematic and AF orders?'.
Nematic and/or AF states can appear at any pressure. Thus, a short-range AF order can develop even in the
absence of a long-range AF order. A short-range AF order would make the NMR signal very weak and unde-
tectable at low T below T¢. A long-range AF order at pressures above 3.9 GPa can develop together with a finite
order parameter from the short-range AF order.

We demonstrated the strong suppression of 1/T T under pressure. A similar suppression is also observed
by isovalent S substitution?, despite the fact that the Fermi surfaces become larger and the nesting condition
becomes better with increasing S concentration®-*. § substitution would have the same effect as the application
of pressure, because the atomic radius of S is smaller than that of Se. However, the chalcogen height decreases
with increasing S concentration, in contrast to the application of pressure’®. For the heavily S-substituted regime
over 20%, where the BCS-BEC crossover has been suggested®' =, the Curie-Weiss behavior of 1/T; T is strongly
suppressed, similar to 1/T7T for 12% S-substituted FeSe at 1 GPa. Although the strong suppression of the
Curie—Weiss behavior is common, it is not clear whether the present high-pressure regime is smoothly linked
with the heavily S-substituted regime. To solve this problem, further investigation is needed.

In conclusion, we performed 7’Se-NMR measurements on 12% S-substituted FeSe under pressures of up
to 3.9 GPa. We observed the anomalies of K and 1/T) T corresponding to the theoretically predicted pressure-
induced Lifshitz transition. These results indicate that nematicity and magnetism exhibit cooperative coupling.
The AF fluctuation unambiguously develops in the nematic phase as the Curie-Weiss behavior of1/T; T in the
low-pressure regime below 1 GPa. In contrast, in the high-pressure regime between 1 and 3.9 GPa where the
nematic order is absent, the AF fluctuation is strongly suppressed. Further, a high T is realized in a pressure
regime where the nematic order is absent and the correlated AF fluctuation is fairly weak. The emergence of the
dyy orbital and its intra-orbital coupling play a key role for the high-T, superconductivity.

Methods

We performed 7’Se-NMR measurements at 6.02 T using a single crystal of 12% S-substituted FeSe with dimen-
sions of approximately 1.0mm x 1.0mm x 0.5mm. We applied a magnetic field parallel to the FeSe planes to
suppress the decrease in Tc. We applied a pressure up to 3.9 GPa using a NiCrAl piston-cylinder-type pressure
cell. The highest pressure attainable by clamping this pressure cell is 3.7 GPa because a decrease of 10% in pressure
is inevitable after releasing a load. To attain a pressure of 3.9 GPa, we maintained a constant load by employing
an oil press mounted on top of the cryostat®. We performed pulsed-NMR measurements using a conventional
spectrometer and measured the relaxation time (T}) via the saturation-recovery method.

Data availability

Data are available from the corresponding author upon reasonable request.
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