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In most unconventional superconductors, the importance of antifer-
romagnetic fluctuations is widely acknowledged. In addition, cuprate
and iron-pnictide high-temperature superconductors often exhibit
unidirectional (nematic) electronic correlations, including stripe and
orbital orders, whose fluctuations may also play a key role for elec-
tron pairing. In these materials, however, such nematic correlations
are intertwined with antiferromagnetic or charge orders, preventing
us to identify the essential role of nematic fluctuations. This calls
for new materials having only nematicity without competing or co-
existing orders. Here we report systematic elastoresistance mea-
surements in FeSe; _ S, superconductors, which, unlike other iron-
based families, exhibit an electronic nematic order without accom-
panying antiferromagnetic order. We find that the nematic transition
temperature decreases with sulfur content x, whereas the nematic
fluctuations are strongly enhanced. Near x =~ 0.17, the nematic sus-
ceptibility diverges towards absolute zero, revealing a nematic quan-
tum critical point. The obtained phase diagram for the nematic and
superconducting states highlights FeSe; _,. S, as a unique nonmag-
netic system suitable for studying the impact of nematicity on super-
conductivity.
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he prime candidate for the unconventional mechanism of

superconductivity in many strongly correlated electron
systems including cuprate, iron-based, and heavy-fermion su-
perconductors is based on magnetic fluctuations [? 7 ? 7
]. In these materials, dome-shaped superconducting phases
appear in the vicinity of end point of the antiferromagnetic
(AFM) order, where spin fluctuations are strongly enhanced.
Recently, however, other competing or coexisting orders that
break rotational symmetry of the system have been frequently
found in these materials [? 7 ? ? ], and the importance of
fluctuations of these orders on superconducting pairing has
been suggested theoretically [? 7 7 7 ].

In underdoped cuprate superconductors, unidirectional
electronic correlations (stripe correlations) appear in the pseu-
dogap state, whose relation with superconductivity is a center
of debate. It has become more complicated after the charge
density wave (CDW) order has been observed in a portion of
this pseudogap region of the phase diagram [? ]. In iron
pnictides, the tetragonal-to-orthorhombic structural transi-
tion always precedes or coincides with the AFM transition
[? ]. Below the structural transition temperature T, elec-
tronic nematicity that represents a large electronic anisotropy
breaking the Cy rotational symmetry, is observed [? ], which
may have a similar aspect with the stripe correlations in un-
derdoped cuprates. In both cases, however, the nematicity is
largely coexisting and intertwined with other CDW and AFM
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orders. Large nematic fluctuations have been experimentally
observed in BaFezAss systems above Ty, and these nematic
fluctuations are strikingly enhanced with approaching the end
point of the structural transition [? ? |. This suggests the
presence of a nematic quantum critical point (QCP), but in
this case the nematic QCP coincides with, or locates very
close to the AFM QCP, where antiferromagnetic fluctuations
are also enhanced [? ]. This raises a fundamental question as
to which fluctuations are the main driving force of the Cooper
pairing in this system.

Recently there is growing evidence that the iron-
chalcogenide FeSe [? | displays remarkable properties. The
superconducting transition temperature of 7. = 9K at am-
bient pressure is largely enhanced up to 38 K under pressure
[? ]. Further enhancement of Tc has been reported in mono-
layer FeSe [? ]. What is important in this system is that
despite its high nematic transition temperature of Ty ~ 90 K
[? ], no magnetic order occurs down to ' — O0K. Above
Ts, large nematic fluctuations are reported but, unlike iron
pnictides, no sizable AFM fluctuations are observed [? ]|. The
enhanced nematic fluctuations most likely have an orbital ori-
gin, because a momentum-dependent orbital polarization has
been found in angle-resolved photoemission spectroscopy in
the nematic phase below Ty [? |. More recently, it has been
shown that the high-energy spin excitations measured by the
inelastic neutron scattering do not show significant tempera-

Significance Statement

The electronic nematic order that spontaneously breaks rota-
tional symmetry of the system, is perhaps one of the most
surprising states of matter. A key issue is the relationship
between the fluctuations of such nematic order and high-
temperature superconductivity in cuprates and iron-pnictides.
However, because of coexisting antiferromagnetic or charge-
density-wave orders, it is difficult to pinpoint the impact of
nematic fluctuations on superconductivity. Here we report a
quantum critical point (QCP) of pure nematic order without ac-
companying other orders in FeSe; .S, superconductors. We
find that the nematic fluctuations are divergently enhanced at
the nematic QCP. This discovery opens up a new avenue to
study the unconventional superconductivity mediated by exotic
mechanisms different from the well-studied spin fluctuations.

T.S. designed research; S.H., KM., K.I., HW.,, Y. Mizukami, TW., SK., Y. Matsuda, and T.S.
performed research; S.H. and T.S. analyzed data; and S.H., S.K., Y. Matsuda, and T.S. wrote the

paper.

The authors declare no conflict of interest

"To whom correspondence should be addressed. E-mail: shibauchi@k.u-tokyo.ac.jp

PNAS | July1,2016 | vol. XXX | no. XX | 1-27


www.pnas.org/cgi/doi/10.1073/pnas.XXXXXXXXXX

ture dependence above Ty [? ], which indicates no direct cor-
relations between dynamical spin susceptibility x(q,7’) and
the nematic susceptibility, inconsistent with the spin-nematic
scenario [? ]. Although these results imply that the nematic
transition in FeSe is orbital driven, the most important is-
sue, namely the presence of a nonmagnetic nematic QCP at
which the nematic fluctuation diverges with 7' — 0K, re-
mains open. The presence or absence of such a QCP should
provide pivotal information on the superconductivity of iron-
based high-T, materials. It has been shown very recently that
the applying pressure leads to the suppression of Ty, but near
the critical pressure at which 7y vanishes, the magnetic or-
dering is induced [? ? 7 ]|, preventing our understanding of
the interplay between nematicity and superconductivity.

Recent advances in the crystal growth of iron chalcogenides
by using the chemical vapour transport technique [? 7 | al-
low us to grow high-quality single crystals of FeSei_,S,. The
high quality of the obtained crystals is evidenced by the low
residual resistivity and the observation of quantum oscilla-
tions [? ? |. Here we report that the partial substitution of
isoelectric S for the Se site [? 7 7 ? ] leads to the complete
suppression of this nematic transition without inducing the
AFM order. Moreover T, shows a maximum at = ~ 0.08 in
FeSe1_, Sz, suggesting the presence of superconducting dome,
but the detailed phase diagram has some differences from
those in BaFez Ass-based systems with AFM QCP. Therefore
FeSe1_, S, appears to be a key material to investigate rela-
tionship between the nonmagnetic nematic fluctuations and
the superconductivity.

Results and Discussions

The temperature dependence of the in-plane resistivity p(T")
in these high-quality crystals shows a kink at the nematic
transition at Ty, which is gradually decreased to lower tem-
peratures with S substitution (Fig. 14). At high concentra-
tions z > 0.17, the kink anomaly of p(7T") disappears, which
is more clearly seen in the temperature derivative dp/dT'(T")
(Fig. 1B). In contrast to the physical pressure case where
another clear anomaly at a temperature different from 75 is
reported indicating the appearance of a magnetic transition,
we find no such anomaly in the entire x range of this study,
which implies that the ground states of this system are non-
magnetic up to at least x = 0.21.

An elegant way to evaluate experimentally the nematic
fluctuations has been developed by the Stanford group, that
is based on the elastoresistance measurements by using a
piezoelectric device [? ? ]. We utilize this technique in our
FeSe1_,S; to extract the temperature dependence of the so-
called nematic susceptibility Xnem. Here the change in the
resistance N ~ (AR/R) induced by the strain that can be
controlled by the voltage applied to the piezoelectric device is
measured as a function of strain e (Fig. 2A4). This quantity NV
is proportional to the nematic order parameter, and thus its
fluctuations can be quantified by the nematic susceptibility
Xnem ™~ %—JZ, which is given by the slope of the (AR/R) versus
e curve [? ]. To cancel the effect of anisotropic strain induced
in the piezoelectric device (the Poisson effect) [? ], we mea-
sured the resistance changes (AR/R)z» and (AR/R)y, for
two current directions orthogonal each other in FeSe (z = 0)
crystals (Figs. 24, B). The nematic susceptibility data ob-
tained from the combination of (AR/R)z, and (AR/R)yy are
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essentially identical to those from (AR/R).. alone (Fig. 34).
Therefore, we measure only (AR/R)z» for substituted sam-
ples £ > 0 to avoid the effect of small difference of the com-
position z in different crystals from the same batch. The
sign of the nematic susceptibility above 75 is positive, which
corresponds to the positive value of p, — p» where a and b
represent the orthorhombic crystal axes (a > b). This pos-
itive sign is consistent with the previous results in FeSe [?
? ] and FeTeg.sSeo.s [? ], but is opposite to the Co-doped
BaFesAsy case [? ]. This sign difference may be related to
the difference of Fermi surface structure in different materi-
als. In hole-doped BaFe;As; materials, the doping-induced
sign reversal of p, — pp has been observed and the importance
of anisotropic quasiparticle scattering in the nematic state
has been suggested [? ]. More recently, however, the opti-
cal analysis indicates that the anisotropy of Drude spectral
weight, which is related to the detailed Fermi surface struc-
ture and effective mass, is more essential than the scattering
rate to determine the resistive anisotropy [? ]. In the case
of FeSe, the Fermi surface in the nematic state has several
unusual features including the smallness of Fermi energies [?
? ], and different anisotropy between hole and electron bands
[? ], which may be relevant for the observed positive sign of
Pa = Pb-

The temperature dependence of the obtained nematic sus-
ceptibility shows a systematic trend as a function of the sul-
fur content z (Figs. 3A-E). In the tetragonal state above T,
Xnem (T') can be fitted to the Curie-Weiss type temperature
dependence given by

A 0

nem — 5 1
X aT =T, TX (1]

where )\ and a are constants, and Ty is the Weiss temperature,
which represents the electronic nematic transition tempera-
ture without the lattice coupling. The observed changes in the
resistance is given by AR/R = Ap/p+AL/L—AA/A, the last
two terms on the right hand side represent geometric factors
related to changes in the length L and cross-sectional area A
[? ]. These terms contribute to the temperature-independent
term x° in Eq. (1), which is dominant in simple metals. In
the present FeSei_;S; system, however, xnem(T) has strong
temperature dependence, indicating that nematic fluctuations
are very large. With a proper choice of x°, 1/(Xnem — x°) fol-
lows nearly T-linear dependence in a wide temperature range
of the tetragonal phase, consistent with the Curie-Weiss law
(Eq. [1)).

The obtained phase diagram based on our single-crystal
study is shown in Fig. 4. The nematic transition tempera-
ture Ty monotonically decreases and vanishes at « = 0.17.
The Weiss temperature Ty crosses the zero line and changes
sign at © =~ 0.17, where the magnitude of Xpnem is strongly
enhanced. These results provide clear evidence that the ne-
matic QCP is present near this composition x = 0.17, where
nematic fluctuations are diverging toward T' — 0 K. We stress
that the present measurements are performed under identical
conditions in a series of samples with similar dimensions and
thus the obtained systematic results represent intrinsic prop-
erties of this system.

Near the QCP, the Xnem(T') data exhibit some deviations
from the Curie-Weiss temperature dependence (gray regions
in Figs. 3B-E, G-J). Such deviations have also been fre-
quently found in iron-based superconductors when T becomes
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low [? ]. The origin of these deviations from the Curie-Weiss
law has not been fully understood, but one should consider
possible effects of impurity scattering that may be modified by
quantum criticality. In the theory of magnetic quantum crit-
ical point, various physical quantities show non-Fermi liquid
behavior, and magnetic susceptibility may deviate from the
Curie-Weiss law [? ]. Magnetic susceptibility directly couples
to the correlation length, which depends on dimension and
dynamical exponent of the system according to the Hertz-
Millis theory [? ]. In analogy to this, the nematic correlation
length in the presence of disorder would have some character-
istic temperature dependence different from the Fermi-liquid
behaviors, and then the deviations from Curie-Weiss law may
be expected in the nematic susceptibility. When the effects
of disorder is strong, it has been discussed that the so-called
Griffith singularity may occur, which modifies the critical be-
havior [? ]. In any case, these disorder effects should weaken
the divergent behavior especially near the QCP, which is con-
sistent with our results.

The present results provide evidence that a nonmagnetic
nematic QCP lies in the superconducting phase, which has
the same topology as the phase diagrams of iron pnictides [?
] and heavy fermions [? | in which AFM QCP locates in-
side the superconducting dome. However, this nematic QCP
has several different aspects from the well-studied AFM QCP.
First, the resistivity data (Fig. 1A) shows non-T? dependence
for all the samples we measured, and we find no significant en-
hancement in the residual resistivity near the nematic QCP,
which appears to be different from the expectations in the
magnetic QCP case [? |. Second, in iron pnictides Tc shows
the maximum at around the AFM QCP [? ], whereas in the
present system 7. shows a maximum deep inside the nematic
ordered phase, not at the nematic QCP. This suggests that
the critical nematic fluctuations do not have simple corre-
lations with the T, enhancement, although some theoretical
calculations propose a T, peak at a nematic QCP [? |. These
results highlight the apparent insensitivity of fermionic prop-
erties including superconductivity to the nematic quantum
criticality, which shows a strong contrast to the AFM crit-
icality. One may consider that the AFM fluctuations have
more direct coupling to superconductivity or that the com-
bination of AFM and nematic fluctuations is important to
enhance superconductivity.

Possible origins of these unexpected results are related to
the fact that the nematic order is most likely a ferro-type or-
der with the wave vector q = 0 [? ? ], which is different from
AFM order with a finite q. In a ferro-type order, the Fermi
surface change is not as dramatic as in the antiferro-type or-
der in which band-folding occurs, and thus the competition
between superconductivity and ferro-nematic order may be
much more modest. Indeed, the unusual lack of coupling be-
tween superconductivity and orthorhombic distortion in non-
magnetic FeSe has been reported by the thermal expansion
measurements [? ]. Another factor which may be relevant
here is the enhanced quasiparticle damping (depairing) effect
near a ferro-type QCP, that can suppress T.. In fact, such
a scenario has been discussed in ferromagnetic superconduc-
tors, such as UGez, in which the peak of the T dome is not
located at a ferromagnetic end point [? ]. However, the resis-
tivity curves do not show a dramatic change near the present
nematic QCP, and thus further studies are necessary to clarify
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this point.

It should be noted that in cuprate superconductors the im-
portance of nematic electronic correlations has been suggested
as well [? ? |, and the quantum criticality of the CDW or the
pseudogap phase has been discussed [? |. In YBaxCu3zO7_s
[? ] and YBazCusOs [? |, however, opposite correlations be-
tween Tc and the quasiparticle mass enhancement associated
with the putative quantum phase transition have been re-
ported, causing controversy on the relationship between quan-
tum fluctuations and superconductivity in cuprates. To solve
this issue it would be important to separate the effects of
CDW order from the nematic correlations in the pseudogap
state.

Finally, we should add that in iron-based superconductors
the multi-orbital degrees of freedom of Fe 3d electrons are
essential in forming orbital ordering, which is quite different
from the cuprate case. However, the recent theoretical study
suggests that in cuprates the nematic CDW-like correlations
involving the Cu 3d and O 2p orbitals may be considered as
intra-unit-cell orbital order [? ]. Therefore the nematicity
in these strongly correlated electron systems may have rather
general grounds involving orbital physics. Thus the present
discovery of the nematic QCP and enhanced ferro-type ne-
matic fluctuations without coexisting or competing magnetic
order in FeSe;_,S,; can provide a unique avenue to study the
unconventional superconductivity mediated by exotic mecha-
nisms other than spin fluctuations.

Materials and Methods

Single crystals of FeSej_,S; were grown by the chemical vapour
transport technique. A mixture of Fe, Se and S powders together
with KCl and AlCl3 powders was sealed in an evacuated SiO2 tube.
The ampule was heated to 390 — 450°C on one end while the other
end was kept at 140 — 200°C. In these conditions, we were able
to cover a much wider x range than previous single crystal studies
[? 7 ], which is important to completely suppress the nematic
transition. The actual sulfur composition = is determined by the
energy dispersive X-ray spectroscopy, and is found to be about 80%
of the nominal S content (Fig. 14, inset). The experimental setup
for the measurement of nematic susceptibility Xnem is shown in the
inset of Fig. 2 [? ]. The samples are cut into bar-shape along the
orthogonal crystal axis (tetragonal [110]) and are glued on a piezo-
electric stack. After mounted on the piezoelectric stack, samples
are cleaved so that the thickness becomes about ~ 30 um and the
strain is sufficiently transmitted to them. The strain e = % is in-
duced by applying the voltage to piezoelectric stack and measured
by a strain gauge glued to the surface of piezoelectric stack. We
simultaneously measure the changes in the resistance when vary-
ing the strain and this induced anisotropy directly couples to the
electronic nematic order parameter.
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Fig. 1. Temperature dependence of resistivity in FeSe; . S.. single crystals. (A) In-plane resistivity p as a function of temperature in several crystals with different z. Each
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T, estimated from the inflection point, which is more accurately determined by the peak position in the temperature dependence of the nematic susceptibility (Figs. 3A-C).
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Fig. 3. Divergent nematic susceptibility in FeSe; — .S, single crystals. (A-E) Temperature dependence of the nematic susceptibility xnem for z = 0 (A), 0,08 (B), 0.12
(C), 0.17(D), and 0.21 (E). In FeSe (x = 0), the nematic susceptibility data extracted by using both (AR/R)»> — (AR/R),, (red filled circles) and (AR/R) . (violet
open circles) show consistent results. For other z > 0 samples only (AR/R) ., data has been used (B-E). (F-J) Temperature dependence of inverse of xnem — X
for z = 0 (F), 0,08 (@), 0.12 (H), 0.17(I), and 0.21 (.J). Here x° is a temperature independent constant, coming from the geometrical change that leads to a resistance
change under strain. Solid lines are the fits of xnem — XO to the Curie-Weiss law o< 1 /(T — Ty ), and the obtained values of the Weiss temperature T} are indicated. The
nematic transition is defined by the peak in xnem (77), Which is quantitatively consistent with the kink anomaly in p(7") curves (Fig. 1). In the temperature range highlighted
in grey, the nematic susceptibility data above T shows some deviations from the Curie-Weiss law.
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Fig. 4. Phase diagram and quantum criticality in FeSe; —..S... Temperature dependence of the nematic transition (7, green diamonds) and the superconducting transition
temperature (7., orange circles) determined by the zero resistivity criteria. The Weiss temperature obtained by the Curie-Weiss analysis of the nematic susceptibility data
(Fig. 3) is also plotted (7%, red hexagons). The magnitude of xnem in the tetragonal phase is superimposed in the phase diagram by a colour contour (see the colour bar for
the scale). The lines are the guides for the eyes.
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