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Non-Fermi liquid transport in the vicinity of the nematic quantum critical point
of superconducting FeSe;_,S,
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Non-Fermi liquids are strange metals whose physical properties deviate qualitatively from those of con-
ventional metals due to strong quantum fluctuations. In this paper, we report transport measurements on the
FeSe;_,S; superconductor, which has a quantum critical point of a nematic order without accompanying
antiferromagnetism. We find that in addition to a linear-in-temperature resistivity p,, o 7', which is close to
the Planckian limit, the Hall angle varies as coty; o< T2 and the low-field magnetoresistance is well scaled
as Apyc/py O tan? Gy in the vicinity of the nematic quantum critical point. This set of anomalous charge
transport properties show striking resemblance with those reported in cuprate, iron-pnictide, and heavy fermion
superconductors, demonstrating that the critical fluctuations of a nematic order with ¢ ~ 0 can also lead to a

breakdown of the Fermi liquid description.
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I. INTRODUCTION

One of the most prominent features in many strongly corre-
lated superconductors is that critical antiferromagnetic (AFM)
fluctuations emanating from an AFM quantum critical point
(QCP) seriously modify the quasiparticle masses and scatter-
ing cross section of the Fermi liquid, leading to non-Fermi
liquid (NFL) behaviors [1,2]. In these systems, the highest
superconducting transition temperature 7, is often observed
near the QCP. Therefore, understanding the role of critical
fluctuations on the transport properties is an outstanding
challenge in condensed matter physics. The resistivity, Hall
coefficient, and magnetoresistance are the most fundamental
transport parameters. It has been reported that all these quanti-
ties exhibit striking deviations from the expected Fermi liquid
behavior near the AFM QCP. In conventional metals, the
resistivity at low temperatures is often dominated by inelastic
electron-electron scattering. The resistivity from this mech-
anism varies as py, « T2, which is taken as an experimental
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hallmark of a Fermi liquid. One of the most famous anomalies
in the transport properties of the cuprate and iron-pnictide
superconductors as well as the archetypal heavy-fermion sys-
tems is a resistivity that evolves linearly with temperature
P & T [2-7], and is close to the Planckian limit [8—10].
Moreover, both a strongly 7T-dependent Hall coefficient and
a violation of the Kohler’s rule in magnetoresistance have
been observed in iron pnictides, such as BaFe,(As;_,P;)»
[6], the two-dimensional (2D) heavy fermion superconductors
CeMIns; (M = Co and Rh) [7] near the AFM QCP [2], and
cuprates within the optimally doped and underdoped regimes
[4,5], which have been discussed in terms of NFL properties
[11-13].

Recently, electronic nematicity that spontaneously breaks
the rotational symmetry of the underlying crystal lattice has
been a growing issue in strongly correlated electron sys-
tems [14], including cuprates [15-18], iron pnictides and
chalcogenides [19-21], and heavy fermion compounds [22].
Understanding the role of the critical quantum fluctuations of
nematic order on the normal and superconducting states is of
utmost importance [19,23]. The layered compound FeSe; _, S,
offers a fascinating opportunity to study this issue [24].
FeSe is a compensated semimetal which exhibits a structural
transition from tetragonal to orthorhombic symmetry at 7; ~
90 K. Below T, no magnetic order occurs, in contrast to the
other iron-based compounds [25,26]. The nematicity can be
tuned continuously by isoelectronic sulfur substitution. At
x ~ 0.17, T vanishes and the nematic susceptibility diverges,
indicating the presence of a nematic QCP [27]. The AFM
fluctuations are also suppressed by the substitution and no
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sizable AFM fluctuations are observed near the nematic QCP
[28].

Although the Fermi surface changes smoothly when cross-
ing the nematic QCP in FeSe;_,S, [29,30], the nematic QCP
has a significant impact on both the superconducting [30,31]
and normal state properties [10,32-34]. The superconduct-
ing gap structure exhibits a dramatic change at the QCP.
The in-plane resistivity exhibits a 7 -linear behavior, o, &< T
[10,32,33], at low temperature in the vicinity of the nematic
QCP, suggesting that the critical fluctuations of nematic order
can give rise to deviations from Fermi liquid behavior [23,35].
However, the T-linear p,, alone cannot be simply taken as
conclusive evidence for the NFL behavior because it can
appear as a result of multiband effects (see the Appendix).
Therefore, measurements of the Hall coefficient and mag-
netoresistance across the nematic QCP of FeSe,_,S, are of
pivotal importance in understanding the role of the nematic
critical fluctuations on the transport properties [7,23,35-37].

In this paper, we measured the low-field transport prop-
erties of FeSe;_,S, for 0 < x < 0.22. In the vicinity of the
nematic QCP at x & 0.17, the linear-in-temperature resistivity
is observed below ~ 40K, as reported in Ref. [10]. In these
same x and T regimes, the Hall coefficient and magnetoresis-
tance exhibit characteristic behaviors that bear resemblance
to the anomalous transport behaviors reported in iron-pnictide
and heavy fermion superconductors in the vicinity of the AFM
QCP [2,7,21] and in cuprates in the optimally and underdoped
regimes [3,8-10]. These similarities appear to suggest that
essentially different types of critical quantum fluctuations give
rise to several common deviations from conventional Fermi
liquid behavior near the QCP.

II. EXPERIMENTAL

High-quality single crystals of FeSe;_,S, were grown by
the chemical vapor transport method. We determined x values
by energy-dissipative x-ray analysis. The crystals in the or-
thorhombic regime (0 < x < 0.18) are heavily twinned. Most
of the measurements were performed on samples with typical
dimensions of 2 x 1 x 0.05mm?. The electrical current is
applied along the ab plane. The Hall effect and transverse
magnetoresistance were measured simultaneously. We ob-
tained the Hall resistivity p,, from the transverse resistance
by subtracting the positive (H || ¢) and negative magnetic field
(H || —c) data.

III. RESULTS
A. Resistivity

As shown in Fig. 1(a), p,, shows a kink at 7;. With increas-
ing x, T; decreases to lower temperature and no kink anomaly
is observed at x > 0.17, indicating that the system is in the
tetragonal phase. The Fermi surface of FeSe;_,S, consists
of hole cylinders around the zone center and compensating
electron cylinders around the zone corner [38,39]. In FeSe in
the nematic phase, the Fermi energies of both the hole and
the electron pockets are extremely small: 7 &~ 10meV and
g7 ~ 5SmeV, respectively [38]. With sulfur substitution, sf’;
increases gradually without exhibiting an abrupt change at
the nematic QCP [30]. In the tetragonal phase at x > 0.17,
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FIG. 1. (a) Temperature dependence of the resistivity p,, normal-
ized by p,, at 250 K in zero field of FeSe,_,S, for various S substi-
tution levels. Arrows indicate the nematic transition temperature 7.
(b) Temperature dependence of p,, at low temperatures in zero field
for x = 0.17. The red dashed line represents a line fitted by p,, o T'.
(c) The same plot in zero field and at poH = 12T applied parallel to
the ab plane for x = 0.18. The red dashed line represents a line fitted
by o & T. (d) The same plot in zero field for x = 0.21. The red
dashed curve represents a fitting curve p,, o T'?. (e) The same plot
in zero field for x = 0.22. The red dashed curve represents a fitting
curve py o< T2,

the Fermi surfaces consist of two hole and two electron
pockets. Recent angle-resolved-photoemission-spectroscopy
(ARPES) measurements report & ~ 14meV for both hole
pockets. Although direct measurements of the electron pock-
ets by ARPES is lacking, ¢f is speculated to be of order
of 5-15 meV for both electron pockets. This is because the
electronic specific heat coefficient in the tetragonal phase is
close to that in the nematic phase [31], suggesting no dramatic
change of the effective electron mass. We therefore focus
on the transport properties below ~ 40K [Figs. 1(b)-1(d)],
where the temperature is sufficiently below the Fermi energy
of each pocket. To study the 7T dependence of p,, on lower
temperatures, a magnetic field is applied parallel to the ab
plane to suppress the superconductivity. In this configuration,
magnetoresistance arising from the orbital motion of the
electrons is negligibly small, as reported in Ref. [10]. The
most distinct feature is the linear-in-temperature resistivity
typical to NFL behavior down to low temperatures at x =
0.17 and 0.18, at or slightly above the nematic QCP. For
x = 0.22, T-linear dependence of the resistivity changes to
approximately T2 dependence, as expected for a Fermi liquid
at lower temperatures. Similar behavior has been reported now
by several groups [10,32,33].

Figure 2 shows the color plot of the exponent « in the T
dependence of the resistivity

Pxx = Po +AT*“. &)

Blue and red show the region in which Fermi liquid (o ~ 2)
and NFL (¢ = 1) behaviors are observed, respectively. In the
nematic regime below T, the T dependence of p,, exhibits
a concave downward curvature, which is likely to be caused
by a change in the carrier scattering time t associated with
orbital ordering at 7;. We do not discuss the 7' dependence
of py, below T in detail. The Fermi liquid regime with o ~
2 is seen in the low-temperature regime at large x values
[10]. The phase diagram also includes a funnel of 7-linear
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FIG. 2. Phase diagram of FeSe;_,S,. Colors in the tetrago-
nal state represent evolution of the exponent o in resistivity fit-
ted by Eq. (1). The green dashed line represents the tetragonal-
orthorhombic (nematic) transition temperature 7; determined by
the resistivity measurements. The green square is the nematic
QCP. Orange solid circles represent the superconducting transition
temperature.

resistivity centered on x ~ 0.17, indicating that the critical
fluctuations originating from the nematic QCP extend up to
a finite temperature.

It has been discussed previously that in cuprates and other
correlated systems, the 7'-linear p,, appears in the Planckian
limit, where i/t = AkgT with A ~ 1 is fulfilled [8,9]. To ex-
amine whether FeSe;_,S, is in the Planckian limit, we calcu-
late A per 2D sheet AY = A/d (d is interlayer distance), which
is given as X;AYel /ky = A(h/2¢%). From the T-linear p,,
in the vicinity of nematic QCP, we obtain A ~ 1.0 u<2 cm/K.
As discussed above, the electronic specific heat coefficient in
the tetragonal phase does not change dramatically from that
in the nematic phase [31]. Therefore, by simply assuming
s;’h ~ 10-15meV for all pockets, A = 0.7-0.9 is obtained.
An earlier analysis of the coefficient of the T'-linear resistiv-
ity using a multiband Drude model also found A ~ 1 [10],
implying that scattering within the quantum critical fan of a
nematic QCP is indeed close to the Planckian limit.

B. Hall effect

The Hall coefficient Ry is determined largely by the Fermi
surface topology and carrier density. In the simple case of
a Fermi liquid, if there is a single species of charge carrier
and 7 is the same at all points on the Fermi surface, Ry =
1/ne, where n is the carrier number and Ry is independent
of temperature. Figure 3(a) and its inset depict the T de-
pendence of Ry(= dp.y/dH at H — 0) at various x. In the
nematic regime, oy, shows nonlinear H dependence, while
in the tetragonal regime, p,, exhibits nearly perfect H-linear
dependence. As shown in the main panel of Fig. 3(a), Ry is
positive in the tetragonal regime at x > 0.17, indicating the
dominant contribution of holes. As the temperature is lowered,
Ry increases rapidly with increasing slope. Slightly above 7.,
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FIG. 3. (a) Temperature dependence of the Hall coefficient Ry
for x > 0.17. The inset shows Ry for x < 0.17. Arrows indicate the
tetragonal-orthorhombic transition temperature. (b) Cotangent of the
Hall angle plotted as a function of T in the tetragonal regime of
FeSe,_,S, (x > 0.17). The inset shows the same plot in the nematic
regime for x = 0.12.

Ry peaks and decreases. A salient feature is that the enhance-
ment of Ry at low temperatures becomes more pronounced
upon approaching x =& 0.17, suggesting that the Hall effect is
strongly influenced by the critical nematic fluctuations.

In cuprates [4], iron-pnictides [6], and heavy fermion com-
pounds [7] in the vicinity of AFM QCP, |Ry| increases rapidly
with decreasing temperature. It has been pointed out that the
Hall problem in cuprates and in CeMIns can be simplified
by analyzing the Hall response in terms of the Hall angle,
6n = tan~ ' (pyy/ pxx) [4,7] as

cotby = a+ bT?, 2)

where a and b are constants. This Hall angle behavior, when
combined with the 7T'-linear resistivity, is an important hall-
mark of the deviations from Fermi liquid transport.

In Fig. 3(b), we plot cotfy of FeSe,_,S, as a function
of T?. For x < 0.17, cot 6y displays nonmonotonic behavior
due to the (multiple) sign changes in Ry. In contrast, in the
tetragonal regime at x > 0.17, cot 6y follows a T? dependence
in the regime where p,, is approximately 7' linear. We note
that the quadratic T dependence of cotfy implies that the
temperature dependence of Ry observed for x = 0.17 and
0.18 is unlikely to be due to the multiband effect (see the
Appendix). Thus, the observed T2 dependence of cot 6y,
when combined with the T -linear p,,, leads us to consider that
critical nematic fluctuations are responsible for the deviations
from Fermi liquid behavior of the Hall effect.

C. Magnetoresistance

The orbital magnetoresistance arises from a bending of
the electron trajectory by the Lorentz force. A finite magne-
toresistance is a measure of the deviations from a perfectly
isotropic Fermi surface, providing unique information on the
variation of the electron mean free path around the Fermi
surface [40]. The magnetoresistance of conventional metals
is often analyzed in terms of Kohler’s rule. According to the
semiclassical transport theory based on the Boltzmann equa-
tion, Kohler’s rule holds when the system has a single carrier
and 7 is uniform on the Fermi surface. The field dependence
of p,, is expressed by w. 7, where w, is the frequency at which
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FIG. 4. [(a)—(e)] Magnetoresistance Ap, (T, H)/p.(T,0) of FeSe;_,S,

at different doping S substitution levels. [(f)—(j)]

Ap (T, H)/pe(T, 0) plotted as a function of [1oH/px (T, 0)]%. [(k)~(0)] Ap.(T, H)/p.(T, 0) plotted as a function of the square of the

tangent of the Hall angle (tan 6y)>.

the magnetic field causes the electrons to sweep across the
Fermi surface. Since the resistivity in zero field p.. (7, 0) is
inversely proportional to t, the magnetoresistance of systems
with different 7, either due to different impurity levels or
temperature, is related to H and p.(T,0). Thus, the or-
bital magnetoresistance Apy (T, H) = pu (T, H) — py (T, 0)
obeys the relation

Apxx(T,H)_F[ H ]
(T, 0) L pu(T,0)]

where F(x) is a function which depends on details of the
Fermi surface. A violation of Kohler’s rule is observed even
in conventional metals when the Fermi surface consists of
several different bands and t is strongly band dependent.

Figures 4(a)—4(e) depict the transverse magnetoresistance
of FeSe;_,S, for various x values for H | ¢ below 40 K.
To search for Kohler’s rule scaling, it is necessary to extract
the orbital part of the magnetoresistance. The orbital part is
obtained by subtracting the longitudinal magnetoresistance
measured in the geometry H || j || ab from the transverse one.
As reported in Ref. [10], the longitudinal magnetoresistance
is negligibly small for x > 0.17 [see also Fig. 1(c)], indicating
that the transverse magnetoresistance is essentially dominated
by the orbital contribution.

Figures 4(f)—4(j) depict the transverse magnetoresistance
below 40 K plotted as a function of [uoH/px (T, 0)]? for
various x values. At x = 0.12 in the nematic regime, the
magnetoresistance collapses onto a single curve below 25 K,

3

indicating that Kohler’s rule is obeyed at low temperatures.
On the other hand, for x > 0.17 in the tetragonal regime,
Apu (T, H)/ pxx (T, 0) is not scaled by poH/p. (T, 0), indi-
cating an apparent violation of Kohler’s rule.

In cuprates, BaFe;(As;_P,), and CeMIns near the AFM
QCP, the magnetoresistance strongly violates Kohler’s rule
and a new scaling relation,

Apu(T, H)
xx(T, 0)

where p is a constant, has been shown to hold [5-7]. This
modified Kohler’s rule states that the 7 and H dependencies
of Ap../px collapse onto a single straight line as a func-
tion of tan? 6y. Figures 4(f)—4(g) display Ap.,/px plotted
as a function of tan® 6y for various x values. For x = 0.12,
A e/ per is not scaled by tan® 6. Two remarkable features
are found in Ap,, /. for x = 0.17, 0.18, and 0.21, however.
First, Apy./pxr is well scaled by tan? . Second, the scaling
function is almost perfectly linear in tan’ 6. These results
demonstrate that the low-field magnetoresistance obeys the
modified Kohler’s rule. Thus, in the regime where deviations
from Fermi liquid behavior are observed in the resistivity and
Hall effect, the magnetoresistance violates Kohler’s rule and
can be well described by the modified Kohler’s rule. With
increasing x, Kohler’s rule begins to be recovered at low fields
as seen in x = 0.22 [Fig. 4(j)]. This is consistent with the
recovery of a Fermi liquid ground state as manifest in the 7>
dependence of p,, (the blue region in Fig. 2).

“

=p tan? 64,
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IV. DISCUSSION

Several notable attempts have been made to explain these
anomalous deviations from Fermi liquid transport, but mostly
in systems that display magnetic quantum criticality. Among
others, one may invoke different electron scattering times at
different parts of the Fermi surface. However, as the Fermi
surface smoothly changes when crossing the nematic QCP
[29,30], it is unlikely that the electron scattering time dra-
matically changes at x ~ 0.17. An important effect may arise
from vertex corrections to the longitudinal and transverse
conductivities due to large AFM fluctuations, which modify
the current at the Fermi surface spots connected via the
nesting vectors gar [11-13]. This effect is pronounced in the
vicinity of the AFM QCP, where the critical AFM fluctuations
are enhanced. It has been shown that such vertex corrections
give rise to the T-linear p,,, an inverse Hall angle that is
proportional to 72, and a magnetoresistance that is scaled by
tan 6y. This scenario requires a large amplitude of gap. In
cuprates, iron-pnictides, and CeM1Ins, AFM spin fluctuations
are peaked at gap connecting certain points on the Fermi
surface. In FeSe;_,S,, however, the nematic fluctuations are
peaked at gnem ~ O as its ordered state breaks the rotational
symmetry while preserving translational symmetry. Thus,
it is an open question whether the nematic fluctuations in
FeSe;_,S, can give rise to the observed deviations from Fermi
liquid behavior through vertex corrections alone.

Near a nematic QCP, the effective electron-electron in-
teractions are believed to become long ranged, rendering
the whole of the Fermi surface “hot,” the electronic states
incoherent, and the transport properties NFL-like [41]. It has
been argued, however, that a correct treatment of the electron-
phonon coupling in such systems will preserve the integrity of
the quasiparticles and recover Fermi liquid behavior [36,37].
Our results suggest that such considerations are not appli-
cable to FeSe;_,S,, possibly due to a diminishing role of
electron-phonon coupling in the presence of strong electron
correlations. Indeed, a common set of anomalous charge
transport properties observed in strongly correlated electron
systems having essentially different types of critical quantum
fluctuations appears to capture an universal feature of the
NFL transport properties near the QCP. Further investigation
is required to clarify this issue.

V. CONCLUSION

In summary, we demonstrate anomalous low-field trans-
port properties in FeSe;_,S, superconductor, which has a
QCP of an electronic nematic order that is not accompanied by
sizable magnetic fluctuations. The set of anomalous transport
properties resemble those reported in other correlated mate-
rials in the vicinity of AFM QCP. The common noticeable
features of the anomalous transport behavior observed in
correlated electron systems having essentially different types
of critical quantum fluctuations capture a universality of NFL
behavior near the QCP.
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FIG. 5. Transport coefficients in a two-band model. (a) Tempera-
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Apyc/ P (0), calculated by using n = 0.7, ¢ = 1.3, m, = 2my, and
my, = my. The inset in panel (d) shows a plot of cot 6y / T? as a func-
tion of T. The inset in panel (¢) shows a plot of (Ap/p)/(tan 6y)?
as a function of T. Note that cot @y strongly deviates from a T2
dependence. Moreover, (Ap/p)/(tan 6y)* changes with temperature,
demonstrating the violation of the modified Kohler’s rule in this
two-band picture.
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APPENDIX: TRANSPORT COEFFICIENTS CALCULATED
BY A TWO BAND MODEL

Here, we demonstrate that the anomalous transport proper-
ties observed in the vicinity of the nematic QCP in FeSe;_ .S,
cannot be ascribed to a simple multiband effect. FeSe;_,S; is
a compensated metal, whose Fermi surface consists of hole
and electron pockets. By taking this situation into account,
we calculate the transport coefficients assuming a two-band
model with circular electron and hole pockets. In the relax-
ation time approximation, the electrical conductivity o, Hall
conductivity oy,, and magnetoconductivity Aoy, are respec-
tively given as

ons = ne2<ﬁ + i>, (A1)
my me
2 2
T T
Oy = ne3(—@ - —;>H, (A2)
m,  mg
3 3
T T
Aoy, = ne“(—’g + —63>H2, (A3)
mi‘t me

where 7 is the carrier number of each hole and electron pocket,
7, (t.) is the scattering time, and my, (m,) is the effective
mass of the hole (electron) pocket. Then, Hall coefficient, the
cotangent of the Hall angle, and the magnetoresistance are
respectively given as

Ry =22, (A4)
qxx
cot by = 2, (A5)
Oy

Apw __Aow _ (&)2
pXX(()) UXX OXX '

To examine the temperature dependences of these transport
coefficients, we assume power-law temperature dependences
of the scattering times, 1/7, o< T" and 1/t o< T¢. As Ry be-
comes temperature independent for the exponents n = ¢, we
assume 1 # ¢. To reproduce the observed T -linear resistivity,
the relations n < 1 and ¢ > 1 are required. In addition, to
reproduce the experimental 7 dependence of Ry, t,/my ~
7. /m, is required at high temperatures (Ry ~ 0) and t;,/my, >
7. /m, at low temperatures (Ry > 0).

To satisfy these constraints, here we set n =0.7, { =
1.3, m, = 2mg, and m;, = mgy, where my is the bare electron
mass. Figure 5(a) shows the T dependences of 1/t, and
1/7;,, and Figs. 5(b)-5(e) show the obtained 7 dependences
of Py, Ru, cotfy, and Ap,,/px(0), respectively. As shown
in Figs. 5(b) and 5(c), the observed T -linear resistivity and
the low-temperature enhancement of Ry can be reproduced
qualitatively using these parameters. However, as shown in
Fig. 5(d) and its inset, cotfy strongly deviates from a T2
dependence. Moreover, as shown in Fig. 5(e) and its inset,
APy / prx(0) cannot be scaled by tan? 0. Thus, these calcula-
tions demonstrate that the modified Kohler’s rule is strongly
violated for the simple two-band model with a T'-linear resis-
tivity and a low-temperature enhancement of Ry.

To summarize, the observed transport properties, py, =
0o+ AT, cotfy =a+bT?, and Apg/pe(0) = ptan? 6y
cannot be satisfied simultaneously within the relaxation time
approximation. These results indicate the possible role of ver-
tex corrections in explaining experimental non-Fermi liquid
transport coefficients.
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