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Evolution of the Nematic Susceptibility in LaFe;_,Co,AsO
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We report a systematic elastoresistivity study on LaFe;_,Co,AsO single crystals, which have well
separated structural and magnetic transition lines. All crystals show a Curie-Weiss—like nematic suscep-
tibility in the tetragonal phase. The extracted nematic temperature is monotonically suppressed upon cobalt
doping, and changes sign around the optimal doping level, indicating a possible nematic quantum critical
point beneath the superconducting dome. The amplitude of the nematic susceptibility shows a peculiar
double-peak feature. This could be explained by a combined effect of different contributions to the nematic
susceptibility, which are amplified at separated doping levels of LaFe,_,Co,AsO.
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Unconventional superconductivity is intimately related
to other electronic symmetry breaking states. A common
feature among unconventional superconductors is that by
varying a tuning parameter x, such as pressure or chemical
substitution, the superconductivity exists under a domelike
region in the 7-x phase diagram, and the extrapolation of
some of the transition line hits zero temperature inside or
close to that dome [1-4]. The formation of a spin density
wave is the most recognized order in the normal state of
unconventional superconductors, and its ubiquitousness
stimulated theories to explain the origin of unconventional
superconductivity mediated by fluctuations of the magnetic
order [5—10]. Recently, the report of newly recognized
electronic orders beside magnetism in unconventional
superconductors is infectious [2,11], including nematicity,
an electronic ordered state that spontaneously breaks the
rotational symmetry of its host crystal [11-13]. Nematic
fluctuations by themselves are considered as a possible
mediator of electronic pairing [14—18]. Indeed, a nickel
pnictide Ba;_,Sr,Ni,As, was just discovered to be a
nematicity-boosted superconductor [19].

In the case of iron-based superconductors, the stoichio-
metric parent compounds are always antiferromagnetically
ordered below Ty, following a structural transition at T'g
[3.4]. The paramagnetic orthorhombic phase between T'g
and Ty acquires highly anisotropic electronic properties
regardless of the small lattice anisotropy [20]. In this
electronic nematic phase, all ordered states are highly
intertwined, making it hard to discern the leading instability
among them. One can find clues by studying their pertinent
fluctuations at higher temperatures [21-23]. For nematicity,
its fluctuations have been probed by various approaches,
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including the elastoresistivity measurements [24,25]. The
divergent nematic susceptibility has been found in different
families of iron-based compounds [26-28]. These facts
clearly eliminated the structural instability as the driving
force for other transitions [23,24].

One prevailing understanding of the nematicity in
iron-based compounds is to treat it as the result of
fluctuating antiferromagnetic (AFM) order [29-32]. This
scenario received strong support from the discovery of a
good scaling between the lattice softening and the magnetic
fluctuating amplitude in Ba(Fe,_,Co,),As, over a wide
doping range [33]. As illustrated in Fig. 1(a), the Ty and
Ty transition lines are very close to each other in
Ba(Fe,_,Co,),As,. The extension of these lines penetrates
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FIG. 1. (Color online). Schematic T-x phase diagrams of
three representative iron based superconductors [3,27,46,47]:
(a) Ba(Fe,_,Co,),As,, (b) FeSe,_.S,, (c) LaFe,_,Co,AsO.
The orange area is the antiferromagnetically ordered state, the
green dome is the superconducting state, and the solid blue line
shows the structural transition (with dashed line as a guide to the
eye). The nematic order exists below the structural transition line
and above the antiferromagnetically region.
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into a sign-reversed s-wave superconducting dome [3],
which is the fingerprint of AFM fluctuation driven super-
conductivity [34,35]. In stark contrast, as Fig. 1(b) shows,
there is no static magnetic order over the whole phase
diagram of FeSe;_,S,. Theories proposed a different
kind of superconductivity of sign-preserved pairing, based
on unequal orbital occupancy [36—40]. Nuclear magnetic
resonance measurements on FeSe yielded no evidence for
slowing down of spin fluctuations above T [41,42], and
the changes of spin-lattice relaxation rates across T’y are
much smaller than that in other iron-based superconductors
[41]. These facts lent support to the orbital scenarios
and alternative origin of nematicity. However, subsequent
neutron scattering studies can identify spin fluctuations
above T'g [43]. Moreover, these spin fluctuations are found
changing across T's and being anisotropic in the nematic
phase [44,45]. Thus, the importance of magnetic fluctua-
tions is restored in FeSe. The leading instability and
therefore the primary pairing mediator of the seemingly
simple FeSe system remain elusive.

In this Letter, we report the study of nematicity of
a series of LaFe;_,Co,AsO single crystals. As Fig. 1(c)
indicates, the Ty and T, of LaFe,_,Co,AsO are
well separated [46,48,49]. Superconductivity emerges
after the total suppression of the AFM order [46,47],
making LaFe;_,Co,AsO interesting to search for separated
magnetic and nematic fluctuation regions. By utilizing
elastoresistivity measurements, the persistence of a Curie-
Weiss—like nematic susceptibility deep in the tetragonal
phase of LaFe,_,Co,AsO was found. The Curie-Weiss
temperature changes sign around the optimal doping level
x = 0.06, with an enhanced nematic susceptibility on its
top. This indicates the existence of a nematic quantum
critical point (NQCP) under the superconducting dome,
and supports the proposals of nematicity as the driver for
superconductivity [14—18]. Besides, another enhancement
of the nematic susceptibility is resolved around x = 0.04,
close to the end point of the AFM order.

LaFe;_,Co,AsO single crystals were prepared by the
solid state single crystal growth method [48]. The oriented
samples were cut into a typical size of 1.2 mm x 0.5 mm in
plane and cleaved to around 20 um thickness to ensure an
efficient strain transmission to the sample [24]. The exper-
imental setup is illustrated in the insert of Fig. 2(c). The
sample was glued to a commercial piezoelectric actuator
(Piezomechanik PSt 150/5 x 5 x 7) by using an adhesive
epoxy (Devcon, No. 14250), after electrically contacting
voltage and current leads directly on the fresh surface with
sliver paint. A strain gauge was glued on the other side of the
actuator and was measured with a built-in Wheatstone
bridge circuit. To eliminate a possible temperature change
caused by driving the piezoelectric actuator, data were taken
after waiting several seconds at each strain step.

Elastoresistivity measured along the [110] direction of
the LaFeAsO single crystal is shown in Fig. 2. By changing
the voltage across a piezo actuator, one can precisely tune
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FIG. 2. (Color online). Elastoresistance measurements of the

parent compound LaFeAsO. (a) The relative change of strain
(e, = AL,/L,) and sample resistivity (7 = Ap/p) according
to the voltage applied to the piezo actuator at a fixed tempera-
ture 7 = 150 K. The strain was measured along the current
direction, which was aligned against the [110] axis of the crystal.
(b) The relationship between ¢, and 5 at some representative
temperatures. The nematic susceptibility was obtained from
it = —(6n/d¢,) in the &, = 0 limit. (c) The temperature depend-
ence of 7i is shown as blue open squares in the upper panel.
The structural transition temperature determined in Ref. [48] is
indicated by the green arrow. The red curve represents a Curie-
Weiss fitting to data in the temperature range between the vertical
dotted lines. Inset is a schematic of the experimental setup. The
inverse nematic susceptibility (7 — 7iy)~! and the Curie constant
C = (it — i) (T — T"™) are shown in the lower panel, indicating
the fitting quality.

the strain applied to the sample glued on the actuator’s
edge. In the nematic ordered state, the resistivity anisotropy
of the in-plane axes is very large [50,51]. This anisotropy
represents the electronic nematicity. Because of the
electron-lattice coupling, strain can induce a resistivity
anisotropy above the nematic ordered state if nematic
fluctuations exist [24]. As illustrated in Fig. 2(b), the
fractional change of sample resistivity (7 = Ap/p) shows
a perfect linear relationship to the strain (¢, = AL,/L,)
applied along the current direction. As demonstrated in
Refs. [24-27], the slope of 5(&,) curve probes the nematic
susceptibility of the sample. The negative slope means that
the in-plane resistivity of LaFeAsO is higher along the
shorter orthorhombic direction. For simplicity, we use
—(6n/8e,) in the small strain limit as the definition of 7,
which is a gauge of the nematic susceptibility. The temper-
ature dependence of 71 in LaFeAsO is shown in Fig. 2(c). A
clear kink is resolved at the structural transition 7'y, above
which the 7i(T') curve can be well fitted to the Curie-Weiss—
type temperature dependence
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(Color online). Divergent nematic susceptibility in LaFe,_,Co,AsO single crystals. Similar data as Fig. 2(c) for eleven samples

of different doping levels ranging from underdoped to overdoped is shown in (a)—(k). Cobalt content x is the nominal composition,
which agrees well with the actual concentration determined by energy dispersive x-ray spectroscopy on crystals from the same batches.
The temperatures between which Curie-Weiss fitting was performed were determined by minimizing the systematic deviation of the
Curie constant (see Ref. [26]). The structural transition temperature is indicated by the green arrow and is extracted from Refs. [47,49].
There is no arrow in Fig. 3(e) because the Co 4.2% sample was not studied in the Refs. [47,49].

C
T — Them ’

i =ngy+ (1)
in which 7i, is the intrinsic piezoresistivity effect unrelated
to electronic nematicity, 7™ is the nematic transition
temperature in the mean field theory, and C is the Curie
constant which indicates the magnitude of the nematic
susceptibility.

Similar measurements and analyses were conducted
for LaFe,_,Co,AsO single crystals across the substitution
series (x up to 0.075). As shown in Fig. 3, for all the
samples we have studied, their 72(7T) curves diverge in a
clear Curie-Weiss—like form. The kink at 7'y becomes less
pronounced with doping and is unresolvable in our dataset
for x > 0.03, while Tg could be traced up to x = 0.045 in
thermal expansion measurements (indicated by green
arrows) [47]. One may attribute the smearing of the T
feature to the increasing impurity scattering effect. In such a
case, according to Ref. [52], 7 should remain practically
unaffected by the defects and impurity concentrations in the
tetragonal phase. However, the blurred feature of 7'g could
also be an intrinsic property of LaFe;_,Co,AsO, since the
structural transition anomaly observed in the thermal
expansion experiments becomes broader with increasing
x [47]. Indeed, a nuclear quadrupole resonance study on
LaFe;_,Co,AsO showed that competing local charge

environments exist at the nanoscale in the underdoped
region [46], similar to the sister compound LaFeAsO,_,F,
[53,54]. In that sense, it is natural that the features of T’y
from averaged properties are muddled by doping.

We analyze the 7i(T') data for the finite doping levels in the
same Curie-Weiss manner as for the parent compound (solid
red lines). In order to choose the proper fitting range of the
i(T) curves, especially for those without (a clear) T, we
followed the procedure described in Ref. [26]. Additionally,
the fitting range is allowed to alter by 20 K for each sample in
order to estimate the uncertainty caused by improper fitting
ranges [55], set as error bars of the fitted parameters 7"°™ and
C in the following discussion.

The information extracted from Fig. 3 is summarized
in Fig. 4, plotted together with the phase diagram of
LaFe,_,Co,AsO derived from the doping dependence of
Tg, Ty, and T, [46,47]. First of all, one can see that the
nematic transition temperature 7"°™ is linearly suppressed
by doping, and finally changes its sign around the optimal
doping level x ~ 0.06. It is known that superconductivity
could get boosted via fluctuations related to electronic
instabilities. The most studied case is that of AFM fluc-
tuations with certain wave vectors around a magnetic
critical point. As shown in Fig. 1(c), the magnetic transition
is totally suppressed before the superconductivity emerges
in LaFe;_,Co,AsO [46,47], suggesting that the magnetic
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FIG. 4. (Color online). Phase diagram and nematic susceptibil-

ity of LaFe;_,Co,AsO. The white triangles, light blue diamonds,
and green circles indicate T, Ty, and T, respectively, according
to Refs. [46,47,49]. The orange area encloses the AFM ordered
state, while the superconducting region is represented by the
green area. The nematic critical temperature 7"°™ (red star) and
the divergency coefficient (Curie constant) C (magenta square,
right axis, in log scale) are obtained by the Curie-Weiss fits of the
nematic susceptibility data shown in Fig. 2 and Fig. 3. The error
bars of them come from altering the fit range (see text). The
dashed lines are guides to the eye. Evolution of the magnitude of
71 is shown by the color plot, which shows a double-peak feature.

fluctuations near the critical point may not contribute to
the superconducting transition temperature 7', directly.
Theoretically, a NQCP and its pertinent fluctuation can
also promote the superconductivity via the attractive forces
in all paring channels [14-17], or by reducing the intra-
pocket repulsion [18,22]. Our observation of the sign
change of 7™ around x = 0.06 strongly corroborates
those theoretical expectations.

Interestingly, upon investigating the doping dependence
of the magnitude of 7, one can clearly observe a significant
enhancement of this quantity at the optimal doping level.
This can be inferred from the data in the upper panels of
Figs. 3(a)—(k) and also the contour plot presented in Fig. 4,
revealing that the enhanced 7i mimics the superconducting
dome. The latter trend is also clearly visible in the evolution
of the Curie constant displayed in Fig. 4, too, which
represents the divergency coefficient of the 7(7) curve.
This finding of an enhanced 7 on top of the critical point of
T™™ and maximum 7', strongly underpins the above notion
of a putative NQCP near the optimal doping level.

The further inspection of (T) in Figs. 3 and 4 at lower
doping clearly reveals a second peaklike enhancement of it,
very close to the magnetic critical point where the AFM
order disappears but still at doping levels with an AFM
ground state. An alternative nematic critical point as the
origin of the additional peak in the underdoped region at

x ~ 0.04 can be ruled out because the fitting of (7' gives
unambiguously a finite 7™ =~ 35 K at x = 0.04 [55]. One
may speculate that the enhanced 7 around x = 0.04 is
caused by magnetic fluctuations, which are critically
enhanced at the doping levels just below the disappearance
of the AFM order (like in many other iron-based super-
conductors [4]), and remain small up to the optimal doping
level x =0.06 [46]. This notion is supported by the
established 7™ ~35 K for x~0.04 which roughly
matches the observed magnetic ordering temperature 7'y
around this doping level. Thus, altogether our data seem to
reveal that in the underdoped region of the phase diagram
for x < 0.05, 2 follows the trend of the magnetic fluctua-
tions which are connected to the incipient order. At higher
doping, 7 is enhanced and seems decoupled from the
magnetic fluctuations, while on top of the presumptive
NQCP, 72 and T, domes exist despite a reduced magnetic
susceptibility. It is worthwhile to point out that the seeming
appearance of two separated criticalities suggests nema-
ticity itself can exist as a primary fluctuation and may be
responsible for the superconductivity. Furthermore, the
comparable Curie constant C around the two critical doping
levels indicates a similar strength of the elastoelectronic
and elastomagnetic couplings in this material. This is an
interesting point to look at in further investigations.

The dichotomic origin of the 7 in LaFe;_,Co,AsO
provides fresh input for rationalizing the importance of
nematic fluctuations in other members of the iron-based
superconductor family. In electron-doped BaFe,As,, the
peak of 71 has a broad appearance with the tendency to
maximize at a slightly underdoped level [24,26,56]. Since
the magnetic and structural transition lines of those materials
are close to each other, the measured 71, a superposition of the
two profiles which maximize at slightly separated end
points, could appear like a broadened peak in between.
We note that FeSe;_,S, has recently been proven to be a
remarkable system which possesses a NQCP under its
superconducting region [27,57]. Although no AFM order
exists in its ambient pressure phase diagram, magnetic
fluctuations are still interpreted as the booster of super-
conductivity in FeSe;_,S, [58]. As we have mentioned
above, however, magnetic fluctuations are suppressed at the
superconducting doping levels in LaFe,_,Co,AsO, sug-
gesting it is a more suitable prototype system to search for
the relationship between superconductivity and nematicity.
Finally, we point out that recent reports also claimed
separated QCPs masked below the wide-spread supercon-
ducting dome in cobalt- and nickel-doped NaFeAs,
extracted from the nuclear magnetic resonance and neutron
scattering spectra, respectively [59,60]. We therefore sus-
pect a similar double-peak 72 profile would also be detected
in the NaFeAs family.

To summarize, we found that the Curie-Weiss—like 7 also
exists in LaFe;_,Co,AsQO, in line with the other iron-based
superconductors. The sign change of 7™ around x = 0.06
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and the divergent amplitude of 72 by approaching this doping
level are consistent with a possible NQCP at the optimal
doping level. An additional peak of 7 in the underdoped
region around x = (.04 is present close to the end point of
the AFM transition line in LaFe;_,Co,AsO, which we
attribute to a coupling of the nematic fluctuation to critical
magnetic fluctuations. Altogether, the double-peak feature
of 7i suggests another origin of nematicity in iron-based
compounds, besides the well accepted vestigial magnetism
explanation [29,30]. A detailed map out of the magnetic
fluctuations in LaFe;_,Co,AsO is important to further
understand nematicity in this material.
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