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The nematic susceptibility, χφ, of hole-doped Ba1−xKxFe2As2 and electron-doped BaðFe1−xCoxÞ2As2
iron-based superconductors is obtained from measurements of the elastic shear modulus using a three-point
bending setup in a capacitance dilatometer. Nematic fluctuations, although weakened by doping, extend
over the whole superconducting dome in both systems, suggesting their close tie to superconductivity.
Evidence for quantum critical behavior of χφ is, surprisingly, only found for BaðFe1−xCoxÞ2As2 and not for
Ba1−xKxFe2As2—the system with the higher maximal Tc value.
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As in many other unconventional superconductors,
superconductivity in iron-basedsuperconductorsarisesclose
to the point where an antiferromagnetic spin-density-wave
transition (SDW) is suppressed [1,2]. A particular feature of
the iron-based materials is that the SDW breaks the fourfold
rotational symmetry of the lattice which is accompanied
by an orthorhombic distortion [2]. The fact that the structural
transition surprisingly precedes the SDW transition in some
systems has led to a strong debate about the driving force of
the structural phase transition; e.g., orbital [3–5] or spin-
nematic [6,7] degrees of freedom have been proposed.
Importantly, orbital and spin fluctuations are also likely
candidates for the superconducting pairing glue [8,9].
Whereas spin fluctuations are believed to mediate s� super-
conductivity [8,10,11], orbital fluctuations are thought
to lead to sþþ superconductivity [5,9]. The structural tran-
sition in the Fe-based materials is of strong current interest
[7,12–16],because it isbelievedtobeofanelectronicnematic
type, i.e., a transition inwhicha“nematic”orderparameterof
electronic (e.g., spin or orbital) origin causes a spontaneous
breaking of the fourfold lattice symmetry. Such nematic
transitions are believed to occur also in Sr3Ru2O7 and the
cuprate superconductors [17,18].
Measurements of the elastic shear modulus C66, which is

the soft mode of the structural transition, provide a power-
ful tool for studying the susceptibility and associated
fluctuations of this nematic order parameter [19–21]. In
particular, the softening of C66 was studied intensively in
BaðFe1−xCoxÞ2As2 (Co-Ba122) using ultrasound, and
strong evidence for a quantum critical point (QCP) was
obtained near optimal doping [21]. Further, the response of
C66 below the superconducting transition at Tc provides
important information about the coupling of these fluctua-
tions to superconductivity, which has been interpreted both
in the spin-nematic and the orbital scenario [19,21]. Up to

the present, shear-modulus data have only been reported for
the electron-doped Co-Ba122 system from ultrasound
measurements. It is clearly of interest to establish whether
the nematic susceptibility of other Fe-based superconduc-
tors shows similar behavior.
In this Letter we present an extensive study of the

nematic susceptibility derived from shear modulus data of
both hole-doped Ba1−xKxFe2As2 (K-Ba122) and electron-
doped Co-Ba122 covering a wide doping range. We find
that nematic fluctuations are enhanced over the whole
superconducting dome of both systems, suggesting their
close tie to superconductivity. Surprisingly, evidence for
quantum critical behavior of the nematic susceptibility is
only found for Co-Ba122, and not for K-Ba122—the
system with the higher maximal superconducting transition
temperature Tc;max.
Self-flux grown single crystals of Co-Ba122 and

K-Ba122 were cut to dimensions of L × w × h ∼ ð2 − 3 ×
1 × 0.1Þ mm3 [see Fig. 1(b)]. We gain access to their shear
modulus C66 via a measurement of the Young’s modulus
(i.e., the modulus of elasticity for uniaxial tension) along
the tetragonal [110] direction Y ½110�, using the novel
technique of a three-point bending setup in a capacitance
dilatometer [22,23] [see Figs. 1(a) 1(b)]. If C66 is small, it is
expected to dominate Y ½110� [23,24]. This certainly holds
close the structural transition, but, as we demonstrate on the
Co-Ba122 system, our method yields very similar results as
the ultrasound data over the whole doping range [21],
showing that the temperature dependence of C66 may be
reliably obtained also by three-point bending. Figures 1(c)
1(d), show the Young’s modulus Y ½110�=Y ½110�ð293 KÞ of
Co-Ba122 and K-Ba122, which was normalized at room
temperature because of uncertainties in the geometrical
parameters L, w, and h. Importantly, our data on Co-Ba122
agree very well with the C66 results of Ref. [21] over the

PRL 112, 047001 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

31 JANUARY 2014

0031-9007=14=112(4)=047001(5) 047001-1 © 2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.112.047001
http://dx.doi.org/10.1103/PhysRevLett.112.047001
http://dx.doi.org/10.1103/PhysRevLett.112.047001
http://dx.doi.org/10.1103/PhysRevLett.112.047001


whole doping range; for a direct comparison we have also
plotted C66 data for x ¼ 0 in Fig. 1(c).
Both characteristics of the electron-doped system,

namely, the softening on approaching the structural tran-
sition at Ts from above and the hardening below Tc, are
observed also in hole-doped K-Ba122. However, the soft-
ening and subsequent hardening, at, e.g., optimal doping, is
much more pronounced for Co than for K doping, which
will be discussed in more detail later.
In general, the elastic constants associated with the soft

mode are expected to go to zero at a second-order structural
phase transition and to harden below [25]. Surprisingly, this
is not the case here and Y ½110�, even though it decreases by
50%–85%, never reaches zero, a behavior which is not
fully understood and also observed in ultrasound data [21].
Also, we find that Ts manifests itself as a kink in Y ½110�ðTÞ
and that Y ½110� stays soft, or even grows softer below Ts,
contrary to the general expectation. This effect presumably
arises from “superelastic” behavior [26,27], i.e., from the
motion of boundaries between structural twins that are
formed in the orthorhombic phase.
As argued previously [15,28], the structural transition in

Ba122 is most likely driven by an electronic order
parameter φ via bilinear coupling to the orthorhombic
strain ε6 ¼ ða − bÞ=ðaþ bÞ. (a and b are the in-plane
lattice constants in the orthorhombic phase.) In this case,
the Landau expansion of the free energy is given by

F ¼ 1

2
ðχφÞ−1φ2 þ B

4
φ4 þ C66;0

2
ε26 − λφε6; (1)

where λ is the electron-lattice coupling constant and C66;0
the bare elastic constant, which has no strong temperature
dependence and B is the quartic coefficient of the Landau

expansion. Bilinear coupling is allowed because φ and ε6
both break the same fourfold rotational symmetry. We
therefore refer to φ as the nematic order parameter with χφ
the associated nematic susceptibility. φ may represent,
e.g., the spin-nematic or the orbital order parameter;
however, the present thermodynamic treatment cannot
distinguish between these scenarios. C66 is renormalized
due to the coupling λ [19,25,29], and is given by

C66 ¼ C66;0 − λ2χφ: (2)

At a mean field level, the temperature dependence of χφ is
given by χφ ¼ ½AðT − T0Þ�−1, reflecting that χφ diverges
at the “bare” transition temperature T0, i.e., the nematic
ordering temperature in the absence of electron-lattice
coupling. Because of the coupling λ, however, the ordering
of φ and the associated structural distortion takes place
at TCW

s ¼ T0 þ λ2=AC66;0, the temperature at which χφ
reaches the critical value C66;0=λ2. C66 in turn follows the
modified Curie-Weiss law

C66

C66;0
¼ T − TCW

s

T − T0

: (3)

The difference TCW
s − T0 ¼ λ2=AC66;0 (the “Jahn-Teller

energy” of Refs. [20,21]) is an energy scale characteristic of
the electron-lattice coupling.
In the following we extract the nematic susceptibility χφ

from our data using the above Landau theory. We use the
approximation C66=C66;0 ≈ Y ½110�=Y0, where Y0 is the
noncritical background. For Y0, we use 33%Co-Ba122
data [30], the temperature dependence of which can be very
well described by the empirical Varshni formula [31] Y0¼
c0−s=½expðt=TÞ−1� with s=c0 ¼ 0.0421 and t ¼ 123.6 K
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FIG. 1 (color online). (a) Schematic drawing of our three-point-bending setup in the capacitance dilatometer. The sample (gray) is
supported by three wires (red) and the capacitor gap is indicated by small arrows. (b) Definition of sample dimensions and orientation
relative to the wire supports. Young’s modulus Y ½110� of (c) Co-Ba122 and (d) K-Ba122, normalized at room temperature. For
comparison, the temperature dependence of the C66 mode of pure BaFe2As2 from Ref. [21] (gray circles) is shown in (c). The inset in (c)
shows a fit of the data of the 33% Co-Ba122 sample to the Varshni formula used as the phonon background.
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[see inset in Fig. 1(c)]. c0=Yð293 KÞ remains a free
parameter, because we lack absolute values of Y. The
values of c0=Yð293 KÞ were adjusted in order to obtain
good agreement with Eq. (3) for the underdoped samples
and then linearly extrapolated to higher doping levels (see
insets of Fig. 2). Making use of Eq. (2), the normalized
nematic susceptibility λ2χφ=C66;0 can thus be obtained
from our data [Figs. 2(a) 2(b)].
Figure 3(a) shows the magnitude of the nematic sus-

ceptibility χφ (in units of λ2=C66;0) as a color-coded map in
the composition-temperature phase diagram of Co-Ba122
and K-Ba122. χφ is significantly enhanced in a broad band
around the structurally distorted phase, as expected. It is
largest for the undoped compound right above Ts and
decreases smoothly with both electron and hole doping.
This is at variance with Ref. [15], where a maximum of the
nematic susceptibility around optimal doping has been
reported. Importantly, the enhancement of χφ extends over
most of the superconducting domes of both systems,

even when no structural phase transition occurs. In fact,
there appears to be a universal relationship between the
ratio Tc=Tc;max [Tc;max ¼ 25 K (38 K) for Co-Ba122
(K-Ba122)] and the maximum value of χφðTÞ for the
overdoped samples of both systems [Fig. 3(b)]. If the
nematic susceptibility is taken as a measure of the strength
of nematic fluctuations, this suggests that these fluctuations
may mediate the superconducting pairing also over the
whole, rather wide, superconducting dome of K-Ba122.
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FIG. 2 (color online). Nematic susceptibility, χφ in units of
λ2=C66;0, obtained from the critical part of the Young’s modulus
of (a) Co-Ba122 and (b) K-Ba122. Dashed lines correspond to
a Curie-Weiss fit using Eq. (3). Insets show the parameter
c0=Y ½110�ð293 KÞ used for separating the critical part of Y ½110�
from the background (see text for details). Triangles mark the
inflection point of χφðTÞ, T�, which is a lower temperature limit
for its Curie-Weiss-like divergence. (c), (d) Temperature-
dependent Curie-Weiss temperature T0ðTÞ ¼ 1 − 1=Aχφ of the
nematic susceptibility for (c) Co-Ba122 and (d) K-Ba122.
Linear extrapolations beyond the structural or superconducting
transition are shown as thin black lines.
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FIG. 3 (color online). (a) Temperature and doping dependence
of the magnitude of the normalized nematic susceptibility
λ2χφ=C66;0 for Co-Ba122 and K-Ba122 from Fig. 2.
(b) Tc=Tc;max as a function of the maximum value of
ðλ2χφ=C66;0ÞðTÞ for all overdoped samples. (c) Phase diagram
showing the doping dependence of T�, TCW
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dashed area corresponds to the “critical” region above T� where
χφðTÞ diverges. (d) Doping dependence of the electron-lattice
coupling energy TCW

s − T0 ¼ λ2=AC66;0. (e) Curie-Weiss temper-
ature T0 at various temperatures obtained from Fig. 2(c) 2(d). An
abrupt change from Curie-Weiss to non-Curie-Weiss behavior
occurs in the shaded region. Lines are a guide to the eye.
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In Fig. 2 we also show the results from a Curie-Weiss
analysis of the nematic susceptibility. The dashed lines in
Figs. 2(a) 2(b) show a fit of the data to Eq. (3), which takes
the form ðλ2χφ=C66;0ÞðTÞ ¼ ðTCW

s − T0Þ=ðT − T0Þ. The
resulting parameters are plotted in Figs. 3(c) 3(d). The
coupling energy TCW

s − T0 ¼ λ2=AC66;0 ∼ 30–40 K is
practically doping independent. In the electron-doped
system, TCW

s changes smoothly from positive to negative
values, a behavior which has been associated with a QCP at
optimal doping [21]. Note that the hole-doped system with
K content ≥ 30% cannot be described successfully by the
simple Curie-Weiss law.
In order to study how hole-doped K-Ba122 differs from

Co-Ba122, we define a lower temperature limit for the
breakdown of the Curie-Weiss law by the inflection point of
χφðTÞ, T�. T� has been marked in Figs. 2(a) 2(b), by open
triangles and is also plotted in Fig. 3(c). As a function of
doping, T� first decreases, closely following Ts, and then
increases upon further doping. The region of possible
critical softening above T� extents to near zero temper-
atures only in the electron-doped system, in agreement with
a quantum critical scenario. Note that, in order to “look
beneath” the superconducting dome, we used a nonsuper-
conducting 6%Coþ 2%Mn-codoped sample, because Mn
substitution strongly suppresses Tc but affects Ts only
slightly [32]. In contrast, the values of T� for the hole-
doped system clearly do not go below ∼75 K, which is
incompatible with a QCP in this system. It is curious that
optimally doped K-Ba122, the sample with the highest Tc,
does not show Curie-Weiss-like critical softening. Note that
also the hardening below Tc is significantly less pro-
nounced in optimally doped K-Ba122 than in optimally
doped Co-Ba122. For a detailed description of the anoma-
lies at and below Tc, see [23].
In order to better quantify the deviations from the

Curie-Weiss behavior, we ascribe them to a temperature
dependence of the parameter T0 in Eq. (3). T0ðTÞ can be
obtained from the data in Figs. 2(a) 2(b) assuming that no
other parameter is temperature dependent, and that
λ2=AC66;0 ¼ 40 K for K-Ba122 with ≥ 30% K content.
Figures 2(c) 2(d) show that T0ðTÞ is temperature indepen-
dent for Co contents up to 9% and K contents up to 24%
confirming that the nematic susceptibility obeys the Curie-
Weiss law for these compounds. In contrast, T0ðTÞ is
strongly temperature dependent for higher K contents. This
contrasting behavior is made even more evident in Fig. 3(e)
in which T0 at different temperatures is plotted as a function
of doping. A linear extrapolation is used for temperatures
which lie below the structural or superconducting phase
transitions. There is a clear abrupt change in behavior
between 24% and 30% K content, above which T0 is no
longer constant and decreases with decreasing temperature
below 200 K. Especially at low temperatures, a steplike
anomaly of T0 as a function of doping occurs, which we
associate with a first order transition between magnetic

(orthorhombic) and non-magnetic (tetragonal) ground
states on increasing the K content. The decrease of T0

with decreasing temperature shows that the tendency
towards nematic ordering is weakened at lower temper-
ature. Interestingly, a change of the topology of the Fermi
surface from strongly nesting circular hole pockets to
“propeller-shaped” hole pockets with expected weaker
nesting has been found to occur on lowering the temper-
ature in optimally doped K-Ba122 [33]. Such a change of
topology of the Fermi surface could explain why T0

becomes temperature dependent.
In conclusion, we have shown that the nematic suscep-

tibility is enhanced over the whole superconducting regions
in both K- and Co-doped Ba122, suggesting that fluctua-
tions associated with the electronic nematic order possibly
play a crucial role in superconducting pairing. On the other
hand, nematic fluctuations exhibit quantum critical-like
behavior only in Co-Ba122 and not in K-Ba122, which has
the higher Tc. This naturally raises the question whether
quantum criticality is really important for obtaining high Tc
and/or if nematic fluctuations are indeed directly involved
in the pairing. From our measurements alone it is impos-
sible to determine whether nematic order is driven by spin
or orbital physics. However, a comparison between the χφ
presented here and the nematic susceptibility in the
spin-nematic model (obtained from nuclear magnetic res-
onance measurements) was carried out for Co-Ba122 [34],
providing strong evidence for a magnetically driven
structural transition. Similar tests with K-Ba122 are highly
desirable.
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