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Anisotropic strain is an external field capable of selectively addressing the role of nematic fluc-
tuations in promoting superconductivity. We demonstrate this using polarization-resolved elasto-
Raman scattering to probe the evolution of nematic fluctuations under strain in the normal and
superconducting states of the paradigmatic iron-based superconductor Ba(Fe1−xCox)2As2. In the
non-superconducting parent compound BaFe2As2 we observe a strain-induced suppression of the
nematic susceptibility which follows the expected behavior of an Ising order parameter under a
symmetry breaking field. For the superconducting compound, the suppression of the nematic sus-
ceptibility correlates with the decrease of the superconducting critical temperature Tc. Our results
indicate a significant contribution of nematic fluctuations to electron pairing and validate theoretical
scenarii of enhanced Tc near a nematic quantum critical point.

In many iron-based superconductors (FeSC), such as
Ba(Fe1−xCox)2As2 (denoted thereafter as Co:Ba122), su-
perconductivity (SC) occurs around the end point of
stripe-like antiferromagnetic (AF) and nematic phases,
suggesting a link between SC and critical fluctuations
associated with the proximity of a nematic or mag-
netic quantum critical point (QCP) [1–3]. Initially SC
was believed to result from magnetic fluctuations [4–
6], but following the observation of strong nematic fluc-
tuations through various probes [7–13] nematic degrees
of freedom, which break the lattice rotation symmetry
while preserving its translation symmetry, have been
envisioned as a possible alternative source for the en-
hancement of the superconducting critical temperature
Tc [14–20]. Unfortunately, magnetic and nematic fluc-
tuations are difficult to disentangle in most FeSC since
both phases lie in close proximity.

In this context, anisotropic strain provides an appeal-
ing tuning parameter to disentangle the role of magnetic
and nematic degrees of freedom in promoting SC be-
cause it directly couples to the nematic order parame-
ter φnem provided it has the relevant symmetry, the B2g

representation in the case of FeSC [21–26]. This was
demonstrated in the weak-field limit via elastoresistivity
measurements which allowed the extraction of the ne-
matic susceptibility χnem [7]. In the strong field limit,
anisotropic strain can also be used as a selective tool
to induce or enhance nematic order while leaving the
magnetic order comparatively less affected [25, 27, 28].
This is because an uniform (q=0) anisotropic strain cou-
ples linearly to φnem, but only indirectly via higher order
couplings to the finite wavevector Q magnetic order pa-
rameter. Recently, Malinowski et al. [29] have revealed
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in Co:Ba122 a large suppression of Tc under anisotropic
strain near the QCP, suggesting an intimate link between
SC and nematicity. However, transport measurements
cannot probe the nematic fluctuations in the supercon-
ducting state, so that the precise link between nematic
fluctuations and SC remains to be established in this ma-
terial.

Here we report an elasto-Raman spectroscopy study
on Co:Ba122 establishing a link between nematic fluc-
tuations and Tc under anisotropic strain. In the parent
compound Ba122 the effect of strain on nematic fluctu-
ations displays the hallmarks of the susceptibility of an
Ising order parameter under a symmetry breaking field.
A strong and symmetric reduction of χnem with strain
is observed near the structural transition temperature
Ts resulting in a significant suppression of its tempera-
ture dependence. For the superconducting compound,
a similar reduction of χnem is observed under strain in
both the superconducting and normal states. We further
show that the reduction of χnem scales linearly with Tc,
indicating a link between Tc and nematic fluctuations at
optimal doping. Our results showcase a dominant role
for nematic fluctuations in boosting Tc in Co:Ba122.

Two Co:Ba122 single crystals were investigated. Sam-
ples from the same batch were previously studied by
transport measurements, from which superconducting
Tc, nematic Ts and AF TN transition temperatures were
determined, and by Raman scattering under nominally
zero strain [9, 30–33]. The first crystal is the parent
compound, BaFe2As2 (x=0), which displays a simulta-
neous magnetic (from paramagnetic to AF) and struc-
tural (from tetragonal to orthorhombic) transition at
Ts/N = 138 K and no superconducting state. The second
crystal is close to the optimal doping and to the nematic
QCP, with x = 0.07, Tc = 24 K as determined by SQUID
magnetometry on the same crystal. It presents no mag-
netic order and remains tetragonal down to low tempera-

mailto:yann.gallais@u-paris.fr


2

tures. We use an uniaxial piezoelectric cell (CS130 from
Razorbill Instruments) to apply both compressive and
tensile stress upon a sample glued between two mount-
ing plates. The stress is applied along the long dimension
being the [110] direction of the usual two Fe unit cell (that
is along the Fe-Fe bonds and denoted x′ hereafter), re-
sulting in an anisotropic B2g strain which couples to the
B2g nematic order parameter. All the Raman spectra
have been corrected for the Bose factor and the instru-
mental spectral response. They are thus proportional
to the imaginary part of the Raman response function
χ(ω, T ). Additional experimental details are given in the
Supplemental Material [34] and in Ref. [28], where elasto-
Raman phonon spectra obtained on the x = 0 sample
were already presented.

In the following, we consider an (x′y′z′) frame with the
x′ axis parallel to the applied stress direction. We define
εnomx′x′ as the nominal applied strain along the x′ direction
monitored in situ through the measured displacement of
the mounting plates. The strain experienced by the sam-
ple along the stress direction εx′x′ differs from εnomx′x′ be-
cause of the imperfect strain transmission through the
epoxy glue [28]. Also due to finite Poisson ratio, the
actual strain is triaxial, and εx′x′ can be decomposed
under two isotropic A1g and one anisotropic B2g compo-
nents [35]. Throughout the paper, the data will be shown
as a function of εnomx′x′ , but the effects of strain transmis-
sion will be taken into account when comparing the data
on different samples.

All Raman spectra reported here were obtained using
crossed polarizations along the principal directions of the
2-Fe unit cell (xy geometry), and thus probe the B2g rep-
resentation of the D4h point group (see Fig. 1). In this
geometry the measured Raman response, denoted χ′′B2g

in the following, thus probes dynamical nematic fluctu-
ations associated to the order parameter φnem. They
can be related to the nematic static susceptibility χnem
through [10]:

χnem =

∫ ∞
0

χ′′B2g
(ω)

ω
dω (1)

We first present the results concerning the parent com-
pound (Figure 1). Just above Ts at 145 K, the B2g Ra-
man response is strongly reduced below 300 cm−1 both
under positive and negative strains. The suppression oc-
curs also at larger temperature (188 K), but is less pro-
nounced. Below Ts at 118 K, χ′′B2g

changes very little

with strain. At lower temperature Raman fingerprints
of AF spin-density-wave (SDW) induced gaps indicate a
strengthening of the magnetic order under strain (shown
in Fig. S5 of the Supplemental Material [34]), in agree-
ment with previous Nuclear Magnetic Resonance mea-
surements [25, 32].

With Equation (1), the decrease of χ′′B2g
with strain

can be interpreted as a suppression of the nematic fluc-
tuations. Before computing χnem the experimental spec-
tra were extrapolated down to ω = 0 using a Drude

FIG. 1: Strain effect on the nematic (B2g) Raman response
for the parent compound BaFe2As2 (x = 0). (a) to (f) Raman
response obtained at 188 ((a)-(b)), 145 ((c)-(d)) and 118 K
((e)-(f)), upon negative ((a)-(c)-(e)) or positive ((b)-(d)-(f))
strain. The sketch in the upper right displays the directions
of the incident and scattered polarizations (blue arrows) with
respect to the Fe atom square lattice. (g) Relative variation
of χnem upon strain with respect to the zero strain suscepti-
bility at fixed temperature. No data was obtained at 154 K
under tensile strain as the sample broke during the experi-
ment. The dashed lines are guides to the eye using quadratic
law (from Eq. (3)). (h) Temperature dependence of χnem

at fixed strain, renormalized by the high-temperature suscep-
tibility denoted χnem,T> (taken here at 220 K under large
strain). The dashed lines correspond to the expected theo-
retical behavior of χnem(T ) under weak and strong external
fields [34]. For (g) and (h), the error bars take into account
the uncertainty on the Drude-like low energy extrapolation of
the spectra [34].

lineshape (see Fig. S4 of the Supplemental Material
[34]). Because the Raman response does not decrease
at high energy [9] we use an upper cut-off frequency
ωc = 400 cm−1 in the computation of χnem, chosen as
the upper limit above which no strain effect is observed at
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all temperatures. The impact of strain on χnem for four
temperatures around Ts is displayed in Fig. 1-(g): we de-
fine χnem,0 as the nematic susceptibility at zero strain,
and δχnem(ε) = χnem(ε)− χnem,0. Above Ts, we obtain
a clear and symmetric in εnomx′x′ suppression of χnem with
strain. The suppression is maximum close to Ts and sig-
nificantly weakens as T increases. Below Ts, at 118 K,
χnem hardly displays any strain dependence. At 145 K a
clear saturation behavior is observed under high tensile
and compressive strains. The temperature dependence of
χnem under constant applied strain is depicted in Fig. 1-
(h). At high strain, the Curie-Weiss-like divergence of
χnem,0(T ) at Ts observed at low strain is strongly sup-
pressed, and the maximum of χnem(T ) is shifted to a
higher temperature.

The behavior of χnem under strain can be rationalized
in the simple picture of an Ising nematic order parameter
coupled to a symmetry breaking field. Using a Landau
expansion of the free energy in a mean-field framework
in both the nematic and elastic order parameters φnem
and εxy, we obtain the following variation of δχnem with
strain [34]:

δχnem
χnem,0

= 3b[φ2nem(εx′x′ = 0)− φ2nem(εx′x′)]χnem(εx′x′)

(2)
with b > 0 the prefactor of the quartic φnem term in
the free energy expression, which we consider strain-
independent. Restricting ourselves to the low strain
regime and to T > Ts, we obtain [34]:

δχnem
χnem,0

≈ −12

(
CA

CA + C̃66

)2

bλ2χ3
nem,0ε

2
x′x′ (3)

with λ > 0 the nemato-elastic coupling constant. CA =
C11 + C12 and C̃66 are the in-plane isotropic and shear
elastic modulus which we define using Voigt notation [34,
36].

Equation (3) qualitatively reproduces two key experi-
mental findings of Figure 1. First, χnem should indeed
decrease upon strain, following a symmetric quadratic
behavior with εx′x′ at low strain. Second, since χnem,0
increases as T approaches Ts [9, 37], the suppression of
χnem with εx′x′ should be larger close to Ts in agreement
with our results. As shown in Figure 1(h) this picture
also captures the temperature dependence of χnem under
strain, and in particular the upward shift of its maximum
at strong strain [34]. Overall the behavior of χnem for
the parent compound thus fits very well the expectations
of an Ising-nematic order parameter under a symmetry
breaking field.

We now move to the results on the doped compound
(x = 0.07) (Fig. 2) whose composition lies slightly be-
yond the nematic QCP, located at x ∼ 0.065 [10, 30].
At 9 K, below Tc, the unstrained Raman response shows
a relatively broad superconductivity-induced peak cen-
tered around 75 cm−1. This was observed before [38, 39],
and interpreted as a nematic resonance mode where the
usual Raman pair-breaking peak at twice the SC gap

energy, 2∆, is replaced by a collective mode below 2∆
because of significant nematic correlations in the SC
state [33, 40, 41]. Under compressive and tensile strains,
the Raman response in the B2g channel is strongly re-
duced at 9 K and 26 K, indicating a suppression of the
nematic fluctuations below and just above Tc. By con-
trast the spectra in the complementary B1g symmetry
channel (displayed in Fig. S3 of the Supplemental Mate-
rial [34]) hardly show any strain dependence. The strain
variation of χnem (Fig. 2 - (e)) at different temperatures
shows a qualitatively similar behavior as for x = 0: a
symmetric suppression of χnem with respect to strain,
and a weakening of the strain dependence at higher tem-
perature which follows the behavior of χnem under zero
applied strain [9] as expected from Equation 3.

FIG. 2: Strain effect on the nematic (B2g) Raman response
for Ba(Fe1−xCoxAs)2 (x=0.07). (a)-(d) Raman response ob-
tained at 9 ((a)-(b)) and 26 K ((c)-(d)), upon negative ((a)-
(c)) or positive ((b)-(d)) strain. (e) Relative variation of χnem

upon strain with respect to the zero strain susceptibility at
fixed temperature. The dashed lines are guides to the eye ob-
tained by following quadratic laws. The error bars take into
account the uncertainty on the low energy extrapolation of
the spectra [34]. For the 9 K spectra, the maximum of χnem

occurs at a nominally small compressive strain of approxi-
mately -0.5×10−3, whereas for all other probed temperatures
for the two samples the maximum is located very close to
nominally zero strain. The offset at 9 K is likely due to plas-
tic deformation in the epoxy glue which occurred just before
this measurement [42]. Therefore the 9 K data have been
shifted by an offset of +0.5×10−3 on εnom

x′x′ .

We stress that the suppression of χnem in the supercon-
ducting state cannot be simply explained by a reduction
of the SC gap magnitude by strain. Indeed in the absence
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FIG. 3: Scaling between the suppression of χnem in the su-
perconducting state measured through elasto-Raman spec-
troscopy and the fall of Tc measured in transport on a crystal
with similar doping x. The Tc(ε

nom
x′x′ ) data are taken from

Ref. [29]. The estimated strain transmission ratio have been
taken into account for both data sets [29, 34]. The empty
symbols stand for the data under positive strain, the filled
ones under negative strain. The offset between positive and
negatic strain data points is partly attributed to uncertainties
in the exact location of the zero strain state.

of any nematic correlations, χnem is just the normal state
density of state at the Fermi energy weighted by the B2g

Raman vertex. It is therefore independent of the SC gap
energy [43], and the suppression of χnem must be linked
to the suppression of nematic fluctuations in the SC state
[34]. Moreover, the strain-induced suppression of the SC
peak intensity further strengthens the nematic resonance
hypothesis: the emergence of the SC peak below Tc is
closely linked to the presence of significant nematic cor-
relations in the SC state close to the nematic QCP, as
evidenced by the approximate scaling between the SC
peak weight and χnem under strain (see Fig. S2 of the
Supplemental Material [34]).

Our results suggest a connection between the suppres-
sion of χnem in the superconducting state and the rapid
fall of Tc observed in transport measurements on a sim-
ilarly doped sample [29]. In the case where SC pairing
is promoted by nematic fluctuations as expected near a
nematic QCP [16, 18], the fall of Tc under strain is ratio-
nalized as a consequence of the suppression of these fluc-
tuations. Within a BCS type of pairing theory we expect

Tc = Λe
− 1
λSC , where Λ is an energy cut off and λSC is

the largest dimensionless eigenvalue of the pairing kernel.
For a nematic fluctuation mediated scenario we expect
λSC ∝ χnem, which suggests the scaling δTc ∝ δχnem.

To further evaluate this point, we plot on Fig. 3
δχnem/χnem,0 as a function of the relative change of Tc
under strain, using strain as an implicit parameter. We
find that δTc

Tc
∝ δχnem

χnem,0
over a significant range of strain:

the close correlation between the two quantities clearly
supports a nematic fluctuations driven SC scenario for

Co:Ba122 close to the QCP. We stress that magnetic
fluctuations, if anything, are expected to be enhanced by
strain as suggested by the enhanced SDW gap observed
at x = 0 (see Fig. S5 of the Supplemental Materials [34]).
Our elasto-Raman data thus provide a clear distinction
between magnetic and nematic fluctuations induced en-
hancement of Tc in Co:Ba122. We note that in princi-
ple the suppression of χnem with strain could result from
the competition between the superconducting and strain-
induced nematic orders. However, because nematic order
does not significantly reconstruct the Fermi surface, com-
petition between nematic and SC orders is likely weak
[43]. The competition scenario is further ruled out by
the transport measurements [29], which show that the
fall of Tc under strain weakens considerably away from
the QCP, favoring a fluctuation effect rather than a mere
static competition scenario.

Enhancement of Tc close to a nematic QCP is not uni-
versally observed in Fe SC. A particular vexing case is
FeSe1−xSx where Tc is even suppressed close to the ne-
matic QCP [44, 45]. This was attributed to the cou-
pling to the lattice which cuts off nematic fluctuations,
and can significant quench the expected Tc enhancement
found in electron-only models [18, 45, 46]. The strength
of this coupling is embodied in the nemato-elastic cou-
pling constant λ between the structural orthorhombic
distortion εB2g

to the nematic order parameter φnem.
Recently, elastocalorimetric measurements by Ikeda et
al. [13] found that λ strongly decreases upon approach-
ing the nematic QCP in Co:Ba122, potentially explaining
the observed nematic fluctuations enhanced SC in this
compound. The comparison between the two samples
in our study can also address this issue since λ appears
as a prefactor of the relative variation of nematic sus-
ceptibility with strain (Eq. 3). However, a quantitative
comparison of the two suppressions of χnem with strain
does not support a significant dependence of λ with x
(see Fig. S6 of the Supplemental Material [34]). We
speculate that, rather than the nemato-elastic constant
λ itself it is the ratio between the nemato-elastic energy
scale and the Fermi energy EF which evaluates lattice
effects on nematic fluctuations induced SC pairing [18]:

r0 = kB(Ts−T0)
EF

where T0 is the nematic Curie-Weiss tem-
perature of the nematic susceptibility χnem,0 as extracted
by elastoresistivity, shear modulus or Raman scattering
measurements [7, 8, 10, 11]. A small r0 will imply that
the nematic fluctuations affect superconducting pairing,
while a large r0 implies the opposite, since in that case the
nematic fluctuations are cut-off by the acoustic phonons
[18]. In this framework the relative smallness of the Fermi
energy in FeSe compared to Co:Ba122 would suggest a
smaller r0 for the latter, and might explain the difference
in behavior of Tc upon crossing the nematic QCP [45].

In conclusion, our elasto-Raman spectroscopy experi-
ments have revealed a strong correlation between super-
conducting Tc and nematic fluctuations near the nematic
QCP of Co:Ba122. Our study demonstrates the interest
of strain to decouple different fluctuation channels con-
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tributions to SC pairing provided it can be combined
with a sensitive probe of the SC state. We expect that a
similar methodology can be employed to reveal nematic

fluctuations induced pairing in other materials.
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Méasson, D. Colson, and A. Forget, Physical Review B
80, 094504 (2009).

[32] L. Chauvière, Y. Gallais, M. Cazayous, M. A. Méasson,
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