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Interactions between nematic fluctuations, magnetic order and superconductivity are central to
the physics of iron-based superconductors. Here we report on in-plane transverse acoustic phonons
in hole-doped Sr1−xNaxFe2As2 measured via inelastic X-ray scattering, and extract both the ne-
matic susceptibility and the nematic correlation length. By a self-contained method of analysis,
for the underdoped (x = 0.36) sample, which harbors a magnetically-ordered tetragonal phase,
we find it hosts a short nematic correlation length ξ ∼ 10 Å and a large nematic susceptibility
χnem. The optimal-doped (x = 0.55) sample exhibits weaker phonon softening effects, indicative of
both reduced ξ and χnem. Our results suggest short-range nematic fluctuations may favor super-
conductivity, placing emphasis on the nematic correlation length for understanding the iron-based
superconductors.

Unconventional superconductivity in the iron-based
superconductors (FeSCs) appears near a putative quan-
tum critical point where collective excitations could play
an important role in the pairing mechanism. These fluc-
tuations and corresponding orders emerge from the inter-
play between lattice, spin and orbital degrees of freedom.
Nematic order, in which rotational symmetry is broken
while preserving translational symmetry, is a prominent
example of such behavior [1]. Abundant evidence in-
dicates that the corresponding nematic fluctuations are
closely connected to unconventional superconductivity in
the FeSCs [2–5].

For both the hole- and electron-doped sides of
the FeSCs phase diagrams, the underdoped phase
space is widely inhabited by intertwined nematic and
magnetic orders [5–9]. Hole-doped FeSCs, such as
Ba1−xNaxFe2As2, Ba1−xKxFe2As2 and Sr1−xNaxFe2As2
[10–15], in addition uniquely exhibit a re-entrant tetrag-
onal magnetic phase (AFM-T) within a small phase re-
gion in the underdoped regime, as well as several yet
unidentified magnetic phases [16, 17]. Upon cooling, a
system in this regime first transitions from a param-
agnetic tetragonal (PM-T) phase into an orthorhombic
phase with collinear antiferromagnetic order (AFM-O),
where the striped magnetic order of the AFM-O phase
(Fig. 1(e)) couples to the nematic order with twofold ro-
tational (C2) symmetry. The system then transitions into
a AFM-T phase which preserves fourfold rotational (C4)
symmetry (Fig. 1(e))[13], and superconductivity eventu-
ally emerges as the ground state. The strength of the
nematic fluctuations in a phase with C4 symmetry can
be characterized by the uniform (q = 0) nematic suscep-

tibility χnem. In the electron-doped side, χnem has been
probed using multiple experimental techniques, revealing
a marked enhancement upon cooling [2, 18–26]. On the
hole-doped side, a similar enhancement is found in the
PM-T phase [27], and large nematic fluctuations persist
in the AFM-T phase [28, 29].

An enhanced χnem yields a softening of the shear mod-
ulus C66 due to coupling with the lattice. This can be
quantitatively studied through ultrasound [18, 20] or ap-
proximated by Young’s modulus measurements [19, 27].
However, the spatial-dependence of the nematic suscep-
tibility is not probed in these measurements. Whereas,
due to coupling between the lattice and the nematic or-
der parameter, the in-plane transverse acoustic (IPTA)
phonons provide a measurement of both the uniform ne-
matic susceptibility (the sound velocity when q → 0)
and the nematic correlation length ξ (encoded in the
dispersion when q 6= 0). While momentum-dependent
softening of the IPTA phonon has been qualitatively ob-
served in the parent and electron-doped FeSCs [30–32],
only very recently has it become possible to extract quan-
titative information on the nematic correlation length
[33, 34]. So far, the behaviors of the IPTA phonon and
evolution of the nematic correlation length remain unex-
plored for the hole-doped FeSCs, especially in the AFM-T
phase absent in the electron-doped compounds.

The limitation in extracting ξ in previous works [33, 34]
is the requirement of having as input both the bare shear
modulus (C66,0, without or with minimal nematic fluc-
tuations [20]) and the renormalized shear modulus (C66,
renormalization due to coupling of the lattice with the ne-
matic order parameter). However, on the one hand, C66
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FIG. 1: Representative temperature-dependent energy scans for (a) Sr0.64Na0.36Fe2As2 at wave vector Q = (2, k, 0) with k =
0.075 from SPring-8 and (b) Sr0.45Na0.55Fe2As2 with k = 0.05 from APS. Solid symbols and dashed curves are experimental data
and the corresponding fits, respectively. Black arrows mark the extracted phonon energies Eph for the Stokes and anti-Stokes
phonons. The vertical dashed lines are aligned to the phonon energies at the highest measured temperature. Temperature
dependence of the fit values of Eph in panels (a) and (b) are respectively shown in (c) and (d). The open and solid symbols are
data from SPring-8 and APS, respectively. Vertical error bars are least-square fit errors of 1 s.d. (e) Schematic phase diagram of
Sr1−xNaxFe2As2, showing the antiferromagentic orthorhombic (AFM-O), antiferromagnetic tetragonal (AFM-T), paramagnetic
tetragonal (PM-T), unidentified C′2, and superconducting (SC) phases (adapted from Ref. [16]). Red dots represent the two
compositions studied in this work. Insets show the schematic magnetic structures for the AFM-O and AFM-T phases.

is doping-dependent and has not been reported so far for
Sr1−xNaxFe2As2; on the other hand, an accurate mea-
surement of C66,0 is difficult since substantial nematic
fluctuations exist in under- and optimal-doped samples
up to high temperatures [35]. It is thus desirable to cir-
cumvent the above limitation and extract the nematic
correlation length solely from IPTA measurements, with-
out relying on measurements from other probes.

In this Letter, we present inelastic X-ray scattering
measurements of the IPTA phonons in Sr1−xNaxFe2As2
for an underdoped sample (UD, x = 0.36 with supercon-
ducting temperature Tc = 8.7 K, PM-T to AFM-O tran-
sition temperature TS = 107 K and AFM-O to AFM-T
magnetic transition temperature Tr = 68 K ) and an opti-
mally doped sample (OP, x = 0.55 with Tc = 37 K) (Fig.
1 (e)). Because the marginal dimensionality for struc-
tural phase transitions associated with soft transverse
acoustic phonon modes is 2 (in the absence of disorder),
the mean-field theory is exact [36–38]. By utilizing this
fact and based on previous methods [33, 34], we demon-
strate a generic method for extracting the nematic sus-
ceptibility and correlation length simultaneously, with-

out the requirement of additional input. Applying our
method to the two Sr1−xNaxFe2As2 samples reveals that
nematic correlations in the hole-doped FeSCs are much
shorter-ranged than in the electron-doped FeSCs, and
suggest that they may be related to the more robust su-
perconductivity observed in the former.

High quality single crystals were synthesized using a
self-flux method, and have been characterized using mag-
netization and dilatometry measurements [16]. Phonon
measurements were carried at the BL35XU beamline at
SPring-8 [39], Japan, and the 30-ID beamline [40, 41]
at the Advanced Photon Source (APS), Argonne Na-
tional Laboratory. Incident photon energies were fixed
to 21.7476 keV at BL35XU and 23.7 keV at 30-ID beam-
line. The energy resolution at BL35XU is 1.4 and 1.6
meV for two different spectrometer configurations. More
experimental details are provided in the Supplemental
Material [42]. We reference momentum transfer Q in re-
duced lattice units, using the tetragonal 2-Fe unit cell
with in-plane lattice constants ≈ 3.88 and ≈ 3.86 Å for
the UD and OP samples, respectively. Our measure-
ments were carried out at Q = (2, k, 0), dominated by
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FIG. 2: Eph/k plotted against k (solid symbols) and corre-
sponding fits (solid lines) for (a) Sr0.64Na0.36Fe2As2 and (b)
Sr0.45Na0.55Fe2As2. A large nematic correlation length leads
to more prominent phonon softening and nonlinearity in the
plot of Eph/k versus k. Details of the fits are described in the
text. All vertical error bars are least-square fit errors of 1 s.d.

the IPTA phonon.

Clear phonon softening can be observed for UD and
OP samples upon cooling in Figs. 1 (a) & (b). This
trend can be quantified in the temperature dependence
of Eph for the two samples (Figs. 1 (c) & (d)). For the
UD sample, Eph decreases upon cooling toward TS, which
separates the PM-T and AFM-O phases, consistent with
previous observations in the parent and electron-doped
FeSCs [30–34]. We note that in the AFM-O phase (Tr <
T < TS), Eph cannot be uniquely determined due to
twinning, so those data are not included in our analysis.
Intriguingly, in the AFM-T phase (Tc < T < Tr), despite
the re-entrance to a tetragonal structure, the acoustic
phonon along (2, k, 0) remains soft, indicating substantial
retention of nematic fluctuations in the AFM-T phase.
This persists in the superconducting phase. For the OP
sample, in which both nematic and magnetic orders are
absent, Eph is slightly reduced upon cooling down to 25 K
(< Tc) from 300 K, indicating a less significant softening
compared to the UD sample as expected.

To accentuate the abnormal phonon softening in mo-
mentum space, the quantity Eph/k against k, called k-
dependent sound velocity, is plotted as a function of tem-
perature. For acoustic phonons without coupling to the
electrons, the dispersion should be asymptotically linear
in the long wavelength limit, therefore producing a con-
stant Eph/k over momentum (Fig. 2). Phonon softening
would, meanwhile, manifest as a deviation from the con-
stant over a momentum range dictated by the nematic
correlation length scale. Comparing the UD and OP sam-
ple, one immediate observation is that the range in which
the nonlinearity develops is substantially larger in the UD
(k <∼ 0.2) than the OP sample (k <∼ 0.075). By quan-
titatively analyzing the momentum- and temperature-
dependence of these IPTA phonon softening using the
mean-field theory, we obtain both the nematic suscepti-
bility and correlation length without additional input of
the shear modulus, as described below.

Energies of the IPTA phonon Eph are renormalized due
to coupling between the lattice and the nematic order
parameter, with the spatial-dependence of the nematic
correlations determining the momentum-dependence of
the renormalizations. Eph as a function of k and the
nematic correlation length ξ are related through [33]:

Eph(k) = f(k)

√
C66,0

ρ

√
1 + ξ2k2

C66,0

C66
+ ξ2k2

, (1)

where ρ is the mass density. The renormalized shear
modulus C66 is connected to the bare shear modu-
lus C66,0 through χnem and the coupling strength λ as
C66,0/C66 = 1 + λ2χnem/C66,0 [18]. f(k) is the bare
phonon dispersion [34].

The observation of mean-field behaviors for both the
nematic susceptibility [5] and nematic correlation length
[34] in FeSCs [2] suggests that nematic fluctuations obey
mean-field behavior despite the Ising nature of the ne-
matic order parameter. This results from long-range in-
teractions mediated by the lattice. Specifically, the cou-
pling between the Ising nematic order parameter and the
lattice lowers the upper marginal dimension of the ne-
matic order parameter from 4 to 2 thereby yielding clas-
sical mean-field behaviors in 3 dimensions [36–38]. As a
result, the nematic susceptibility and the nematic corre-
lation length are predicted to exhibit mean-field behavior
and are related through χnem ∝ ξ2. Using this relation,
we obtain λ2χnem/C66,0 = rξ2, with r being a propor-
tionality variable independent of temperature. Eq. 1 can
then be rewritten as:

Eph(k) = f(k)

√
C66,0

ρ

√
1 + ξ2k2

1 + ξ2(k2 + r)
. (2)

It should be noted that the above analysis ignores the
effects of the random nematic fields created by the com-
positional disorder. We expect that the random fields
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will cause a crossover to non-mean field behavior at large
enough length scales. However, our data almost certainly
do not probe the random field critical regime so mean
field theory should obtain.

In the UD sample, for T > TS we have ξ = ξ0( T
T0
−

1)−
1
2 when approaching a second-order phase transition

[36, 37], further constraining our fitting. We expect that
T0 < TS, as the phase transition between the PM-T phase
and the AFM-O phase at TS is, in fact, weakly first order
[14, 16]. Therefore, only four temperature-independent
parameters - C66,0, ξ0, r and T0 - are sufficient in princi-
ple to describe the full data set. In our fitting procedure,
we allowed for a temperature dependence of C66,0(T ) and
confirmed that it exhibits little or no variation with tem-
perature or doping [42]. In the AFM-T phase, we as-
sumed that χnem and ξ are also related through r as in
the PM-T phase (T > TS), without additional constraints
on ξ . We have attempted to allow for different values of
r in the PM-T and AFM-T phases, and found the fitting
results to be identical within fitting uncertainties [42].
For the OP sample, the data were fit with unconstrained
ξ, as done for the AFM-T phase in the UD sample.

The fits for both samples are shown in Fig. 2 as solid
lines, and the temperature dependence of ξ is plotted in
Fig. 3. We find ξ0 = 4.3(6) Å in the UD sample, which
is close to its in-plane lattice parameter. The extracted
bare shear modulus C66,0 is 39(2) GPa for the two sam-
ples, softer than the shear modulus of heavily electron-
doped Ba(Fe1−xCox)2As2 (x = 0.245) where little ne-
matic fluctuation exists [20]. The fitted effective second
order transition temperature T0 = 90(5) K for the UD
sample is somewhat below TS = 107 K, consistent with
the notion that a weakly first order transition preempts
a second order phase transition.

The temperature-dependence of the bare nematic sus-
ceptibility and shear modulus derived from our fits can be
compared with Young’s modulus measurements. Within
a mean-field approach, due to coupling between the ne-
matic order parameter and the lattice, the renormalized
nematic susceptibility χnem and the bare nematic sus-
ceptibility χ0 are related through the relation χ−1nem =
χ−10 − λ2/C66,0 [18]. Combined with χnem = rξ2, χ0 in
units of λ2/C66,0 can be found through λ2χ0/C66,0 =
rξ2/(1 + rξ2). The ratio C66/C66,0 can be found through
C66/C66,0 = 1− λ2χ0/C66,0. We compare χ0 of UD and
OP Sr1−xNaxFe2As2 samples from our phonon measure-
ments, with similarly doped Ba1−xNaxFe2As2 samples
from Young’s modulus measurements [29] in Figs. 3 (b)
& (e). Qualitatively similar behaviors are found for the
two series using different experimental techniques. The
larger value in Sr1−xNaxFe2As2 (x = 0.36 ) is consis-
tent with its larger TS (106 K compared to TS = 79 K
in Ba1−xNaxFe2As2 with x = 0.265). Analogous com-
parisons are made between renormalized shear modulus
C66/C66,0 and Young’s modulus Y[110]/Y

0
[110] in Figs. 3

Sr0.64Na0.36Fe2As2 Sr0.45Na0.55Fe2As2

BNFA x=26.5% BNFA x=40.1%

BNFA x=26.5% BNFA x=40.1% 

FIG. 3: Nematic correlation length ξ, derived bare nematic
susceptibility in units of λ2/C66,0 and renormalized shear
modulus C66/C66,0 as a function of temperature for (a)-(c)
Sr0.64Na0.36Fe2As2 and (d)-(f) Sr0.45Na0.55Fe2As2. Here λ is
the coupling strength between the nematic order parameter
and the lattice. C66,0 is the bare shear modulus in the absence
of nematic fluctuations. The vertical dashed lines mark phase
transitions in the two samples. For the comparison only, the
blue dashed lines are the bare nematic susceptibilities and the
Young’s moduli normalized to the unperturbed Young’s mod-
ulus, Y[110]/Y

0
[110], in Ba1−xNaxFe2As2 with x = 0.26 (UD)

and x = 0.4 (OP), respectively[29]. All vertical error bars are
either least-square fit errors of 1 s.d., or obtained through the
propagation of fit errors.

(c) & (f). The consistency of results from the two exper-
imental techniques demonstrates that phonon measure-
ments can be reliably utilized to obtain both the suscep-
tibility and the correlation length of the nematic order
parameter in the FeSCs.

Our findings reveal important characteristics of the
nematic fluctuations in the AFM-T phase. Despite its
tetragonal structure, our results reveal that the AFM-T
phase exhibits a large nematic susceptibility, confirming
the presence of significant nematic fluctuations [29, 43].
We further extract the nematic correlation length and
show that both the nematic susceptibility and the ne-
matic correlation length in the AFM-T phase remain
similar to those just above TS. This suggests that the
AFM-T phase acts to inhibit further development of ne-
matic fluctuations. The value of ξ ∼ 10 Å in the AFM-T
phase is consistent with the scale of local orthorhombic
domains observed from pair distribution function analy-
sis [28, 35] and indicate a fluctuating rather than pinned
nature of these local orthorhombic domains.

Our results imply a role of the nematic correlation
length in determining the system’s electronic state, in-
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cluding the interaction with the superconductivity. An
asymmetry in the phase diagrams of electron- and hole-
doped FeSCs is notable. Hole-doping results in a higher
Tc, a superconducting state that prevails for a much
broader doping range [44], involvement of a AFM-T
phase [10] unique to hole-doped side, and possibly a su-
perconducting state with broken time-reversal symmetry
[45]. Factors that may contribute to these unusual fea-
tures include the dominance of c-axis polarized spin ex-
citations at low energies (<∼ 10 meV) [46, 47], an impor-
tant role of spin-orbit coupling [48], random nematic field
effects due to dopant-induced disorder effects [49–51],
and the different strength of pair breaking in electron-
and hole-doped iron-pnictides [52]. Our work reveals a
strong electron-hole asymmetry for ξ0 in the UD regime
of the FeSCs, with a much smaller ξ0 on the hole-doped
side (ξ0 ∼ 4 Å), compared to the electron-doped side
(ξ0 ∼ 40 Å). A similar contrast is seen for ξ in the OD
regime when approaching the SC phase, with ξ <∼ 10 Å
on the hole-doped side, and ξ ∼ 100 Å on the electron-
doped side [42].

Our findings demonstrate that, on an empirical level, a
short nematic correlation length in the hole-doped FeSCs
is correlated with a more robust superconducting dome
and a higher optimal Tc. This may be related to the fact
that a short correlation length implies a weak tendency
towards long-range nematic or magnetic order, which
competes with superconductivity [12, 24, 53–55]. While
previous studies investigated how the nematic fluctua-
tions could enhance superconducting pairing [56] or af-
fect the pairing symmetry [57], our observations call for
experimental and theoretical works to examine the re-
lation between the nematic correlation length and the
superconductivity.

More broadly, our results suggest the correlation
lengths of various electronic order parameters should be
investigated in the FeSCs to understand their role in the
superconductivity. Specific topics that warrant careful
examination include comparison of the magnetic [58] and
nematic correlation lengths, with the superconducting
coherence length [59, 60]. In addition, random nematic
field effects [61, 62] due to compositional disorder should
also be studied more thoroughly with regards to their
impacts on limiting the nematic and magnetic correla-
tion lengths, as well as how quantum criticality is in turn
affected [2, 63]. Finally, the method of analysis that we
have introduced here should be applicable to other sys-
tems exhibiting coupled nematic-soft transverse acoustic
phonon phase transitions, in which in the absence of dis-
order, the nematic order parameter follows mean-field
behavior exactly due to coupling with the lattice.
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Note added. After this Letter was submitted, another
work studying phonon softening in hole-doped iron pnic-
tides appeared [64]. In their work, an upper limit of
∼ 50 Å was reported for optimal-doped samples, consis-
tent with findings in our work.
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and C. Meingast, Phys. Rev. B 93, 014514 (2016).

[18] R. M. Fernandes, L. H. VanBebber, S. Bhattacharya,
P. Chandra, V. Keppens, D. Mandrus, M. A. McGuire,
B. C. Sales, A. S. Sefat, and J. Schmalian, Phys. Rev.
Lett. 105, 157003 (2010).
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