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In this work, we investigate the softening of the in-plane transverse acoustic phonon driven by
electronic nematicity in BaFez(Asi—;P;)2 using inelastic X-ray scattering, with a focus on the
optimally doped sample (z = 0.31) sample — a system exhibiting signatures of a putative nematic
quantum critical point and minimal disorder among iron pnictides. We observe only a modest
softening of the phonon frequency and no evidence of critical damping, suggesting that the nematic
quantum critical fluctuations couple only weakly to the lattice from our quantum critical model.
Given the close proximity of the structural and magnetic transition temperatures in the underdoped
sample — which implies that spin-nematic fluctuations couple strongly to the lattice — we conjecture
that the quantum critical nematic fluctuations are predominantly orbital in origin.

Quantum criticality is an essential feature of a wide
range of exotic electronic behaviors. Iron-based su-
perconductors presents a prominent example; in par-
ticular, fluctuations near the nematic quantum critical
point (QCP) are closely related to unconventional super-
conductivity and anomalous electronic behaviors [1-18].
Among them, BaFes(As;_,P,)s (BFAP) has emerged
as a model system for exploring the complex interplay
between intertwined electronic phases, displaying a rich
tapestry of phenomena that continue to fuel research in-
terest; these include electronic and structural nematicity,
antiferromagnetic order, high-temperature superconduc-
tivity, Non-Fermi Liquid behavior, and a putative ne-
matic QCP near the optimal doping ratio [16-21]. In
this work, we focus on the study of the coupling between
lattice dynamics and electronic nematicity, with particu-
lar attention to its behavior near the putative QCP.

A central question concerns the leading microscopic
origin of electronic nematicity. Two principal mecha-
nisms have been proposed [22-25]: the orbital-driven sce-
nario, in which nematicity arises from unequal occupa-
tion of the Fe 3d,, and 3d,. orbitals, and the spin-driven
scenario, in which the nematic order emerges from the
system’s spontaneous selection of an antiferromagnetic
wavevector - (m,0) or (0,7) - thus breaking the four-
fold rotational symmetry of the lattice. The dominant
mechanism remains unsettled and appears to vary across
different families of iron-based superconductors [26].

Evidence for quantum critical phenomena in iron-

based superconductors has been limited thus far. BFAP
stands out as a compelling case, exhibiting strong signa-
tures of an electronic nematic QCP near the critical dop-
ing level z = 0.31 [15-21]. Unlike its carrier-doped coun-
terparts, BFAP undergoes isovalent substitution, result-
ing in significantly reduced disorder and impurity scat-
tering [27]. This positions BFAP as a rare and clean
platform in which nematic fluctuations can be continu-
ously tuned through criticality.

The interplay between electronic nematicity and mag-
netism is salient in the underdoped regime of BFAP,
where the system exhibits a Néel-type spin-density
wave order accompanied by a tetragonal-to-orthorhombic
structural phase transition [19, 28]. This structural ne-
maticity — manifested as a lattice distortion that breaks
the crystal’s fourfold rotational symmetry — is widely in-
terpreted to be spin-driven nematicity in both BFAP and
electron-doped materials [26], as evidenced by the close
proximity of the structural (75) and magnetic transition
temperatures (Ty) in both compounds [19, 29-31].

More importantly, in BFAP both magnetic order and
structural distortion disappear in a weakly first-order
manner [29, 32-34], suggesting an avoided magnetic QCP
similar to that observed in its electron-doped counter-
parts [35]. In contrast, electronic nematic fluctuations,
inferred from elastoresistivity, persist beyond the criti-
cal ratio  ~ 0.31 and decay only gradually with further
doping [8, 17]. This disparity raises key questions about
the underlying leading driving mechanism of electronic
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FIG. 1: (a-c) Temperature-dependent energy scans at wave vector Q = (4, k,0) for BaFez(As;_,P;)2 (BFAP) with x = 0.14
and k = 0.05, x = 0.31 and k£ = 0.054, x = 0.45 and k& = 0.05. Solid symbols and dashed curves are experimental data and the
corresponding fits, respectively. Black arrows mark the extracted phonon energies Eyy, for the Stokes and anti-Stokes phonons.
The vertical dashed lines are aligned to the phonon energies at the highest measured temperature. The data for x = 0.14 and
0.45 are from APS, = 0.31 are from SPring-8. Temperature dependence of the fit values of Epn in panels (a-c) are respectively
shown in (d). The empty dot for z = 0.31 sample at room temperature is obtained by extrapolation of phonon dispersion
from other ks (Fig. 3(a)). The horizontal grey dashed line for the plot in the x = 0.45 sample denotes the averaged phonon
energy. Vertical error bars are least-square fit errors of 1 s.d. (e) Schematic phase diagram of BaFes(As;_P,)2, showing
the orthorhombic spin density wave (SDW-O), tetragonal paramagnetic (PM-T), and superconducting (SC) tetragonal phases
(adapted from Ref. [18]). Blue, red and green dots represent the three samples studied in this work. = 0.31 sample locates

around the putative nematic quantum critical point region.

nematicity in the quantum critical regime.

Phonon energy and linewidth serve as sensitive probes
of the nematoelastic coupling between the lattice and
electronic nematicity [36-42]. If the nematic QCP in
BFAP is spin-driven, as suggested by the strong cou-
pling between structural distortion and spin fluctuations
in the underdoped phase, enhanced nematoelastic cou-
pling can lead to pronounced softening of the acoustic
phonon energy and broadening of the linewidth due to
increased nematic susceptibility and scattering with crit-
ical electronic modes. Thus, probing the lattice dynam-
ics, specifically the in-plane transverse acoustic phonon
via high-resolution inelastic X-ray scattering provides a
powerful approach to uncover the microscopic nature of
the nematic QCP in BFAP, a model system for a clean,
isovalently substituted iron-based superconductor host-
ing a nematic quantum criticality.

In this paper, we report inelastic X-ray scattering mea-
surements in BaFey(As;_,P, )2 at three isovalent phos-
phorus substitutions x: an underdoped sample (UD,
x = 0.14) exhibiting a paramagnetic tetragonal to an-
tiferromagnetic orthorhombic phase at Ty = 95 K, an
optimally-doped sample (OP, z. = 0.31) with supercon-

ducting temperature T, = 30 K, and an over-doped sam-
ple (OD, z = 0.45) with T, = 23 K (Fig. 1 (e)). At the
critical doping x = 0.31, we observe weak phonon soften-
ing — with no evidence of phonon damping by the quan-
tum critical modes — and vanishing phonon softening
for x = 0.45. These results point to a remarkably weak
coupling between quantum nematic fluctuations and the
lattice in = 0.31 sample from our model, sharply con-
trasting with expectations from the spin-driven QCP sce-
nario. Our work indicates a predominantly orbital-driven
origin of the nematic quantum criticality in this system,
only weakly coupled to the magnetism and structural dis-
tortion.

High-quality single crystals were synthesized using a
self-flux method as previously described [10, 43]. The
size of the crystals are small, far below the size needed
for neutron scattering. Therefore, phonon measure-
ments were performed using high-resolution inelastic X-
ray scattering techniques carried out at the RIKEN
Quantum NanoDynamics beamline, BL43XU, of SPring-
8 [44-47], Japan for the critical doping sample = = 0.31,
and at the 30-ID beamline [48, 49] at the Advanced Pho-
ton Source (APS), Argonne National Laboratory for the
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FIG. 2: (a-b) Nematic correlation length £ and derived bare
nematic susceptibility in units of A\?/Cge,0 as a function of
temperature for BaFes(As1—zPg)2 with 2 = 0.14. The solid
lines are fits by using Curie-Weiss mean field model as de-
scribed in previous work [42] and the supplementary informa-
tion. All vertical error bars are least-square fit errors of 1 s.d.

other two samples. The incident photon energies were
fixed at 21.75 keV at BL43LXU and 23.7 keV at the
30-ID beamline, respectively. The energy resolution was
analyzer dependent, varying from 1.25 meV to 1.6 meV
FWHM for the analyzers used in the experiment. Mo-
mentum transfer Q is referenced in reduced lattice units,
using the tetragonal 2-Fe unit cell with in-plane lattice
constants of 3.93 A and 3.92 A. More experimental de-
tails are referred to the supplementary information.

In our measurements of the in-plane transverse acous-
tic phonons at the wave vector transfer Q = (4, k,0), we
observed discernible phonon softening upon cooling for
under-doped (z = 0.14) and moderate softening in crit-
ical doped (x = 0.31) samples, as shown in Figs. 1 (a)
and (b). This trend is further supported by the extracted
phonon energies, Epyp, obtained from the Stokes and anti-
Stokes [39, 40, 42] phonons as a function of temperature
at fixed ks, presented in Fig. 1 (d). The fitting methods
used for this analysis are described in [42].

In the z = 0.14 sample, E}, decreases gradually from
1.4 meV at T = 300 K to 0.85 meV as the temperature
approaches Ts ~ 95 K at k£ = 0.05, reflecting a substantial
40% reduction in phonon energy. In comparison, the x
= 0.31 sample shows a more moderate decrease from 1.5
meV at T = 300 K to 1.3 meV below 55 K, and toward
T. = 30 K at &k = 0.054. This 13% phonon softening
is much less pronounced than in the x = 0.14 sample.
The reduced softening in the x = 0.31 sample is also
evident in the k-dependent sound velocity plots (Fig. S1
& Fig. 3 (a)), which show a smaller value at the lowest
measured wave-vector. In contrast, the over-doped =z =
0.45 sample displays negligible phonon softening down
to T =15 K (T, = 23 K), as shown in Figs. 1(c) and
(e). The phonon energy remains at 1.5 meV at k = 0.05,
indicating a lack of appreciable electron-phonon coupling
in this regime. While a slight hardening below T, cannot
be entirely ruled out, the reduced anti-Stokes intensity at

low temperatures makes a definitive conclusion difficult.

The x = 0.14 sample undergoes a tetragonal-to-
orthorhombic structural transition at T5. To assess the
momentum-dependent phonon softening, we analyze the
k-dependent sound velocity, Epn/k, as a function of tem-
perature using the exact mean-field approach described
in Ref. [42]. A global fit of the data to this thermal
nematic model was performed across the full tempera-
ture range, with the resulting fits shown in Fig. S1. The
extracted temperature dependence of the nematic cor-
relation length £ and the bare nematic susceptibility xo
(expressed in units of A?/Cgg o) are shown in Fig. 2. The
enhancement of xo approaching T agrees with the inter-
pretation of nematic-driven structural distortion, likely
originating from spin nematicity.

Encouraged by the success of mean-field theory in cap-
turing the thermal nematic criticality, and the fact that
the nematic fluctuation at QCP is described by quan-
tum Ginzburg-Landau theory in 3+1 (the upper criti-
cal) dimension, we adopt a similar Gaussian framework
to describe the quantum critical regime. This approach
is further justified by the fact that coupling to acous-
tic phonons mediates long-range interactions. We con-
sider the critical nematic field (¢) interacting with the
acoustic phonon mode (u) via the nemato-elastic cou-
pling strength A. The corresponding imaginary-time La-
grangian can be expressed as:

3 3
L= (0:0)*+)_(9;0)*+m*¢*+Agu+(0,u)*+v* Y _(9;u)?,

j=1 j=1

(1)
where v represents the sound velocity. In Eq. (1), we
have appropriately scaled the spatial and temporal co-
ordinates, as well as the field ¢, so that the coefficients
of corresponding terms are unity. Similarly, v has been
scaled such that the coefficient of (9,u)? is also unity.
The parameter in Eq. (1) is proportional to the inverse
nematic correlation length £.

Integrating out the nematic field ¢ and Wick rotate
to real frequency leads to a the following equation deter-
mining the renormalized phonon dispersion relation.

/\2
2, ,2 2

w” 4+ v7q —w2+q2+m2_0‘ (2)
Here ¢ is the wave vector. The 3rd term in Eq. (2)
originates from the nematic fluctuations with the velocity
of the nematic wave equal to unity as discussed above.
A prediction of Eq.(2) is that both the phonon frequency
and line-width exhibit the following scaling behavior:

Wqg = %FR(qga )‘52) (3)
Fq - %Fl(qga )\52)’ (4)

where Fp and Fj are scaling functions. One implication
of Eq. (3) and (4) is that after all the scaling performed
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FIG. 3: (a) Extracted Epn/k plotted against k (solid symbols) for BaFes(Asi—¢Pz)2 with z = 0.31 from the energy scans at
Q = (4,k,0) by using quantitative fitting methods from previous studies [42]. (b-c) Wave-vector dependent energy scans and
corresponding fits at 7' = 300 K and 55 K. The solid lines are fits by using Gaussian quantum critical model described in the
text. All vertical error bars are either least-square fit errors of 1 s.d., or obtained through the propagation of fit errors.

on Eq. (1), both the real and imaginary part of the
phonon frequency have unit 1/¢ and A has unit 1/£2.
Solving Eq.(2) yields the renormalized phonon frequency
wg, where wy = wpp +iI'. Here, the real part corresponds
to the phonon energy (wpp), and the imaginary part (I")
represents phonon damping width, which can both deter-
mined by a single parameter A in Eq. 2. Consequently,
the phonon structure factor takes the form of a damped
harmonic oscillator:

S(q,w) = (nw + 1) L(w — wpn, I') = ny, L(w + wpp, I') (5)

where n,, is the Bose factor, and L(w £ wpp,I') de-
notes the Lorentzian functions representing the Stokes
and anti-Stokes phonon. The resulting intensity is subse-
quently convolved with the instrumental resolution func-
tion Rg(w).

We determine the bare phonon velocity v by fitting
Eq.(2) and (5) with A = 0 to our highest temperature
spectra at T' = 300 K. The fits also included the phonon
intensities and central elastic peak intensities. The re-
sulting fits are shown in Fig. 3(b) for varying k values,
yielding v = 8.8(1) meV/r.l.u. These fits agree well with
the experimental data, with a reduced x? value of 2.5, al-
though there is some deviation closer to the zone bound-
ary due to the lattice dynamics and anharmonicities.

To highlight the electron-phonon coupling, we fit our
lower temperature (down to 55 K) data with fixed v (de-
termined from the 7" = 300 K data) and finite A as shown

in Fig. 3(c), with a reduced x? value of 3 and a fit-
ted coupling strength parameter of A = 3.2(1). Com-
pared to the 300 K case, introducing a finite A leads
to moderate phonon softening, but without the phonon
frequency approaching zero or exhibiting phonon damp-
ing. As the temperature decreases, the phonon dispersion
spectra remain qualitatively comparable, with no addi-
tional phonon softening observed or broadening of the
phonon width (Fig. 1(d)). However, at lower tempera-
tures, suppressed phonon intensities lead to poorer fits at
larger k values when applying a linear dispersion model.
For this reason, those fits are not shown.

To better illustrate the impact of the coupling
strength, we calculated the acoustic phonon intensities
at (4,k,0), along with the phonon frequency wp, and
line-width I" for various values of A (Fig. S2). Increasing
A from 3.2 to 5 leads to greater phonon softening without
damping (I' = 0) at low temperatures. At A = 10, the
mode softens further toward zero frequency with signifi-
cant broadening at low temperatures, reflecting diverging
nematic correlation length and fluctuation time near the
nematic QCP. These results demonstrate that the mani-
festation of QCP through phonon softening and damping
depends on the coupling strength between nematic fluc-
tuations and the lattice.

We observe the absence of a vanishing phonon fre-
quency and negligible phonon damping at low temper-
atures in the x = 0.31 sample near the nematic quan-



tum critical point. Both our fits and theoretical calcula-
tions suggest a weak coupling between the nematic crit-
ical fluctuations and the acoustic phonon modes. In the
x = 0.14 sample, where nematicity is likely spin-driven,
strong phonon softening is observed as the system ap-
proaches a thermally driven structural phase transition.
In contrast, the x = 0.31 sample exhibits considerably
weaker phonon softening, despite the presence of quan-
tum critical nematic fluctuations revealed through ela-
storesistivity measurements [8, 17]. This disparity sug-
gests that quantum critical nematic fluctuations are pri-
marily mediated via the orbital channel, and orbital ne-
matic fluctuations couple weakly to the lattice. Upon
further P substitution into the overdoped regime, the
phonon softening becomes negligible across a wide tem-
perature range, while elastoresistivity continues to indi-
cate moderate electronic nematic fluctuations. This sug-
gests that the nematic fluctuations in this doping range
are also orbital-driven.

It is important to note that the strength of coupling be-
tween orbital-driven nematicity and the lattice may not
be universal across different families of iron-based super-
conductors. For example, in FeSe;_,S,[9], the structural
distortion occurs in the absence of magnetic order, sug-
gesting that the coupling between orbital nematicity and
the lattice can be significantly stronger in that system.
Additionally, our results do not directly address whether
the non-Fermi-liquid transport behavior observed in this
material arises from critical nematic fluctuations. Both
spin-driven and orbital-driven nematic fluctuations can,
in principle, contribute to non-Fermi-liquid transport.
Therefore, the absence of phonon softening beyond = =
0.31 does not exclude the presence of orbital-driven ne-
matic fluctuations; rather, it indicates an approximate
decoupling from spin-driven nematicity. Finally, we note
that in the x = 0.31 sample, which exhibits the highest
T., the phonon softening halts below the superconduct-
ing transition temperature. A more comprehensive un-
derstanding of the interplay between superconductivity
and nematic criticality remains an open question.

In summary, we investigated the coupling between
electronic nematic fluctuations in isovalently doped
BaFeo(As)_, P, )2 using inelastic X-ray scattering over a
range of phosphorus concentrations, targeting a system
that exhibits signatures of a nematic quantum critical
point. In the underdoped sample, we observed softening
of the in-plane acoustic phonon mode associated with
the tetragonal-to-orthorhombic structural phase transi-
tion, and extracted the nematic susceptibility and cor-
relation length using an exact mean-field analysis as in
prior work. In the optimally doped sample (z. = 0.31)
near the quantum critical doping of nematicity, we did
not observe either critical phonon softening or anoma-
lous damping. Using a Gaussian quantum critical model
incorporating nematoelastic coupling, we attribute these
to the weak coupling between nematic fluctuations and

the lattice. This interpretation is further supported by
the disappearance of phonon softening in the overdoped
regime, suggesting even weaker coupling between the ne-
matic fluctuations observed in elasoresistivity measure-
ment and the lattice. These lead to our conjecture: the
nematic fluctuations in the z = 0.31 and overdoped sam-
ples are likely driven more by orbital rather than spin.
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