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We report a Raman scattering study of nematic degrees of freedom in the iron-based superconductor parent
compound BaFe,As, under tunable uniaxial strain. We demonstrate that the polarization resolved arsenic (As)
phonon intensity can be used to monitor the nematic order parameter as a function of both temperature and strain.
At low temperature in the nematic ordered phase, we use it to track the continuous and reversible orientation of
nematic domains under variable strain. At higher temperatures, the evolution of the As phonon intensity under
strain reflects an enhanced nematic susceptibility close to the nematic transition 7. Its temperature dependence
under strong strain qualitatively follows the expected behavior of an Ising order parameter under a symmetry-
breaking field. Our elasto-Raman study illustrates the interest of combining selective anisotropic strain with a
symmetry-resolved probe like Raman scattering. Elasto-Raman scattering can be applied to a wide variety of
quantum materials where uniaxial strain tunes electronic orders.
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I. INTRODUCTION

Anisotropic strain is emerging as a valuable nonthermal
tuning parameter of quantum materials [1-4]. In the case of
iron-based superconductors (Fe SCs) where a nematic phase
breaking the C, rotational symmetry of the underlying lattice
is found in close proximity of superconductivity [5], uni-
axial strain acts as a conjugate field of the nematic order
parameter. It is therefore a useful tool to study nematic suscep-
tibilities like elastoresistivity [1,6,7], the change in resistivity
anisotropy under uniaxial strain, but also more generally to
study the interplay between nematic and superconducting
orders [8]. Moreover, applying a uniaxial strain whose sym-
metry is transverse to the one of the nematic order parameter
can provide an alternative path to tune a material toward a ne-
matic quantum critical point with enhanced quantum critical
fluctuations [9,10].

Initially limited to transport measurements [1-3,11-13],
techniques under tunable uniaxial strain have been recently
implemented and leveraged to study several superconducting
materials, with, in the case of Fe SCs, a particular focus
on accessing nematic degrees of freedom [14-23]. However,
few of these techniques are symmetry resolved and as such
they do not directly access the nematic order parameter. For
example, they cannot easily distinguish nematic order from
the simultaneous stripelike magnetic order found in many
Fe SCs. Because it is symmetry selective thanks to specific
selection rules, Raman scattering has been shown to provide
important insights into nematic degrees of freedom in Fe SCs
in both their normal and superconducting states even under
nominally zero strain [24-28]. However, combining tunable
anisotropic strain with symmetry-resolved Raman scattering
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has so far been limited to measurements under fixed uniaxial
stress, aimed mostly at obtaining detwinned crystals [29,30].
Extending Raman measurements in Fe SCs in a tunable uni-
axial strain environment therefore appears desirable.

Here, using a low-temperature Raman scattering setup
under continuously variable uniaxial strain, hereafter called
elasto-Raman scattering, we study the effect of uniaxial strain
on nematic order by looking at Raman-active optical phonons.
We focus on BaFe;As;, a prototypical Fe SC showing nematic
order. We show that the As optical phonon can serve as a
sensitive probe of the nematic order parameter under varying
strain. First, using the anisotropy of the As phonon Raman
tensor, we demonstrate the monitoring of strain-induced ori-
entation of nematic domains at low temperature. Second,
above the orthorhombic-nematic transition temperature Tg, we
show that the As phonon intensity can be used to track the
strain-induced nematic order parameter, and demonstrate that
it is a sensitive probe of the underlying electronic nematic sus-
ceptibility. Finally, we show that the nematic order parameter
under strong strain follows the behavior expected for an Ising
order parameter under symmetry breaking. This indicates that
the As phonon Raman intensity is mostly sensitive to nematic
order as opposed to the stripelike magnetic order. Compli-
cations in the quantitative interpretation of the data close to
Ty, arising from the temperature and strain dependence of the
elastic constants, are also discussed. Our paper establishes
elasto-Raman scattering as a promising tool for anisotropic
strain-control studies of the complex phase diagrams found in
many quantum materials.

II. PIEZO-BASED ELASTO-RAMAN SCATTERING SETUP

Dating back to the seminal work on electric field and
anisotropic stress effects on Raman scattering phonons in
semiconductors and insulators, there is a relatively long his-
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FIG. 1. (a) Sketch of the sample and strain configuration. The
green arrows denote the incident and scattered light propagation
directions, the pink arrows the polarization directions. (b) Definition
of the crystallographic axes a, b (two-Fe tetragonal unit cell) and
a’, b' (one-Fe unit cell) with respect to the laboratory frames (xy) and
(x'y’) (the latter being rotated by 45° with respect to xy). (c) Top view
picture of the mounted sample. In (a) and (c), the red arrows denote
the directions of the applied stress and the €,, strain.

tory of morphic effects, i.e., the reduction of the crystal
symmetry by an applied force, in crystals [31-36]. Early
Raman studies under stress, and some recent ones on Fe
SCs [29,30], have been performed under constant uniaxial
stress with limited tunability and control over the actual strain
applied. Our experimental setup is based on a uniaxial piezo-
electric cell (CS130 from Razorbill Instruments) capable of
applying in situ both tensile and compressive strains along
a given direction [12]. The BaFe,As; single crystal (Bal22)
(dimensions 1.6 mm x 700 um x 80 pm) is anchored at both
ends using Loctite Stycast 2850FT epoxy (used with catalyst
24LV), each end being sandwiched in between two mount-
ing plates. The strain cell is equipped with a capacitor-based
sensor which can monitor in situ the change 5L in the gap
between the two moving sample plates, giving access to the
nominal strain applied to the crystal along the x direction
which we define as e} = ‘Z—ﬁ where Ly is the strain-free
suspended sample length across the gap in the x direction
(Fig. 1). The maximum amplitude variation of the gap is
10 um at 4 K, corresponding to a maximum nominal strain of
€om ~ 1072 for the present crystal. The configuration of the
piezostacks is such that their thermal contraction is compen-
sated, thus minimizing the effect of temperature on the applied
strain. Complications may arise from the differential thermal
contraction between the titanium (Ti) body of the cell and
the sample. For Bal22, however, this effect is minimal given
the very similar temperature dependence of the expansion
coefficient of Ti and Bal22 [37].

The uniaxial strain cell was mounted on a specially design
copper mount inside the vacuum of a close-cycled optical
cryostat. To compensate the relatively low thermal conduc-
tivity of Ti, copper braids were used to thermally anchor the
cell with the second stage of the cryocooler. The temperature

was monitored using a silicon diode affixed directly on the
cell body, next to the sample. Sample temperatures as low
as 6.5 K could be reached. The piezostack voltages were
controlled in situ via a dual 200 V power supply, and the
capacitance of the displacement sensor was monitored using
a Keysight LCR meter (model E4980AL). The Raman scat-
tering geometry was noncollinear, with the incoming photon
wave vector arriving at 45° with respect to the normal of the
sample surface plane, and the outgoing photon wave vector
lying along along the normal [Fig. 1(a)]. A single longitudinal
mode solid-state laser emitting at 532 nm was used for the
excitation. The laser spot size is estimated to be less than 50
um, so we expect strain inhomogeneity to have less impact
in our Raman measurements than in transport measurements
performed in similar cells [2,3,8,10,37]. The outgoing photons
were collected using a X20 long working distance microscope
objective (NA=0.28) and analyzed via a triple grating spec-
trometer equipped with a nitrogen cooled CCD camera. A
laser power of 10 mW was used for all spectra. Based on
previous Raman measurements on Bal22, the laser heating
was estimated to be about 1 K/mW [27,38]. The temperatures
indicated in the following were corrected for this heating.

III. SAMPLE AND STRAIN CONFIGURATION

The Bal22 single crystal was cut along the cristallographic
[110] direction (along the Fe—Fe bonds) using a wire saw.
Transport measurements on single crystals from the same
batch indicate an orthorhombic-nematic transition (quasicon-
comitant with a spin-density-wave (SDW) transition) at Ty =
138 K. We define the direction of the applied strain €,, using
the xyz laboratory frame. In the two-Fe unit cell of the FeAs
plane, the tetragonal axes a and b are along the Fe—As bonds
[Fig. 1(b)]. The strain €,, is applied at 45° of the tetragonal
axes and is therefore parallel to the directions of axes ¢’ and
b’ of the oneFe cell of the FeAs plane [Fig. 1(b)]. €,, directly
couples to the nematic order parameter ¢, of Bal22 which
belongs to the B, representation in the two-Fe cell notation
(B, in the one-Fe unit cell notation).

Despite working at constant strain €,, and under uniaxial
stress conditions, we emphasize that, contrary to the stress, the
actual strain applied is triaxial. This is due to the finite Poisson
ratio linking the strain along the applied direction €,, and the
one along the orthogonal directions €, and €,,. The in-plane
Poisson ratio is given by v = — z—‘ An applied strain €, along
the [110] direction has both a nematic component B;, and an
in-plane isotropic component Aj,: €, = €a,, + €5, The rela-
tionship between the applied strain and the By, strain is given
by €p,, = %( 1 4+ v)e,. A further complication is the strain
transmission to the sample which is in general not perfect as
a result of the strain within the epoxy glue [12,13,37]. As a
consequence, the actual strain experienced by the sample €,
will be, in general, different than the one measured by the
capacitive sensor €™ (see Appendix B for a discussion of

XX
these effects): €,, = ue™™, where u is the transmission ratio.

xx
Throughout the paper, the data will be shown as a function
of €™, but the effects of both strain transmission ratio u
and Poisson coefficient v are important and will be discussed

when interpreting the data. Note, however, that because of
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the similar thermal contraction between Ti and Bal22, at

nom __ J— J—
ey = 0 we also have €, = €p,, = 0.

IV. ARSENIC OPTICAL PHONON AND RAMAN
SELECTION RULES

In this paper, we focus on the behavior of the Raman
active optical phonon which involves the c-axis motion of the
As atoms. The impact of strain on the electronic continuum
will be discussed elsewhere. In Fe SCs, the strong sensitivity
of the electronic properties to the As height in the unit cell
is well-documented [39-42]. This link can be probed via
the behavior of the Raman active As optical phonon, which
modulates the As height. Indeed, previous Raman studies on
several Fe SC materials have shown a significant impact of
the nematic/SDW order on the As phonon line shape and
intensity [30,38,43,44]. Here we will mainly be interested
in the Raman selection rules of this phonon as a marker of
the nematic order parameter. This will illustrate the interest
of combining Raman selection rules with a tunable selective
symmetry-breaking field like anisotropic strain.

Before proceeding with the results, we first briefly review
the Raman selection rules for the As phonon in the tetragonal
and orthorhombic/nematic phases. In the tetragonal phase, the
As phonon belongs to the A;, representation of the Dy, point
group with the corresponding Raman tensor (written in the
tetragonal two-Fe unit cell basis),

aga 0 0
ric=10 of, o], (1)
0 0 e

where the first two diagonal components are identical because
of the Cy symmetry of the tetragonal lattice. The compo-
nents of the Raman tensor are given by the derivative of
the dielectric tensor components ¢;; (here we use the hat
symbol to distinguish it from the strain) at the incoming
photon frequency w; with respect to the phonon coordinates:
5 = % Physically, the As atomic motion modulates the
electronic band structure and thus the dielectric constant at the
incoming photon energy (~2.4 eV). This electronic-mediated
process makes Raman phonon intensities an indirect but very
sensitive probe of the underlying electronic structure as in the
case of As motion for Bal22 [30,44]. The Raman intensity
for a given set of incoming (e;) and outgoing (e;) photon
polarization vectors is proportional to the square of the tensor
contracted by the photon polarization vectors:

o

158 = |efTaces)*. 2)

For e; and e parallel along any crystallographic direction,
we have / L = |al’ |2, while for perpendicular polarizations
Iy, =0.

In the nematic phase, the As phonon belongs to the A,
representation of the Dy, point group. In this phase, we use
the usual orthorhombic axes along the Fe—Fe bonds a’ and &’
which are rotated by 45° with respect to the tetragonal axes
[Fig. 1(b)]. These two directions are now inequivalent and the
Raman tensor reads in the a’b’ coordinates (henceforth, we
will adopt the convention @’ < b for the in-plane orthorhom-

bic axes),
0‘2“/ 0 0
=10 o 0] 3)
0 0 e

where the in-plane diagonal components are now distinct be-
cause of C; symmetry breaking. Below T, the intensity for
parallel polarization is no longer isotropic when using paral-
lel in-plane polarizations and we have I{9- I2% = a9 |* —
|ozl?b,|2 # 0. Previous Raman studies of Bal22 have shown
that the difference between «¢,, and “z?h' is extremely large
below Ts [30,38,43]. Ab initio calculations indicate that elec-
tronic or magnetic anisotropy rather than the lattice distortion
itself is responsible for the large difference in the Raman
tensor components [30]. The Raman tensor components can
thus serve as local proxies of the electronic nematic order

parameter as seen via the As atom displacement ¢25 , defined
as

o o
¢As . Ay — Uy (4)
nem — O ’
Uy Ty

which has the same B,, symmetry as the electronic nematic
order parameter. This quantity can be accessed from the
measured Raman spectra in two different polarization con-
figurations with incoming and outgoing photons, respectively,
parallel to @’ and b’ orthorhombic axes,

I =1 =, &)
where n = a9, + af,,. We note that 1¢¢ — 157 will be sen-
sitive to domain formation and will reflect the nematic order
parameter ¢ only in the presence of a single nematic do-
main under the laser spot.

An alternative marker of the nematic order parameter is the
activation of the As phonon intensity in crossed polarizations
along the tetragonal axes a and b: I¢® = a9, — a9, > # 0.
1 K’S’ transforms like the square of the nematic order parameter:
8, —af, > ~ (¢as,)?. Contrary to the previous quantity,
1%? is insensitive to domain formation and directly reflects

(P2 )%
I = i (o). ©)

In this paper, we will use I/’i’s"/ -1 /’(s” to assess nematic
domain population and /¢ as a local marker of the nematic
order parameter. Note that the directions of the orthorhombic
axes @’ and b’ will, in general, be spatially dependent below
Ty due to domain formation. They will also depend on the ap-
plied strain. To avoid ambiguities, we will therefore label the
direction of photon polarizations using the laboratory frames
xyz and x'y’z rather than using crystallographic axes.

V. ORIENTATION OF NEMATIC TWIN
DOMAINS BELOW T

We first discuss the monitoring of nematic twin-domain
orientations under strain. For this, we use the As phonon
polarization-resolved intensity at 17 K, deep in the nematic-
orthorhombic phase. Figure 2(a) displays As phonon Raman
spectra for different values of €™ and for parallel polariza-

tions along (xx) and perpendicular (yy) to the applied strain.
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FIG. 2. Orientation of nematic twin domains at 17 K. (a) As
phonon Raman spectra in the xx and yy polarization configurations
for different strains. Here, the notations used for the polarization con-
figurations indicate the direction of the incoming photon polarization
followed by the direction of the outgoing photon polarization. The
bottom left sketch depicts orientations of the two domains in the xy
laboratory frame. (b) Dependence of the As phonon intensities in
xx and yy polarization configurations with respect to strain. Inset:
Dependence of the Fe phonon intensity in the Bj, xy polarization
configuration with strain. We evaluated I} ; as the mean of I3 data
points for the strains close to €}o™ =0 (and likewise for I, , and

I3} o). To assess the robustness of the obtained trends, for each of the

three plotted quantities (I3, L>, Iz)), we plot three different sets of
data obtained successively on the same sample, with three different
shades of blue, red, and green, respectively, for I, I and I

The respective intensities /3 and I are strongly sensitive

to the applied strain: For compressive strains 7™ < 0, we
have IXX < I\ but for tensile strain I} > I,>. We define

I35 0 = Ixs(€p,, = 0) and, respectively, for Iy, . The crossover
is continuous with one polarization configuration gaining in-
tensity at the expense of the other upon varying strain. By
contrast, the intensity of the Bj, Fe optical phonon mode
hardly changes with strain [see inset of Fig. 2(b)].

A quantitative evaluation of the As phonon intensities /,%
and I, as a function of strain can be obtained by fitting 1t
with a Gaussian line shape. The result is shown in Fig. 2(b)
for three different cycles of compression and tension. The
overall behavior is symmetric with respect to both strain and
polarization directions and can be understood by a gradual
modification of the population of nematic twin domains under
compression/tensile strain with the presence of two different
types of domains, with the shorter axis @’ being along the
laboratory frame direction x or y [Fig. 2(a)]. Calling BelR™)
the fraction of domains with the shorter axis a’ aligned along
the direction of applied stress x, we have

2= plady "+ (1 = B)lad, |’ )

and, equivalently,

1 = Blady [P+ (1 = B)le%, @®

At zero strain, the nematic domains are equiprobable, giving

Be™ = 0) = 0.5 and therefore the phonon intensity is inde-
. . 0 2

pendent of the photon polarization I3} , = I , = 3 L, |

lap,1?) as observed experimentally. Under large strain, the
area under the laser spot becomes essentially single domain:
The shorter orthorhombic axis a’ is parallel (perpendicular) to
the x direction for compression (tension). This results in ,8 =
1 (compression) or B = 0 (tension). This yields /5 |a |2
and I, Iab,b,| for strong compression and /5% o |ab,b,| and
LY« |oz ,|? for strong tension. Our data show that the modu-
lus of the As Raman tensor element is larger along the longer
orthorhombic axis: |, |* ~ 3.|a0,|? in agreement with the
Raman data under fixed compressive stress of Baum et al.
[30]. The overall evolution of the intensity can be rationalized
by noting that we expect the domain fraction g8 to follow a
linear dependence as a function of strain: 8 = %(1 — Bz*)
where ¢, = e b/ is the local orthorhombic strain within each

domain. This gives a linear dependence of the phonon inten-
sity with applied strain:

Bzg

2¢

=10+ 51" brem: ©)
The above relation is valid only for €g, < €, in the twinned
domain regime. In this regime, the macroscopic strain of
the crystal induced by the applied strain mostly occurs via
domain-wall motion with no changes in the lattice constants
@' and b’ nor in the nematic order parameter (i.e., ¢ is con-
stant). In this regime, the energy barrier for domain formation
is probably low [13], and indeed no significant hysteresis is
observed in our data. We therefore expect the applied strain
to be fully transmitted and entirely of B,, symmetry: € 0" ~
€xx ™~ €p,,. Upon applying further strain however, we enter a
new regime where macroscopic strain can only occur via a
change in the orthorhombic distortion itself and its associated
nematic order parameter ¢S .

The transition between the two regimes is apparent in our
data of Fig. 2. For large compressive and tensile strains (above
~ F 3 x 107%), the As phonon intensity becomes much more
weakly dependent on the applied strain, indicating that the
sample is close to being single domain. This value is close
to the low-temperature orthorhombic distortion €, of Bal22
observed by x-ray diffraction measurements [45], confirming
that the applied strain is fully transmitted to the crystal as a By,
strain in the low strain regime. When €[{™ > ¢, B is fixed to
1 and 0 and the phonon intensity rather reﬂects the change of
the nematic order parameter as probed by the local As Raman
phonon tensor anisotropy ¢AS under applied strain, ie., a
form of local nematic susceptibility akin to the elastoresis-
tivity measured by transport [1]. The nematic susceptibility is
expected to be rather small deep in the nematic phase where

As is fully saturated [1,24]. This likely explains the rather
weak strain dependence of the phonon intensity above e,
which also supports our statement that the anisotropy in the
Raman phonon intensity between the two polarizations comes
mostly from the nematic electronic response, and is not due to
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FIG. 3. Strain dependence of the As phonon Raman spectra in the x’y’ polarization configuration at four temperatures around 7. Note that
crystal likely broke during the last measurement at 118 K under strong tension €"™ = 9.7 x 1073. This precluded measurements at 154 K

under tension: Only spectra under compression are shown.

the lattice distortion alone. We will discuss this effect in the
next section when presenting the data close to T.

VI. STRAIN-TUNED NEMATICITY AROUND Ty

We now discuss the effect of strain on the As phonon close
to the nematic transition temperature observed at 7y = 138 K
under nominally zero strain. As phonon spectra at 118 K,
145 K, 154 K, and 188 K in the x'y’ configuration, where
incident and outgoing polarizations are perpendicular and
along the a and b tetragonal axes, are shown as a function
of strain in Fig. 3. The spectra at T = 145 K > Ty display
the strongest strain dependence. At low strain, no phonon is
detected in this geometry as dictated by tetragonal symmetry:
I:sy = laf, — ozl?h,|2 = 0. Upon applying both compressive
and tensile strain, the phonon is activated in an approximate
symmetric manner, indicating a strain-induced activation of
the nematic order parameter ¢ above Ts. Contrary to the
spectra at 17 K discussed above, the activated phonon line
shape is asymmetric with a rather pronounced Fano line shape
that is evident at moderate strains, suggesting a significant
coupling between the phonon and low-energy electronic ex-
citations. The Fano line-shape asymmetry was also reported
close, but below Ty in previous zero strain Raman data [38,43].
Increasing the temperature, we observe a significant weaken-
ing of the strain-induced activation of the As phonon. It is still
visible at high strains at 154 K, but cannot be clearly resolved
anymore within our signal-to-noise ratio at 188 K, except for
€ = —5.3 x 1073, where a weak and broad peak is detected.
Note that the crystal broke during the measurements preclud-
ing measurements in tension at 154 K. Below Ty at 118 K, the

phonon is visible at all strains and only weakly depends on
strain. ¥

The evolution of the phonon intensity /) as a function
of strain and temperature was evaluated by fitting the phonon

using a Fano line-shape analysis. |¢2S | o (I:Sy/)% is shown
in Fig. 4 for 118 K, 145 K, and 154 K (see Appendix A for
details on the Fano line-shape fitting).

At 145 K, |25 | shows a steep and strain-symmetric ac-

nem
tivation around €™ = 0. A much weaker effect is observed

XX
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FIG. 4. Strain dependence of the As phonon derived nematic
order parameter |¢|{:m| at three temperatures around 7s. The dashed
lines are guides to the eye and not fits of the data. The empty symbol
at 118 K at high tensile strain indicates that we suspect that the

sample broke at this point.
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at 154 K with an initial slope 3|¢;'§21“ (™ — 0) at least two

times smaller. The symmetric behavior observed at 145 K
shows that the phonon intensity is mostly sensitive to the By,
component of the applied strain, in qualitative agreement with
a strong nematic susceptibility close to Ts. At 118 K, the in-
tensity follows a much weaker strain-asymmetric dependence,
indicating a dominant effect coming from the isotropic Ay,
component of the applied strain. We assign this dependence
to the monotonic decrease/increase of both 7s and Ty upon
tensile/compressive A, strain observed in transport measure-
ments under in-plane uniaxial stress [37]. We also note that the
weak dependence of the Raman phonon intensity with strain
at 118 K is a further indication of the electronic rather than
structural origin of the measured order parameter ¢S . For
strains above ~ 4= 3 x 1073, the phonon intensity at 145 K
shows signs of saturation and reaches values close to the
intensity observed below Ty at 118 K.

At first sight and taking the initial slope dlf,?gi;;‘l(e;‘)?m —

0) as a marker of a nematic susceptibility xpem, the re-
sults can be qualitatively understood in terms of a strongly
temperature dependent electronic nematic susceptibility. The
behavior of xnem above Ty is well documented by previous ela-
storesistivity, shear-modulus and zero-strain electronic Raman
scattering measurements which all detect a clear enhancement
of xnem close to Ts in Bal22 [1,24,46], in qualitative agree-
ment with the observed behavior at 145, 154 and 188 K. At
118 K [¢28 | does not show a symmetric behavior with respect

€™, Instead it displays a monotonic behavior, indicating a
strongly reduced nematic susceptibility below 7. Note that at
118 K the regime of domain orientation is likely very narrow,
below [e]0™] =2 x 1073 and therefore has a limited impact
on the data presented in Fig. 4. Since transport measurements
are plagued by domain formation below Ts, our data sug-
gest that |¢2S | is a potentially interesting alternative marker
to track the nematic susceptibility and order parameter both
above and below Ts.

There are, however several caveats which must be ad-
dressed before linking the observed behavior to an enhanced
nematic susceptibility. Formally, a nematic susceptibility is
defined as a derivative of a nematic observable with respect
to a nematic field. In our case, we can define it using our
definition of the nematic order parameter as probed by the As
phonon ¢2$

— “Pnem (10)

The initial slope can be written in terms of the above-
defined nematic susceptibility:

a’¢nem — |’7| ¢nem X
86325' ‘(pnem e

Y

The main complication when using Eq. (11) to access xas
from our data stems from converting the nominal strain mea-
sured €™ into the actual B, strain €p,, experienced by the
sample. Indeed, we have

€,y = S(1+ V)™, (12)

where u is the transmission coefficient and v the Poisson ratio.
Since we are not interested in the absolute value of x2S but
only in its strain and temperature dependence, in general, it
suffices that these coefficients are weakly dependent on both
strain and temperature. In materials away from a structural
instability, this condition is satisfied, but this is clearly not the
case near Ty for Bal22. First, the Poisson ratio v is strongly
temperature dependent near Ts: At Tg the shear modulus
Co6 ¢ 17, goes to zero but it stiffens significantly away from
Ts [46] As a consequence, the applied strain is expected to
be entirely B, symmetric at Tg, but to quickly acquire a
significant A;, component away from Ts. Fortunately, in the
low-strain limit this effect can be taken into account via avail-
able data of the temperature dependence of elastic constant
in Bal22 [47]. A second nontrivial effect comes from the
transmission coefficient u. Because the Young modulus along
the orthorhombic direction also softens to zero at Tg [48], we
expect the strain to be fully transmitted at 7y, but not away
from it when the lattice hardens. Finite element simulations
using available data on elastic constants were conducted to
estimate the temperature dependence of 1 (see Appendix B).
Overall, the combination of these two effects gives corrections
of ~1.3 and ~2 at low strain between 145 K and 154 K, and
145 K and 188 K respectively. The data indicate at least a
factor of 2 between the slopes at 145 K and 154 K (Fig. 4).
Given the absence of any resolved As phonon at 188 K up to
at least €™ = 4 x 1073, we can give a lower bound estimate
of at least a factor of 4 between the experimental slopes at
145 K and 188 K. Therefore, we conclude that while these
corrections are significant and must be accounted for in any
quantitative discussion of the slope, they cannot fully account
for the observed temperature dependence of the slopes at low
strain. This observation confirms that [¢2S | and x2S, are not
simple proxies of the lattice orthorhombicity €p,, and shear
modulus Cgg, respectively, but have a significant component
related to the purely electronic nematic order parameter and
susceptibility.

Beyond the small strain regime, the reasoning above cannot
apply: because of the increase of the nematic order parameter,
the shear modulus at high strain is expected to stiffen with
respect to its low strain value. The effect is expected to be
particularly strong near Tg where the softening of the shear
modulus will be significantly reduced at high strain and will
recover its value at high temperature, far above the structural
instability (see Appendix C for a discussion of these nonlin-
ear effects). Indeed recent elasto-x-ray scattering data in Co
doped Bal22 indicate that both the transmission coefficient
and the Poisson ratio become essentially temperature inde-
pendent for nominal strains above +3.1073 [20]. In our case,
the strain-induced reduction of the Poisson ratio and transmis-
sion coefficient at 145 K could partly explain the saturation
of |¢nem| for |eX™| > 4 x 1073. However disentangling this
effect from the genuine behavior of xAS under strong ap-
plied strain is highly nontrivial. An interesting corollary to
the above discussion is the interpretation of temperature-
dependent measurements under constant uniaxial stress as
reported in several neutron scattering and optical spectroscopy
studies in various Fe SC materials [14,15,29,49-51]. Because
of the strong softening of the Young’s modulus along the
orthorhombic axis close to T, the strain associated to the
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stress applied to the sample is strongly enhanced near 75 and
even diverges at Ty. This leads to much larger temperature-
dependent nonlinear effects than by working under constant
nominal strain, and makes the interpretation of constant stress
measurements in terms of nematic susceptibilities problem-
atic.

Finally, we discuss the origin of the strain-induced acti-
vation of the As phonon in x’y’ geometry. Up to now, we
have assigned it to a finite nematic order parameter from
symmetry-based arguments. However, the activation has in
general been assigned to the emergence of the stripelike SDW
order at Ty ~ Ts, with only a minor role for the nematic
order itself [30,43,44]. In Ref. [30], it was argued that, only
with the inclusion of magnetism can density functional theory
calculations reproduce the experimental Raman features of the
As phonon in the xx and yy polarization configurations. Also,
the magnetic origin is suggested by the comparison between
Raman spectra obtained on BaFe,As;, Co-doped BaFe,As;
with split Ts and Ty, and FeSe, which displays a structural
but no magnetic transition [43]. In principle, this question
can be experimentally addressed in samples with sufficiently
split Ty and Ty transitions but, unfortunately, the As phonon
intensity is, in general, too small in such samples to con-
vincingly settle this issue. Here we address it by noting that
the temperature dependence of the As phonon intensity under
constant anisotropic stress is expected to be rather different
between the magnetic and nematic scenario. Indeed, the ne-
matic transition is no longer well-defined and instead becomes
a crossover under By, stress, akin to a ferromagnet under an
applied magnetic field. The SDW transition, however, remains
sharply defined since strain does not couple linearly to the
magnetic order parameter [52].

The temperature dependence of |¢2S | at constant strain
and the corresponding spectra are displayed in Fig. 5. Due
to the crystal break before these temperature-dependent mea-
surements, there is some uncertainty in the determination of
the neutral point corresponding to Y™ = 0. Based on strain-
dependent spectra at fixed temperatures (Fig. 3), we estimate
the low-strain measurements to be under small compressive
strains, in absolute value smaller than 2 x 1073, As for the
strain-dependent measurements, the phonon was fitted using a
Fano line shape to extract its intensity (see Appendix A). For
small strains, the phonon intensity has a relatively sharp onset
close to the strain-free 75 y = 138 K, with a small tail above
140 K. Except for the small tail above 138 K, this agrees with
previous Raman measurements under nominally zero strain
[53,54]. At high compressive strain, e};™ ~ —6.4 x 10~ 3, the
sharp onset is replaced by a very broad tail extending well
above the strain-free Tgy. We note that nuclear magnetic
resonance (NMR) studies of Bal22 under uniaxial strain show
arelatively weak effect of strain on 7y, with a shift of at most
10 K for €™ ~ —6 x 1073 [17]. Within our experimental
accuracy, no additional jump or anomaly which could be
assigned to Ty is detected in the temperature dependence of
|p2s |. This indicates a minimal impact of the SDW order on
the phonon intensity. Note, however, that the effective phonon
energy extracted from the Fano analysis bears fingerprints of
Ty, as can be inferred from the change in phonon line shape
observed around 140 K (see Appendix A).
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FIG. 5. (a) Evolution of the As phonon Raman spectra in the x'y’
polarization configuration crossing Ty at fixed strains. The evaluation
of the strain for the small strain series (in red) is complicated by
the fact that the sample was broken at that time. We estimated the
strain value to be close to 0, with a maximum error evaluated by
comparing the spectrum at 143 K with the series at 145 K displayed
in Fig. 3. (b) Dependence of As phonon nematic order parameter
[¢2 | with temperature at fixed strains. The dashed lines are guides
to the eye following a Landau-type behavior of the order parameter
with a symmetry-breaking field five times larger for the purple line
compared to the red line (see Appendix D).
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Overall, the qualitative behavior of |¢2 | is consistent with
the temperature dependence of an Ising order parameter under
a symmetry-breaking field, where the sharp phase transition at
zero field is replaced by a smooth crossover at high field [see
lines in Fig. 5(b) and Appendix D]. It should be noted that
stress, not strain, is the conjugate field of the orthorhombic
distortion. Therefore, if the applied By, strain is smaller than
the spontaneous structural distortion, we expect a first-order
phase transition to a twinned-domain sample, at a tempera-
ture where the spontaneous structural distortion matches the
applied strain, i.e., below the strain-free Ts [13]. For our large
strain data (purple points), the applied strain exceeds this
spontaneous structural distortion, and the first-order transition
does not occur. It could, however, be present in our low
strain data (red points), close to TY, but it cannot be clearly
resolved within our experimental accuracy. Importantly, the
observed evolution from a relatively sharp onset to a very
broad crossover of |2 | versus temperature cannot be un-
derstood if the activation of the As phonon is driven by a
magnetic origin. In a magnetic scenario, we would expect a
sharp onset at the still well-defined Ty, in sharp contrast with
the broad crossover observed under strong applied strain.

A potential complication in quantitatively analyzing the
data is the fact that despite working at constant €™, the By,
strain could be temperature dependent due to the softening of
the lattice. This effect is certainly present at moderate strains.
However, as we argue in Appendix C, we expect the lattice to
stiffen considerably at these high strain levels. In that case,
the shear modulus temperature dependence becomes much
weaker [20,48] and likely plays a marginal role in the ob-
served temperature dependence for strain above 5 x 1073, We
therefore conclude that in Bal22 the anisotropy of the Raman
tensor elements as measured via |¢43 | reflects nematic rather
than magnetic degrees of freedom. As such, this quantity
appears to be a faithful probe of the electronic nematic order
parameter.

In conclusion, using a low-temperature polarization-
resolved elasto-Raman setup, we have shown that the As
phonon can provide a valuable local probe of nematic domains
and order parameter in the model system Bal22. This has
allowed us to track the nematic order parameter both as a func-
tion of strain and temperature above and below the nematic
transition temperature. We have also stressed some possible
pitfalls that must be taken into account when interpreting
uniaxial strain data near a structural instability. Our paper
illustrates the interest of combining a symmetry-resolved
stimulus like uniaxial strain with a symmetry-resolved probe
like Raman. While the As phonon remains a rather indirect
way to probe electronic nematic degrees of freedom in a
metallic system with respect to elastoresisivity and electronic
Raman scattering for, e.g., our data demonstrate that elasto-
Raman studies of optical phonon could be a valuable tool
to study nematic degrees of freedom in insulators where the
aforementioned techniques are not accessible.
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APPENDIX A: FANO LINE-SHAPE FITTING

Close to T, the Raman As phonon displays a significant
asymmetry which is linked to its coupling to electronic de-
grees of freedom. The coupling makes the extraction of the
phonon intensity nontrivial, requiring a fit to disentangle the
phononic and electronic contributions. The coupling between
a discrete mode, here the As phonon, and a broad continuum,
here the electronic excitations, leads to a characteristic asym-
metrical line shape which can be described by a coupled mode
analysis as depicted in the Fano model. Following Klein’s
approach [55], we consider a bare phonon mode, expressed
by a Dirac § function with area mt,, coupled to a featureless
electronic continuum p which couples to light with an am-
plitude 7,. The imaginary part of the coupled electron-phonon
response x, the quantity that is measured in a Raman scatter-
ing experiment, takes the form

1270 p(wo — © — Vipy /1)
(wy — w)* + (v?7 p)?

x () = , (A1)

where v is the electron-phonon coupling parameter and wy is a
renormalized effective phonon energy [55]. For the As phonon
fitting, we used the following parametrization: A = 7 pt2, wy,
tph, and B = +. This parametrization has the advantage of
explicitly 1nV0iV1ng the quantity of interest, the bare phonon
amplitude #,p,, in the minimization routine, thus reducing the
standard error on its evaluation. The response then takes the
form

(wy — w — tphB)2
(w9 — @) + (AB*)*

X" (w) = (A2)

This expression was used to fit the As phonon as a function
of both strain and temperature to extract the integrated area of
the bare phonon mode given by mgh. To fit the data, it was
necessary to add an additional noninteracting background yy.
For spectra with a well-defined and intense peak, such as at
low temperature below Ts and/or large strain, good conver-
gence was found when keeping all parameters free. However,
for spectra displaying a weaker peak, we found it necessary
to keep constant at least one of the parameters to ensure a
more systematic fit convergence and we chose to keep B = +
constant. We checked that the fitted values of wq and were
only weakly dependent on different choices of B, typically
within the standard error bars of the fits. The fits as a function
of strain and temperature are shown in Figs. 6 and 7. The
extracted amplitude #,, was used for Figs. 4 and 5 of the main
text.

In the temperature dependence under strong strain (Fig. 7),
the fits also reveal a small anomaly of wy (about 1 cm™")
at around 145 K (Fig. 8). A similar softening was observed
previously at zero strain at T v [56]. We believe the observed
softening in the high-strain data is due to the SDW transition
Ty which remains well-defined even in the presence of strain
and is only weakly affected by it, in agreement with NMR
data of Kissikov et al. [17].
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FIG. 6. Fano line-shape fitting of the As phonon as a function of
applied strain and at three different temperatures.

APPENDIX B: FINITE-ELEMENT SIMULATION

In this paper, we plotted the different quantities depending
on the nominal strain in the x direction €™ = %, with Ly
the length of the suspended part of the sample when no stress
is applied and 8L the change of this length upon applied

stress. €x" is different from the nematic strain e, , with

€8,, = %(1 + v)ueX™. v is the Poisson ratio in the ab plane
and p is the strain transmission coefficient through the epoxy

glue. In BaFe,As;, the elastic coefficient corresponding to
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FIG. 7. Fano line-shape fitting of the As phonon as a function of
temperature at two different applied strains.
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FIG. 8. Temperature dependence of the effective phonon energy
wy as extracted from the Fano line-shape fitting. At low strain, the
fitting above 148 K yielded very high error bars for wy due to the very
weak phonon intensity and the corresponding values are not shown.

By, strain, Cgs, strongly softens upon cooling from 300 K
to Tsy A~ 138 K [46], which results in a strong decrease of
the Young modulus in the x direction [57] and an increase of
both 1 and v. Therefore, comparing the dependence of 25
on €™ at different temperatures to evaluate the susceptibility
can be misleading. To tackle this issue, we conducted finite
element simulations to evaluate €,, and €p,, = €yy.

Figure 9(a) shows the geometry of the model built for
the simulation. We took 15 GPa and 0.3, respectively, for
the Young modulus and Poisson ratio of the Stycast 2850FT
epoxy glue [58] and 105 GPa and 0.33 for the titanium plates
[37]. On first approximation, we considered these quantities
to remain constant between 300 K and Ts/y, which probably
leads to a slight overestimation of €, and €, at 300 K, as the
epoxy glue is softer at high temperature. For BaFe;As,, we
used the complete elastic tensor with the elasticity coefficients
in the x'y'z frame taken from Ref. [59]. We extrapolated to
300 K the few elasticity coefficients not measured at room
temperature by Ref. [59]. In particular, we took for Cge 8, 15,
26, and 35 GPa, respectively, for 145, 154, 188, and 300 K.
We chose 20 um as the upper limit for the size of the finite
elements in the sample domain, and some larger sizes in the
epoxy glue and titanium domains.

The results for the simulation at the four temperatures for
both €., and €, are plotted in Fig. 9(b). We observe that the
strain is homogeneous in the middle region of the sample,
where the laser spot is located, on a scale much larger than the
spot size of ~50 pm. Figure 9(b) shows results for the strain
along an x line in the bulk of the sample, but we checked that
the strain displays a perfect homogeneity along the z direction,
and a sufficiently good one in the y direction on the scale of
the spot size.

Because of the strong inhomogeneity of e, along the
length outside the middle region, with regions for |x| >
500 pum being quite low strained, the resulting €,, in the
middle region can exceed the applied strain €;™. This ex-
cess is weak at 145 K (3%) but strongly increases as we
take Cgs — O GPa: the simulations give u = 1.6/2.2/4.3 for
Ces = 1 GPa/100 MPa/0 GPa, with a simultaneous drastic
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FIG. 9. (a) Geometry of the built model. The domains corre-
spond to : 1 to 4 : titanium plates; 5 and 6 : epoxy glue; 7 : sample. A
displacement is given to domains 1 and 2, whereas domains 3 and 4
are held still. (b) Contribution of ¢,, and €py, in the total strain €.
(c) Comparison between the maximum displacement in the sample
and the applied displacement.

reduction of the size of the middle region of homogeneity.
This inhomogeneity enhancement might be problematic when
probing the sample very close to Ty but we note that in a real
sample local defects will likely play an important role not
captured by our simulation.

In Fig. 9(c), we check that, for a given displacement §L,
the maximum displacement in the sample, i.e., the displace-
ment at the mobile extremity u = f L €xdx, with Ly, the
total length of the sample (1600 pum), is lower than §L =
/; L, Exx dx, even for Cge — O GPa. This ratio can serve as
a proxy to estimate the amount of strain in the epoxy glue.

In the following, we consider only the values of €, and €p,,
in the middle region [at x = 0 um in Fig. 9(b)]. As expected,

both quantities increase with decreasing 7. In particular,
€5,, (145 K)

the 3‘5?&‘" difference between the two temperatures evidenced
in F1g” 4, but is not enough to explain it. Our simulations
confirm that the change of slope is not merely an effect of
the change of transmission, but xS is quantitatively modified
when approaching Ts/y from above, thus supporting the view
that it at least partly reflects the underlying electronic nematic
susceptibility.

~ 1.3. This significant ratio likely participates in

APPENDIX C: SHEAR MODULUS UNDER FINITE STRESS

At vanishingly small stress, the shear modulus softens to
essentially zero at Ty as observed in ultrasound and Young’s
modulus measurements [46,57,60]. This softening can com-
plicate the interpretation of temperature-dependent data under
constant nominal strain €™ reported in Fig. 5 since its By,
component will depend significantly on temperature close
to Ts even if the nominal strain €™ is kept constant [20].
Published elastic measurements of Cgg can be used to evaluate
both the Poisson ratio v and the transmission coefficient and
thus deduce the B,, component of the applied strain in the low
strain limit. This is discussed in the main text and in Appendix
B. Outside this regime, however, we cannot rely on elastic
measurement data. In particular, under strong stress the lattice
is expected to stiffen due to the finite nematic order parameter,
thus suppressing the observed softening and resulting in less
temperature-dependent Poisson ratio and transmission coef-
ficient. Here we discuss this effect and its potential impact
on the temperature-dependent data under high strain shown in
Fig. 5. For this, we need to include explicitly both electronic
and lattice degrees of freedom in the Landau free energy.
The Landau free energy of a coupled nematic-orthorhombic
transition includes an electron nematic order parameter ¢ and
a lattice distortion € both belonging to the B,, representation
of Dy, point group. They are coupled bilinearly via a nema-
toelastic constant A > 0. We assume that the system is under
a stress 0 > 0 whose B,, component is coupled linearly to €.
Here we will limit ourselves to ¢* terms in the expansion:

0
F = I¢2+Z<;>4+%ez—x¢e—ae. (C1)
2 4 2

CY is the bare shear modulus which we will assume to be
temperature independent and r is the inverse of the nematic
susceptibility which follows a mean-field like behavior r =
a(T —Tpy). Ty is the bare nematic phase transition in the
absence of a coupling to the lattice. o0 and € are the By,
components of the stress and strain tensors, respectively.

We first minimize the free energy with respect to ¢ and €,
giving

0 = Coe — 1, (C2)
. re + ugp?

. (C3)

The two equations can be combined to give an equation for
the nematic order parameter under constant stress:

( x2> 5 AO
r——|¢+up’— — =0.

(C4)
Coo Coo

Note that the nematic transition has been shifted to higher
temperature 7Ty due to the finite nematoelastic coupling:

Ts =Ty + aéﬁ The renormalized shear modulus Cgg due to

nematoelastic coupling can be computed using the partial
derivatives of ¢:

3¢ do

Cos = 222
7 3¢ 9o

(C5)
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FIG. 10. Temperature dependence of the shear modulus Cgs un-
der increasing B,, stress o. Here we have used Ty = 138 K, Ty =
100K, u=1,a =1, and C& = 30 GPa.

Using the minimization conditions the partial derivatives are
given by:

o L+ 3up?) (C6)
— = —(r
90 A we
3 B
99— . 7
a¢ d¢
Inserting into the expression of Cgg, We get
3P A2
Cos =Co —A— =CoH — ———. C8
66 66 de 6 4 3ugp? €8

Using Eq. (C8) and the temperature dependence of the ne-
matic order parameter under constant stress o Eq. (C4), we
can plot the temperature dependence of the shear modulus
under finite stress (Fig. 10).

For sufficiently strong stress, the softening of the shear
modulus Cgg is indeed strongly suppressed, and we expect the
Poisson and transmission ratio to be much less temperature
dependent. The question is then to evaluate to which regime
the temperature-dependent measurements under high-strain of
Fig. 5 correspond to. According to x-ray data under strain of
Sanchez et al. [20] on a Bal22 crystal with 3% Co doping,
both the Poisson ratio and the transmission coefficient be-
come essentially temperature independent for nominal applied
strains €™M > 5.107%. Since the measurements of Fig. 5 were
performed at [€"™| > 5.1073, we are likely in the regime
where the shear modulus is essentially temperature indepen-
dent.

From our temperature-dependent Raman data under strong
strain, we can also estimate in which regime we are. Indeed,
assuming the As phonon intensity in the B,, representation is
a good proxy of the square of the nematic order parameter
¢?, we see that the nematic order parameter under strong
strain (above |e[?"| = 4.1073) at 145 K is very close (within
25%) to the saturated value at 118 K (Figs. 4 and 5). Using
this information, we can infer the amount of shear modulus
softening near Ty (where it is strongest) using the expression
of the shear modulus as a function of the nematic order param-
eter ¢. If we assume that the nematic order parameter under
stress at Ty = 138 K is a fraction «!/? of the low-temperature

(saturated) nematic order parameter at zero stress:

¢2(T _ 2 _ _otaTS
5,0 Z0)=a¢dp"(T =0K,0 =0)= .

(€9

Substituting into the equation for the shear modulus Eq. (C8),
we can estimate its value at Ty:

)\’2
Ceo(T5) = CO — . C10
66(T5) = Ces a(Ts — Ty) + 3aTsa (€10)
Using %2 = gG(TS — Tp), we obtain
Ts— Ty
Ceo(Ts) =Co (1 - —= — ). Cl1
66(Ts) 66( A1 3a)Ts = To) (C11)

For Bal22, we have Ty = 138 K and from shear modulus and
Raman data (under zero strain) 7o = 100 K [25,46]. Taking
a conservative a = 0.5 (70% of the low-temperature order
parameter at 7 = 145 K ~ Ty at high strain), we obtain Cgs ~
0.84Cg6. This indicates that the complete softening of Cgs at
zero strain is replaced by a much smaller softening of about
16% at high strain giving an upper bound on the temperature
evolution of Ces. In turn a 16% change in Cgs will imply a
change in the Poisson ratio 1 + v. To evaluate this, we use the

relationship between the Cgg and 1 +v: 1 +v = c-zrccﬁf, , with

C= %(C” +Cp) — g—fz Except Cgg, the elastic coefficients
are weakly temperature dependent. Using Cj; = 95 GPa,
C12 = C13 =17 GPa, C33 =175 GPEI, and C66 =35GPa [59],
we obtain a change of 7% in 1+ v between Ty and high
temperatures. From the simulations (Appendix B), the change
in the transmission ratio u will be even less. To conclude,
changes in the By, component of the strain as a function of
temperature are unlikely to significantly affect the observed
temperature dependence of ¢ under high strain reported in
Fig. 5.

APPENDIX D: NEMATIC ORDER PARAMETER UNDER A
SYMMETRY-BREAKING FIELD

The behavior of the nematic order parameter under a sym-
metry breaking field can be captured by a Landau free energy

-25 0 25 50 75
T-Ts(K)
FIG. 11. Temperature dependence of the nematic order parame-

ter ¢ under increasing symmetry-breaking field 4. Parameters used
are (a, u, w) =(1,1,3).
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with an electron nematic order paramater ¢ and a symmetry-
breaking field h:

r u w
F=—¢>+ —¢* + —¢° — ho. DI
S0+ g0+ 00— ho (D1)
In our case, h is a By, field which couples linearly to ¢
and r = a(T — Ty) (Ts is the renormalized nematic transition
temperature). Minimizing the free energy with respect to ¢,

we obtain
ré + up® +we® —h=0. (D2)

The above equation was solved for ¢ numerically as a
function of temperature 7" and for various field & keeping
all other parameters constant (Figs. 5 and 11). In Fig. 5, the
parameters used were & = Su and h = 25u for the low and
high strain data, respectively.
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