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Nematic fluctuations and phase transitions in LaFeAsO: A Raman scattering study
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Raman scattering experiments on LaFeAsO with distinct antiferromagnetic (Tagpy = 140 K) and tetragonal-
orthorhombic (Ts = 155 K) transitions show a quasielastic peak (QEP) in B,, symmetry (2 Fe tetragonal cell)
that fades away below ~Txry and is ascribed to electronic nematic fluctuations. A scaling of the reported shear
modulus with the 7 dependence of the QEP height rather than the QEP area indicates that magnetic degrees
of freedom drive the structural transition. The large separation between Ts and Tary in LaFeAsO compared to
BaFe,As, manifests itself in slower dynamics of nematic fluctuations in the former.

DOI: 10.1103/PhysRevB.96.014506

The discovery of Fe-based superconductors (FeSCs) with
high transition temperatures (above 100 K in FeSe films [1])
triggered much interest on these materials [2—-5]. Nematicity,
characterized by large in-plane electronic transport anisotropy
[6,7], is normally observed below a tetragonal-orthorhombic
transition temperature T, and seems to be also present in other
high-T, superconductors [8]. Also, divergent nematic suscep-
tibility in the optimal doping regime suggests that nematic
fluctuations play an important role in the superconducting
pairing mechanism [9]. Thus, investigations of the nematic
order and fluctuations in FeSCs and their parent materials are
pivotal to unraveling the origin of high-7, superconductivity.
Clearly, it is necessary to identify the primary order parameter
associated with the nematic phase [4,5]. A relation between
nematicity and magnetism is suggested by the near coinci-
dence between T and the antiferromagnetic (AFM) ordering
temperature Tapy in some materials, most notably BaFe,As;
with Tapm ~ Ts = 138 K[10,11]. In fact, the magnetic ground
state is a stripe AFM phase that breaks the fourfold tetragonal
symmetry of the lattice [see Fig. 1(a)], providing a natural
mechanism for electronic anisotropy. On the other hand, Ts
and Txpy are significantly separated for LaFeAsO (LFAO)
(Tapm = 140 K and Ts = 155 K) [7,12-14], while FeSe does
not order magnetically at ambient pressure but still shows a
nematic transition at Ts = 90 K [15], motivating suggestions
that the nematic transition may be driven by charge/orbital
degrees of freedom rather than magnetism in the latter [17,18].
However, even for FeSe the magnetic scenario may still
apply [19]. In Ba(Fe;_,Co,),As, and other doped systems,
the difference between Tapy and Ty increases with doping
[10,16]. Overall, the primary order parameter that drives
the structural/nematic transition at 75 and the dominating
mechanism of Tapy/Ts separation in parent FeSCs are not
fully settled yet.
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Raman scattering was recently employed as a probe
of nematic fluctuations in FeSCs and their parent materi-
als. In A(Fe;_,Co,)As; (A = Ca, Sr, Ba, Eu) [20-26],
Ba;_,K,Fe;As; [26], FeSe [27,28], and NaFe;_,Co, As [29],
a quasielastic peak (QEP) with B,, symmetry [considering
the 2 Fe tetragonal cell, see Fig. 1(a)] has been observed and
interpreted in terms of either charge/orbital [22,23,25,27,30]
or spin [24,26,31-33] nematic fluctuations. An unambiguous
experimental identification of the nature of the fluctuations
generating the B, Raman QEP (charge/orbital or magnetic)
is challenging due to the inherent coupling between the
corresponding degrees of freedom. Despite such extensive
investigations in several materials, no Raman study of the
nematic fluctuations in the key parent compound LFAO has
been carried out yet. In this paper, we fill this gap and
investigate in detail the temperature dependence of both
electronic and phonon Raman scattering in LFAO.

Details of the synthesis procedure and basic characteriza-
tion of the crystal employed in this paper, showing Ts = 155K
and Thapm = 140 K, are described elsewhere [13,34]. A fresh
ab surface with ~1 x 1 mm? was obtained by cleaving the
crystal and immediately mounting it at the cold finger of a
closed-cycle He cryostat. The polarized Raman spectra were
taken in quasibackscattering geometry using the 488.0-nm line
as exciting source focused into the ab surface with a spot of
~50-pm diameter. A triple 1800-mm™~! grating spectrometer
equipped with a LNj-cooled multichannel CCD detector
was employed. The instrumental linewidth was ~4 cm™'.
Figure 1(a) illustrates a square lattice of the Fe atoms and sets
the conventions for polarizations. The 2 Fe tetragonal (space
group P4/mmm) and 4 Fe orthorhombic (space group Cmma)
unit cells and axes in the ab plane are also represented.

Symmetry analysis indicates that four Raman-active
phonons are accessible by our experimental geometry in both
tetragonal (2A, and 2By, ) and orthorhombic (2A, and 2B;,)
phases. Illustrations of such modes are given in Fig. 1(b) (see
also Ref. [35]). The raw Raman spectra in the phonon region at
distinct linear polarizations are given in Figs. 1(c) (T =20 K)
and 1(d) (T = 290 K). The B;, modes observed at 203 and
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FIG. 1. (a) Schematic view of the Fe square lattice with the stripe
antiferromagnetic structure and representations of the XY, YY, X'Y’,
and Y'Y’ linear polarizations. The unit vectors e; and e, represent
the polarizations of the incident and scattered photons, respectively.
The edges and axes for the 2 Fe tetragonal and 4 Fe orthorhombic
unit cells are also displayed. (b) Raman-active phonons accessible in
the scattering geometry employed in this paper. The corresponding
symmetries and observed frequencies at 290 K are indicated.
(c,d) Raman spectra for distinct polarizations at 7 = 20 K (c) and
T =290 K (d). In (c) and (d), the symmetry associated with each
polarization is given with respect to the corresponding orthorhombic
and tetragonal unit cells.

317 ecm™! at T = 290 K are ascribed to Fe and O vibrations
along c, respectively [35], while the A, modes at 164 and
208 cm™! are ascribed to As and La vibrations along c.
The position of the 164 cm~! mode is comparable to that
reported for the As mode in NaFeAs (163 cm™') [36] and
in AFe,As, (A = Ca, Sr, Ba) (180-190 cm™!) [21,37-39].
The T dependence of this phonon was investigated in detail
(see Ref. [40]). Its linewidth at low T is resolution limited,
suggesting a high crystalline quality, and shows a maximum
at T ~ Tapm with no anomaly at 7. Frequency anomalies
are observed for this mode at both Ts and Tapy. Finally,
an enhancement in XY polarization is observed below Tapm,
which is similar to related systems [21,24,37,39] and is due to
the coupling of this phonon with anisotropic electronic states
in the magnetic phase [41].
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FIG. 2. (a—e) Raman response x”(w,T) in B,, symmetry for
the tetragonal cell (XY polarization) at selected temperatures. The
thick lines are fittings to a model including a Lorentzian quasielastic
peak (QEP, dashed line) and an additional linear contribution (thin
solid line) (see text). (f) x"(w,T)/w at selected temperatures and
corresponding fits to the QEP model.

The Raman response x”(w,T) is related to the raw inten-
sity I through the relation / = (1 +n)x”(w,T) + D, where
n = 1/(e/*T _ 1) is the Bose-Einstein statistical factor and
D is an intensity offset (for details, see Ref. [40]). Figures 2(a)—
2(e) show x”(w,T) in XY polarization corresponding to B,
symmetry in the 2 Fe tetragonal cell. These measurements were
made with much less laser power (~3 mW) than for the data
shown in Fig. 1 (~10 mW), in order to minimize laser heating
effects [24], and were also taken with four times less exposure
times due to the large number of investigated temperatures.
These limitations resulted in a poorer signal-to-noise ratio
in the data shown in Figs. 2(a)-2(e). An eight-point-average
smoothing is applied in these data for better visualization
of the broad electronic Raman signal. x”(w,T) data with
better statistics at selected temperatures are also presented in
Ref. [40]. A linear component for X (a) T) is observed in the

frequency region below 600 cm™, Wthh is enhanced below
Tapm. Measurements performed on an extended frequency
region show this component is part of broad peaks at
~2400-3000 cm™! (see Ref. [40]). A similar structure was
found in BaFe,;As; and attributed to two-magnon scattering
[42]. An additional scattering channel, which is most evident at
low frequencies (w < 150 cm™!), is observed in this symmetry
and enhances on cooling down to ~140 K, fading away on
further cooling. This contribution is satisfactorily fitted by

a QEP (x")oip(@,T) = A(T)wI(T)/(@* + I(T)?) [dashed

lines in Figs. 2(a) 2(e)], corresponding to a Lorentzian line
shape for ()(”)Q (w,T)/w. Tt can be seen from Fig. 2(f)
that the relatlvely large noise in the Raman response above
~150 cm™! has little influence on the determination of the
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FIG. 3. T dependence of (a) area A, (b,d) width I, and (c) height
A/ T of By, Lorentzian QEP (2 Fe tetragonal cell). Error bars, when
not displayed, are smaller than the symbol sizes. The shaded areas
mark the Tapm < T < Ty interval. The solid line in (c) shows a fit of
the B,, QEP height to a Curie-Weiss-like behavior between T and
~200 K, yielding 6cw = 137(3) K (see text). The solid line in (d) is
a guide to the eyes.

QEP fitting parameters A(7T") and I'(T"). The Raman response
(x”) for other symmetries accessible by our experimental setup
is given in Ref. [40] at selected temperatures.

Figures 3(a) and 3(b) show the T dependence of the
Lorentzian B, QEP area A and width I', respectively. Only
data between ~120 and 200 K are shown, corresponding to
the T interval where this signal is sufficiently strong to warrant
reliable Lorentzian fits within our statistics. Figure 3(c) shows
A/ T, corresponding to the QEP height, while Fig. 3(d)
is a zoom in of Fig. 3(b) near Ts. Between 280 and
120 K, the B,; QEP area and height show a maximum at
Tmax = 143 K, slightly above Tapy, nearly vanishing below
120 K. Concerning the widths, the B>, QEP gradually sharpens
on cooling down to Ts. Below T, I'qgp further sharpens from
~40 to ~30 cm ™!,

As for the other FeSCs [22-27,30,32,33], we ascribe the
B, QEP in LFAO to electronic nematic fluctuations. The
significant residual nematic fluctuations observed between
~120 K and Tapm [see Figs. 3(a) and 3(c)] are consistent
with > As NMR measurements that show coexisting AFM and
paramagnetic regions in this 7" interval [43]; the paramagnetic
regions are expected to host the residual nematic fluctuations
observed here. Intriguingly, the temperature where the QEP
area and height are maxima, Tp,x, does not coincide with
the bulk-average T, contrary to other parent FeSCs [24,27].
This deviation is likely related to the broad T interval where
tetragonal and orthorhombic domains coexist and fluctuate
[44]. In this scenario, while the QEP intensity per orthorhom-
bic unit volume is expected to be reduced on cooling,
the inverse tendency is found for the remaining tetragonal
domains, leading to Ty.x < Ts. Still, the nematic fluctuations
in LFAQO are clearly sensitive to T, as demonstrated by the
sharpening of the B,, QEP below Ty [see Fig. 3(d)]. In fact,
this is a manifestation of slower nematic fluctuations in the
orthorhombic phase. This is again qualitatively consistent
with >As NMR results that show a slowing down of the
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FIG. 4. Temperature dependence of the polycrystalline shear
modulus taken from Ref. [12] (solid line), and attempted scalings
of this curve to the B,, QEP area A(T') (open and solid triangles)
and height A(T')/ T'(T) (circles) extracted from Figs. 3(a) and 3(c),
respectively.

magnetic dynamics below T [43] and may be also related
to the enhancement of the magnetic correlation length below
Ts observed in inelastic neutron-scattering measurements [34].

Although both spin and orbital/charge nematic fluctuations
are arguably present in LFAO and coupled to each other, the
Raman activity of magnetic and charge fluctuations arises
from entirely different mechanisms [23,31], and most likely
the Raman intensities are dominated by one of them. We
discuss our results considering separately the independent
scenarios where charge/orbital or spin nematic fluctuations
dominate the intensity of the B, Raman QEP. Starting
with the charge/orbital scenario (scenario A), the bare static

nematic susceptibility (9 () and ( X”)gi:fp(w, T) are directly

nem

connected by Ba Kramers-Kronig transformation x 9 (T) =
2g

(2/7t)fooo(x”)QEp(a),T)/wda) [22,23], corresponding to the
QEP area A(T) in our analysis. An attempted scaling of
x\9 (T) obtained in this way and the polycrystalline shear
modulus Cg extracted from Ref. [12], i.e., Cs(T)/Cs(300
K) =1 —bA(T) (see Ref. [23]), is given in Fig. 4, where
b is a free parameter (see Refs. [45,46]). In our analysis, we
tentatively varied b to scale A(T) to Cg(T) either at T 2 T
(empty triangles in Fig. 4) or at T ~ 200 K > Ty (filled
triangles). However, no value for b yielded a satisfactory scal-
ing for the entire investigated interval Ts < 7 < 200 K. The
lack of scaling between the shear modulus and the QEP area,
interpreted under scenario A, indicates that the charge/orbital
fluctuations do not drive the structural transition at T, and an
additional electronic nematic degree of freedom, presumably
the magnetic one, is driving the phase transitions in LFAO
[5]. This reasoning closely follows that presented in Ref. [22]
for BaFe,As,.

We now explore the alternative scenario where spin nematic
fluctuations dominate the intensity of the B, Raman QEP
(scenario B). In this case, the dynamical electronic nematic
susceptibility is not given directly by ( x”)gzgp(a),T), and
therefore a Kramers-Kronig transformation does not apply to
extract Xégl)n(T). Instead, x% (T is proportional to the slope

nem

of ( x”)gﬁp(a), T) in the limit w — 0 [24,31], namely, the QEP
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height A(T')/ T'(T). In this scenario, ®;, = 137(3) K, obtained
from the fit of A(T)/I'(T) to a Curie-Weiss-like behavior
A/T = C/(T — ©;,)overtheinterval Ts < T < 200K [solid
line in Fig. 3(c)], is the bare nematic transition temperature
in the absence of the magnetoelastic coupling that induces
the transition at higher temperatures. Figure 4 displays a
scaling of the polycrystalline shear modulus to the peak height,
Cs(T)/Cs(300K) = 1 — b'A(T)/ I'(T), showing an excellent
agreement for the entire investigated interval. Therefore,
independently of the assumption on the detailed nature of the
Raman B;, QEP, our analysis supports the scenario where the
nematic transition is magnetically driven.

The thermal evolution of the relaxation rate I'? provides
further insight into the nematic transition. At 7 ~ 200 K one
has T'®x ~ 10 meV (~80 cm™') [see Fig. 3(b)], which is
on the same energy scale as optical phonons (see Fig. 1).
However, the nematic fluctuations slow down continuously on
cooling [see Fig. 3(b)]. Presumably, as the nematic fluctuation
rate becomes significantly smaller than the typical optical
phonon frequencies, local and instantaneous orthorhombic
distortions are expected to rise and accompany the electronic
nematic correlations, since the nuclei positions have sufficient
time to respond to the electronic nematic fluctuations. We
suggest that at Ts the growing lattice strain caused by the local
orthorhombic distortions finally drives the formation of a long-
range orthorhombic phase, i.e., the so-called nematic phase.
Immediately below 75 the nematic fluctuations are slowed
down further [see Fig. 3(d)]. This is likely associated with
changes in the J, and J, nearest-neighbor exchange integrals,
partially releasing the magnetic frustration and allowing for
increased magnetic correlation lengths [34].
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Further inspection of our results gives insight into the large
separation between Ts and Tapm (15 K) compared to their
near coincidence in BaFe,As,. We note that at T = 163 K,
for instance, the maximum of ¥ gzg (w,T), correspond-

ing to the QEP linewidth I', is 43(2) cm~' for LFAO
[see Figs. 2(c) and 3(d)], much smaller than ~100 cm~! for
BaFe,As, at this temperature [22]. Such slower nematic fluc-
tuations in LFAO preempt the stabilization of orthorhombic
domains significantly above Tagry . This scenario may also give
insight into the nematic transition of other FeSCs. For instance,
a By, QEP has also been reported for FeSe [27], which also
gradually sharpens on cooling, reaching I' ~ 30 cm™! at T,
which is comparable to the observed I" for LFAO in the nematic
phase [see Fig. 3(d)].

In summary, polarized Raman scattering in LaFeAsO
reveals a quasielastic By, scattering channel from nematic
fluctuations above ~Txpy. An analysis of the 7' dependence
of this signal supports the conclusion that spin degrees of
freedom are the primary driver of the phase transitions in
this material. Relatively slow electronic nematic fluctuations
preempt T and arguably signal the large separation between
TS and TAFM-
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