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We report comprehensive temperature and doping dependences of the Raman scattering spectra for
BaFe2(As1−xPx )2 (x = 0, 0.07, 0.24, 0.32, and 0.38), focusing on the nematic fluctuation and the superconducting
responses. With increasing x, the bare nematic transition temperature estimated from the Raman spectra reaches
T = 0 K at the optimal doping, which indicates a quantum critical point (QCP) at this composition. In the
superconducting compositions, in addition to the pair-breaking peaks observed in the A1g and B1g spectra, another
strong B1g peak appears below the superconducting transition temperature, which is ascribed to the nematic
resonance peak. The observation of this peak indicates significant nematic correlations in the superconducting
state near the QCP in this compound.
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I. INTRODUCTION

More than a decade has passed since the discovery of iron-
based superconductors (IBSs) [1]. However, its superconduct-
ing (SC) mechanism is not yet well understood. A smoking
gun is the fact that a magnetic ordered phase is adjacent to the
SC phase, and thus the spin fluctuation is a strong candidate
for the pairing glue. On the other hand, recently nematic fluc-
tuations have also been observed [2–11], which have attracted
much attention. Several theoretical and experimental studies
suggest that nematic fluctuations may play a key role in the
superconductivity in IBSs [12–18]. However, whether or not
nematic quantum criticality is relevant for the appearance of
superconductivity in IBS remains largely unsettled.

Raman scattering spectroscopy is a powerful tool to in-
vestigate the electronic properties in solids. In particular, the
symmetry-resolved sensitivity enables us to directly access
nematic behavior without any external field such as uni-
axial strain. Recently, Raman scattering experiments have
been performed on many IBSs such as Ba(Fe1−xCox )2As2,
NaFe1−xCoxAs, FeSe, and LaFeAsO [11,19–21]. These re-
sults indicate that there exist nematic fluctuations in the
tetragonal phase of several IBSs. From the doping depen-
dence of Raman scattering spectra in Ba(Fe1−xCox )2As2 and
NaFe1−xCoxAs, a nematic quantum critical point (QCP) has
been revealed near the magnetic critical point close to the op-
timal superconducting transition temperature (Tc) [11,21,22].
Moreover, for the superconducting Ba(Fe1−xCox )2As2, a ne-
matic resonance mode was observed below the SC gap en-
ergies near the nematic QCP [23]. A similar peak seen in
NaFe1−xCoxAs was attributed to an in-gap collective mode
in the nematic channel, consistent with the nematic resonance
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scenario [21]. In Ba(Fe1−xCox )2As2, however, one concern is
that SC gap features in the Raman scattering spectra of the
nonnematic channel are weak [24], likely due to the disorder
effects introduced by Co substitution for Fe.

Here we have chosen the BaFe2(As1−xPx )2 system,
because it is considered to be a less disordered system than
Ba(Fe1−xCox )2As2 [25,26], and clear fingerprints of quantum
criticality have been observed in thermodynamic measure-
ments [27–29]. Therefore, it is an attractive system for the
study of nematic fluctuations and related phenomena, but so
far no systematic Raman scattering study has been reported
on this compound.

Here, we present a systematic study of Raman scattering
on BaFe2(As1−xPx )2 over a wide range of P compositions
(xs). At all the studied compositions, nematic fluctuations are
observed above the structural transition temperature (Ts) or
Tc. The bare nematic transition temperature T0 reaches 0 K
near the optimal doping, which implies the existence of a
nematic QCP at this composition. In the SC state, a clear
pair-breaking (PB) peak is observed in the A1g symmetry
for x = 0.32 and 0.38. It is ascribed to the SC gap of the
hole pockets. Moreover, another strong peak is observed in
the B1g symmetry towards the nematic QCP. This peak is
ascribed to the nematic resonance peak, indicating the persis-
tence of significant nematic correlations in the SC state near
the QCP.

II. METHODS

Single crystals of BaFe2(As1−xPx )2 (x = 0, 0.07, 0.24,
0.32, and 0.38) were grown by a self-flux method as described
elsewhere [30]. The transition temperatures (Ts and Tc) were
determined by resistivity measurements before Raman scat-
tering measurements. Single crystals were cleaved just before
being loaded into a cryostat. Raman scattering spectra were
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FIG. 1. (a)–(e) Temperature dependence of B1g Raman scat-
tering spectra for x = 0, 0.07, 0.24, 0.32, and 0.38. (f)–(j)
Temperature dependence of the Raman susceptibility, χ

B1g
0 , of

BaFe2(As1−xPx )2 (x = 0, 0.07, 0.24, 0.32, and 0.38). (k) Temperature
dependence of the scattering rate � for x = 0, 0.07, 0.24, 0.32, and
0.38.

obtained in the pseudo-backscattering configuration using an
Ar laser line (514.5 nm) and a T64000 Jobin-Yvon triple
grating spectrometer equipped with a liquid-nitrogen-cooled
charge-coupled device detector. The gratings have a density
of 1800 g/mm. For measurements below Tc, the laser power
was set to 4 mW, while it was 10 mW for measurements above
Tc. The laser heating under these conditions was estimated to
be 4 and 6–10 K, respectively.

A1g + B2g, B1g, and B2g Raman spectra were measured
with the incident (i) and scattered (s) light polarizations of
(i, s) = (x, x), (x, y), and (x, y), respectively. Here, x and y are
oriented along the directions of Fe-Fe bonds, while x′ and y′
are along the diagonals of Fe-Fe bonds. The pure A1g spectrum
is obtained by subtraction of the xy spectrum from the x′x′ one.

III. RESULTS AND DISCUSSION

First, we discuss the nematic fluctuations above Ts. Fig-
ures 1(a)–1(e) show the temperature dependence of the
B1g Raman responses for BaFe2(As1−xPx )2 (x = 0, 0.07, 0.24,
0.32, and 0.38). For all samples, the Raman intensity displays
a strong enhancement at low energies upon cooling towards
Ts or Tc. This enhancement is suppressed below Ts or Tc and

is not observed in the A1g and B2g symmetries (see Figs. 5
and 6 in Appendixes A and B). A similar behavior has been
reported also in some other IBSs and is attributed to enhanced
dx2−y2 charge fluctuations, namely, nematic fluctuations, near
Ts [31]. The B1g Raman response at low frequencies near Ts is
well reproduced using a quasielastic peak (QEP) lineshape,
χ ′′

QEP, expressed by

χ ′′
QEP = Aω�

ω2 + �2
, (1)

where A is a constant and � can be interpreted as a quasi-
particle scattering rate renormalized by nematic correlations
[31]. In addition to this QEP, a temperature-independent ω-
linear background was assumed. The QEP of the B1g Raman
scattering response is directly connected with the static charge
nematic susceptibility, χ

B1g

0 via the Kramers-Kronig relation,

χ
B1g

0 = 2

π

∫ ∞

0

χ ′′
QEP

ω
dω. (2)

Within a mean-field theory framework, we expect χ
B1g

0 to
follow Curie-Weiss behavior,

χ
B1g

0 = C

T − T0
, (3)

where C is a constant and T0 is the charge nematic transition
temperature.

Figures 1(f)–1(j) present the temperature dependence of
χ

B1g

0 obtained from the data in Figs. 1(a)–1(e) (see Fig. 7 in
Appendix C). At each P composition x, the data are well fitted
to the Curie-Weiss curve as long as the temperature is near
Ts (T � Ts + 70 K).

For all the samples, T0 is always lower than Ts, consistent
with previous results on Ba(Fe1−xCox )2As2 [11]. This is ex-
pected because Raman scattering probes the nematic suscepti-
bility in the dynamical limit. The static nematic susceptibility
extracted in this limit does not couple to the soft orthorhombic
acoustical phonon and can, thus, be considered as the bare
lattice-free nematic susceptibility [31,33]. This was confirmed
in Ba(Fe1−xCox )2As2 by comparing the nematic susceptibility
and the shear modulus Cs [11,32,33]. Figure 1(k) shows the
temperature dependence of the linewidth (�) of the QEP in
Eq. (1). � decreases as the temperature approaches Ts or Tc.
In the mean-field theory of Raman scattering near a nematic
instability [31], this parameter is the quasiparticle scatter-
ing rate �0 renormalized by the nematic correlation length.
Assuming a weakly T dependent �0 near Ts, 1/� should
follow a Curie-Weiss temperature dependence near Ts and
vanishes at T0. Therefore, another estimate of T0 can be
deduced by extrapolating the T -linear fitting line for �. The
obtained T0 values are in broad agreement with those deduced
from χ

B1g

0 in Figs. 1(f)–1(j).
The T0 for BaFe2As2 in this study is in good agreement

with the previous study [11] and the shear modulus study [32],
whereas it is lower than that obtained by the elastoresistance
experiment [2]. It has been reported that elastoresistance ex-
periments tend to give higher T0 values than Raman scattering
and shear modulus ones for reasons which are not clear at
present [34].

085102-2



SUPERCONDUCTING GAP AND NEMATIC RESONANCE … PHYSICAL REVIEW B 101, 085102 (2020)

250

200

150

100

50

0

-50

Te
m

pe
ra

tu
re

 (K
)

1.00.80.60.40.20.0
P content x

 T0 (A)
 T0 (
 TN
 Tc

SC 
SDW 

FIG. 2. Phase diagram of BaFe2(As1−xPx )2. The magnetic phase
transition temperature (TN ) and Tc are taken from Ref. [30]. The filled
red circle indicates T0 derived from the area (A) of the QEP, while
the open purple square indicates T0 derived from the width (�) of the
QEP. The color plot indicates the strength of the χ

B1g
0 .

In Fig. 2, the estimated T0 and χ
B1g

0 are plotted in the
phase diagram of BaFe2(As1−xPx )2 obtained in the previous
studies [30]. The color plot indicates the strength of the
χ

B1g

0 . T0 reaches 0 K around the optimal doping (x = 0.32),
indicating a nematic QCP. A similar result was reported by
the elastoresistance experiment [35].

Next, we discuss the Raman responses in the SC state.
The temperature dependences of the A1g and B1g Raman
scattering spectra below Tc were precisely measured for x =
0.32 and 0.38. As for the B2g Raman response, no spectral
difference was observed between above and below Tc. As
shown in Figs. 3(a) and 3(b), in both of the A1g and B1g sym-
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FIG. 3. (a), (b) Raman scattering spectra in A1g and B1g symme-
tries of BaFe2(As1−xPx )2 (x = 0.32, Tc = 30 K) at low temperatures.
From the bottom (the lowest temperature) to the top (near Tc), each
spectrum is plotted with each offset. (c), (d) Raman vertices for
A1g and B1g symmetries. Red and blue colors indicate positive and
negative values, respectively. The Raman vertex for A1g symmetry is
illustrated according to the result of the effective-mass approxima-
tion [37,38].

metries, distinct features derived from superconductivity are
observed. Figure 3(a) demonstrates that a peak develops with
decreasing temperature. The A1g peak energy �A1g at 8 K is
about 108 cm−1–13.4 meV. This energy is comparable to the
angle-resolved photoemission spectroscopy (ARPES) data,
2�hole–14 meV, where �hole is the averaged SC gap of
hole pockets [36]. Therefore, we assign this peak to the PB
peak derived from the gap opening on the hole pockets. The
A1g spectral shapes near the lowest frequency are almost flat,
suggesting a full gap on the hole pockets. Note that the peak
around 200 cm−1 observed in this symmetry exists already in
the normal state.

As shown in Fig. 3(b), the spectral shapes in the B1g sym-
metry are apparently similar to those in the A1g symmetry. In
the B1g symmetry, a distinct peak grows around 100 cm−1 at
low temperatures. As the peak energy �L

B1g
is close to �A1g ,

one may consider that it is a PB peak derived from the hole
pockets. However, it is unlikely because the B1g form factor
is expected to probe dominantly the electron pockets, as illus-
trated in Fig. 3(d) [37,38]. Instead, the weak shoulder structure
indicated by the purple mark around 145 cm−1 (∼18 meV)
might be a more appropriate candidate of the B1g PB peak,
because its energy �H

B1g
is close to 2�electron in ARPES [36].

Figures 4(a) and 4(b) compare the subtracted Raman spec-
tra (χ ′′

SC − χ ′′
N) for x = 0.32 and 0.38 in A1g and B1g symme-

tries, where χ ′′
SC and χ ′′

N is the Raman susceptibility at 8 K and
the temperature just above Tc, respectively. In the A1g spectra,
one can clearly see that �A1g decreases with doping, namely,
with decreasing Tc. While the spectral weight of the A1g peak
slightly decreases with doping, that of B1g at �L

B1g
is strongly

suppressed with increasing x. This tendency of an intensity
decrease with doping continues to the strongly overdoped
region [39]. At x = 0.5, the PB peak in the A1g symmetry is
clearly observed, while the B1g spectrum does not show any
distinct peak.

The doping dependences of the peak intensities in (χ ′′
SC −

χ ′′
N) are shown in Fig. 4(c). The data for x = 0.50 [39] were

normalized with our data at 200 cm−1. The PB peak area is
proportional to the density of Cooper pairs weighted by the
square of the Raman vertex in the BCS framework [40]. In
fact, the doping dependence of the A1g peak area follows that
of the superfluid density ns(0) obtained by the specific heat
measurement [41]. This is because the specific heat observes
mainly heavy quasiparticles, which are generally located in
the hole bands responsible for the A1g PB peak.

The behavior of the B1g peak is, however, very different
from that of the A1g peak. The B1g peak intensity of x = 0.32 is
almost four times larger than that of x = 0.38, while the Tc of
x = 0.32 (=30 K) is only 5 K higher than that of x = 0.38
(=25 K). The enhancement of the B1g peak intensity towards
the nematic QCP has also been observed in NaFe1−xCoxAs
and Ba(Fe1−xCox )2As2 [21,23,42]. Recently, Gallais et al.
pointed out that sufficiently close to a nematic QCP the B1g PB
peak can be transformed into a nematic resonance mode which
arises due to nematic correlations between quasiparticles [23].
According to this theory, the bare PB peak intensity at ω =
2� gradually decreases close to the QCP and the nematic
resonance peak appears at an energy �r lower than 2�.
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FIG. 4. (a), (b) Subtracted Raman scattering spectra (χ ′′
SC − χ ′′

N)
in A1g and B1g symmetries of BaFe2(As1−xPx )2 (x = 0.32 and 0.38).
Green triangles indicate peak energies of peaks. (c) Doping depen-
dence of the peak area at �A1g and �L

B1g
and ns(0) estimated from the

specific heat [41]. Inset: Doping dependence of the peak energy (�)
divided by kBTc in A1g and B1g symmetries. The data at x = 0.50 are
taken from Ref. [39].

This scenario is in good agreement with the present result
in the following senses. (i) The peak energy at �L

B1g
is lower

than 2� on the electron pockets observed in the present study
as well as the ARPES experiment [36]. (ii) The transformation
from the PB peak to the nematic resonance also explains
naturally the strong enhancement of the B1g peak intensity
towards the QCP. (iii) Although with increasing x the B1g peak
becomes too weak and broad to discuss its Tc scaling, �L

B1g

does not seem to scale with Tc, while �A1g almost does
as shown in the inset in Fig. 4(c). It is the same trend as
with Ba(Fe1−xCox )2As2 and consistent with the theory [23].
(iv) Importantly the nematic quantum critical behavior was
observed only for the B1g peak at �L

B1g
, and not for the other

PB peaks, which represents an intrinsic feature of nematicity.
It should be noted that a nematic resonance is expected to

arise irrespective of the microscopic origin of nematicity such
as charge (Pomeranchuk instability) [43,44] or orbital [45,46]
or spin [47–49]. Whatever the origin of nematic fluctuations
is, the presence of a nematic resonance mode within a SC

gap and its enhancement towards the QCP strongly suggest a
close relation between the nematic fluctuation and supercon-
ductivity. An intriguing question is whether these enhanced
nematic correlations deep in the SC state can play a role in
the divergentlike behavior observed in the London penetration
depth of BaFe2(As1−xPx )2 close to the QCP, near x = 0.3 [28].

IV. CONCLUSION

In conclusion, we have systematically investigated the
Raman scattering spectra for BaFe2(As1−xPx )2 (x = 0, 0.07,
0.24, 0.32, and 0.38). The nematic fluctuations above Ts or
Tc were observed at all the studied compositions including the
SC ones. The bare nematic transition temperature T0 becomes
0 K near the optimal doping (x = 0.32), indicating the ex-
istence of a nematic QCP. In the SC state at x = 0.32 and
0.38, in addition to the pair-breaking peaks for the gaps on
the hole and electron pockets, we observed a strong B1g peak
that is much stronger than the PB peak and correlates with the
normal state nematic fluctuations (i.e., QCP behavior). From
its doping- and symmetry-dependent behaviors, this peak can
be ascribed to a nematic resonance mode. The present results
strongly suggest a firm relation between the superconductivity
and the nematic fluctuation in this compound.
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APPENDIX A: A1g AND B2g SPECTRA

Figure 5 shows the temperature dependence of the A1g +
B2g and B2g Raman responses for BaFe2(As1−xPx )2 (x = 0,
0.24). In our measurements, no hump structures could be
observed in the A1g and B2g symmetries above Ts for all the
studied compositions. Moreover, there is almost no tempera-
ture dependence of the spectra in these symmetries above Ts.
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FIG. 5. Temperature dependence of the A1g + B2g and B2g Raman
scattering spectra for BaFe2(As1−xPx )2 (x = 0 and 0.24).
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APPENDIX B: B1g SPECTRA AROUND Ts

The B1g spectra above and below Ts are presented in Fig. 6.
The hump structure rapidly disappears when the sample
experiences the structural transition to the low-temperature
orthorhombic phase, while it increases with decreasing
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FIG. 6. Temperature dependence of the B1g Raman scattering
spectra for BaFe2(As1−xPx )2 (x = 0, 0.07, and 0.24).
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FIG. 7. Fits of the B1g Raman responses at several temperatures
for BaFe2(As0.68P0.32)2. Each fitted line is decomposed into the QEP
at each temperature and the background.

temperature at T > Ts. It is noted that the sharp peak around
180 cm−1 below Ts is the Ag phonon mode, which is the same
as the A1g phonon mode seen in the tetragonal phase. It can
be observed in the x′y′ polarization configuration only in the
orthorhombic phase.

APPENDIX C: DETERMINATION OF T0

In our analysis, we assumed that the electronic back-
ground in the B1g Raman response is T independent in the
same manner as in the previous study [11]. Then we can
decompose the B1g Raman response into the quasielastic
peak and the temperature-independent ω-linear background
as long as the temperature is near Ts (T � Ts+ 70 K) and
the frequency is lower than 200 cm−1. Figure 7 presents
B1g Raman responses and fitted lines at several temperatures
for BaFe2(As0.68P0.32)2. The B1g Raman responses at low
frequencies are well reproduced by this fitting and the nematic
susceptibility can be extracted.
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