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Chirality refers to a structure that lacks mirror symmetry. It can be observed 
in a wide range of platforms, from subatomic particles and molecules to 
living organisms. However, the underlying mechanisms that give rise to 
chirality in condensed matter systems have been a subject of considerable 
interest. Here we elucidate the mechanism of chiral charge density wave 
formation in the transition-metal dichalcogenide 1T-TiSe2. Based on 
symmetry analysis, we demonstrate that charge density modulations and 
ionic displacements follow distinct irreducible representations of the space 
group, despite exhibiting similar wave vectors and a strong coupling. This 
charge-lattice symmetry frustration induces lattice distortions that further 
break all symmetries that are not common to both sectors. This ultimately 
gives rise to chirality. Our theory is verified using Raman spectroscopy and 
inelastic X-ray scattering.

In quantum solids, chirality is defined by the absence of inversion 
centres, roto-inversion axes and mirror/glide planes in their space 
group (SG) symmetries. Chirality endows electrons with diverse exotic 
physical properties, such as circular photogalvanic effect1, giant anoma-
lous Hall effect2, non-reciprocal transport3 and chiral anomaly4,5, with 
potential applications to spintronic devices and energy harvesting 
technology. However, the mechanism by which chirality emerges from 
the constituent microscopic degrees of freedom remains unknown, 
and our inability to predict chiral electronic phases from the first prin-
ciples severely limits the ability to fully exploit their potentially useful 
properties.

The proposal that chirality can arise from a multicomponent 
charge density wave (CDW) has opened a new avenue to explore chi-
ral properties of quantum matters6,7. Experimental evidence for chiral 
CDWs is found from transition-metal dichalcogenides of chemical 

formula AB2 (A = Ti, Ta, V and B = S, Se)6,8–11 and kagome materials AV3Sb5 
(A = K, Rb, Cs)12–14, both of which support triple-q CDWs. Despite the 
fact that a CDW is an electronic order of scalar quantity, the presence 
of three propagation vectors (q1, q2, q3) allows for chirality; for exam-
ple, a descriptor of chirality is given by the pseudoscalar q1 ⋅ q2 × q3. 
Scanning tunnelling microscopy of these materials exhibit different 
charge modulation intensities measured along three equivalent crystal-
lographic directions, the largest (smallest) of which is defined to be q1 
(q3), with which a chiral charge density can be constructed6.

A major argument against chirality, however, is based on the 
fact that no evidence for a lattice symmetry breaking consistent 
with the putative chiral CDW phase has ever been found15–18. More 
puzzling is the recent observation of circular photogalvanic effect 
in 1T-TiSe2, a macroscopic manifestation of chirality, which is for-
bidden in its known crystal structure19; Neumann’s principle states 
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Charge-lattice symmetry frustration
Below the transition temperature TC ≈ 200 K, the triple-q CDW sets in 
with a 2 × 2 × 2 modulation of the charge density21,22 (Fig. 1). The order-
ing wave vectors are qL1  = (1/2, 0, 1/2), qL2  = (0, −1/2, 1/2) and
qL3 = (−1/2, 1/2, 1/2), which connect the hole Fermi pocket centred at
the zone centre (Γ) and the electron pockets at the three L points related 
by threefold rotation symmetry23,24. Concomitantly, lattice distortions 
result from condensation of ab plane polarized phonon modes of the 
same q’s (refs. 21,25–27) (Fig. 2).

The order parameters in the charge (δρL) and the lattice (dT
L ) sec-

tors are written as

δρL = δρL1 + δρL2 + δρL3 , (1)

dT
L = dT

L1
+ dT

L2
+ dT

L3
, (2)

where

δρLi = ℜ eiqLi
⋅r+φi , (3)

dT
Li
= ℜ ϵie

iqLi
⋅r+φi . (4)

that the symmetry of any macroscopic property must include all 
symmetry elements of the lattice20. Is the lack of structure evidence 
merely due to our inability to resolve subtle lattice distortions even 
with modern synchrotron-based X-ray diffraction (XRD)? Or, does it 
signify possible violation of the fundamental principle and a profound 
flaw in our understanding of the structure-property relationship in 
quantum matters?

Although widely taken for granted, it is not trivial that ions on 
a discrete lattice are always able to precisely follow the symmetry 
of a continuous charge distribution of valence electrons, given the 
different transformation properties innate to scalar (charge) and 
vector (lattice) quantities. In this Article, we perform a rigorous 
symmetry analysis employing the full SG of 1T-TiSe2. We show that 
the symmetry inconsistency is resolved by successive reduction 
of the symmetries of the two sectors until they become equiva-
lent. In this process, all of the mirror, inversion and roto-inversion 
symmetries present in the system are lost. As a result, the system 
becomes chiral at the onset of the CDW, although neither the charge 
density modulation nor the atomic displacement is chiral by itself. 
We confirm this result by using inelastic X-ray scattering and Raman 
spectroscopy. We discuss implications of our result on the nature of 
chiral symmetry breaking phase transitions and possible violation 
of the Neumann’s principle.
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Fig. 1 | Charge-lattice symmetry frustration in 1T-TiSe2. a,c, Charge density 
and atomic positions in the normal (a) and the CDW (c) phase, respectively. The 
2 × 2 × 2 supercell is formed in the CDW phase. b, The lattice structure in the normal 

phase. The mirror plane is indicated by a red plane. d, The mirror image of the CDW 
phase. Whereas the charge density remain unchanged under the mirror reflection, 
one-half translation along the c axis is required to restore the lattice structure.



Note that dT
L  has the same functional form as δρL apart from the 

polarization vector ϵi, which is transverse to qi (ϵi ⋅ qi = 0) (ref. 7). φi’s 
give the initial phases for each component at the origin. Although most 
theoretical works assume this form of δρL, we note that it is more con-
venient to express it in terms of symmetry-adapted harmonics, which 
we discuss in the ‘Discussion’ section.

One way in which a CDW acquires chirality is when the three com-
ponents propagate out of phase with one another: that is, φ1 ≠ φ2 ≠ φ3 
(ref. 7). However, the chiral symmetry in the lattice sector cannot be 
broken with displacements as given by equation (4): it is straightfor-
ward to show that the lowest possible SG symmetry is P ̄1 (Supplemen-
tary Tables 1 and 23), which includes inversion and thus is always achiral 
regardless of φi values. In fact, the SGs are different even for the achiral 
CDW phase with φ1 = φ2 = φ3. Upon inspection of the patterns of δρL and 
dT
L  shown in Fig. 1, it is clear that the mirror planes are replaced by glides 

by dT
L , changing the SG from P ̄3m1 to P ̄3c1, corresponding to the known 

high- and low-temperature structures, whereas they are preserved by 
δρL. These considerations challenge the widespread notion that the 
charge and lattice sectors should have the same symmetry.

Symmetry analysis
We systematically check the symmetries preserved by δρL and dT

L . The 
symmetry elements in the symmorphic SG P ̄3m1  are generated by
compounding a member R of the point group D3d and a member T of 

the pure translation group 𝒯𝒯 , expressed as {R ∣ T}. Because the order 
parameters are invariant under translations by twice the unit lattice 
vectors, it is sufficient to consider how they transform within the 
2 × 2 × 2 supercell. That is, from 𝒯𝒯  we consider only the translation 
within the supercell given by {𝒯𝒯000, 𝒯𝒯100, 𝒯𝒯010, 𝒯𝒯110, 𝒯𝒯001, 𝒯𝒯101, 𝒯𝒯011, 𝒯𝒯111}.

For simplicity, we assume here that φ1 = φ2 = φ3 = 0, but this 
assumption is unnecessary in the full group-theoretical analysis pro-
vided in Supplementary Information sections 1 and 8. From Fig. 3, it is 
clear that δρL and dT

L  break different sets of symmetry elements. In 
particular, we note that the former (latter) is even (odd) under the space 
inversion about the origin (Fig. 2). Then, the symmetry of the system 
as a whole can only be as high as that of a group containing only the 
common symmetry elements preserved by both δρL and dT

L . They share
only six symmetry elements, in which inversion, glide and 
roto-inversion symmetries are absent (Fig. 3). Thus, although neither 
δρL or dT

L  is chiral by itself, the system as a whole becomes chiral.
Accordingly, the lattice symmetry has to be lowered. The simul-

taneous presence of δρL and dT
L  induces lattice distortions that trans-

form as the combined symmetry of δρL d
T
L . Although there are many 

such phonon modes, particularly important are the transverse phonon 
modes at the M point (dT

M), because these modes are also strongly 
coupled to CDW. Thus, allowed in the Landau free energy are terms 
that couple linearly to dT

M, of the form δρL1d
T
L2
dT
M3

 plus its permutation
of the indices, which always lower the free energy with non-zero dT

M 
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Fig. 2 | Transformation properties of CDWs and PLDs. δρLi (CDW) and dT
Li

 
(periodic lattice distortion (PLD)) are illustrated for each qi (L1, L2 and L3). The 
table lists the transformation properties δρLi and dT

Li
 under the threefold rotation

(31(001)), inversion (ℐ) and unit translation along the c axis (𝒯𝒯001). dT
L  (dT

M) has 
displacements out of phase (in phase) between adjacent layers. The initial phases 
φi are assumed to be zero. Only Ti atoms are shown for clarity.



regardless of the sign of the coupling constant (Fig. 2 and Supplemen-
tary Fig. 1). With a non-zero dT

M, the highest symmetry SG is P321, which 
is further lowered to P1 when other induced displacements are consid-
ered (Supplementary Table 2). Indeed, our experimental data pre-
sented below are only consistent with P2 or P1.

Inelastic X-ray scattering
A verifiable prediction of our analysis is that there must be only one 
structural phase transition at TC ≈ 200 K, where the chiral symmetry 
breaks. In particular, we predict that there is no structural transition 
associated with condensation of the M phonon modes, despite being 
heavily renormalized by CDW fluctuations, as the transition is 
pre-empted by the induced dT

M. This is in contrast to the earlier 

predictions based on Landau theory, which predicts that the chiral 
CDW phase is reached on cooling through two phase transitions with 
the lower temperature one being at T*7,28: (1) φ1 = φ2 = φ3 for T* < T < TC, 
and (2) φ1 = 0, φ2 = −φ3 ≠ 0 for T < T*, for which anomalies in transport 
and specific heat data suggest T* ≈ 180 K.

Figure 4a,b shows the inelastic X-ray scattering spectra along 
the high-symmetry lines L–A–Γ–M, measured at T = 180 K near T*, in a 
transmission geometry sensitive to ab plane transverse L and M modes. 
Additional datasets collected at lower temperatures are presented in 
Extended Data Fig. 1. We measure only one of the three modes from 
L1, L2 and L3 (and M1, M2 and M3), because threefold rotation symme-
try guarantees that their spectra are identical above TC. Along A–L, a 
well-defined peak at ~4 meV at A disperses up in energy and bends down 

CDW

PLD

CDW + PLD

P3c1

P3m1

P321

–

–

Fig. 3 | Space groups resulting from δρL and dT
L

. An order invariant under
translation by twice a unit vector along a, b and c axes is characterized by its 
transformation properties under symmetry operations {R ∣ T}, where  
R is one of the members of the point group D3d and T is one of the translations 

within the supercell. The symmetry operations preserved by δρL and dT
L  are

written as CDW and PLD, respectively, in the table. CDW (PLD) leads to the SG 
P ̄3m1 (P ̄3c1) and their intersection to P321.



as L is approached. The phonons are heavily damped near L, indicative 
of strong coupling to CDW fluctuations. A similar trend is found along 
Γ–M; the lineshapes become extremely broad as M is approached. At 
this temperature, L modes have already condensed, as is well estab-
lished from earlier studies26,27, but M modes remain at finite energies. 
Figure 4c–f shows the temperature evolution of L and M modes. At 
both L and M, elastic peaks appear below TC, which are Bragg reflec-
tions associated with the formation of the supercell. Whereas L 
modes 

soften upon cooling, reaching zero energy at TC from ~7 meV at room 
temperature, M modes remain at finite energies and harden below T*. 
This can also be seen from the large increase of the integrated intensity 
(due to the Bose factor) observed for L modes when they condense, but 
not for M modes (Fig. 4f).

The similar behaviours of L and M modes are due to the 
quasi-two-dimensional nature of the electronic band structure, which 
expects similar amplitudes for Γ ↔ L and Γ ↔ M charge fluctuations, 
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renormalizing the phonon dispersions near L and M, respectively. 
Based on density-functional-theory and random-phase-approximation 
calculations, we reproduce the softening of L and M modes (Fig. 4a,e) 
using a three-parameter model (electron–hole exchange coupling, 
electron–phonon couplings for L and M modes) (details in Supplemen-
tary Information section 4). Our model takes into account the charge 
harmonics belonging to different irreducible representations, without 
which fitting to experimental data requires much larger coupling 
constants (Supplementary Figs. 4–9). Our central claim, however, only 
depends on the fact that there is no condensation of M modes at or 
below TC, where our Raman data presented below show clear evidence 
for symmetry breaking below P3c̄1. This can only be consistent with 
induced freezing of M modes, because a 2 × 2 × 2 reconstruction can 
only involve L, A, Γ and/or M modes, and there are no anomalies at  
A and Γ (Supplementary Fig. 10).

Raman scattering
Because the Bragg peaks at L and M grow rapidly with decreasing tem-
perature and dwarf inelastic signals, it is difficult to follow the phonon 
modes to low temperatures using inelastic X-ray scattering. Instead, 
they become visible in Raman spectra as they are back-folded into the 
zone centre. Using polarization-resolved Raman spectroscopy, we 
present direct evidence of chiral symmetry breaking at TC. The point 
group of the SG is D3d for both P ̄3m1 and P ̄3c1 SGs, which allows two
species of Raman-active modes belonging to A1g and Eg representations 
in the point group notation. Therefore, the threefold degenerate L and 
M modes split into a singlet and a doublet as they are back-folded. Their 
symmetries can be identified from the fact that A1g (Eg) modes are 
allowed only when the incident and scattered photon polarizations 
are parallel to each other (visible in both parallel and cross polarization 
configurations) (Supplementary Fig. 2)29.
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First, we show that Eg doublets further split into singlets, which 
implies breaking of threefold rotation symmetry. Figure 5a shows the 
temperature dependence of Raman spectra. Slightly below TC, the Eg 
doublet originating from back-folding of L modes are seen as a broad 
hump spanning energy range between 0 and 10 meV as in the inelastic 
X-ray scattering spectra. Upon cooling, it becomes a well-defined peak, 
although still much broader than other phonon modes, and hardens 
to ~75 cm−1, consistent with the L mode identified in earlier Raman 
studies30,31. Figure 5b shows its polarization angle (ϕ = 0° when the
incident photon is polarized along the a axis) dependence measured 
at T = 90 K. The peak centre shifts as ϕ is rotated, which means the
doublet is split into two singlets (Eg. 1 and Eg. 2) that trade intensities 
with each other. Their intensities oscillate sinusoidally as a function of 
ϕ out of phase with each other, which is a behaviour expected for an Eg 
doublet. As they transform into each other by glide and twofold rota-
tions (Fig. 5b), their splitting implies absence of these symmetries and 
that the symmetry of the lattice is lower than P3c̄1. The highest SG 
symmetry consistent with this observation is C2/c; a necessary and 
sufficient condition for Eg mode splitting is breaking of threefold rota-
tion symmetry, which implies breaking of at least one of the three glide 
planes (and also twofold rotations) related by the same symmetry.

Next, we determine the temperature at which the Eg mode splitting 
occurs. To this end, we plot in Fig. 5a the difference of the spectra 
measured at ϕ = 0° and ϕ = 45°, where the intensity of one of the two 
modes becomes maximal and the other minimal. The difference spec-
trum clearly shows the splitting as a peak and a dip, and thus integrating 
its absolute value provides a measure for the symmetry breaking. From 
its temperature dependence plotted in Fig. 5e, it is clear that the onset 
of the splitting matches with TC, which is independently measured by 
the intense A1g mode appearing at ~120 cm−1 with zone folding (Fig. 5f). 
This result shows that the crystal structure with SG P3c̄1, known as the 
low-temperature phase for more than four decades, is not realized at 
any temperature.

Upon a close inspection of the base temperature spectra shown 
in Fig. 5c, we also resolve M mode nearly degenerate with L mode. At 
ϕ = 0° and ϕ = 45°, where one of the split doublets has vanishing inten-
sity, we observe that the spectra still have asymmetric lineshapes, which 
can be well fitted with two peaks of similar widths having the same ϕ 
dependence. The M mode, however, has odd parity (Fig. 2), and thus 
its presence in the Raman spectra implies breaking of the inversion 
symmetry. This is further confirmed by the presence of infrared-active 
Eu mode at ~138 cm−1, as shown in Fig. 5d (refs. 32,33). As the peak broad-
ens at higher temperatures (Supplementary Fig. 3), it merges with a 
nearby Eg mode at ~135 cm−1, a zone-centre mode in the original unit 
cell visible at all temperatures. Thus, fitting the spectra with a single 
peak with an asymmetric lineshape, we find that the asymmetry goes 
to zero at TC (Fig. 5g), indicating inversion symmetry breaking at the 
onset of the CDW order. Thus, removing inversion symmetry from C2/c, 
SGs consistent with our Raman data are limited to P1, P2, C2 and Cc. 
Combined with the inelastic X-ray scattering result that dT

M is induced 
at TC, a possible low-temperature phase can only be either P2 or P1. P2 
is further ruled out if we consider other phonon modes (not measured 
in this study) that must also be frozen (Supplementary Table 2).

Discussion
Our work comprehensively unravels the mechanism of chiral sym-
metry breaking in 1T-TiSe2. Theoretically, provided that charge modu-
lations and lattice distortions are given by equation (1) and equation 
(2) (Fig. 2), respectively, it follows that their simultaneous presence 
necessarily breaks chiral symmetry due to their different symmetry 
transformation properties (Fig. 3). Ever since the pioneering work by 
McMillan34, equation (1) is assumed in all theoretical studies that we 
are aware of. But is it a priori obvious that the charge modulations can 
only be expressed as equation (1)? For example, if the phase transition 
is primarily driven by a lattice instability and charge modulations 

merely follow it, their spatial distributions would have the form of 
sin G ⋅ r cos qL ⋅ r where G1 = 2(qL2 − qL3 ) (Supplementary Table 1). In 
other words, the lowest-order plane-wave components in the Fourier 
expansion of the charge modulations would be exp i(G + qL) ⋅  r (Sup-
plementary Fig. 12). However, this possibility is ruled out by the pres-
ence of superlattice peaks in the first Brillouin zone in the scanning 
tunnelling microscopy data6,35.

With the rigorous group-theoretical analysis, the SG is uniquely 
determined to be P1. This is a highly unusual case where all but transla-
tion symmetries are broken at a second-order transition. A possible 
scenario is a phase transition driven by a chiral electronic instability, 
but this is unlikely considering the small density of states at the Fermi 
level. Instead, our work explains how the usual CDW instability, driven 
cooperatively by electron-lattice coupling36,37, results in a chiral sym-
metry breaking without chiral instability in either the charge or the 
lattice sector. Further, our random-phase-approximation calculation 
starting from an effective field theory respecting P3m̄1 SG symmetry 
reproduces the experimental data with reasonable parameters, which 
otherwise require much larger values to offset the weak Fermi surface 
nesting (Supplementary Figs. 4–9). More importantly, our formulation 
shows that the polarization bubble with generic momentum depend-
ence can dynamically couple charge and lattice modes despite their 
different symmetries, which explains how two symmetry-distinct order 
parameters can arise at a single phase transition. This point is discussed 
in detail in Supplementary Information section 4.

Finally, we comment on the possible violation of Neumann’s prin-
ciple. Coming back to the earlier question: is the lattice always able to 
follow the symmetry of a charge modulation? In our case, the 
charge-lattice symmetry frustration is resolved through induced lattice 
distortions in the lowest-order coupling of δρL, dL

T  and dT
M. However, it 

is not clear that phonon modes of an appropriate symmetry will gener-
ally be available in other systems. Formally, the frustration will eventu-
ally be resolved through higher-order couplings, but in our case the 
induced lattice distortions in the lowest order are already subtle enough 
to evade detection for many decades. Thus, in every practical sense, it 
may be possible to find a ‘purely’ electronic transition decoupled from 
the lattice if the symmetry mismatch is not resolved in the lowest 
order.
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Methods
1T-TiSe2 crystals
1T-TiSe2 single crystals grown by chemical vapour transport technique 
were purchased from HQ Graphene. All samples used in this study were 
prepared from the same single crystal.

Inelastic X-ray scattering
High-resolution inelastic X-ray scattering experiment was carried out 
at the 30-IR HERIX beamline of the Advanced Photon Source. The total 
energy resolution was about 1.5 meV at the incident energy of 23.71 keV 
using Si (12, 12, 12) reflection of the monochromator. A sample of 50 μm 
thickness was mounted on a closed-cycle cryostat and measured in a 
transmission geometry. Spectra were obtained along high-symmetry 
lines L–A–Γ–M, which, respectively, correspond to q = (2, 1/2, 1/2), 
(2, 0, 1/2), (2, 0, 0) and (2, 1/2, 0). The Lorentzian function with Bose 
factor was used for fitting:

I(ω) = A
1−e−ω/kBT

× (− Γ/2
(ω+ω0)

2+(Γ/2)2
+ Γ/2

(ω−ω0)
2+(Γ/2)2

) , (5)

where Γ is the full-width at half-maximum. Γ and ω0 are shown as black 
markers in Fig. 2e,f, respectively.

An additional inelastic X-ray scattering experiment was performed 
at the BL35XU beamline of the SPring-8 (ref. 38). The incident X-ray 
energy was 21.747 keV with energy resolution of 1.6 meV. Phonon 
dispersion spectra were obtained for temperatures 6 K and 100 K 
(below T*) along high-symmetry lines L–A–Γ–M. Also, the temperature 
dependence of the acoustic mode at the M point was measured over 
an extended range (Extended Data Fig. 1).

Raman spectroscopy
Raman spectroscopy was performed on a home-built instrument 
equipped with 750 mm spectrometer and liquid-nitrogen-cooled 
charge-coupled-device detector using a 633 nm laser as an excitation 
source. Bragg grating notch filters were used to suppress elastic signals, 
allowing measurement of inelastic signals above 5 cm−1 with a resolution 
of 0.33 cm−1. Parallel (∥) and crossed (⊥) polarizations of the incident 
and scattered lights propagating along the c axis were measured in a 
back-scattering geometry. The incident light polarization was rotated 
about the c axis using half-wave plates. The laser power and beam-spot 
size are kept below 0.5 mW and 2 μm, respectively, which gave laser heat-
ing of 10 K estimated based on the Stokes and anti-Stokes intensity ratio.

XRD
Prior to inelastic X-ray scattering measurements, samples were tested for 
consistency with earlier works using XRD. An XRD series on a representa-
tive 1T-TiSe2 sample prepared from the same single crystal was collected 
on a STOE imaging plate diffraction system (IPDS-2T) using Mo Kα radia-
tion. For the investigated specimen, all accessible reflections (~21,000) 
were measured up to a maximum angle of 2Θ = 65°. The data were cor-
rected for Lorentz, polarization, extinction and absorption effects. Using 
SHELX39 and JANA2006 (ref. 40), all averaged symmetry-independent 
reflections (I > 2σ) have been included for the refinements. For all tem-
peratures, the unit cell and the SG were determined, the atoms were 
localized in the unit cell utilizing random phases as well as Patterson 
superposition methods, the structure was completed and solved using 
difference Fourier analysis, and finally the structure was refined. In all 
cases, the refinements converged quite well and showed excellent reli-
ability factors (see GOF, R1 and wR2 in Supplementary Table 5).

Additional XRD experiments were performed at the 1C beamline 
of the Pohang Light Source using reflection geometry with an incident 
energy of 11.216 keV to search for weak forbidden reflections. To reduce 
the background, a Si (8, 4, 4) bent analyser was positioned between 
the sample and the detector, which gave a signal-to-noise ratio better 
than 107 (ref. 41).

Data availability
All data that support the conclusions of this work are available from 
the corresponding author upon reasonable request.
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Extended Data Fig. 1 | Additional inelastic x-ray scattering spectrum at 6 K 
and 100 K. a, Phonon dispersion along L − A − Γ − M measured at 6 K (above), 
100 K (middle) and 180 K (below), respectively. Orange line represents the peak 
centre of the acoustic phonon mode. b, Spectrum along M − Γ at 6 K (left) and 100 
K (right). Orange and blue shaded regions represent acoustic and optical phonon 
modes, respectively. c, Temperature dependent spectra at M point. Red triangles 

indicate the peak centre of the acoustic mode. d, Acoustic phonon dispersion 
near M point at 6 K, 100 K, 180 K and 200 K. e, Temperature dependence of 
acoustic mode energy. Error bars indicate one standard deviations of Poisson 
statistic in b, c and one standard errors on the fitting parameters in a, e, d. All 
spectra are fitted with Lorentzian function with Bose factor.
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