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esonant coupling among molecular vibrations, electronic 
levels, and other quasiparticles plays an important role in 

the fundamental understanding of molecular and electronic 
spectra.1,2 Resonant coupling is also responsible for a variety of 
phenomena in solid state systems, including polaritons,3 hybrid 
magnon-phonons,4,5 and scars in optical cavities.6,7 A notable 
example in molecular systems known as a “Fermi resonance” 
arises from the anharmonic coupling between two vibrational 

modes that coincidentally have similar frequency.8−11 For the 

Fermi resonance to be observed, the modes must be nearly 
degenerate in energy, possess similar symmetry properties, and 
be localized within the same molecular framework region.9,10 
Resonant coupling between these modes leads to an avoided 
crossing in frequency space (also called level repulsion) and 
the observation of changing relative peak intensities in 
electronic or vibrational spectra due to redistribution of 
oscillator strength between the two modes.2,12,13 Since the 
vibrational modes in molecular systems are highly sensitive to 
variations in the local environment, it has been demonstrated 
that the strength of Fermi coupling can be modulated by a 
variation of intermolecular forces,14−16 isotopic substitution,17 
and changing temperature18,19 or pressure.20,21 As a result, 
Fermi resonances hold significant importance not only in 
probing fundamental chemical processes�including hydrogen 
bonding,15 solvent effects,11 isotopic substitution,17 ion− 

molecule interactions,22 and intramolecular energy trans- 

fer23�but also for practical applications in sensing,17 dielectric 
optical cavities,7 and spintronics.4 

Though there are many reported examples of the Fermi 
resonance effect, most of these studies have been limited to 
molecular systems,1,2,14−16 while Fermi resonance effects in 
dispersive semiconducting systems remain largely unexplored. 
In atomically thin semiconductors�where excitonic effects 
can exert a profound influence on electron−phonon 
coupling24−28�the effects of Fermi coupling on the vibra- 
tional and infrared spectrum are expected to be particularly 
pronounced. 

Black phosphorus (BP), a two-dimensional elemental 
semiconductor exhibiting quantized electronic structure and 
tightly bound excitons, is a promising candidate for 
optoelectronics and an intriguing semiconducting system for 
exciton-related photophysics.29−32 In this study, we report the 
observation of a vibrational Fermi resonance in atomically thin 
black phosphorus. The resulting Fermi doublet arises from 
Fermi coupling between a fundamental Raman mode (Ag

2) 
 
 

 

ABSTRACT: Fermi resonance is a phenomenon involving the 

observed in the vibrational or electronic spectra of molecules. 

unexplored due to the rarity of occurrence. Here we report a 

Raman mode and a Davydov component of an infrared mode, 
leading to a doublet with mixed character. The extent of Fermi 

electronic resonance effects in the thickness-dependent and 
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Figure 1. Fermi resonance between Ag2 and A 3 modes in bilayer BP. (a) Crystal structure of monolayer BP. (b) Optical micrograph of an 
exfoliated few-layer BP sample on the 285 nm SiO2/Si substrate. Regions with different optical contrast reflect different thickness. (c) Raman 
spectra of 2L and bulk BP at the excitation energy of 2.18 eV, revealing coincidental near-degeneracy of Ag2 and A 3 in 2L BP. (d) Schematic 
illustration of Fermi resonance between two fundamental vibrational modes ν1 and ν2. As these two vibrational levels are tuned to be near 
degenerate (green point)�for example by varying strain, pressure, or temperature�wave function mixing leads to the formation of new vibrational 
doublets (ν− and ν+), exhibiting an avoided crossing and the redistribution of oscillator strength between the two hybrid modes. (e) Schematic 
illustration of Fermi resonance between A 2 and A 3 modes in 2L BP, which are coincidentally degenerate in energy and have the same symmetry. 

2 3 
g g 

2 3 

(Ag )0 and (Ag )0 represent the unperturbed modes without mutual interaction. Following Fermi resonance coupling, hybrid modes Ag and Ag 
show distinct vibration patterns from (A 2) and (A 3) , as predicted by ab initio calculations. 

g 0 g 0 

and a Davydov component (A 3) of an infrared mode (B ). characteristic Raman peaks were observed: A 1 (362.0 cm−1) 
2 −1 The strong coupling between these modes is a result of and Ag (467.7 cm ). However, in 2L BP, a new strong quantum mechanical mixing of their wave functions, which is Raman peak emerges at the high-frequency shoulder of A 2. 

validated by the marked change of Raman intensity due to This peak is close in frequency to the A 2 
g 

mode and has been 
their hybridization. Furthermore, we show that biaxial strain 
can be used to modulate the frequency and coupling strength 
of these modes, which provides direct evidence of accidental 

previously identified as the Raman-active component of a 
Davydov-split infrared-active (B2u) mode.39 It has similar 
symmetry as the A 2 mode and is marked as A 3 in Figure 1c. g g 

degeneracy as the origin of the Fermi resonance. Notably, the 
Fermi doublets exhibit unusual thickness-dependent electronic 
resonance effects, which are explained by hybrid functional 
simulations that consider exciton−phonon coupling. 

In few-layer van der Waals materials, coupling between 
vibrational modes in adjacent layers leads to renormalization of 
the vibrational spectra, known as Davydov splitting.39,40 Some 
of the Davydov components of an infrared-active mode in few- 

FERMI RESONANCE BETWEEN A 2 
MODES IN ATOMICALLY THIN BP 

AND AG
3 

layer layered materials become Raman active due to broken 
translational symmetry at the two-dimensional limit.41 
However, these Davydov modes typically exhibit considerably 

With four phosphorus atoms in the primitive cell (Figure 1a), 
bulk black phosphorus (point group D2h

18) has nine optical 
branches in its phonon dispersion.33,34 Notably, the Ag

2 mode 

weaker Raman intensity42 than normal Raman-active modes. 
For the case of 2L BP, the bulk infrared-active B2u mode 
undergoes Davydov splitting into a Raman-active Ag

3 mode 
(Raman active) and B2u mode (IR-active) show nearly and an IR-active B2u mode.39 Surprisingly, the Ag

3 mode in 2L 

identical frequencies, a coincidental situation referred to as 
“accidental degeneracy”,35 as revealed by Raman and IR 
spectroscopic measurements.36−38 For this study, few-layer BP 
samples were prepared by mechanical exfoliation onto a 285 
nm SiO2/Si substrate in an argon glovebox (Figure 1b). Raman 
spectra were collected with incident (ei) and collection 
polarizations (es) aligned parallel to the armchair (AC) 
crystalline orientation (ei //es //AC). BP samples were sealed 
in an argon-filled container during the Raman measurement to 
avoid possible oxidation. 

Figure 1c displays the typical Raman spectra of bulk and 2L 
BP with ei //es //AC configuration. In bulk BP, two 

BP consistently shows a stronger Raman intensity than that 
expected for a Davydov-splittingcomponent of an infrared- 
active mode, appearing comparable to the normal Raman- 
active Ag

2 mode across a wide range of excitation wavelengths. 
This observation suggests that another mechanism, a Fermi 
resonance, is responsible for the enhanced Raman intensity of 
the A 3 mode in 2L BP. 

Fermi resonance is an anharmonic coupling that occurs 
between two vibrational modes (denoted as ν1 and ν2, Figure 
1d) that are nearly degenerate in energy and have the same 
symmetry. Classically, Fermi resonances have been commonly 
observed between fundamental modes and overtone modes in 

https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03592?fig=fig1&ref=pdf


  

 

 

 

 

Figure 2. Strain-modulated Fermi resonance in 4L BP. (a) Biaxial strain-dependent Raman spectra of 4L BP on the polypropylene substrate, 
revealing tunable degeneracy between Ag2 and A 3 modes. The evolutions of (b) frequencies and (c) intensities of A 2 and A 3 modes as a function 

g g g 
3 2

 
of the biaxial tensile (>0) and compressive strain (<0). (d) The evolutions of their frequency difference and intensity ratio (Ag /Ag ) as a function 
of the biaxial strain. 

molecular systems such as CO2.8,9 Strong coupling between 
these two modes is facilitated by the mixing of their wave 
functions, leading to a lifting of their frequency degeneracy 

0.23%) strain, a clear red shift trend is observed on both 
modes. However, the Ag

3 mode undergoes a faster shift 
compared to the Ag

2 mode. Moreover, the intensity of A 2 
(yielding ν− and ν+) and a redistribution of oscillator strength decreases while that of Ag

3 g increases. As the frequency of A 3 

between them.2,12,13 The generated doublets are described as a becomes closer to that of the Ag
2 

g 

mode, their intensity ratio 
linear combination of the unperturbed modes.12 Under strong 
coupling conditions, the two modes involved in Fermi coupling 
usually appear with comparable intensity in vibrational spectra 
and exhibit a frequency splitting.21 The A 2 and A 3 modes in 

(Ag
3/Ag

2) approaches 1 (Figure 2b−d), which is consistent 
with the expected behavior of Fermi resonance. This 
observation provides direct evidence of Fermi coupling 
between the A 2 and A 3 modes. 

g g g g 

2L BP fulfill the conditions of Fermi resonance, giving rise to 
distinct vibration patterns compared to their parent modes, 

Similar strain modulation was also observed on 2L and 6L 
BP (Figures S1−S2, Supporting Information). According to 

(A 2) and (A 3) , as illustrated in Figure 1e. perturbation theory,11 the Fermi coupling coefficient W 
g  0 g  0 

First-principles density functional theory (DFT) tends to between the Fermi doublets is estimated by W =  R , 
underestimate the frequency of the Ag

2 mode, and does not 
adequately capture the accidental degeneracy of A 2 and A 3 or where R 

R + 1 
is the Raman intensity ratio between the Fermi 

35 
g g doublets (Ag

3/A 2) and Δ denotes their energy separation.11 
strong coupling between them.  Consequently, the vibrational g 

patterns calculated in this way represent the unperturbed 
modes. However, when employing DFT with a more accurate 
hybrid functional method, as reported by Sun et al.,35 we not 
only accurately predict the frequency of the Ag

2 mode but also 
capture the Fermi resonance coupling between Ag

2 and Ag
3 

modes, as indicated in Figure 1e (see more details in the DFT 

Stronger Fermi coupling gives rise to larger energy separation 
Δ at maximum resonance, with respect to the energy 
separation of the unperturbed vibrational modes. At maximum 
resonance, R ≈ 1 and Δ reaches its minimum observed value 

(δ), at which point W = 
2 

. We find that the maximum coupling 
coefficient W between A 2 and A 3 decreases as the thickness of 

g g 

Simulation section in the Supporting Information). 
Direct Evidence of Fermi Resonance: Strain-Modu- 

lated Raman Spectra. The coupling strength between the 
two vibrational modes contributing to a Fermi resonance can 
be modulated by external parameters, such as strain,35 
pressure,20,21 and temperature.18,19,21 As the unperturbed 
frequencies of two such states shift in response to external 
parameters and become closer to each other, the anharmonic 
coupling between them becomes more pronounced (as 
depicted in Figure 1d). To demonstrate the Fermi coupling 
between Ag

2 and Ag
3 modes, we applied biaxial strain to 

modulate their Raman frequencies and mutual interaction in 
2L−8L BP.43 Biaxial strain here was introduced via thermal 
expansion or compression of the polypropylene substrate. 
Taking 4L BP as an example (Figure 2a−c), as the biaxial 

strain evolves from compressive to tensile (−0.22% < ε < 

BP increases from W = 1.5 cm−1 for 2L BP to W = 1.2 cm−1 for 
6L BP (Table S1, Figure S1). 

Electronic Resonance Effect on Fermi Doublets. 
Electronic and excitonic resonance effects can exert a 
significant influence on phonon vibrations through electron− 
phonon coupling.24−28 BP exhibits a quantized band structure 
featuring thickness-dependent direct bandgap and above- 
bandgap transitions in the near-IR and visible region.29−32 
Consequently, the combination of Fermi resonance and strong 
electronic resonance effects is expected to have a dramatic 
effect on the observed Raman spectrum in few-layer BP. 

To explore the interplay of electronic/excitonic and Fermi 
resonances, we performed Raman measurement on 2L−4L BP 
using 15 different excitation laser lines spanning from 1.92 to 
2.73 eV. The chosen laser lines effectively cover most of the 
subband transitions in few-layer BP.29−31 The corresponding 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03592?fig=fig2&ref=pdf
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Figure 3. Electronic resonance enhancement of Fermi doublets, Ag2 and A 3 modes. (a) Excitation-energy-dependent Raman spectra of 2L BP with 
ei //es //AC configuration. (b) Schematic illustrations of optical transitions between quantized subbands of 2L BP, where E2,1 is the band gap 
energy and E2,2 represents the second electronic transition. (c−e) Measured excitation energy dependent Raman spectra of 2L−4L BP. (f) 
Experimental Raman excitation profiles of Ag2 (green) and A 3 (blue) modes. Each green or blue dot represents one excitation laser line, and the 
dashed lines are the fitting results by the Fermi golden rule for a third-order time dependent perturbation theory (see Table S2). The solid line is a 
guide for the eye. (g,h) Simulated Raman excitation profiles of Ag2 and Ag3 modes by the (g) PBE method and (h) hybrid functional (PBE0) 
method, representing the results without and with considering Fermi coupling between these two modes. Please note that the Ra man intensities 
and excitation energies for the PBE method (g) were computed at the GW+BSE level. In contrast, the simulated resonance energies using the 
hybrid functional (h) are slightly underestimated, compared to the electronic transitions in a previous experimental report29 (marked by red in 
(g,h)). 

 

 

Raman spectra for 2L BP are displayed in Figure 3a. Notably, 
regardless of the excitation wavelength, the Ag

3 mode 
consistently shows Raman intensity comparable to that of 
the Ag

2 mode. This consistency implies the presence of Fermi- 
coupling-induced wave function mixing, ultimately leading to 
redistribution of oscillator strength and vibration similarity 
between these two modes. Both modes exhibit the highest 
Raman intensity at an excitation energy of 2.38 eV, which 
aligns well with the second electronic transition (E2,2, 2.4 eV) 
in 2L BP (Figure 3b). 

Thickness-Dependent Fermi Resonance. Figure 3c−e 
displays 2D maps of the excitation-energy-dependent Raman 
spectra in 2L−4L BP. The corresponding resonance Raman 
excitation profiles (REPs) of Ag

2 and Ag
3 modes are shown in 

Figure 3f. For the 2L BP, the 2D map directly visualizes the 
excitonic resonance enhancement at E2,2 for both Ag

2 and Ag
3 

modes. Their resonance Raman exciton profiles (REPs) 

overlap with each other in the investigated energy window 
(Figure 3f), indicating a high vibrational similarity between 
them (Figure 1e). However, DFT simulations using the 
Perdew−Burke−Ernzerhof (PBE) functional only reproduce 

the resonance peak on the REPs of the Ag
2 mode but not for 

the Ag
3 mode (Figure 3g). Without considering Fermi 

resonance, Ag
3 is expected to appear with weak intensity 

since it corresponds to a Davydov component of a Raman- 
inactive mode B2u, as demonstrated by our PBE calculations 
and prior theoretical works.35 This suggests that the PBE 
method fails to capture the Fermi resonance coupling between 
Ag

2 and Ag
3 modes, as further demonstrated by the fact that 

these two modes are energetically nondegenerate by this 
method (with ∼14 cm−1 frequency difference) and also show 

different vibration patterns in PBE calculations (Figures 1e and 
S3).33,35 To capture the effects of Fermi resonance in BP, it 
was necessary to adopt a more accurate hybrid functional 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03592?fig=fig3&ref=pdf
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Figure 4. Thickness dependence of electronic resonance effects. (a) Calculated atomic eigen displacements and Raman frequencies of A 2 and A 3 

2 2 
g g 

modes in 2L BP using the hybrid functional. (b) Calculated atomic eigen displacements and Raman frequencies of A g (1), Ag (2), and Ag3 modes in 
3L BP using the hybrid functional. (c) Spatial charge distribution of the excited electronic state in 2L BP. (d) Electron wave function distribution at 
E3,2 and E3,3 in 3L BP. (e) Thickness-dependent Raman spectra of few-layer BP (2L-10L) at 2.33 eV excitation energy. These Raman spectra were 
normalized by the intensity of the A 2 mode. The two Raman peaks (A 1(1) and A 1(2)) appearing around 365 cm−1 are the Davydov components 

1 
g g 

g 
2 3 

of the Ag mode. (f) Thickness-dependent intensity ratio between Fermi doublets Ag and Ag . 

method, i.e., PBE0, which not only reproduces the more 
accurate frequencies of Ag

2 and Ag
3 modes but also captures 

the strong Fermi resonance coupling between them. The 
hybrid functional simulated REPs of the A 2 and A 3 modes are 

patterns. The effective polarizability change of the Ag
3 mode 

largely gets canceled and remains almost zero, whereas there is 
a significant net polarizability change for the case with 
considering Fermi resonance (Supporting Information Note 

g g 

displayed in Figure 3h. They look similar in 2L BP with a 
strong resonance peak around E2,2 (2.4 eV). 

For 3L BP, only the A 2 mode shows strong resonance effect 

3, Figure S4, Table S3). After Fermi resonance coupling, their 
vibration patterns become similar, but the displacement of P 
atoms is primarily localized at the surface layer for the A 2 

g 

around the second subband transition (E3,2), while the Ag
3 mode and the inner layer for the A 3 

g 

mode (Figure 4a). 
mode does not (Figure 3f). The simulated REPs using the 
hybrid functional match well with the experimental observa- 
tions. We note that a strong resonance effect of Ag

3 is predicted 
at the third subband transition (E3,3) instead of E3,2 (Figure 
3h), but this is out of our experimental laser excitation range. 
The calculated resonance energies by the hybrid functional 

Notably, the calculated exciton wave function at E2,2 is 
distributed across the surface and inner layers (Figure 4c). The 
exciton probability density distribution respective to the similar 
atomic displacement leads to robust exciton−phonon coupling, 
which is revealed by the equally strong electronic resonance 
enhancement for the Ag

2 and A 3 modes in the Raman 
method are also slightly lower than the experimental energies 
(marked by red in Figure 3h). Such underestimation is more 
notable for the higher subband transitions E3,3, whose 
calculated value is 2.52 eV and measured at 2.82 eV by 
absorption measurement.29 

Dramatically, both modes show a strong resonance effect 
around the third subband transition (E4,3) in 4L BP (Figure 
3f). However, the resonance enhancement of Ag

3 is slightly 
weaker than that of the Ag

2 mode at E4,3, suggesting different 

spectrum. 
For 3L BP, there are two Raman-active Davydov 

components of Ag
2 modes (Ag

2 (1) and Ag
2 (2), Figure 4b), 

and both modes will interact with the Ag
3 mode. Consequently, 

three Raman modes are involved in the Fermi coupling (Figure 
4b). However, the vibration pattern of the Ag

3 mode in the top 
and bottom layers largely retains the pattern after Fermi 
coupling, so the Fermi resonance effect is mostly reflected in 
the middle layer for the A 3 mode. According to simulation, the 

vibrational behaviors and electronic resonance effects for both 
g 

effective polarizability change of Ag
3 gets largely canceled for 

modes. Similarly, the hybrid functional simulation reproduces 
the strong resonance enhancement of the Ag

3 mode (Figure 
3h), while the PBE calculation does not (Figure 3g), further 
demonstrating that the PBE functional calculation does not 
capture the Fermi coupling between Ag

2 and A 3 modes. 

the top and bottom layer but is dominant in the middle layer 
(see details in Supporting Information Note 3, Figure S5, 
Table S4). Notably, the simulated exciton wave function 
density is primarily localized on the top and bottom layer for 
E3,2 and on the middle layer for E3,3 (Figure 4d) in 3L BP. 3 

To understand the electronic resonance behavior of the Therefore, the Ag mode shows weaker (stronger) electron− 
Fermi doublets Ag

2 and A 3, we compared their vibration 
patterns and polarizability change to the associated electron 
wave function distribution. The vibration patterns of Ag

2 and 
Ag

3 modes of 2L and 3L BP with and without considering 
Fermi coupling are calculated by hybrid functional (Figure 4a 
and b) and PBE methods (Figures 1e and S3), respectively. 
We can see that without considering Fermi coupling (PBE 
method) these two modes in 2L BP have different vibrational 

phonon coupling, which consequently translates into weak 
(strong) electronic enhancement at E3,2 (E3,3). In contrast, for 
Ag

2(1) and A 2(2), the atomic displacements from both the 
surface and the middle BP layers contribute to the Raman 
polarizability. Therefore, both show a strong resonance 
enhancement at E3,2 and E3,3 (Figure 3h). Discussion of 4L 
BP (Figure S6) can be found in the Supporting Information 
Note 3. 

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03592/suppl_file/nl4c03592_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03592?fig=fig4&ref=pdf
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Electronic resonance effects combined with Fermi coupling 
lead to interesting thickness-dependent trends in the few-layer 
BP Raman spectrum (Figure 4e and f). For instance, the 
intensity ratio of Ag

3 and Ag
2 (that is, Ag

3/A 2) measured at the 
excitation energies of 2.18, 2.33, and 2.38 eV shows periodic 
odd−even variation with sample thickness. The ratio of A 3/ 

parallel polarization where the incident and collection 
polarizations are parallel to armchair crystalline orientation of 
the few-layer BP. The Raman peak of single crystal quartz at 
465 cm−1 was used to calibrate the instrument efficiency and 
incident power at different wavelengths. 

Details on strain-dependent Raman measurements and DFT 

Ag
2 

g 
is the largest for 2L BP and decreases monotonically for simulations can be found in the Supporting Information. 

larger even-layer thicknesses, while the ratio is nearly zero for 
all odd-layer thicknesses (Figure 4f). 

Finally, it is important to note that our electronic resonance 
data show that the Fermi resonance does not automatically 
guarantee comparable Raman intensities between the Fermi 
doublets for semiconducting systems such as BP. For 3L and 
other odd-layer BP, both our experimental and calculated 
results demonstrate that although the Fermi resonance 
coupling leads to similar vibrational patterns and phonon 
frequencies between Ag

2 and Ag
3 modes the Ag

3 mode can be 
still significantly weaker than the Ag

2 mode at some laser 
excitation energies due to the specific exciton charge 
distribution at these excitation energies. This means that 
identification of Fermi resonances in materials exhibiting sharp 
electronic resonances (such as atomically thin semiconductors) 
requires careful consideration of the electronic resonance 
effect. 

The present work reports a Fermi resonance effect between 
two fundamental Raman modes in 2D few-layer black 
phosphorus, which gives rise to the strong Raman intensity 
for a Davydov component of an infrared mode. This Fermi 
coupling was directly demonstrated by biaxial strain-dependent 
Raman spectra. Moreover, the dispersive semiconducting 
nature and unique thickness-tunable electronic transitions of 
BP make it possible to investigate the excitonic effect on Fermi 
doublets. The thickness-dependent electronic enhancement of 
both Fermi doublets indicates strong wave function mixing of 
both unperturbed modes, which is further explained by hybrid 
function simulation with considering the exciton distribution 
with respect to the phonon vibration pattern. Our work 
demonstrates that Fermi resonance can provide valuable 
insights into the electron−phonon coupling in 2D semi- 
conductors. 

EXPERIMENTAL SECTION 

Sample Preparation and Thickness Determination. 
Few-layer black phosphorus (BP) was exfoliated in an argon 
glovebox (O2 < 0.1 ppm, H2O < 0.1 ppm) from bulk BP crystal 
(HQ graphene) onto a 285 nm SiO2/Si silicon substrate or 
polydimethylsiloxane (PDMS) substrate.43 They were trans- 
ferred from a PDMS substrate to a polypropylene (PP) 
substrate43 for strain-dependent Raman measurement. Sample 

thickness was determined by optical contrast and photo- 
luminescence spectra, as demonstrated in a previous report.28 
Raman Measurements. Polarized Raman spectra were 

measured on a triple-grating Raman system (Horiba JY 
T64000) with 15 different excitation lines (454−648 nm, 
Coherent Innova 70C, Kr+−Ar+ laser). Few-layer BP was 
sealed in a container filled with argon gas during the Raman 
measurement. Raman signals were collected by a 60X objective 
lens (Olympus, NA = 0.7, with correction ring), dispersed by 
1800 g/mm grating, and further detected by a liquid nitrogen- 
cooled charge couple detector (CCD). The laser power was 
kept below 0.54 mW for the 648 nm excitation and 0.32 mW 
for the high-energy excitations (454−568 nm). All spectra 
except strain-related experiments were collected under a 
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