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Abstract 

We investigate the electron–phonon coupling in CH3NH3PbX3 lead halide perovskites through the 

observation of Landau levels and high-order excitons at weak magnetic fields, where the cyclotron 

energy is significantly smaller than the longitudinal optical phonon energy. The reduced masses of the 

carriers and the exciton binding energies obtained from these data are clearly influenced by polaron 

formation. We analyze the field-dependent polaronic and excitonic properties, and show that they can 

be quantitatively reproduced by the Fröhlich large polaron model. 
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Organic–inorganic hybrid lead halide perovskites CH3NH3PbX3 [X = I, Br, and Cl] are a novel 

class of high-quality semiconductor materials that are considered suitable for use in solar cells [1,2], 

light-emitting devices [3,4], sensors [5], and other optoelectronic devices [6]. These materials may 

constitute the basis for future semiconductor physics and innovative devices beyond conventional 

semiconductors. In particular, the lead halide perovskites combine features such as high 

photoluminescence (PL) quantum yields and the capability to tune the bandgap over a wide energy 

range [7–14]. Therefore, much effort has been devoted to the clarification of the physical origin of the 

outstanding performance of this class of materials. For example, a large electron–phonon coupling 

constant and the resulting polaron formation have been considered to dominate the unique features of 

halide perovskites [15–19]. The strength of the conventional large polaron effect can be characterized 

using the Fröhlich coupling constant, and it has been shown that the Fröhlich coupling constants of 

halide perovskites are much larger than those of conventional inorganic semiconductors (e.g. ≈ 2 for 

CH3NH3PbBr3 but only 0.07 for GaAs and 0.29 for CdTe). Furthermore, the soft lattice nature and the 

cation dipole orientation have also been considered as possible origins of a pronounced polaron effect 

[15,16,19]. Several research groups have considered a large polaron formation induced by the 

conventional Fröhlich mechanism or a ferroelectric-like dielectric response [15,16,19], and a small 

polaron formation coupled to local structural lattice distortions [17,18]. However, the polaron 

formation mechanisms in halide perovskites still remain unclear. To clarify the actual importance of 

the polaron effect, it is essential to determine the carrier mass, which is influenced by polaron effect.  

Magneto-optical spectroscopy is the most powerful methods for deriving the band-edge optical 

parameters of semiconductors, including the carrier reduced masses and the exciton binding energy. 

Previous magneto-optical studies on halide perovskites estimated the reduced mass by employing 

extremely strong pulsed magnetic fields up to 130 T [20,21], which enables the study of reduced mass 

through the observation of Landau levels even in samples with low crystalline quality. However, a 

careful interpretation is required for materials with electron–phonon coupling. The impact of polaron 

effect on the optical properties is dependent on the applied magnetic field [22]. This means that the 

electron–phonon interaction contributes differently to the optical properties under strong and weak 
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magnetic fields. Consequently, it is essential to measure high-quality crystals under weak magnetic 

fields in order to accurately estimate the band-edge optical properties in the low-field limit, which is 

more relevant to the actual device operation and material research of halide perovskites. 

In this Letter, we report magnetoreflectance spectroscopy of CH3NH3PbX3 bulk crystals at low 

temperatures. We employ relatively weak magnetic fields up to 7 T, which corresponds to a regime 

where the cyclotron energy ℏ𝜔#  is smaller than the exciton Rydberg energy. Under such weak 

magnetic fields, the LO phonon energies of CH3NH3PbI3 and CH3NH3PbBr3 are larger than ℏ𝜔#, and 

thus the phonon screening effect plays an essential role. From the observation of Landau levels and 

higher-order exciton Rydberg states at weak fields, we are able to accurately estimate the reduced 

masses and the exciton binding energies in CH3NH3PbI3 and CH3NH3PbBr3. For both materials, we 

find that the reduced mass at low magnetic fields differs from that at high fields. The obtained data set 

is consistent and allows us to assess the mass enhancement by polaron effect, which proves a relatively 

small contribution of exciton-phonon interaction to the carrier mass of halide perovskites.  

For the optical measurements, we fabricated CH3NH3PbX3 [X = I, Br, and Cl] bulk crystals and 

cleaved them to obtain clean surfaces. We conducted polarization-resolved reflectance measurements 

at 1.5 K using a Helmholtz superconducting magnet in the Faraday configuration. The detailed 

experimental setup and crystal growth technique are explained in the Supplemental Material [23].  

The reflectance spectra of the CH3NH3PbI3 bulk crystal at 1.5 K under different magnetic field 

are shown in Fig. 1, where the results for excitation with left (𝜎%) and right circularly polarized (𝜎&) 

light are shown in Figs. 1(a) and (b), respectively. The spectrum in the case without applied magnetic 

field (0 T) exhibits an inflection point at approximately 1.637 eV, which corresponds to the 1s exciton 

resonance energy. The broadening of the 1s exciton (i.e., the energy separation between the positive 

and negative peaks) is 1.3 meV, which is much narrower than the values that have been reported 

previously [20,35]. This indicates that the crystal quality of our sample is relatively high. 

Both Figs. 1(a) and (b) clarify that the 1s exciton resonance slightly shifts to higher energies as 

the magnetic field increases. In addition, small peaks appear at the high-energy side as well as a 

peculiar feature immediately below the 1s exciton resonance in the case of 𝜎% excitation. The latter 



4 
 

feature is discussed in the Supplemental Material [23]. The magnified views of the high-energy peaks 

in the data for 7 T are shown in the right upper corners of the figures. The dependences of their peak 

energies on the magnetic field are summarized in Fig. 1(c).  

Because the peak energies of Landau levels exhibit an almost linear dependence on the magnetic 

field [20,36,37], we assigned the peaks in the range from 1.645 to 1.655 eV to the Landau levels. The 

magnetic-field dependences of the Landau levels can be fitted to the equation 𝐸( + 𝐸*(𝐵) ±

/
0
𝑔233𝜇5𝐵. Here, 𝐸( denotes the bandgap energy, 𝐸* is the energy of the N-th Landau level, N = 0, 

1, 2,… is the quantum number; 𝑔233, 𝜇5, and B are the effective g-factor, the Bohr magneton, and the 

magnetic field, respectively. We determined 𝑔233 = 1.68 (±0.01) from the results. If there was no 

electron–phonon coupling, 𝐸* = 7𝑁 + /
0
9 ℏ𝜔# would hold, where 𝜔# =

:5
;<

 (𝜇=  is the reduced band 

mass). In other words, the Landau levels would depend linearly on the magnetic field. However, in the 

presence of electron–phonon coupling, the Landau energy slightly deviates from the above-mentioned 

linear dependence as a result of a mixing of Landau levels and LO phonons [36,37]. To proceed, we 

use 𝜔>? to denote the single effective LO phonon frequency (see Supplemental Material [23]) and 

define the polaron cyclotron frequency 𝜔#∗ by	 

ℏ𝜔#∗(𝐵) = 𝐸0(𝐵) − 𝐸/(𝐵).    (1) 

The reduced polaron mass is then given by 𝜇CDE(𝐵) = 𝑒𝐵/𝜔#∗(𝐵), and the experimentally determined 

field dependence of µpol is plotted in the inset of Fig. 1(c) (see the open and closed red squares). The 

obtained µpol values lie in the range 0.14– 0.16	𝑚O  (𝑚O : electron rest mass) for magnetic fields 

between 4 and 7 T. Compared to the values reported in high-field experiments (𝜇~0.10	𝑚O) [20], the 

values obtained in our experiment are larger.  

We consider that the above-mentioned difference is a result of the magnetic-field-dependent 

screening by LO phonons (see Supplemental Material [23]); the reduced mass estimated from the 

Landau levels at high magnetic fields (𝜔#  >> 𝜔>?) reflects the bare carrier mass without electron–

phonon interactions. The mass enhancement factor at zero magnetic field is approximately 

1+α:/6+0.0236α:2, where α: is the Fröhlich coupling constant for electrons and given by [38] 
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𝛼: = (𝜀T&/ − 𝜀O&/)U𝑚:
=𝑒V 2ℏX𝜔>?⁄ .  (2) 

Here, 𝜀T  and 𝜀O  are the low- and high-frequency dielectric constants, respectively, and 𝑚:
= 

denotes the electron band mass for a rigid lattice. The Fröhlich coupling constant for holes is obtained 

by replacing the index e with h. By using the parameters provided in Table 1, we obtain 𝛼: = 1.42 

and 𝛼Z = 1.67. These values are significantly larger than unity, indicating that the bare carrier mass 

determined at high magnetic fields should be significantly smaller than the carrier mass determined at 

0 T. A similar result has also been reported for ZnSe, where a lighter effective mass appears at high 

magnetic fields with ℏω# ≫ ℏω>? [39]. Furthermore, the inset of Fig. 1(c) shows that µpol decreases 

as the magnetic field decreases. Such a magnetic-field dependence of µpol evidences the presence of 

mixing between Landau levels and LO phonons, and is a fingerprint of a polaron cyclotron motion 

[37-39]. The dashed curve in the inset of Fig. 1(c) corresponds to the theoretical prediction for 𝛼:	= 

𝛼Z	= 1.4. These values for a were obtained by interpolating the data presented in Ref. [37]. These 

results evidence that the Fröhlich model can describe the experimental results well, and therefore our 

estimated value for µpol at 0 T is 0.13	𝑚O. Note that the estimated coupling constant is consistent with 

the previous first-principle calculation (a = 1.4) [40].  

In Fig. 1(c), the 1s exciton resonance energies are also plotted for both excitation conditions (see 

the open and closed circles). The magnetic-field dependence of the 1s exciton energy obeys the 

function	𝐶O𝐵0 ±
/
0
𝑔:`𝜇5𝐵, where	𝐶O  and 𝑔:`  are the diamagnetic constant and exciton g-factor, 

respectively. By using a global fitting procedure that accounts for both 𝜎%  and 𝜎&  excitation 

conditions, we estimated 𝐶O	= 15.9 (±0.1) µeV/T2 and 𝑔2a	= 1.63, which is consistent with the 

effective g-factor estimated from the Landau levels. The exciton binding energy can be roughly 

estimated from the linear extrapolation of the Landau energies to 0 T as shown in Fig. 1(c), resulting 

in about 3.1 (±0.5) meV, which is quite different from the binding energies obtained by using the 

Wannier–Mott exciton model for the regime ℏω# ≫ ℏω>?  (cf. R* = 16 meV has been reported in thin 

films [20] and bulk crystals [21]). We consider that this difference can be attributed to the difficulty in 

estimating zero-field parameters from a simple extrapolation using high-field data.  
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To further understand the polaron effect in halide perovskites, it is important to investigate the 

dependence of the excitonic properties on the halogen. The reflectance spectra of the CH3NH3PbBr3 

bulk crystal at 0 and 7 T are shown in Fig. 2(a). The 1s exciton resonance appears at 2.254 eV. By 

applying a magnetic field, the exciton resonance energy shifts due to the Zeeman splitting. The shift 

is relatively small and the degree of the shift depends on the excitation polarization. We observed a 

linear dependence on the magnetic field and estimated a g-factor gex of 2.30 (±0.01). As indicated by 

the arrow, a small dip appears below the 1s exciton energy when a magnetic field is applied. Similar 

to the case of CH3NH3PbI3, this spectral feature was only observed when we used the s+ excitation 

condition.  

To accurately determine the exciton energy structure, we investigated the differences between the 

reflectance spectra obtained using 𝜎%  and 𝜎&  excitation light. We define the degree of circular 

polarization p as	𝑝 = (𝐼% − 𝐼&)/(𝐼% + 𝐼&), where I+ and I− are the reflectance intensities obtained for 

s+ and s− excitation, respectively. Note that, when the Zeeman splitting is small, the circular 

polarization spectrum p corresponds to the first derivative of the reflectance spectrum. This enables us 

to resolve small structures in the reflectance spectrum, such as higher-order exciton resonances. 

Figure 2(b) shows the circular polarization spectra of CH3NH3PbBr3 for different magnetic field. 

We confirmed a strong peak at 2.254 eV, which agrees well with previous reports and thus was 

assigned to the 1s free exciton resonance [41,42]. The 1s peak energy of CH3NH3PbBr3 exhibits an 

extremely small diamagnetic shift compared with that of CH3NH3PbI3, and the estimated diamagnetic 

coefficient is C0 = 2.86(±0.1) µeV/T2 [23]. Above the 1s peak energy, a small peak appears at 

approximately 2.265 eV, which exhibits a blueshift as the magnetic field increases. Based on the 

magnetic-field dependence of the resonance energy, we assigned this peak to the 2s exciton state [23]. 

A magnification of the data at 7 T in the range between 2.263 and 2.286 eV is shown in the inset of 

Fig. 2(b). Above 2.27 eV, we can observe three peaks where the left and the right peaks have almost 

the same energy separation from the center peak, as indicated by the dotted lines in the inset of Fig. 

2(b). Therefore, we consider that these peaks correspond to Landau levels. 
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Figure 2(c) summarizes the 1s and 2s exciton states and the Landau levels of CH3NH3PbBr3 as a 

function of the magnetic field. Similar to the case of CH3NH3PbI3, we can determine the magnetic-

field dependence of µpol, and the result is shown in Fig. 2(d). The broken curve corresponds to the 

theoretical prediction for ae = ah = 2.5, which well reproduces the experimentally obtained trend. The 

value for a was obtained by interpolating the data presented in Ref. [37] and is consistent with the 

values calculated from Eq. (2) (α: = 2.00 and αZ = 2.24; see Table 1). Based on this result, we 

determined 𝜇CDE(0) = 0.20(±0.01) m0 for CH3NH3PbBr3. 

The estimated 1s and 2s exciton energies of CH3NH3PbBr3 at 0 T are 2.254 and 2.264 eV, 

respectively. Moreover, a bandgap energy of 2.265 eV can be roughly estimated by the linear 

extrapolation of the first Landau level to 0 T. Hence, a 1s exciton binding energy of 11 (±1) meV was 

determined. This value is smaller than the previously reported exciton binding energies of 

CH3NH3PbBr3 (≈ 15.3 meV [41] and 25 meV [21]), which have been estimated by using the Wannier–

Mott model. Because the bandgap energy predicted by the Wannier–Mott model (2.268 eV) exceeds 

the first Landau level as long as B < 5 T, we consider that the Wannier–Mott model is not suitable to 

explain our experimental results. Moreover, the effective dielectric constant calculated under the 

assumption of the Wannier–Mott model is eeff = 17, which is nearly at the middle point between the 

high-frequency (5.2) and low-frequency (28) values [43]. Such a situation is typically observed in the 

materials with electron–phonon coupling, which results in a deviation of the high-order exciton 

resonance energies from the Wannier–Mott model [28]. 

Before we discuss the significance of the above results for applications, we quantitatively 

calculate the polaronic and excitonic material parameters based on the Haken model [28], which 

provides the effective dielectric constant for excitons depending on the ratio of the electron–hole 

distance to the polaron radius. The polaron radii for electrons and holes, 𝑟:
C and 𝑟Z

C, were calculated 

using 𝑟C = (ℏ/2𝑚=𝜔>?)//0 [28,30]. The literature values used in the calculation are listed in Table 

1. To consider the multiple-LO phonons in the orthorhombic phase, we adopt a single effective LO 

phonon energy, which corresponds to the weighted average of multiple LO phonons [23,32,33]. More 

details and the data of the CH3NH3PbCl3 bulk crystal are provided in Supplemental Material [23]. The 
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results are summarized in Table 1. The calculated exciton binding energies and the values for µpol 

agree well with our experimental results, indicating that the Fröhlich-type electron–phonon coupling 

dominates the band-edge optical properties.  

The above results suggest the following polaron physics in halide perovskites: Except the 

Fröhlich-type electron–phonon coupling, there are no significant contributions from other polaron 

formation mechanisms, such as small polarons and ferroelectric-like large polarons. Even more 

significant is the fact that the estimated polaron mass enhancement at 0 T (compared to the bare carrier 

mass given in Table 1) is too small to account for the actually observed moderate carrier mobility of 

halide perovskites. In other words, our results suggest that the intrinsic carrier mobility values should 

be larger than those reported so far. Therefore, we need to consider the reason why the reported 

experimental and theoretical carrier mobility values vary over a wide range [15,44–50]. The actually 

observed carrier mobility may be relatively low due to a difficulty in the doping method, an enhanced 

carrier scattering by shallow traps, and grain/domain boundaries. The carrier transport properties of 

halide perovskites should also be revisited. 

In summary, we have presented reflection spectra of CH3NH3PbX3 under weak magnetic fields. By 

changing the halogen from I to Br to Cl, the electron-phonon coupling becomes stronger, which results 

in the larger mass enhancement caused by the polaron effect. We found that the reduced masses are 

significantly larger than those estimated from high-field experiments. Furthermore, we discovered a 

deviation of the exciton energies from the simple Wannier–Mott model in CH3NH3PbBr3. The 

calculation based on the Haken model revealed that the excitonic properties are determined by the 

phonon screening of electron–hole Coulomb interactions. The difference in the LO phonon energy can 

account for the halogen dependence of the exciton binding energy. 
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FIG. 1. (Color Online) 

Reflectance spectra of CH3NH3PbI3 at 1.5 K under different magnetic field for excitation with (a) left 

and (b) right circular polarized light, denoted by 𝜎% and 𝜎&, respectively. The spectra are offset for 

clarity. The dotted lines indicate the Landau energy for N = 1. Magnified views (×20) of the data 

obtained under 7 T are also shown. (c) Magnetic-field dependences of the first two Landau levels (N 

= 1 and 2) and the 1s exciton energy of CH3NH3PbI3 under 𝜎%  (open symbols) and 𝜎&  (filled 

symbols) excitation conditions. The inset shows the µpol as a function of the applied magnetic field for 

the 𝜎% (open) and 𝜎& (filled) excitation conditions. The dashed curve is the theoretical calculation 

for a = 1.4 from Ref. 37.  
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FIG. 2.  (Color Online) 

(a) Reflectance spectra of CH3NH3PbBr3 at 0 T (black curve) and 7 T for 𝜎% (red curve) and 𝜎& 

excitation (blue curve). The arrow indicates the position of a distinct spectral feature below the 1s 

exciton energy (see main text). (b) Magnetic-field dependence of the circular polarization spectrum. 

The broken lines are guides for the eye to clarify the shift directions of spectral features. The curves 

are offset for clarity. The inset shows an enlarged view of the high-energy region of the spectrum at 7 

T. (c) Magnetic-field dependence of the 1s and 2s resonances and Landau levels. The broken lines 
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indicate the linear extrapolations of the Landau levels. The inset shows the exciton resonance energy 

as a function of quantum number. The broken red curve is the fitting result based on the Wannier 

model with R* = 14.1 meV and Eg = 2.268 eV. (d) The µpol as a function of applied magnetic field. 

The broken curve corresponds to the theoretically predicted result for a = 2.5 from Ref. 37. 
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Table 1.  

Input and output parameters of the calculation. We adopt the literature values of the carrier band 

masses obtained by theoretical calculation without considering electron-phonon interactions [34], 

since they are close to the reduced mass estimated from the high-field experiments (given in 

parentheses [19,21]). The renormalized masses and exciton Rydberg energies determined by the low-

field experiment (this work) are also given in parentheses. 


