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MAPbBr 3 PL spectra & lineshape fitting

The main emission peak observed in the PL spectra of MAPbBr3 at the temperatures and pressures

of the experiments is assigned to free-exciton (FE) recombination.1–4 Thus, for the quantitative

analysis of the PL spectra we performed a lineshape fitting5 using a Gaussian-Lorentzian cross-

product function (lineshape fitting examples were published elsewhere6). Its expression reads as:

G×L(}ω) = A· Γ2

4·s· (E0−}ω)2 +Γ2 ·exp

(
−4· ln2

(1−s) · (E0−}ω)2

Γ2

)
(1)

whereA is the amplitude prefactor,E0 is the peak energy position,Γ is the full width at half maxi-

mum (FWHM) ands is a weight parameter which takes the values= 0 for pure Gaussian lineshape

ands= 1 for pure Lorentzian. The values of these four adjustable parameters were obtained as a

function of temperature and/or pressure from lineshape fits to the measured PL spectra using Eq.

(1). For the cases where there is a coexistence of two phases we used two cross-product func-

tions with independent variable parameter sets. We note that the FE peak exhibits in MAPbBr3

an asymmetry towards lower energies, being the left (low energy) half width at half maximum ca.

30% larger than the right (high energy) one. This has been taken into account using a split cross-

product function like in Eq. (1) but with the corresponding half widths for photon energies below

and above the peak position energy. The additional peaks apparent at low temperatures (below

ca. 110 K) at lower energies than the FE peak are ascribed to radiative recombination of bound

(acceptor/donor) exciton complexes, as published elsewhere.7

Figure S1 displays both the values of the FWHM (Γ) and the intensity of the main PL peak,

extracted from the lineshape fits using the cross-product function of Eq. (1), plotted as a function

of temperature for a MAPbBr3 single crystal. With decreasing temperature down to 80 K the PL

intensity increases exponentially almost at the same pace for the three crystal phases. This is the
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Figure S 1: (a) The PL FWHM (Γ) and (b) the peak intensity (A) plotted as a function of tempera-
ture, obtained from the PL lineshape fits using the cross-product function of Eq. (1) for a MAPbBr3

single crystal. Different colors represent the different phases stable as a function of temperature,
as indicated.
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typical behavior of free-exciton radiative recombination as compared to bimolecular recombina-

tion of uncorrelated electron-hole pairs and is the result of an enhanced optical matrix element due

to a reinforced Coulomb attraction, i.e. an increased wavefunction overlap between electron and

hole forming the exciton. On the contrary, the exciton linewidth decreases (almost linearly) with

decreasing temperature in the whole temperature range from 310 to 80 K. Such marked temper-

ature dependence of the exciton linewidth is characteristic of an exciton broadening mechanism

mediated by electron-phonon interaction given by:9

Γ(T) = Γ0 +
γopt

e
Eopt
kB·T −1

, (2)

whereΓ0 is the temperature-independent inhomogeneous broadening which is mainly determined

by the crystal quality,γopt is the electron-optical-phonon coupling constant andEopt is an effective

optical-phonon energy. Notice that the second term in Eq. (2) is nothing else than the Bose-Einstein

occupation factor for a representative optical mode with an effective frequency, multiplied by an

effective coupling strength constant. In Eq. (2) we have neglected the contribution stemming from

exciton scattering by acoustic phonons, because the electron-acoustic-phonon coupling is often

several orders of magnitude weaker than for optical phonons. In fact, Eq. (2) predicts a fairly

linear temperature dependence of the exciton linewidth for temperatures higher that the effective

temperature given by the effective optical-phonon energyEopt. The latter is for MHPs typically

in the range between 5 to 10 meV,10–13 that means an effective temperature between 50 and 110

K. By performing the experiments down to liquid-nitrogen temperature, we miss completely the

exponentially varying region described by Eq. (1). This would make a least-squares fit using Eq.

(1) totally unreliable and for this reason we have not performed it for the data shown in Fig. S1a.

S4



8 0

1 2 0

1 6 0

2 0 0

0 1 2 3 4 5 61 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

FW
HM

 (m
eV

)
M A P b B r 3
   3 0 0  K  

( a )
Cu

bic
 Ι

Cu
bic

 ΙΙ

Or
tho

. Ι

Or
tho

. ΙΙ

Int
en

sity
 (c

ts./
s)

P r e s s u r e  ( G P a )

( b )

Cu
bic

 Ι

Cu
bic

 ΙΙ

Or
tho

. Ι

Or
tho

. ΙΙ

Figure S 2: (a) The PL FWHM (Γ) and (b) the peak intensity (A) plotted as a function of pressure,
obtained from the PL lineshape fits using a cross-product function of Eq. (1) for a MAPbBr3 single
crystal. Different colors represent the different phases stable as a function of pressure, as indicated.
The dashed vertical lines mark the different phase transition pressures.

Figure S2 shows the values of the FWHM (Γ) and the intensity of the main PL peak, extracted

from the lineshape fits using the cross-product function of Eq. (1), plotted as a function of pressure

for a MAPbBr3 single crystal. The exciton linewidth decreases slightly with increasing pressure for
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the three first phases, namely cubic-I, cubic-II and ortho-I. In contrast, the linewidth almost doubles

in the high-pressure ortho-II phase, which is indicative of a pressure-induced inhomogeneity in the

sample, probably due to an incipient amorphization. At the very beginning of the first stroke and in

coincidence with the sudden redshift of the PL peak energy, both the linewidth decreases and the

intensity increases abruptly. We speculate that this behavior results from strain relaxation effects

the first time the small chip of the sample is pressurized in the DAC. The overall intensity of the PL

emission decreases with increasing pressure by several orders of magnitude, except for the cubic-I

phase, for which the PL intensity increases strongly with pressure.

MAPbBr 3 Raman spectra

Figure S3 display a series of raw Raman spectra measured in the low-frequency spectral range

of the inorganic cage modes at different pressures and at room temperature. The different colors

indicate the different high-pressure phases adopted by MAPbBr3 under compression. These are

the raw data, except for a normalization to the maximum intensity to ease their comparison. No

background function was subtracted. The gradual decrease in linewidth of the Raman peaks for

the subsequent high pressure phases can be clearly appreciated in the spectra of Fig. S3.

Homogeneous vs. inhomogeneous broadening

Assuming that the resolution of the Raman spectrometer is sufficiently high, such that there is

no instrumental broadening, the linewidths of the Raman peaks are basically determined by two

contributions: Thehomogeneousbroadening, given by the inverse of the phonon lifetime, and

the inhomogeneousbroadening, which arises a from inhomogeneity in the sample leading to a

local distribution of bond lengths. At the origin of the homogeneous linewidth is just the uncer-
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Figure S 3: Raw Raman spectra of MAPbBr3 recorded at different pressures and at room tempera-
ture in the spectral range of the inorganic cage phonons using the 785-nm line for excitation. The
spectra were normalized to their maximum intensity and shifted vertically for clarity. The different
colors of the spectra correspond to the different phases adopted by MAPbBr3 under compression.
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tainty principle which states that the uncertainty in energy (phonon linewidth) increases in inverse

proportion to the uncertainty in time (phonon lifetime), that isΓ ∝ 1
τ
. Time-dependent quantum

mechanics tells us that the lineshape of homogeneously broadened Raman peaks is a Lorentzian

function, as illustrated by the sketch in Fig. S4. The very fact of a finite lifetime implies that there

is a certain perturbation that causes a sizable anharmonicity in the vibrational (phononic) spectrum

of the material considered. In good quality crystals, anharmonicities are mainly due to phonon-

phonon scattering. Since the strength of the phonon-phonon interaction increases with the phonon

population, the homogeneous linewidthΓ is strongly temperature dependent. The peculiarity of

metal halide perovskites (MHPs) is that the leading phonon-phonon interaction arises from the

coupling between the inorganic cage and the A-site cations, as we show further below, rather than

from "internal" scattering processes among the phonon modes of the inorganic cage alone.

In contrast, inhomogeneous linewidths have a totally different origin. Phonons are collective

excitations (vibrations) of the crystal lattice whose frequencies are largely determined by the char-

acteristics of the bonds in the crystal structure. Any inhomogeneity in a single crystal that would

locally generate strain or lattice deformation, would also induce inhomogeneous broadening of the

phonons. In the inhomogeneous crystal, the distribution of bond lengths, i.e. of bond strengths, cre-

ated by the inhomogeneity leads also to a distribution of phonon frequencies∆ω (see Fig. S4). A

"normal" distribution of frequencies produces a Gaussian lineshape in the Raman spectrum with a

FWHM given by the inhomogeneous broadening, provided that∆ω > Γ. The corresponding sketch

in Fig. S4 illustrates the process by which the inhomogeneous linewidth develops: The Gaussian

lineshape corresponds to the convolution of the Lorentzian peaks representing the normal distri-

bution of frequencies. Since such distribution does not change with temperature, inhomogeneous

linewidths are fairly temperature insensitive.

We now turn to the discussion of a striking systematic that concerns the linewidths of the
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Figure S 4: Schematic representation of the lineshape profile of an homogeneously (Lorentzian)
and inhomogeneously (Gaussian) broadened Raman peak.

Raman peaks associated with the inorganic cage phonons as a function of temperature, observed

for the three methylammonium lead halide perovskites (MAPbX3 with X= Cl, Br, and I). The

supporting experimental data correspond to the Raman spectra shown in Figs. 8a, 8f, and 8k of the

work of Leguyet al.8 In summary, from the Raman spectra recorded in the spectral region below

ca. 200 cm−1 of the inorganic cage phonons, one can make following observations: i) For MAPbI3

the Raman spectra of the cubic and tetragonal phases, where the MA dynamics is unfolded, are

broad and almost featureless, whereas in the low-temperature orthorhombic phase the Raman peaks

are well-defined and much sharper. ii) The other extreme is MAPbCl3 for which the Raman spectra

exhibit fairly broad peaks at all temperatures, i.e. for all three phases, although there is a slight but

clear temperature dependence of the linewidth. iii) MAPbBr3 is an intermediate case between the
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other two, being the difference in linewidth of the Raman peaks between the orthorhombic phase

and the other two phases much less marked than for MAPbI3. These results are summarized in the

table of Fig. 5, where the red arrows represent the magnitude of the line broadening in each case.

Line-
width

Temperature
dependence

Cage size

T<Tc T>Tc Cl Br I

Ginh 0 

Ghom  

Line-
width

Temperature
dependence

Cage size

T<Tc T>Tc Cl Br I

Ginh
(DSI)

0 

Ghom
(H-bond.)

 

Figure S 5: Table summarizing the relative magnitude (red arrows length) of the homogeneous and
inhomogeneous broadening contributions to the linewidth for different inorganic cage sizes, below
or above the temperature (TC) at which the MA molecules become locked inside the cage voids.

As we argue in the main manuscript, for MAPbI3 the dynamic steric interaction (DSI) is the

cause of the large inhomogeneous broadening of the inorganic cage phonons in the cubic and

tetragonal phases, because of the dynamic disorder induced by the unleashed MA dynamics. In

the orthorhombic phase, the MA molecules become locked within the cage voids in a state of static

order, hence the inhomogeneous broadening vanishes and the linewidths are then determined by

the homogeneous part. For MAPbI3 it turns out that the inhomogeneous broadening overwhelms

the homogeneous contribution (Γinh. � Γhom.). Since with locked A-site cations there is no DSI,

the coupling between both sublattices is mediated by H-bonding interaction. The striking result
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is that for MHPs, the homogeneous linewidth, that is, the phonon lifetime, is determined by the

H-bonding interaction and not by anharmonicities of the inorganic cage itself. The signature of

H-bonding is seen in the clear dependence on halide atom of the homogeneous linewidth of the

peaks in the Raman spectra of the orthorhombic phases. As shown in the table of Fig. 5 and in

Figs. 8a, 8f, and 8k of Leguyet al.,8 the phonon linewidth increases with decreasing cage void

volume for the compound sequence MAPbI3→MAPbBr3→MAPbCl3. For the MAPbCl3 the cage

voids are so tight that the H-bonding mediated coupling between the inorganic cage phonons and

the MA vibrations leads to a loss of coherence of the former, which in turn impacts the phonon

lifetime. The result is that for MAPbCl3 the homogeneous broadening surpasses in magnitude the

inhomogeneous contribution (Γinh. � Γhom.). For this reason the Raman spectra of MAPbCl3 are

broad at all temperatures, irrespective if the MA molecules are locked or free to move. Again,

MAPbBr3 is an intermediate case, for which holds thatΓinh. ≥ Γhom.. This is why in the high

pressure experiments the reduction of the phonon linewidths, when MAPbBr3 transforms into the

here reported high-pressure orthorhombic phases, is not so pronounced as for MAPbI3.6
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