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The behavior of the organitinorganic perovskite, methylammonium lead bromide, as a function of
pressure was studied up to pressures slightly above 3 GPa at temperatures between ambigdtkand
using neutron diffraction. The sample transforms frBm3m to Im3 just below 1 GPa and amorphizes
around 2.8 GPa without the cations undergoing long-range orientational ordering. The response of the
orientationally ordere@’nmaphase to pressure, which could not be accessed experimentally, was studied
with density functional theory methods. The major source of volume reduction under compression is by
tilting, and to a lesser extent shrinking, of the PbBctahedra.

Introduction seems reasonable to expect a similar variety upon an increase
in pressure. Methylammonium lead bromide, MAPHBras
chosen as the material of study as MA can be relatively easily
purchased or synthesized fully deuterated. MARbBom-
pared to many OIPs, has a simple ordered phase: a standard
Pnmacell that does not involve a lone-pair distortion on
PI?+.8 At ambient pressure, this is stable below 148.39 K.
Onoda-Yamamuro et al. extended the boundaries of the
phases of MAPbG] MAPDbBr;, and MAPDbg seen at ambient

True perovskitesABXs, are a structure type of corner-
bondedBX; octahedra forming a fully three-dimensionally
bonded framework.Organic-inorganic perovskites (OIPs)
are perovskites in which tha cation is organic, typically
anamin€.On cooling, OIPs undergo a variety of transitiéns.
These involve tilt transitions of the octahedra, and tilting is
coupled in many cases to lone-pair distortions of the central
atom .in thg octahedrg and olrientat'ional ordering of 'the pressure up to 0.2 GPa using DTA methétis.
organic cations occupying the interstices between the tilted . . .
octahedra. Interactions between cation ordering and acoustic The response tq pressure of perovskites with even'S|mpIe
modes are responsible for incommensurate transitions incations can be quite varied and has become a considerable

some of these compounds on coolft low temperatures, topic of interest; e.g., in PrAlgQ the proporti_onal shrinkage
there are a great variety of structures containing ordered of AXy2 andBXs are comparablé; whereas in LaCrg) the

organic cations seen as a function of composition, and it contractlgn of theBX; octahedra is the main response FO
pressuré? The concept of bond valence has proved quite

successful at predicting tilt systems of perovskites and the
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approaches are not readily applied to this class of perovskites. 210
X-ray powder diffraction data taken at pressure from a 208 4
diamond anvil cell have been reported for tin(ll) iodide OIPs 2
containing MA and formamidinium, FA: MASg|FASNE, 202
and (FA,MA)Snk.Y" This same study reported FASmls the 2004
most compressible perovskite known. Yet the cations are g 198
more rigid objects than the octahedra in these compounds, e 1:2}
so that it is not clear what the compression mechanism in 2 g,
OIPs. To examine the pressure response, we performedZ 190
neutron powder diffraction on fully deuterated MAPRQBo 188
test whether cation ordering is coupled to tilting under 122}
pressure (as it is on cooling), because this technique is very 182
sensitive to the ordering of D atoms, even in cages of Pb 180
and Br. We have also performed calculations on the basis 17:'.
of density functional theory of the lowest-temperature phase 00 05 10 15 20 25 30
of MAPDbBr; in order to determine the detailed structural Pressure (GPa)

response of a fully ordered phase to pressure.

Amorphous

Im3

P-cel

Figure 1. Volumes extracted from Le Bail fits to the Pearl data (points
with esds) and the BirchMurnaghan fits (lines; meas: 1 esd) to the
Diffraction Measurements individual phases. Values are taken from Table 1.

Neutron diffraction experiments were performed ons8D3- and the diffraction peaks of the disordered phases of MAPbBr
PbBr using a V4 Paris-Edinburgh cell on the°dgank of the Pearl/ were modeled using the Le Bail meth&d-ully deuterated samples
HiPr diffractometer located as ISIS, Chilton, Didcot, UK. An were synthesized in order to reduce incoherent scattering from the
internal pressure standard of NaCl was added for room-temperatureamine cation. For the ambient temperature scans, the pressure was
pressurization and made up25 vol % of the final sample. The  determined by fitting to the diffraction peaks of NaCl using the
bulk constant of NaCl is 24.7 GP&and that of MAPbByis greater equation of state of BircB
in value. Because of its low proportion and the presence of a
pressure medium, we assume that the presence of the standard does Results
not significantly affect the pressure response of the unit cell of _

MAPbBr. Peaks due to the sample, NaCl, WC, and Ni are observed  The PnBm phase, stable under ambient conditions, was
in the diffraction pattern that spans the range of 6:3465 A. Null- observed to transform i3 between two observations made
scattering TiZr encapsulated gaskets were used. For experimentsat 0.867(6) and 1.008(5) GPa. This phase has a doubled cell
at room temperature, an automated double-syringe pump was usegharameter with respect to that of the untillead8m phase.

to control pressure. We did not see evidence for transition to a third crystalline

The selection of the pressure-transmitting medium was done with phase prior to amorphization in MAPbBmwhich occurred
three factors in mind: first, it should have a glass transition at ¢ pressures above-2.8 GPa. The amorphized sample
pressures higher than that of fluorinert (i.e., must be significantly ¢y stallized upon release of pressure. As no orientationally
higher than~1.5 GPa); second, it should not strongly incoherently ordered phase has been observed, it appears that tilt systems

scatter, removing protonated compounds as a choice; third, it is that le t | dominat th timized f
not a strongly polar solvent. 2-Propangl-(perdeuterated iso- a_ couple _O volume dominate over those optimized for
n cation ordering.

propanol) was selected. The chemical stability of the sample i
this solvent at ambient pressure was tested prior to the experiment, We fitted the response of the volume of the unit cell to
as more-polar solvents like water and methanol can dissolve thepressure to a Birch-Murnaghan equation of st&#he Birch-
amine. The glass-transition pressure of protonated 2-propanol isMurnaghan approach is strictly valid only for cubic and
ca. 4.2 GPa&? and the melting point at ambient pressure is 185 isotropic systems, in which there are no substructure and no
K.20These physical properties are expected to be only moderatelyinternal degrees of freedo#hPerovskites have many non-
affected by deuteration. cubic phases and all perovskites show a strong substructure
For experiments below room-temperature, pentane was used Withconsisting of the framework of octahedral, and &% site,
a manual pump to adjust the pressure as the cell was cooled to 10Quhich in the OIPs contains the amines. Bearing in mind the
K using liquid nitrogen over a period of approximately 6 h. For o, 0 aveats, second-order Birch-Murnaghan fits to the

each adjustment of pressure, the cell was heated above 200 K in = = .
order to melt the pressure medium and minimize non-hydrostatic volumes of thePmBm and Im3 phases from two different

conditions in the sample cell. The data were fitted using GSAS pressurization sequences are shown in Table 1 and Figure

where the NaCl standard was modeled using the Rietveld method, - The fits were performed using EosFﬁQnIy second-order
fits are reported for fits to the diffraction data because of
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Table 1. Birch—Murnaghan Equations of State Fits to Pearl ficiency, ultrasoft pseudopotenti#lswere chosen, which
Diffraction Data from the Cubic Phases and the DFT-RelaxedPnma ; ; ; ;
Lattice (fits to the diffraction data are on the order of 2, whereas were supplled with the Materials StUd_Io paCkage (Accelrys'
those to the DFT data are on the order of 3) Inc.). For Pb, the 5d electrons were included in the frozen
diffraction data DFT data cc;re, leaving th(fa (isand I6ﬁleltlactrpns in thﬁ v;tlgnce refglorr]l.
phase  PrBm - Prma Prma Prma The accuracy of the calculation is contro led by two further
= ool ool ool AX ™ parameters, namely the plane wave basis set cutoff energy
I unit ce unit ce unit ce 12 . . .
Vo  208.1(1) 207.8(8) 868.8(4) 179.8(8)  37.8(2) and the density of k-points in the reduced wedge of the
Ko 15.6(4) 14.1(5) 19.8(2) 17.8(1.1) 21.9(2.9) Brillouin Zone. For the former, we chose a value of 310
K4 4 3.92(6)  3.96(3) 7.5(1.2) eV, whereas for the latter, we used a MonkheRack grid

o L consisting of eight symmetry-unique points. Calculations
the limited pressure range, data precision, and number of\yere considered converged when the following four condi-
observations. When third-order fits were performed to the ;ions were met: the change in energy/ateBmmeV residual,
data of the individual phases, the goodness of fit did not i« forces on the atoms0.01 eV/A, the displacements of
improve strongly and the fitted values @, Ko, andK' did atoms during the geometry optimization step8.0005 A,
not change by more than 1 esd from the values of the secondp the residual bulk stres®.02 GPa. The calculations were

order fits. Therefore, we do not report them. ~ performed at simulated pressures of 0, 1, 2, 3, 4, 5, and 10
The only previous equations of state data from pressurizing gpg.

OIPs were derived from fitting across all phases observed At 0 GPa, the lattice parameters of tRemacell are about

in each Snpbased OIP until it amorphized.These fits yield 2.4% bigger in the DFT calculations than those reported at

values ofK, values comparable to that seen here, but very 11 K8 and the relaxed volume is correspondingly 7.4%
I " (fi 8,25 .

different values oK' (fixed at 4.0 for order 2}**e.g., for bigger, as is typical for such calculations. In addition to

g/IAISrEQ,, _K°1f51§'6(7)d'|5 _zlg'g(g) ggaf for d,\;%'slfﬁggl relaxations imposin@nmasymmetry, tests were performed
Nk, Ko = 11.5(7) andk’ =10.3(9) GPa; and for 8 in which the cell was relaxed iR1 in an attempt to detect

" N 7 o e
Ko N 3}0(7%&%__)' 41/1'1(10) legil Dlscontlny_ltlessz&age possible preferred distortions. Even at 10 GPa, a search for
_ﬁ?u're Ocl)r:] imi dmmrrsn n? b mmm.ran3|t|on .b missing symmetry suggested thBhma symmetry was

's, and the limited number of observations, may be One oainaq to a tolerance of better thanc110-4 A. Figure 2

17
reason for the large values kf reporteq for the SRIOIPS! shows the relaxed structures viewed down lkaxis at O
In an attempt to enter the orientationally ordefoima and 10 GPa on a common scale.

phase seen at low temperature and ambient pressures, or to The first coordination polyhedron around tBesite is the

discover new phases in which the cations might order, we : :
. . molecular anion, th8Xs octahedron. The molecular cation
pressurized samples to nominal pressures of 2.4 and 3.2 GPa

and then cooled them to 100 K, well below the temperature and the first coordination polyhedron around thaite are

. . : not identical, the former being smaller and less symmetric
at which thePnmaphase is entered at ambient pressure than theAX;, coordination volume, which is the underlyin
(148.35 K)&1°During these runs, the NaCl standard was not 12 ’ ying

. . : reason for disorder in these structures. Cell-volume contrac-
used in case an orientationally ordered phase was encoun:

tered, for which a structure refinement was required tion comes from three factors: shrinkage of the two
Howéver on cooling. the samole remainedrid at 2.4 (gPa " component ions and tilting of the octahedra, which consumes
and S|OV\;| amor h?,zed on cgolin at the hi her. ressure AX;2 volume. Figure 3 shows the relative importance of these
vy P g gher p  components in thPnmalattice. If shrinkage of the octahedra
As we did not encounter any new phase, we did not perform
runs on samples on cooling with a NaCl standard and we ‘<, © the only phenomenon at play, then the volume of the
P 9 . . BXs octahedra, unit cell andX;, would all fall on the same
turned to other methods to examine the behavior at low line. Shrinkage of the PbBroctahedron is appreciable
ter:pe_ratt;erels an_d elefvate(c)i press_ure.” Ordered Ph although tilting of these units is responsible for the majority
.att'%e gtaxlzitlont(? anl _I_r;]entan(?:a y or .eret i aslia of the volume reduction (Figure 3). The behavior of the
uscljng denil y Functiona gory. S no O”ﬁn ar'lon? y volume of the unit cell more closely follows the behavior of
?r ere tp ase t\;\'/ast enter(lam exp(ra]nmenta y’t td'ed OWESt'Axlg volume than that of th®&Xs volume, showing tilting
fem;z_era u;e, ambien p.[ﬁsj BTa? ast(_e Walstf‘ udie SE_? dominates (Figure 3). As the octahedron shrinks, it generally
ur|1c IIO T N pres?ure V\(/j' .enstlhy ucr,]ACsl'?'E?D éeﬁoryh( h ) becomes slightly more regular as defined both by variability
caiculations periormed using the : ~Ccouavnic of theB—X bond lengths, measured by quadratic elongation,
employs a plane wave basis set in conjunction with pseudo-

tentials. T imate the effects of elect h and more obviously by the angular variance of XieB—X
potentiais. 10 approximate the etiects ot electron exchange, a5 (Taple 2313 Although the MA cations are very
and correlation, we used the PBE generalized gradient

S . ) rigid, they are quite elongated in shape, which can readily
approximation (GGA) functiona For computational ef- be accommodated in the anisotropiX, sites created by

tilting BXs octahedra.
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(28) 5525@”’ M. D.; Lindan, P. J. D.; Probert, M. J.; Pickard, C. J.; Hasnip, Octahedron about one axis causes tilting in the opposite sense
5%3.7; C2:I7a£l§ S. J.; Payne, M. G. Phys.. Condens. Matt@002 14, of neighboring octahedra in the plane normal to the rotation
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Figure 2. Plots of thePnmalattice on a common scale derived from DFT
relaxation at 0 and 10 GPa. The methylammonium cations (N, blue; C
black; D, orange) can be seen in the interstices between thee/E’bBr

Swainson et al.

Table 2. Geometric Parameters from the DFT Calculations of the

PnmaPhasé
P BAV C—H C—N N-D Pb—Br
(GPa) Vv (AY QE (deg) (A (G A A
0 37.9297 1.0104 36.83 1.0949 1.4912 1.0470 3.069
1 36.2633 1.0102 3599 1.0948 1.4894 1.0468 3.023
2 35.3475 1.0079 28.00 1.0944 1.4872 1.0468 2.994
3 34.2626 1.0080 28.26 1.0937 1.4850 1.0465 2.963
4 33.7198 1.0064 22.65 1.0928 1.4839 1.0472 2.945
5 33.4521 1.0081 28.77 1.0924 1.4818 1.0467 2.955
10 30.5901 1.0054 20.02 1.0897 1.4735 1.0445 2.849

2V is the volume of &Xs octahedron, QE is the quadratic elongation,
and BAV is the bond angular variang&;3° the bond lengths of the
components are given in the right-hand columns.
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Figure 3. VIV, plots of the unit cell AX;2 and BXs volumes of the DFT-
relaxed Pnmallattice. The behavior of the normalized unit-cell volume
(triangles) is closer to that of the normalizé;, volume (squares),
determined by tilting of octahedra, than to the normalized volume of the
BXs octahedra (circles).

represents no tilting andd™ and c* represent different
magnitudes ofM;* tilting about the different axe¥ 27
Because the site symmetries of tAecations in 14mmm
Im3, andImmmare incompatible with ordered MA or FA
cations, the amorphization must also occur in the; &1iPs
before long-ranged orientational ordering of the amine
cationst’

ThePnmaphase observed at low-temperature corresponds
to the tilt systema*b~b~, in which there is a component of
m-phase tilting about one axis and where the symbol
represents a different magnitude of out-of-phase (described

octahedra. Increased tilting and shrinkage of the octahedra are apparentpy R4+) tilting about the other two axes. Figure 4 shows the

structure looking down thb-axis, about which the in-phase

(Figure 2). However, no sense of rotation is imposed on Mm;* component of tilt, the largest component of tilt, occurs.
octahedron bonded above and below, which are free to rotateThe smalleR,* tilts take place about 101> axes lying in

either in-phase or out-of-phade®* 3> This choice of tilting
is described by th®1;™ andR," representations of tHen3m

the plane. TheMst and R;* components of tilt, 0y, and
Yr., Were retrieved as a function of pressure using the

lattice and can occur about all three of the pseudo-cubic axesgeometrical analysis method of Thorffa&Figure 4). Al-
Tilts are often described using the Glazer symbols; e.g., thethough total tilting increases with pressure, it does so only

Im3 structure seen in MAPbBrand in several SplOIPs
under pressure is describedads™at, representing in-phase

by increase of the in-phase componey,, which is also
the style of tilting that dominates the phases observed at high

(M3™) tilting of equal magnitude about all three pseudocubic temperature.

axes. The additional crystalline phases reported in the Snl

OIPs prior to amorphizatidfare also in-phase tilt systems,
derived by action of different components of thds*
representation: I4imm &btb™ andlmmm ab*c*, where®

Conclusions

The diversity of structures seen upon cooling in the
organic-inorganic perovskites does not appear to be present
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Figure 4. Ms™ (squares) an®," (circles) tilt components as a function of pressure in the DFT-rel®@medalattice. Inset: Total tilting magnitudeb, as
defined by Thomag Total tilting increases with volume almost exclusively because of an increase Mstheomponent.

upon compression. MAPbBamorphized at relatively low  prior to the organic cations undergoing long-range orienta-
pressures, as was reported in the case of related Sn(ll) saltstional ordering. One open question for future research is the
In the latter study, the pressure medium of fluorinert froze effect amorphization has on the initially dynamic disorder
at ca. 1.5 GPa, whereas 2-propanol does not freeze in thisof the cations in the crystalline forms. THBm — Im3
pressure range. Therefore, deviatoric stresses due to théransition is the first observed in all studied OIPs, regardless
pressure medium are an unlikely trigger for the observed of the organic or inorganic sublattices. This strongly implies
pressure-induced amorphization in these OIPs at ambientthat the energy gain for orientational ordering is low and
temperature. In the OIPs studied to present, all amorphizethat volume reduction is the main driving force for transitions
of these compounds under pressure. All the phases observed
(31) Balic Zunit, T.; Vickovic, 1. J. Appl. Crystallogr.1996 29, 305~ under pressure in the OIPs studied to date are dominated by

306.. o o . . Ms™ tilt components.
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(33) ?:Tr?g';er, L. W.VOLCAL, Geophysical Laboratory, Carnegie Institute =~ CM0621601

of Washington: Washington, D.C., 1971.

(34) Glazer, A. M,Acta Crystallogr., Sect. B972 28, 3384-3392.
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