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Pressure-induced  structural changes of conducting halide perovskites ;NH3}6Nl;,
(CH3NH3) ¢ s(NH,CH=NH,)sSnk, and (NH,CH=NH,)Snk, have been investigated using synchrotron
x-ray powder diffraction. In contrast to low-temperature structural changes, no evidence of an increased
ordering of the organic cations was observed under pressure. Instead, increase in pressure results first in a
ReG;-type doubling of the primitive cubic unit cell, followed by a symmetry distortion, and a subsequent
amorphization above 4 GPa. This process is reversible and points towards a pressure-induced templating role
of the organic cation. Bulk compressions are continuat®ssthe phase boundaries. The compressibilities
identify these hybrids as the most compressible perovskite system ever reported. However, the Sn-1 bond
compressibility in (CHNH;3)Snl; shows a discontinuityithin the supercell phase. This is possibly due to an
electronic localization.
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INTRODUCTION the experimental setup are given elsewhér&ince the
samples are air sensitive and decompose in air within several
Hybrid perovskites are nanoscale composites of inorganibours, care was taken to minimize the exposure time during
and organic components in which the effective dimensionalthe sample loading, and a fully fluorinated polym@&m
ity of the inorganic framework can be controlled from zero to Fluorinert™ FC-75% was used as a pressure transmission
three dimensions, resulting in various magnetic, luminescenfluid. The pressure at the sample was measured by detecting
and conducting properti¢s: The ordering and hydrogen the shift in theR1 emission line of the included ruby chips.
bonding of the organic cations are known to change as dhe hydrostatic limit for Fluorinert is generally quoted to be
function of temperature, giving rise to various structuralaround 1.5 GP&**but others report its extended hydrosta-
phase transition$.® Knowledge of pressure-induced struc- ticity with only minor broadening of diffraction peaks ob-
tural and electronic transitions of the organic-inorganic hy-served above 4.7 GPAIn our experiments, no evidence of
brids is, however, scardeWe have initiated a systematic nonhydrostatic behavior or pressure anisotropy was detected,
study to explore the high-pressure behaviors of various hyand theR1 peaks from three to four included ruby chips
brid perovskites using monochromatic synchrotron x-rayremained strong and sharp with deviations less than
powder diffraction. Conducting t{il )-iodide-based 3D hy- *=0.1 GPa. The extended hydrostaticity of Fluorinert in our
brid cubic perovskites NI,F1.,)Snk (M=CHsNH; , F experiments may be related to the fact that these hybrid per-
= NHZCH:NHZ*), were chosen for the initial ovskites are softer than the glass that Fluorinert forms under
investigation$:® These structures consist of corner-sharingPressureisee next section Use of other nonoxidizing pres-
Snls octahedra and organic cations located atrsite  sure fluids such as petroleum etttiydrostatic up to 6 GPa
within the cubooctahedral cagéBig. 1). At room tempera- Of pentane-isopentane mixtuflydrostatic up to 7.4 GRa
ture, isotropic dynamic reorientations of the organic cationgnay well be considered in the future experiments. Structural
occur since the symmetry of the free organic cations does ndfodels of theM Snl; sample were refined using the Rietveld
match theO,, site symmetry of theA site in the cubic per- Mmethod® and the unit cell parameters of tie-containing
ovskite structure. Upon cooling, the structures distort and th€ompounds were determined by whole pattern fitting using
motions of the organic cations become more restrictedthe LeBail method?® Bulk moduli and pressure derivatives
Changes in the electrical resistivity with temperature werévere calculated by fitting the normalized volumes to a third-
reported concomitant with the increased ordering of the ororder Birch-Murnaghan equation of stafeand no con-

ganic catiorf*° straints or weights were used in the fit.
EXPERIMENTAL METHOD RESULTS AND DISCUSSION
Polycrystalline samples oMSnk, MgsFqsSnk, and The pressure-dependent changes of th&nl; powder

FSnl; were prepared by a precipitation method using approdiffraction patterns are shown in Fig. 1, and the changes of
priate hydroiodic acid solution mixtur&s.In situ high pres- its unit cell lengths are depicted in Fig[8ee Supplemental
sure synchrotron x-ray powder diffraction experiments wererig. 1 (Ref. 32 for M sFgsSnk andFSnk compounds In
performed using a diamond anvil cdlDAC) at the X7A  all cases, the ambient pressure primitive cubic unit cell trans-
beamline of the National Synchrotron Light Souf@é¢SLS)  forms to a body-centered cubic one, with supercell reflec-
at Brookhaven National Laborato(BNL). Details regarding tions appearing after 0.5 GPa. Further increase in pressure
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show any apparent discontinuities, suggesting the pressure-
induced phase transitions are second or higher diigr 2

and Supplemental Fig. (Ref. 32]. When the bulk moduli

and pressure derivatives are calculated over the entire pres-
sure range observed up to the amorphization, the resulting fit
to the normalized volume is withiar(V/V,) at each pressure
point, implying no mechanical discontinuity. The derived
overall bulk modulik3"*®" are 12.67), 8.07), and 11.57)

GPa forMSnk, FSnlk, and Mg sFqsSnk samples, respec-
tively. This demonstrates the highly compressible nature of
these hybrid halide compounds. In particuR&nl; is three
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creased framework stability upon substitution of the larger
formamidinium cation in thé\ site. During the volume con-

traction under pressure, no indications of an increased order
FIG. 1. Details of the changes in the synchrotron x-ray powderin the isotropic dynamic reorientations of the organic cations
diffraction patterns of (CkNH3)Snk as a function of pressure were detected. Instead, the organic cations simply act as tem-
(right). The inset shows perspective view of the unit cell of plates for the Sl octahedral frameworks under pressure.
(CHsNHjz) Snls. Similar effects have been observed in several clathrasils and

zeolites, where guest molecules or simple cations within
results in an orthorhombic distortion 8 Snl; after 2.2 GPa  pores are identified as rigid organizing centers for reversible
(Fig. 1). No mixed phase regions before or after the phasgressure-induced amorphization proces$e%- Since the
transitions were detected. In the casd-&nl;, the lowering  pressure-induced structural evolutions of these halide per-
from cubic to tetragonal symmetry begins near 1.9 GPa. Thevskites are distinct from the temperature-driven changes,
pressure evolution of the mixed cation samilg gF o sSnk, variations of resistivity and other properties as a function of
is somewhat different from those observed for the two endressure are also expected to be different.
members. The tetragonal distortion occurs as early as 0.8 Systematic absences and group-subgroup relationships
GPa and increases as the pressure increases up to 4.0 GPasliggest the following pressure-induced phase transition
all cases, anisotropic peak broadening is observed upon presequences: Pm3m-Im3-Immm for MSnlk,
sure increase, an_d_ above 4.0 GPa, apparently under sustai ngm—lmg—M/mmm for FSnk and Mg dFosSnk. In
hydrostatic conditions based on the sharp ruby pee_lks, greement with Aleksandrov's as well as Howard and
three samples become x-ray amorphous; only weak intensiygyes' classification@23 the lower pressure phase transi-
ties of the originalh00 reflections remain and a newly ong from primitive to body-centered cubic are observed as
formed broad background originating from the diffuse scat-,niinous second-order phase transitions. The driving force

tering appearsFig. 1). The phase transition and amorphiza- ¢, his transition is probably related to the relief of strain in

tion sequence is reversible. The pressure-volume data do NBle Sn-1 bond by displacing the iodine off thi&00) axis

rather than to a different ordering of the organic cations in
102 - the symmetrically inequivalem sites in the supercell phase.
;ngm In fact, the samé>m3m to Im3 transition under pressure is
observed in Re@), a perovskite framework without occupied

A site?* This demonstrates the “soft” nature of the organic
cations under pressure. The second pressure-induced phase
: transition, involving the symmetry reduction to orthorhombic
Immm or tetragonall4/mmm however, has not been pre-
dicted to occur at all. We argue that it is a consequence of the
interplay between the tilting and distortion of the §otta-
hedra as well as the increased templating effect of the or-
ganic cation, with the latter driving the reversible amorphiza-
tion at higher pressures.

Rietveld refinements were performed usimgsitu high
pressure x-ray diffraction data onNSnl; sample(Table 1,
Fig. 3. The disordered/ cations of theA site were modeled

FIG. 2. Pressure dependence of Breubic equivalent unit cell  USing spherical pseudoatoms with similar scattering factors
edge lengths oM Snl;. Closed(open symbols represent pressure on the ideal positions. In contrast to the continuous variation
increase(releasg The inset shows a fit of bulk modulus and pres- of the unit cell lengths and volum@ig. 2), Sn-I distances
sure derivative oV/V,. ESD’s are multiplied by 3 at each value. clearly show two distinct regions with different compress-
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TABLE I. Rietveld refinement results ofl Snk; as a function of  If the bond compressibilities are reversed in magnitude, tilt-
pressure. ESD’s are in parentheses. Fractignal coordinates for i(png should decrease with pressure. Bond compressibilities
dine atoms. Sn atoms are at 0,0,0 Pm3m phase and at g,=—(dl/dP)/ly, for Sn-1 andM-1 were calculated by fit-
0.25,0.25,0.25 inm 3 phaseM cations are modeled using Al atom ting the normalized Sn-I bond lengths and the idealized
at m3m, and atm3 and mmmsites inPm3m, andIim 3 phases, A-site-to-iodine distance oMSnk data to a linearlized

respectively.,R, (R,) andx? are in the range of 5.6-8.4%.2—  second-order Birch-Murnaghan equation of state using the
5.8%9 and 6.8-24.7, respectively. Analyses dhSnk and  pressure derivative determined from pressure-volumeZata.
MosFo.sSnk are underway. We find that the relationship between bond compressibilities
PressurdGPa space group Cell lengtih) Xy.z and octahedral tilting is indeed observedNiSnk; in the
' cubic aristotype region, the compressibilities of the Sn-1 and
0.41 Pm3m a=6.17911(6) 0,0,1/2 M-1 bonds are the same within one sigma, and the subse-
052 Pram a=6.16896(6) 0,0,1/2 quent decrease in the Sn-I compressibility and resulting
0.83 Im3 a=12.2716(1) 0,0.2386),0.26345) gA-?ZBB—O rle'ationsr]jip istﬁccom?at”ie" lbg(/ (Ff;‘ dg)paTrtr:*,re of
= _ n-1-Sn angle away from the aristotype g. 3. This
124 Im3 a=12.1668(2) 0,0.2198).0.27346) results in an increase of the @rdctahedral tilt that develops
1.66 Im3 a=12.0730(3) 0,0.2124),0.27665 i, hhase along the respective a%é&8 However, the onset of
2.23 Im3 a=11.9717(3) 0,0.2072),0.27835)  octahedral tilting, which corresponds to the supercell transi-
311 Immm a=11.853(1) tion near 0.8 GPa, was excluded in calculating the Sn-1 bond
b=11.803(1) compressibility in the cubic supercell region due to the rea-
c=12.062(1) son outlined abovéFig. 3). The deviation from cubic sym-

metry and the accompanying changes in the tilt system in the
higher pressure orthorhombic phase indicates changes in the
ibilities [Fig. 3 and Supplemental Fig. ®ef. 32]. Intrigu- g, ~ g, . relationship. However, we were not able to ex-
ingly, this change in the Sn-I bond compression ocedtsr  tract any reliable atomistic structural information of the
the supercell transition near 1.2 GPa and possibly involves grthorhombic phase due to the increased anisotropic broad-
minute increase in the Sn-1 distantef 60) upon pressure ening. The use of pair-distribution functions will be
increase from 0.8 to 1.2 GPa. On the other hand, theotentially important in probing such local structural
A-site-to-iodine distances shows continuous variations Wi”‘rearrangements.
sets of long-, intermediate- and short-distances from the 6  As mentioned aboves,, | shows two distinct compres-
site (0,1/2,0 developing upon the supercell transition sjon behaviors, and the bond compressibility below 0.8 GPa
[Supplemental Fig. 2Ref. 32]. O'Keeffe et al. has shown s apout three times larger than the one above that pressure
that the variation of octahedral tilt with pressure in ortho-(Fig_ 3. The increase in the Sn-1 bond length within the
rhombic perovskites depends on the strength of the two bongypercell region between 0.8 and 1.2 GPa and the subsequent
compressibilitieg3 .o andBg.o . ** If the A site is more com-  reduction in the bond compressibility may indicate a change
pressible Sa.0> Bg.o. the tilting should increase with pres- in the electronic structure of the Sn atom. This is in line with
sure and the structure will distort away from cubic symmetry.the recent observation of a phase transition sequence in
Fe,O; hematite where the isostructural electronic transition
Pressure (GPa) (possibly HS to L$is preempted by a crystallographic tran-

2 - = : 'jo _'}5 —~ > i = sition (low pressure rhombohedral to high pressure ph#se
:.;"'”‘ N~ i F The average Sn-1 bond length is known to be longer in semi-
_g“”‘ Bg 1 Y —_— 5n-l|3=0.00smopa" 1% conducting or insulating compounds than in metallic oifes.
E""”{%mm-o.ozsux;p."? 3 B 1°* After the transition to am3 structure, the symmetrically
g‘”’" : § MAIp=0028(1GPs" ] il allowed tilting and increased distortion of the Sokttahedra
5 096 3 9% increases the Sn-1 bond length that may result in restricting
E"’” T r T T et 093 the large dispersion of the Srsband along th€111) of the

wd % & T T T ] 120 cubic Brillouin zone, thereby reducing the metallic character.
B os ] ‘ : 1 In our system, a transition from itinerant to localized elec-
5 Se tronic state can be rationalized on the basis of the observed
B PN 1™ decrease in the-O compressibility above 0.8 GPa. Electri-
& ' D N 1 cal conductivity measurements under hydrostatic pressure
T L b \“"\\..‘..,__\’ 1'% are needed to confirm the proposed electronic transitions.
RO, DL . i o 155 The mechanism of pressure-induced tilting and distortion

00 0% B ('('fpa) 20 » - of the Sn} octahedra can also be inferred from the observed

anisotropic strain. A series of Williamson-Hall ptbanaly-

FIG. 3. Pressure dependence of the average Sn-1 ang€s of the diffraction peaks from thd Snl; data show a
A-site-to-iodine distances normalized to ambient pressure valuedifferent pressure dependence of the lattice strain along the
(uppe) and the variation of Sn-I-Sn angiewen. ESD’s are mul-  various crystallographic directior{&ig. 4). In particular, the
tiplied by 3 at each value. strain along(100) appears only after the supercell transition,
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3.0 (100 directions increase. The reduced compressibility of the
Sn-1 bond in the supercell region also gives rise to stabilizing
strain along(100), while the accompanying electronic tran-
sition in the Sn § band leads to a continuing increase in
stain, particularly along th€l11) direction.

In summary, we have shown that the 3D hybrid perovs-
kites in the tirill)-iodine system are among the most com-
pressible perovskites known. Unlike temperature-induced
structural changes, we found no evidence of pressure-
induced increased ordering of the dynamically disordered or-
ganic cations. The effect of th&-site organic cation on the
overall structural change seems to be negligible at low pres-

sures hence a Ra@ype phase transition fromRmM3m to a

Im3 structure is observed. With increasing pressure, the tem-

plating effect of the organic cation becomes more important

and eventually leads to the structural memory effect as ob-

served in the reversible amorphization. The minute increase

th the Sn-1 bond distance and subsequent decrease in the

bond compressibility observed within trhm?supercell re-
gion indicates a possible electronic localization.

whereas significant amounts of strain already exist in the
aristotype along the other directions. Throughout the super-
cell region, these strains increase further continuously while This work was supported by an LDRD from BNPres-

the one alond100) is constant. This anomalous behavior is sure in Nanoporgs The authors thank J. Hu and the Geo-
correlated with the evolution of the framework distortions physical Laboratory for the access to their ruby laser system
and bond compressibilities: as the symmetrically allowedat beamline X17C and Patrick Woodward and Joseph Hiriljac
tilting of the Snf octahedra increases in the cubic supercelffor useful discussions. Research carried out in part at the
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