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Abstract

Heat capacities of CHgNH3PbX4 (X = Cl,Br,I) were measured
between 13 and 300 K (365 K for the iodide). Two anomalies were
found both in the chloride and the iodide, and three in the
bromide. All the phase transitions were of the first order,
although the highest temperature transitions in the bromide and
the iodide were close to the second order. Their temperatures
and entropies are as follows,

CHgNHgPbClg: 171.5 K (14.6 J K lmol™1), 177.2 K (10.0 J K™ lno1™1)

CHgNHgPbBrg: 148.8 K (11.2 J K lmol™D), 154.0 K (4.1 J K lmo1™ 1),

236.3 K (8.2 J K™ lmol1™l)

CHgNHzPbIg: 161.4 K (19.0 J Klmo171), 330.4 k (8.7 J k™ Imo1™1)
The magnitudes of the transition entropies indicate that the
phase transitions are of the order-disorder type. They are
interpreted in terms of three possible statistical models involv-
ing the methylammonium ions disordered as to the orientation of
the C-N axis itself and around the C-N axis. Infrared line width
of the vy vibration of the methylammonium ion depended markedly
on temperature and was interpreted as caused by the hindered
rotational motion in the cubic and tetragonal phases.

Complex dielectric permittivities of CHgNH3PbXg (X =
Cl,Br,1) were measured at frequencies between 20 Hz and 1 MHz and
at temperatures between 20 and 300 K (15 and 350 K for the io-
dide). Discontinuities or a sharp bend of the real part of the
dielectric permittivity occurred at the phase transitions, except
at the tetragonal(l4/mcm)-cubic phase transition where the per-

mittivity showed no apparent change. The dielectric behavior in




the cubic and tetragonal(l4/mcm) phases are well described by a
modified Kirkwood-Frdhlich equation. Dielectric dispersions were
found in the orthorhombic phases of CH3NH3PbBr3 and CH3NH3Pb13 at
temperatures between 30 K and 120 K.

Pressure-temperature phase relations of CH3NH3PbX3 (X =
Cl,Br,I) crystals were studied by using a high pressure DTA appa-
ratus in the range between 0.1 and 200 MPa. A triple point was
found in each compound below 100 MPa. By pressurization, the low
pressure phases disappeared at the triple point in the chloride
and bromide while a new high-pressure phase appeared in the
iodide. The pressures and temperatures of the triple points are
75.1 MPa, 175.7 K for CH3NH3PbC13, 43.2 MPa, 152.9 K for
CH3NH3PbBr3, and 84.8 MPa, 176.2 K for CH3NH3PbI3. All the
boundaries between the cubic and tetragonal phases are upward
convex and that of the iodide has a maximum at about 120 MPa.
Other phase boundaries are essentially straight lines in the
measured pressure and temperature ranges. By the use of the
Clausius-Clapeyron equation, the transition volumes were calcu-
lated from the slopes of the phase boundaries and the transition
entropies obtained in the calorimetric experiment.

Heat capacity of CH3NH3SnBr3 was measured between 13 and 300
K. Four anomalies were found. Their temperatures and entropy
changes are : 46.0 K, 0.37 J Klwoi™! (H); 188.2 kK, 6.02
J K7 lmo1™l (F): 213.0 K (W) and 229.4 K., 18.98 J K-lmo1~! (p),
where H and F mean higher order and first order transitions, re-
spectively. The last entropy value is the sum of the entropies
of the two highest-temperature transitions. The transition en-

tropies indicate that the transition at 46.0 K is of the displa-
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cive type and those at 188.2 K and 229.4 K of the order-disorder
type. The total of the transition entropies is consistent with
the orientational disorder expected for a methylammonium ion in a
cubic environment. The electric properties changed from insulat-
ing to semiconducting at the 229.4 K transition where the conduc-
tivity increased by a factor of 104 as the transition temperature
was traversed from below. Thermal activation energy of 29.1
kJ mol™! was determined for the conductivity process in the high
temperature phase. A dielectric dispersion was found below 150 K
for frequencies between 20 Hz and 1 MHz. A Cole-Cole analysis of
the dielectric permittivities showed that the relaxation is
characterized by a strong deviation from a single Debye process.
Pressure-temperature phase relation was studied by high pressure
DTA at pressures between 0.1 and 160 MPa and at temperatures
between 90 and 300 K. The phase transition observed at 213 K in
the calorimetric study at 0.1 MPa was not detected. The phase
boundary between the cubic and the lower temperature phases is
essentially a straight line with negative slope in the observed
pressure range.

Two types of CHgNH3Snlg samples, CHgNH3SnIg(T) and
CH3NH3SnI3(G). were obtained. No structural difference between
the two samples was recognized at room temperature in the ob-
served X-ray powder diffraction patterns. Heat capacities were
measured for both samples between 13 and 300 K (350 K for
CH3NHgSnIg(T)).  For CHgqNH4Snlgq(T), five anomalies were found.
Their temperatures and entropy changes are 98.5 K, 2.4
J K lnol™1(F); 109.4 K(F) and 114.7 K, 6.7 J K lmot™1(F); 150.5
K(H) and 272.3 K, 12.9 J K lmol"1(F). The second and the last
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entropy values are the sum of the entropies of the two transi-
tions, respectively. For CH3gNH3SnIg(G), a glass transition was
found at 129 K. Comparison of the total entropies of the two
samples at sufficiently high temperature showed that
CHgNHqSnIg(G) lost most of the orientational entropy due to the
CH3NH3+ ion at the lowest temperature. The electrical conductiv-
ities of the two samples were the same (1 x 104 S m™!) at 300 X.

They differed markedly at lower temperature, though both of them
remained metallic and showed uneven temperature dependence at
about the same temperature regions. High pressure DTA study was
made on CHgNHgSnIg(T) at pressures between 0.1 Pa and 160 MPa.

The phase transitions observed at 115 K and 150 K in the calori-
metric measurement at 0.1 MPa were not detected. The phase
boundary between the cubic and the lower temperature phases is
essentially straight with positive slope in the observed pressure
range. In the low temperature range, p-T phase relation is
complicated with two triple points in a narrow pressure range.

Their locations are (~59 MPa, 99.4 K) and (98 MPa, 106 K). The
low and high pressure phases, which are separated by the phase
boundary connecting the two triple points, exist in a narrow
temperature range between the lowest and medium temperature

phases.
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Chapter 1
INTRODUCTION

1.1 Historical Background

Disorder in crystals has long fascinated many scientists.
Ordering of orientationally disordered molecules and ions is of
interest because it is a clear indication of the role played by
intermolecular forces in determining macroscopic properties of a
substance.

Orientational disorder arises when the polyatomic molecule
or ion has two or more possible and distinguishable orientations
available to them in the crystalline lattice. If a disordered
crystal is cooled down, the crystal is expected to undergo one or
more phase transitions and becomes ordered finally. The decrease
in entropy AS associated with the order-disorder-phase transi-
tion can be related to the molecular (or ionic) disorder by the

following relation,
AS = B In (K /H)). (1.1)

Here ¥, and ¥, are the numbers of accessible orientations in the
high and low temperature phases. This simple equation often pro-
vides important physical insight into the mechanism of the
order-disorder phase transition.

From the thermodynamic standpoint, the phase transition can
be classified according to their order (the Ehrenfest classifica-
tion). A transition is said to be of the n'th order when any

physical quantities corresponding to the n'th derivative of the




Gibbs free energy are .discontinuous at the phase transition. Inp
the present study, the phase transitions are divided into the
first order and higher order phase transitions as is widely done
rather than into the first and second ones. Discontinuous
change occurs in volume ( = (? 6/ P)p) or entropy ( =
-(06/d T)p) at a first order phase transition, while continuous
change occurs at a higher order phase transition.

There is another path that the disordered crystal passes
through on cooling. In some cases, orientationally disordered
crystal does not undergo a phase transition and retains a defi-
nite amount of entropy at 0 K. The ordering is the thermally
activated process.  When the disordered crystal is cooled,
reorientational motion of the molecules becomes slower with
decreasing temperature. If the motion is too slow to be observed
in the time scale of experiment, the crystal is in a glassy
state. This means that the orientational freedom of the mole-
cules (or ions) has been frozen in the crystal at some tempera-
ture (the glass transition temperature) where the entropy and
other thermodynamic properties of the crystal start to deviate
from its equilibrium values. The crystal then possesses a finite
amount of entropy at 0 K (residual entropy). On heating, en-
thalpy relaxation from the nonequilibrium state to the equilibri-
um state in the crystal begins to be observed at the temperature
where the relaxation time is comparable to the experimental time
scale.

Methylammonium ion CH3NH3+ (abbreviated as MA ion hereafter)
can have two types of orientational disorder in the crystal: One

is the orientation of the C-N axis relative to the crystal axes




(type A) and the other related to the rotation around the C-N
axis (type B). The MA ion is often orientationally disordered to
satisfy the site symmetry in the crystal. The corresponding
entropy is expected to decrease on cooling through one or moré
phase transitions. A number of crystals containing MA ion are
known to undergo phase transitions. A list of such compounds is
shown in Table 1-1. Phase transitions involving the A type of
disorder are found in MAX (X=Br,I) [I1,2], MAC104 [3,4], MANO,
[5], (MA),80, [6] and (MA) 5 [TeXgl (X=CI,Br,1) [7,8]. Those
involving the B type of disorder are found in MAX (X=CI,Br,I)
[9,101], (MA)Z[SnClel [11] and (MA)ZETexs] (X=C1,Br, 1) [7,8].
Recently, the ordering process around the C-N axis was confirmed
in MAT [12] and (MA)9[SnClg] [13] by neutron diffraction experi-
ments. A glass transition has not been found for MA compounds.

It is to be noted that many crystals formed by MA ion have
cubic symmetry in the highest temperature phase even though the
cation is polar and has the symmetry of Cgy, 2t the most . Figure
1-1 shows the ideal (cubic) perovskite structure. The MA ion is
located at the center of the regular cube and is surrounded by 12
X and 8 B. In contrast to ABOg-type oxides and ABFq-type fluo-
rides, only a limited number of ABXs-type chlorides, bromides and
iodides crystallize in the perovskite structure.

As is shown in Table 1-1, all of the three MAPbX4 compounds
undergo phase transitions. Transition temperatures and struc-
tures were determined by dielectric and X-ray diffraction studies
[14]. For MASnBrq, phase transitions were found at 189 K, 214 K
and 233 K by NQR and DTA studies [15]. For MASnlg, a phase

transition was found at 273 K by DTA experiments [16]. However.




Table 1-1
typical MA compounds.

MA*X"(NaCl or CsC1l type)

P4/nmm (a)

MAC 1 220 281
0? 1
MAB r ? (8) 280 P4/nmm(a)385P4/nmm (a)
Pbma (&) 197
MA I ? (B) 930 P4/nmm (a’) 415Pm3m(e)
Pbma (§) 188
? ?
MASCN : 2429 :
? ?
MABF. i 250 :
MAC10. P2./n 321 tetragonal 451 PmS3m
? ?
MAN Os : 945—LCmMn 44, :
(MA*)2X?" (anti-fluorite type)
MASnC 1, R3 154 R3m
MASDB ro—~ B3 148 R3m
3 ? ?
MATeCle—t73-230 ;44 155 22g-L23 459 fm3m
? ? ?
MATeBre 129 184———9gg—Fm3m
? ?
MATels —868——118 Fm3m
MAPtC1,—B3) ;195 RE3m
MA*A2*(X")s (perovskite type)
MAPDBC 1, P222, 173P4/mmm179 Pm3m
MAPbBrS_Pn_a.21145P4/mmm15514/mcm 237 Pm3m
MAPD I, Pna2, 182 14/mcm 327Prr13m
? ? ?
MASNB rs ‘ 189 ——014-2933—£m3m_
o
MASnIs : g7g-tm3m

? (8)

? (r)

Structures and transition temperatures of some

1,2

3. 4,5

3,6,7.8

10

11,12

13

14,15, 16

14,15

17,18

19,20

19,20

14, 15, 16

21

21

21

22

23
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Fig. 1-1 Cubijc perovskite structure of ABX3.
A: shaded large circle, B: filled small circle,
X! empty large circle,.

CHgNH3* replaces A in CH3NH4BXs.




absence of quadrupole splitting at 85 K in Mossbauer spectroscopy
[17] suggested another possibility that the crystal retains the
cubic symmetry down to 85 K. C(rystal structures of the low
temperature phases of the Sn compounds are not known. By analogy
with the other MA compounds, these phase transitions are likely
to be due to the orientational ordering of the MA ion. These
five compounds were chosen in the present study. The compound
MASnClg is not known to exist.

Phase behavior at high pressures is another aspect of inter-
est of these compounds. It has been known for ammonium halides
NH4X (X = CI,Br,I) that a systematic relation holds for the
stability of different phases as a function of the anionic size
and pressure; the increase in pressure is equivalent to the
decrease in ionic size of the halogen (NH4C1 under atmospheric
pressure corresponds to NH,Br under pressure ete) [18]. Closely
related phase sequence of MAPbX3 at atmospheric pressure [14]
suggests that such a systematic relation may also hold in MAPbXs.

Halogen perovskites containing tin are also interesting for
their electric properties. The black crystal CsSnBr3 has the
cubic perovskite structure at room temperature and behaves as a
metallic conductor over a wide range of temperature (19, 20].
CsSnI3 crystallizes in the‘orthorhombic structure (distorted
perovskite) and shows semiconducting behavior [20]. A drastic
change in conductivity from semiconducting to metallic occurs at
the orthorhombic-(slightly distorted) tetragonal phase transition
at 425 K [16,20], where the color changes from green to black.
High conductivity and metallic luster of these compounds appear

to originate in their cubic (or slightly distorted tetragonal)




structure. (an exception is CsSnClg which is cubic, of pale
color and nonconducting at T > 360 K [22].) In contrast, the
known monoclinic or orthorhombic crystal modifications of these
trihalides are nonconducting.

High conductivity and interesting electrical property are
also expected for the MA analogues. Electrical properties of
these compounds have already been studied by dc conductivity
measurement. The dark-red MASnBrg crystal exhibits semiconduct-
ing behavior in the room temperature phase [17]. The crystal
becomes non-conducting at the 233 K phase transition and is an
insulator below that temperature [23]. Black crystals MASnlg is
a metallic conductor at room temperature [17]. No significant

change in conductivity was found at low temperatures down to 100

K [20].

1.2 The Aim of the Present Study

The aim of the present study is to investigate how orienta-
tional ordering of the MA ion proceeds at low temperatures. To
clarify the mechanism of the phase transitions and molecular
motions of the MA ion, experimental investigation was carried out
by use of the following techniques; adiabatic calorimetry, infra-
red absorption spectroscopy, dielectric permittivity measurement,
and powder X-ray diffraction. Adiabatic calorimetry gives the
transition entropies which are very important for clarification
of the mechanism of the phase transition. The calorimetric meas-
urement detects the isothermal heat absorption at the phase
transition which characterizes the first order nature of the

phase transitions. High sensitivity and long ternm stability of




the temperature measurement enable determination of the heat
capacity to be made in close vicinity of phase transition points
on one hand and slow heat evolution around a glass transition on
the other. The complex dielectric permittivity was measured for
MAPbX4 and MASnBrg to investigate the molecular motion of the MA
ion. Infrared spectroscopic data gave important information
about the molecular motion on the basis of the symmetry of the MA
ion and its site in the crystal. Powder X-ray diffraction meas-
urement was carried out for MASnI3 to identify the two samples
which were accidentally obtained (see Chapter 5).

High pressure DTA was carried out to investigate the phase
transition as functions of temperature and pressure, and to
examine whether or not a systematic relation described above
exists in the present series of compounds. The pressure depend-
ence of the phase transition temperature is a useful piece of
information for discussion of the mechanism of the phase transi-
tion.

AC conductivity was measured for MASnBr3 to examine the
electrical property more precisely. For MASnI3, dc conductivity
measurement was extended to lower temperatures based on the new
information that the two types of samples exist. On the basis of
the results of the other experiments in this work, how the orjen-
tational ordering affects the electrical property was investigat-
ed.

In this thesis, experimental details are described in Chap-
ter 2. The results and discussion are described for MAPbXq X =
Cl,Br,I) in Chapter 3 and MASnXg (X = Br,I) in Chapters 4 and 5.

Since the behavior of the Sn compounds was rather different, they




are described separately in two chapters; MASnBr3 in Chapter 4

and MASnI3 in Chapter 5. In the last Chapter 6, general discus-

sion and conclusion are given.
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Chapter 2
EXPERIMENTAL

2.1 Samples

MAPbX3 (X = Cl,Br,1) crystals were prepared by drop-by-drop
addition of aqueous solution of Pb(CH3C0y)9 to an excess quantity
of hot aqueous solution of MAX (X = CI,Br,I)[1] and slow cooling
to about 5 *C. For MAPblg, the temperature was kept above 40 °(
because otherwise yellow crystals of the composition
(MA) 4Pblg-2Hy0 formed [2]. The cube-shaped crystals of 1-2 mm in
the edge were obtained. They were colorless (chloride), orange
(bromide) and black (iodide).

MASnBrg crystals were prepared by drop-by-drop addition of
anhydrous ethanol solution of CHgNH4Br to a boiling ethanol solu-
tion of SnBry and slow cooling of the mixture in an atmosphere of
dry No [3].. SnBry was purified by sublimation in an evacuated
glass tube. CHgqNHgBr was recrystallized from ethanol. Cube-
shaped dark red crystals of 1-2 mm in the edge were obtained.

MASnlg crystals were prepared by solid state reaction [4].
Snl, was purified by sublimation in an evacuated glass tube..
CHsNHgI was recrystallized from ethanol. Stoichiometric amounts
of finely powdered Snly and CHgNHgI crystals were mixed and
ground together in a mortar in an atmosphere of dry N, and then
kept at 170 *C for 3 days in a glass tube filled with He gas.
Black powder crystals with metallic luster were obtained. The
material thus prepared was sensitive to unidentified small change

of the reaction condition, and two types of samples were acciden-

13




tally obtained. One showed a phase transition at 272 K, and the
other a glass transition (see Chapter 5). They are designated as
MASnIg(T) and MASnIg(G) hereafter. In most cases, MASnI4(T) was
obtained. At present, specific conditions for preparation of the
different modifications have not been identified.

Elemental analysis gave the following results.

MAPbClg: C 3.58 %(calc. 3.48 %), H 1.82 %(1.75 %),
N 4.09 %(4.05 %), Pb 59.56 %(59.95 %),
Cl 30.87 %(30.77%);

MAPbBrg: C 2.50 %(2.51%), H 1.35 %(1.26 %), N 2.92 %(2.92 %),
Pb 43.20 %(43.26 %), Br 50.08 %(50.05 %)

MAPbIg: C 1.90 %(1.94 %), H 0.98 %(0.98 %), N 2.29 %(2.26 %),
Pb 33.37 %(33.42 %), | not analyzed:

MASBrg: C 3.13 %(3.08 %), H 1.61 ¥(1.55 %), N 3.53 %(3.59 %),
Sn 30.0 %(30.4 %), Br 61.1 %(61.4 %)

MASnIg: not analyzed.

MASnClg: the compound is not known.

For the complex permittivity and conductivity measurements,
powdered crystals were pressed to form a disk, 13 mm in diameter
and about 1 mm in thickness. For MAPbI3 and MASnXg (X = Br,1I),
the disks were prepared in an atmosphere of dry Ny to prevent the
decomposifion. The disk was annealed at 380 K for 2~3 hours to
remove the effect of the pressure applied. Gold was vapor-

deposited to the circular surfaces of the disk as electrodes.

2.2 Heat Capacity
The heat capacity was measured for MAPbX3 (X = Cl,Br,I) and

MASnX3 (X = Br,I). In adiabatic calorimetry, the average heat




capacity C of the cell and sample is given by
¢ = AFE/ AT, (2.1)

where AF is the supplied energy and AT is the temperature in-
crease. The molar heat capacity of the sample Cp is calculated

from ¢ using the following equation,

¢,=((-°¢

p cell ~ (,‘He) / n, ' (2.2)

where ( is the heat capacity of the sample cell, CHe the heat

cell
capacity of the helium gas enclosed in the cell with the sample,
and n the amount of the sample. (.| was measured in a separate
experiment and expressed as a polynomial function of temperature.
(je was calculated using the ideal gas heat capacity and the
amount of He gas enclosed in the cell.

The heat capacities were measured with a compuferized adia-
batic calorimeter which operated in the discontinuous heating
mode [5,6]. In this mode of operation, the sequence of heat ca-
pacity measurement is composed of two alternating periods. One
is the rating period during which the calorimetric temperature is
measured as a function of time. In this period, attainment of
thermal equilibrium in the sample is confirmed by measuring the
sample temperature for a certain (typically 600~1200 s) length
of time. The other is the energy input period during which a
definite amount of electrical energy is supplied to the sample.
It is assumed (and the apparatus is so constructed) that all the
supplied energy is used to raise the temperature of the sample
and cell under an adiabatic condition.

The sample cell was suspended in the double (inner and out-
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er) adiabatic shields. The temperature of the inner shield was
controlled to follow that of the sample cell as closely as possi-
ble. The temperature of the outer shield was regulated so as to
provide an environment in which the inner one functioned properly
(usually it was kept at a temperature 0.5~1 K lower than the
inner one). They were suspended in the double vacuum cans. The
spaces within the cans were evacuated to about 1074 Pa by the use
of a rotary pump and an oil diffusion pump.

A platinum resistance thermometer (100 Q at 273 K, the Min-
co Products, USA) calibrated on the temperature scale IPTS-68 was
used for the temperature measurement. An automatic AC resistance
bridge (Mode! A7 and a later Model F17, Automatic System Labora-
tory Ltd, England) was used to measure the thermometer resist-
ance.

The current through the cell heater and the potential dif-
ference across it were measured with a digital multimeter (Model
TR 6875, Takeda Riken Co. Ltd., Japan). The measurements of the
temperature and the Joule energy, and the calculation of the mo-
lar heat capacity of the sample were performed by a personal com-
puter (Mode! MZ 80B, Sharp Corp., Japan). Temperatures down to
12 K could be obtained by standard cryogenic techniques using
liquefied Hé and No. The temperature interval of the measurement
was about 1 K below 60 K and about 2 K above it for usual heat
capacity measurement. In the vicinity of phase transition tem-
peratures, the temperature increment was reduced to 0.1 K in or-
der to avoid the imprecision due to averaging the heat capacity
in a large temperature interval. The precision of heat capacity

measurement is within 0.1 % and 0.2 % below and above 20 K.
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Two sample cells were made of gold plated copper. Their
mass and inner volume were about 14 g and 4.5 cn3.  Helium heat
exchange gas of about 10° Pa at the ambient temperature was
sealed in the cell together with the sample.

The temperature range and the mass of the calorimetric sam-
ple of the measurement were as follows:

MAPbClg: 13-300 K, 6.0483 g (0.017500 mol),
.8810 g (0.018541 mol),
.3384 g (0.015062 mol),
.1639 g (0.018346 mol),
. 0696 g (0.017065 mol),

.2352 g (0.013614 mol).

MAPbBrg:  13-300 K,
MAPbIg ;  13-365 K
MASnBrg:  12-300 K,
K
K

MASnI4(G); 12-300
MASnI4(T); 13-350

-~ W 3 w o

2.3 Infrared Absorption

The infrared absorption of MAPbXg (X = Cl,Br,I) was measured
with a JASCO spectrometer Model DS-402G. The spectral slit width
was 1 cn”! at 1000 cn”l. The low temperature spectra were ob-
tained with a variable temperature cell using flow of cold nitro-
gen gas. The sample temperature was detected with a Chromel-
Constantan thermocouple embedded in one of the KBr (KC! for
MAPbCl3) plates between which the sample was sandwiched and was

kept within + 0.2 K of the intended temperatures.

2.4 Dielectric Permittivity and AC Conductivity

The complex dielectric permittivity and ac conductivity of
the sample were measured for MAPbXg (X = Cl,Br,I) and MASnBrg.
They were determined by measuring the electric capacitance and

the dissipation factor. The real and imaginary parts of the di-
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electric permittivity ¢’ and €” , and the ac conductivity Cac

were determined by using the relations,

e’ = (C - CO - C'f)/C'v, (2.3)
e” = ¢’ D, (2. 4)
(J'V = Sos/t. (2. 5)
OCae = @WE" £y, (2.86)

where ( is the capacitance with the sample in the cell, (; the
capacitance due to the fringe effect, D the dissipation factor,
e the dielectric constant of the vacuum (= 8.854 pF n 1), d the
thickness of the sample, § the area of the electrodes, ® the
angular frequency (= 2z f). In this measurement, the stray ca-
pacitance (j was neglected since it was very small as compared
with ¢ itself. The vacuum capacitance (y was calculated from the
geometry of the electrodes.

The measurement was carried out by means of a doubly jacket-
ed low temperature cryostat [7] and a precision LCR meter (Hew-
lett Packard 4284A). A sample disk was placed on the sample
stage. A platinum-cobalt alloy resistance thermometer and a
heating wire for the temperature control were fixed to the sample
stage. It was surrounded by a temperature-controlled shield and
further by a vacuum can. The temperature was controlled with the
thermometer and a potentiometer. The off-balance signal from the
potentiometer was amplified and fed back to the heater. The ac-
curacy of the temperature measurement below and above 40 K was
t+ 0.3 K and + 0.2 K, respectively. Liquid Hy (He for MAPblg) and
N, were used as the coolant for the measurement below and above

90 K. The temperature regions of the measurements were 20-300 K




for MAPbCl3. MAPbBr3 and MASnBr3 and 15-350 K for MAPbI3.

2.5 DC Conductivity

The dc conductivity was measured for MASnlg. The conductiv-
ity o0 of a sample is given by

I 1

O4c ° ?7. (2.7)
where [ is the current, V the voltage, S and / the cross section-
al area and the length of the sample. In the present study, a
four-probe method was used because the contact resistance was
high. Figure 2-1 shows schematically the arrangement of the
probes and the sample. Four probes contact a flat surface of the
sample material in a row with uniform distance s. The outer two
probes (1 and 4) supply a constant current and the inner two (2

and 3) measure the voltage drop across a portion of the sample.

The dc conductivity Ode for a sample is given by

040 = I /10, (2.8)

where V is the potential difference, [/ the constant current and ¢
the correction factor. The factor ( is a constant based on the
geometry of the sample and probes and varies on a/s for a circu-
lar thin plate sample of diameter a and thickness t (C = mt/In2
for sufficiently large and thin sample) [8].

Figure 2-2 shows a sketch of the sample stage. The probes A
are U-shaped platinum wires of 0.5 mm diameter. Each of them was
soldered to an edge of a thin plate B made of phosphor bronze as

shown in the inset. The plates were then fixed on an electric-
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Fig. 2-1 Schematic drawing of the four-probe measurement

of electric conductivity.
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Fig. 2-2 Sectional drawing of the sample stage.

() :
(C):
(D):
(F):
(H) :

probe, (B): phosphor-bronze plate,
electric insulating plate,

copper lead wire, (E): sample disk,
electric insulating plate, (G): nuts,

teflon wire.
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insulating plate C and therein connected to a copper lead wire D
by soldering. The sample disk E was placed on another insulating
plate F. To obtain good contacts between the probes and the sam-
ple surface, the probes were pressed onto the sample by making
use of the spring action of the phosphor bronze plates B, which
were bent by adjusting the height of the plate C with nuts G.
The distances between the neighboring probes were 3 mm. The tef-
lon wire H fixed the positions of the sample disk and the probe.

The sample stage was screwed to a plate in the sample room.
The rhodium-iron alloy resistance thermometer and a heating wire
for the temperature control were fixed to the plate. The sample
stage and the thermostatted plate were surrounded by a tempera-
ture-controlled shield and further by double vacuum cans. The
resistance of the thermometer was measured potentiometrically.
The output signal of the zero detector of the potentiometer was
used to control the sample temperature through a negative feed-
back circuit. Liquid He and Ny were used as the coolant below
and above 100 K. The details of the cryostat will be reported
later [9]. Stability of the temperature control was typically
+ 30 mK, and its accuracy t 0.1 K.

A constant current was supplied by a current source (Type
9555, Yokogawa, Japan) and the potential difference was measured
by a digital nmultimeter (Mode! 196, KEITHLEY Instruments, Inc,
Usa). The potential differences were measured at several dif-
ferent values of electric current. To avoid the thermal and
stray electromotive forces, the potential difference was measured
for the normal and reverse polarities at each value of the elec-

tric current and the average of their absolute values was taken.
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Figure 2-3 shows typical [/-V characteristics observed at 130 K
for MASnIg(G). The data gave a straight line passing through the
origin, indicating ohmic behavior of the sanmple. It also indi-
cates that the self heating of the sample was insignificant. The
slope of the line gave the resistance of the sample. The value
dV/dl determined by the least-squares method was 11.02 + 0.03

nQ. Temperature ranges of the measurements were 7-305 K.

2.6 High Pressure DTA

The high pressure DTA experiments were performed for all the
samples in the present study with a home-made apparatus described
elsewhere [10]. Its essential part is a metal block made of cop-
per-beryllium alloy. Two wells are drilled symmetrically in the
block, one being for sample and the other for reference material.
Temperature différence between the two wells and the temperature
of the reference material were measured by copper-constantan
thermocouples encapsulated in stainless-steel sheaths and are
recorded on a strip chart as a function of time. The AT signal
was amplified with an Okura AM 1001 microvolt amplifier or a
Guildline photocoupled nanovolt amplifier (model 9460A) before
being recorded. The apparatus works in the temperature range
between 90 and 400 K.

Hydrostatic pressure was applied to the sample crystals us-
ing helium gas as a pressure transmitting medium (nitrogen gas
was also used for MASnBr3). Pressure range of the measurement
wés between 0.1 MPa (atmospheric pressure) and 200 MPa. The ap-
plied pressure was not regulated but the pressure change experi-

enced by the sample during traverse of any phase transitions was
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Fig. 2-3 Typical /-V characteristics observed at 130 X
for CH3NH4Sn14(G).
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within 0.1 MPa. The DTA curve at each pressure was usually taken
in the order of decreasing pressure from the maximum pressure
measured. DTA runs were performed several times for each of the
samples. The peaks were reproduced well on repeated pressuriza-
tion except for MASnlg (see below). The heating rate was 1.0-2.0
K min! and was kept as nearly constant as possible for the meas-
urement of the same phase transition at different pressures. All
the phase transitions observed in the present study were of the
first order, and so the transition temperatures were determined
as the intersections of the extrapolation of the rising part of
the peaks and the base lines. The transition temperatures deter-
mined at 0.1 MPa (atmospheric pressure) agreed closely with those
determined by the heat capacity measurement.

Two sample containers were used. One was a stainless steel
cylinder that fitted closely in the hole of the DTA block. Its
top was open and the bottom had a reentrant well which accepted
the thermocouple junction. This cell was used for MAPbX4 (X =
Cl,Br,I). The other was of a similar structure but had a plug at
the upper end, as shown in Fig. 2-4. Its outer tube of 5.6 mm
outside diameter and 23 mm length, and bottom plate were made of
stainless steel and the reentrant inner tube is made of copper.
The plug was made of stainless steel and had holes for the pres-
sure medium to pass through. [t was screwed on the outer tube.
Fibrous teflon was packed tightly over the sample. This sample
cell was embedded in the block symmetrically with respect to the
reference(empty) cell and a thermocouple junction was adjusted in
height to the middle of the inner tube. With this cell, high

base-line stability was obtained as well as with the previous
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Fig. 2-4 Schematic drawing of the DTA sample cell.
(A): perforated plug, (B): fibrous teflon,
(C): stainless-steel cell, (D): sample,

(E): re-entrant well of copper.
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cell. This cell was used for MASnXg (X = Br,I). The mass of the
samples was 0.4-0.7 g.

All of the three MAPbXg (X = Cl,Br,I) crystals had triple
points in the p-T range examined (see Section 5 in Chapter 3).
The measurements were carried out with low heating rate (0.3-1.0
K min~!) to determine the pressures and the temperatures of the
phase transitions as precisely as possible.

For MASnlg, the two peaks observed at 0.1 MPa in the low
temperature range were originally very small. The pressure de-
pendent behavior was complicated and broadening of the peaks oc-
curred on repeated pressurization. Transition temperatures were
determined as that of the peaks because of the difficulty to dis-
tinguish the rising point of the peaks, even though they are of

the first order phase transitions.

2.7 Powder X-ray Diffraction

Powder X-ray diffraction of MAPblg, MASnIg(T) and MASnIq(G)
was recorded with a Rigaku RAD-ROC system using Ka radiation.
The 260 range of the measurement was between 10 and 90 °. The
low temperature patterns were obtained with a variable tempera-
ture stage (RIGAKU 2351 Bl) using liquid No as the coolant. The
sample temperature was measured with a copper-constantan thermo-

couple which was soldered to the sample stage.
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Chapter 3

3.1 Introduction

MAPbXq (X=Cl,Br,1) have the cubic perovskite structure [1].
All of the three compounds undergo phase transitions [2,3].
Temperature dependent structures determined by Poglitsch and

Weber are as follows [2],

MAPbCl3 orthorhombic | tetragonal || cubic
172. 9 K 178. 8 K
MAPbBr3 orthorhombic || —— tetragonal || tetragonal | cubic
~145 K 165.1 K 236. 9 K
MAPbl3 orthorhombic 1|1 tetragonal | cubic
162. 2 K 327. 4 K

It is to be noted that the bromide has two tetragonal phases.
One of them corresponds to the tetragonal phase of the chloride
and the other to that of the iodide. According to Poglitsch and
Weber, the space groups are as follows [2];

cubic : Pm3nm,

tetragonal [ : I4/mcm.

tetragonal Il : P4/mnnm,

orthorhombic I @ P222,,

orthorhombic II ! Pna2;
They suggested eight equivalent orientations for an MA ion lying
along the body diagonals of the lattice as a model of disorder to

satisfy the cubic symmetry. The MA ions are disordered also in
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the tetragonal phase and become ordered in the orthorhombic
phase. They further suggested that the eight-fold disorder might
be preserved in the tetragonal I phase. Moreover, they deduced
that the C-N axis of the MA ion in the orthorhombic phase has
head-to-tail disorder in the chloride whereas it is ordered in
the bromide and the iodide. They expected that the dielectric
property should reveal a dynamic process in which the orientation
of MA ions changes, and carried out the dielectric measurement at
temperatures between 100 and 300 K and at frequencies between 50
and 150 GHz. A discontinuity in the dielectric constant was
found at the orthorhombic-tetragonal phase transition for all
three substances. Above the transition temperatures, the real
part ¢’ of the dielectric constant increased monotonically with
temperature. No significant change was found at the
tetragonal I-cubic transition in the bromide. The dielectric
behavior at and above the transition temperature in the iodide
was not studied because of the higher transition temperature. A
picosecond relaxation due to the dynamic disorder of the reorien-
tating MA ion was found in the high temperature phases (cubic and
tetragonal I). However, the dielectric behavior of the tetrago-
nal [l phase was not clear in their measurement because of its
narrow temperature range. The comparatively large values
(18~30) of &’ at 100 K suggest that one should expect a further
temperature dependence of ¢’ below 100 K.

Molecular motion of the MA ion was also investigated by ly,
2§ and 14N NMR [3-6]. In the cubic and tetragonal I phases, the
MA ion undergoes extremely rapid overall reorientation [3-6].

The reorientation of the C-N axis approaches to the rapidity
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calculated for the free ion [4]. In the lower temperature phases
(tetragonal I, orthorhombic I and II), the reorientation of the
C-N axis seems to be frozen but that around the C-N axis persists
(4]. A precessional motion of the C-N axis was suggested in the
tetragonal Il phase [5,6].

In this chapter, the results of infrared absorption spec-
troscopy (Section 2), adiabatic calorimetry (Section 3), dielec-
tric measurement (Section 4) and high pressure DTA (Section 5)
are reported, and they are discussed in relation to the phase
transition and the molecular motion.

The heat capacities were measured with an adiabatic calorim-
eter to clarify the nature and the mechanism of the phase transi-
tion from thermodynamic point of view. Presice temperatures,
enthalpies and entropies of transition were determined. The
temperature dependence of the transition entropy revealed the
nature of the phase transition. The entropy values are inter-
preted with the structure models of reorientating MA ions.

Temperature variations of the infrared spectra were measured
to investigate the molecular motions of MA ions. Temperature
dependence of the infrared line width of the Vviy vibration
(rocking mode) of the MA ion was interpreted as caused by the
rotational motion in the cubic and tetragonal I phases. It
turned out to be informative in providing additional evidence for
rapid rotation of the MA ion in MAPbXq crystals.

The complex permittivity measurement was extended to lower
frequencies (20 Hz-1 MHz) and lower temperatures (~20 K) as
required and expected described above. Temperature and frequency

dependent dielectric behavior in each phase was investigated in

31




detail. The results were compared with the structure models
suggested by the heat capacity measurement.

A high pressure DTA measurement was carried out at pressures
between 0.1 and 200 MPa to investigate the pressure-temperature
phase relations. Complicated p-T phase diagrams containing tri-
ple points, a new high-pressure phase, and a convex phase bound-
ary with a maximum were determined. By wusing the Clausius-
Clapeyron equation, the transition volumes were calculated from
the slopes of the phase boundaries and the transition entropies

obtained in the heat capacity measurement.

3.2 Infrared Absorption
3.2.1 Temperature Dependence of the Infrared Spectra

Internal vibrations of an MA ion are classified into 41, 4y
and F species according to the (3, symmetry of the molecular ion.
Fundamental vibrations were assigned by comparison with the
well-documented spectra of the MA ion in other compounds [7,8].
The assignment is given in Table 3-1. These frequencies were
used in the calculation of the vibrational heat capacity de-
scribed below (in Section 3.2).

Some of the spectra were strongly dependent on the tempera-
ture in its line shape. Figure 3-1 shows the temperature varia-
tions of the vy (C-N stretching, ~980 cn™l)  and the Y19
spectra (rocking, ~910 cml) of the MA ion in MAPbClg, MAPbBrg
and MAPblg. The arrows in the figures indicate their respective
transition temperatures. For the three compounds, the V19 spec-
tra were very broad at room temperature and narrowed as the tem-

perature was reduced. For MAPbCl3. no obvious change of the Y12
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Table 3-1 Vibrational frequencies of the CH3NH3+ ion (MA ion)
in CH3NH3PbX3 (X=CI,BI",I).

Mode Symmetry “obs /e’
CH3NH3PbC14 CH3NH3PbBrg CH3NH3PbI3

vy Aq 2993 3035 3012
Vo Aq 2917 2926 2924
) Aq 1500 1500 1486
vy Aq 1420 1408 1406
Vg Aq 978 966 961
Vg A2 internal rotat{on. see text.

& E 3080 3085 3098
Vg E 2963. 2967 2963
Vg E 1588 1584 1578
V10 E 1485 1449 1460
Vi1 E 1250 1252 1240
Via E 922 918 907
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Fig. 3-1 Temperature variation of the infrared spectra in
the region of the wg (C-N stretching, ~980 cn” )
and the vy (rocking, ~910 cn™l) of the CH3NH3+
ion in CHqNHgPbXg (X = Cl,Br,I). Arrows indicate

the phase transition temperatures.
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line shape occurred as the 177.2 K transition temperature
(cubic-tetragonal II) was traversed. On further cooling, the
spectrum split into two components, which is seen as a shoulder
at 130 K and as well-separated peaks at 88 K. For MAPbBrg, the
splitting occurred below the 148.8 K phase transition (tetrago-
nal Il-orthorhombic II) as a weak shoulder. Except for the nar-
rowing, no drastic change was observed at the phase transition at
236.3 K (cubic-tetragonal 1) and 154.0 K (tetragonal I-
tetragonal II). The splitting of V19 spectrum in MAPbIg oc-
curred at the 161.4 K phase transition (tetragonal I-orthorhom-
bic II). The spectrum in the highest temperature phase (>330.4
K) was not recorded.

In all of the compounds, the splitting occurred below the
tetragonal-orthorhombic transition rather than the cubic-tetrago-
- nal or the tetragonal-tetragonal transition. In the tetragonal
phases, the v, spectra were singlet in these compounds. Appar-
ently the three-fold symmetry about the C-N‘axis of the MA jon is

preserved not only in the cubic phase but also in the tetragonal

phases.

3.2.2 Line Broadening of the Infrared Spectra

Line shape of the vibrational spectra is related to the vi-
brational and rotational correlation functions expressing per-
sistence of the motional states of the absorbing molecules. The
two effects (vibrational and rotational) can be separated fronm
each other in Raman spectroscopy by the use of different scatter-
ing geometry. This is not possible in infrared spectroscopy.

However, it was found previously that the line width of the £
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mode of the MA ion in (MA)o[SnClg] is much more temperature de-
pendent than that of the Ay modes [9]. This was explained by
the rapid reorientation about the C-N axis [9,10]. The Vig line
width of (MA)5[TeBrgl and (MA)g[Telg]l was analyzed in the sanme
way [11]. The correlation time and the activation energy derived
from the line width agreed with those from NMR for these com-
pounds. The same analytical method was applied to the Yig line
width of MAPbX3 (X = Cl,Br,1). The vy line shape was assumed

to be Lorentzian ;
In [1g(3) 7/ 1)1 = a/ (T - T2+ p2], (3-1)

where J(¥) is the observed infrared intensity at », 10(;) the
incident intensity, '50 the frequency of the band center, and »
the half width at the half maximum of the absorption. In fitting
the function to the experimental data, the base intensity 10(5)
was assumed to be linear in ©. The spectra recorded on a strip
chart were read on a digitizing tablet and fed numerically into a
personal computer. A nonlinear least-squares program written in
BASIC was used to determine the best-fit parameter values. Some
of the typical results are shown in Fig. 3-2 for MAPbBrg.  The
line shapes were reproduced well at all temperatures in the cubic
and two tetragonal phases.

The line width parameter b is related to the correlation

time T . by

c

T, = 1/Q=mch), (3-2)

where ¢ is the velocity of light in vacuo [12]. The instrumental

width was corrected by the method of Ramsay [13]. A small con-
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Lorentzian curves of the Y19 node of the CH3NH3
ion in CH3NH3PbBr3.
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stant width remaining at the lowest temperature was determined by
the extrapolation based on the Arrhenius law for the temperature

dependence of <t For MAPbBr3, the extrapolation was separately

c
carried out for the cubic phase and the tetragonal I phase. The

Arrhenius plot of = is given in Fig. 3-3. They were straight

c
lines to a good approximation. The activation energies obtained
from the slopes were 2.4 kJ nol~! for the cubic phase of MAPbCIg
and 2.6 kJ mol”! for the tetragonal 1 phase of MAPbIg. For
MAPbBrg, activation energies of 2.4 kJ mol™! and 2.0 kJ mol”!
were obtained for the cubic phase and the tetragonal I phase,
respectively. They are the activation energy for the hindered
rotational motion of the MA ion about the C-N axis (external ro-
tation). For the sake of comparison the activation energies ob-
tained in the same way for other compounds are 3.2 kJ mol™l, 4.0
kJ mol™!, 3.9 kJ mol™! and 3.1 kJ mol™! for (MA) 9 [SnClgl [9],
(MA) 9[SnBrgl, (MA)9[TeBrgl and (MA),[Telgl [11], respectively.
For the orthorhombic phase, Furukawa and Nakamura obtained 5.6
kJ mol™l for MAPbCl4 and 3.8 kJ mol™! for MAPbBrg in a lH NMR
study. Xu et al. obtained 5.1 kJ mol™l, 3.9 kJ mol™! and 5.8
kJ mol”! for the orthorhombic phases of MAPbClg, MAPbBrg and
MAPbIg, respectively, by the same method [6]. The larger values
reported in the NMR studies compared to those determined here
indicate that this motion is more hindered in the orthorhombic

phase than in the cubic and tetragonal phases.

3.3 Heat Capacity
3.3.1 Heat Capacity

The numerical values of the molar heat capacity are given in
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Arrows indicate the phase transition temperatures.
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Tables 3-2, 3-3 and 3-4 and shown in Figs. 3-4, 3-5 and 3-6 for
MAPbClq, MAPbBrg and MAPblg, respectively. The dotted curves in
the figures represent the normal heat capacities determined as
described below (in Section 3.2). Standard thermodynamic func-
tions derived from the calorimetric data are given in Tables 3-5,
3-6 and 3-7 for MAPbClg, MAPbBrg and MAPblg, respectively. For T
< 10 K where the heat capacities were not measured, they are cal-
culated by using known vibrational frequencies, barriers of hin-
dered rotations and optimized Debye and Einstein parameters (see
Section 3.2).

Two anomalies were found at 171.5 K and 177.2 K in MAPbCI4
and 161.4 K and 330.4 K in MAPbI4, respectively. Three anomalies
occurred at 148.8 K, 154.0 K and 236.3 K in MAPbBrs. Their
temperatures agree satisfactorily with those which have been
reported [2, see Section 3.1]. The phase transitions in MAPbClq
and two lower temperature phase transitions in MAPbBrg occur at
close temperatures and their pre- and post-transition effects
overlap with each other. The highest temperature transitions in
MAPbBrg and MAPblg have a strong precursory effect on the heat
capacities. It is interesting that the heat capacities of the
highest temperature phases are almost constant for all of these

compounds.

3.3.2 Determination of the Base Lines of the Heat Capacities

It is assumed that the experimental heat capacity can be
divided additively into the normal and the transitional parts.
The normal part consists of the vibrational heat capacity and a

small correction for the dilation. There are 36 degrees of
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Fig. 3-4 Molar heat capacity of CH3NH3PbCl3.
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Table 3-5 Thermodynamic functions of CH3NH3PbCl3.

I c, /B (H-Ho)/ RT S/R ~(G-Ho)/ RT
K
10 (0.4544) (0.1135) (0.1512) (0.03772)
20 2.542 0.7596 1.042 0.2827
30 5.113 1.781 2.557 0.7764
40 7.537 2.923 4,367 1.444
50 9.610 4.059 6.279 2.219
60 11.31 5.131 8.186 3.055
70 12.68 6.115 10.04 3.921
80 13.81 7.009 11.81 4,797
90 14.74 7.817 13.49 5.670
100 15.54 8.551 15.08 6.532
110 16.25 9.219 16.60 7.379
120 16.87 9.831 18.04 8.208
130 17.41 10.39 19.41 9.017
140 17.88 10.91 20.72 9.807
150 18.30 11.39 21.97 10.58
160 18.72 11.84 23.16 11.33
170 20.01 12.26 24,31 12.05
180 20.59 14.61 27.45 12.84
190 20.31 14.91 28.56 13.64
200 20.24 15.18 29.60 14,41
210 20.23 15.42 30.58 15.16
220 20.24 15.64 31.52 15.88
230 20.25 15.84 32.42 16.58
240 20.25 16.03 33.29 17.26
250 20.25 16.19 34.11 17.92
260 20.26 16.35 34.91 18.56
270 20.29 16.50 35.67 19.18
273.15 20.31 16.54 35.91 19.37
280 20.34 16.63 36.41 19.78
290 20.39 16.76 37.12 20.36
298.15 20.45 16.86 37.69 20.83
300 20.47 16.88 37.82 20.93
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Table 3-7 Thermodynamic functions of CH3NH3Pb13.

T c, / F (H-Ho)/ RT 5/R -(G-Ho)/ RT
K
10 (1.863) (0.5909) (0.8044) (0.2135)
20 5.317 2.094 3.159 1.065
30 8.299 3.682 5.900 2.217
40 10.68 5.146 8.626 3.481
50 12.51 6.443 11.21 4.771
60 13.89 7.575 13.62 6.049
70 14.92 8.553 15.84 7.292
80 15.72 9,401 17.89 8.490
90 16.39 10.14 19.78 9.641
100 17.00 10.80 21.54 10.74
110 17.55 11.39 23.19 11.80
120 18.06 11.92 24.74 12.82
130 18.58 12.41 26.20 13.79
140 19.12 12.87 27.60 14.73
150 19.80 13.31 28.94 15.63
160 22.15 13.76 30.26 16.50
170 19.51 15.81 33.25 17.44
180 19.72 16.03 34.37 18.35
190 19.95 16.23 35.45 19.22
200 20.18 16.42 36.48 20.06
210 20.43 16.60 37.47 20.86
220 20.69 16.78 38.42 21.64
230 20.94 16.96 39.35 22.39
240 21.20 17.13 40.24 23.11
250 21.46 17.30 41.12 23.82
260 21.71 17.46 41.96 24.50
270 21.97 17.62 42.79 ‘ 25.16
273.15 22.05 17.68 43.04 25.37
280 22.23 17.78 43.59 25.81
290 22.52 17.94 44,37 26.43
298.15 22.77 18.07 45.00 26.93
300 22.83 18.10 45.14 27.04
310 23.18 18.26 45.90 27.64
320 23.71 18.42 46.64 28.22
330 27.82 18.60 47.40 28.79
340 21.71 18.76 48.11 29.35
350 21.67 18.85 48.74 29.89
360 21.63 18.92 49.35 30.43

49




vibrational freedom in MAPbXg. Out of the 18 internal degrees of
freedom for an MA ion, 17 fundamental vibrations were determined
by infrared absorption spectroscopy, as shown in Table 3-1. The
heat capacities of these vibrations were calculated by using the
Einstein function. The remaining one is the torsional oscilla-
tion (al/ias, internal rotation, see below). The rotational
motions of the MA ion about the C-N axis cannot be described by a
harmonic potential, because the barriers hindering the motions
are low. There are two such motions of an MA ion; external and
internal hindered rotations, where the word J/nternal/ means the
independent reorientation of the CHgq and the NHg groups and the
word external means their in-phase reorientation. They are cou-
pled together to form a complicated spectrum of the energy lev-
els. However, they are approximated with two independent hin-
dered rotations for the sake of simplicity of the calculation.
Assuming that the MA ion has three-fold symmetry in the crystal
field, we write the potential as

v = vg(l - cos 38), (3-3)

1
2
where Vo is the potential barrier and 6 the angle of rotation

about the C-N axis. The corresponding Hamiltonian is

£2 2
H=- — — t+ v, (3-4)
2] 2 8
where [ is the reduced moment of inertia. Thus, the wave-

equation is given by
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[-———z t — (1 - cos 30)]¢(8) = EF ¢(0). (3-5)
21 26 2

Here ¢ (@) and £ are the eigenfunction and its eigenvalues.

This can be related to the standard form of the Mathieu equation,

d2K(x)

+ (b - s cos? 1) M) =0, (3-6)
dxz

for which the eigenvalues have been tabulated [14].

The moment of inertia / was calculated from the mass of the
proton, and the known geometry df the MA ion. The calculated
values are 2.501 x 10°47 kg m% for the internal rotation and
10.04 x 10747 kg n® for the external rotation, respectively.
Numerical value of vp was obtained from the activation energy £,
corrected for the zero-point motion. The barrier height to the
internal rotation has been estimated to be 8.0 kJ mol~l [15].
For the external rotation, the barriers obtained by Xu et a/. by
NMR measurement [6] were used. The barrier height derived fronm
the IR line width could have been used but the NMR values were
employed because the theoretical background is better established
for the NMR T; than the IR line width. (However, there was only
small difference between the resulting base lines calculated from
the different barrier heights. For MAPbCl3, the entropy change
of the 171.5 K transition was 14.6 J K~ ! mol™! from the NMR bar-
rier height and 15.2 J K1 nol™! from IR.) Energy levels of the
hindered rotations were calculated using the tabulated eigenval-

ues of the Mathieu equation [14].
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There remain 17 vibrational modes to be taken into account.
They are 14 optical modes (2 librational modes of the MA ion and
12 translational modes) and 3 acoustic modes. Contributions from
these modes to the heat capacities were approximated by the Debye
and Einstein functions. The normal heat capacity Cp(normal) was

thus decomposed as follows:
Cp(normal) = ((internal vib., 17, £E) + (C(hindered rot., 2, M)

+ C(libration, 2, E) + C(acoustic, 3, D)
4

t 2 Cloptical, 3. £p) + ac,r. (3-7)
In this expression, each term except the last is labeled by the
respective mode, the corresponding number of degrees of freedonm,
and the model function used for the calculation (£ = Einstein
approximation, J = Debye approximation and ¥ = the sum over
states of the Mathieu levels). In the actual calculation, a
better fitting was obtained when one of the Einstein function of
the weight 3 was replaced with a Debye function. Two Einstein
parameters each with the degeneracy of 3 converged to approxi-
mately equal values. They were combined to one Einstein tempera-
ture with the degeneracy of 6. Thus, the model heat capacity
function contained two Debye temperatures 6, three Einstein
temperatures 6p, and the Cp - (, correction coefficient 4 as the
parameters to be determined by the least-squares method.

In the actual application of the interpolation function (3-
7)., one is often left with an arbitrariness as to the temperature

intervals of the experimental data which are to be included in

the least-squares fitting. This is particularly true below the
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transition temperature where gradual increase of the heat capaci-
ty is appreciable. This situation can be coped with by adding to
the interpolation function a term representing the gradual in-
crease of the heat capacity below Ty.. For this purpose, the
heat capacity of the spin 1/2 Ising model system solved by the
mean field approximation was used. The heat capacity of the
Ising system cannot be given in a closed form even in this sim-
plest approximation. Therefore the self-consistency relation was
solved numerically for the order parameter. The heat capacity is
given by the temperature derivative of the squared order parame-
ter, which was also evaluated numerically. The resulting heat

capacity was expressed as a universal function of the temperature

as follows:

C(Ising) 9 3
— = 6,13 x - 5.04 x“ + 18.7 x
)4
Ty
x = exp(-1.3899 — ), (3-8)
T

where Ty is the transition temperature in the mean field approxi-
mation. The numerical factors in Eq. (3-8) were determined by
the least-squares method to best reproduce the computed mean
field heat capacity. The heat capacity function (3-8) was added
to the model function, Eq. (3-7), for T < Ty .. of the lowest-
temperature transition. For T > Ti.. Eq. (3-7) was used as it
stands. By this modification, the experimental data closer to
Tyrg could be included in the least-squares calculation of the

base line than was previously possible. The parameter values
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thus determined are given in Table 3-8 together with the tempera-

ture regions of the heat capacity data used in the fitting.

3.3.3 Enthalpy and Entropy of Transition

The differences between the experimental and normal heat
capacities are shown in Figs. 3-7, 3-8 and 3-89 for MAPbClg,
MAPbBrg and MAPblg, respectively. Integration of the excess heat
capacity and the addition of the discontinuous part at the phase
transition gave the transition enthalpy and entropy. They are
given in Table 3-9. Since the phase transitions were overlapped,
as shown in Figs. 3-7, 3-8 and 3-9, they were divided at the tem-
peratures where the excess heat capacities took the minimum
values. The entropy values indicate that all the phase transi-
tions in these compounds are of order-disorder type because they
are of the order of R In n with n in the range 2~10. They are
shown graphically in Fig. 3-10 from which one sees that the high
temperature limiting values of the transition entropies in these
compounds are close to one another. It is concluded that these
compounds have the same extent of disorder in the cubic phase.
Figures 3-11, 3-12 and 3-13 show temperature dependence of the
entropy of transition in MAPbCls, MAPbBrg and MAPbl4, respective-
ly. It should be noted that the discontinuous parts of the tran-
sition entropies of the highest temperature transitions in
MAPbBrq and MAPbIg are much smaller than those of the other tran-
sitions. For MAPbBrg, it is 0.3 J k™! mol™! which is only 3.7 %
of the transition entropy (8.2 J K™! mol™l), compared with the
discontinuities 9.0 J K™! mo1™! (80 %) and 2.6 J k™! mol™l (62 %)

of the two lower temperature transitions. For MAPbI3. the corre-
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Table 3-8 Temperature regions of the heat capacity data

used in the fitting and optimized parameters

of CHgNH3PbXg (X = C1,Br,1).

CH3NH3PbC14 CH3NH3PbBrg CH3NH3PbI4

Temperature region 13 - 115 K 13 - 100 K 13 - 105 K
used in the fitting 295 - 300 X 295 - 300 K 360 - 365 K
Parameters optimized

8p(3) / K 81.7 107.0 121.9

6p(3) / K 224.6 194.1 90.0

6g(2) / X 318.9 41.3 25.0

6p(3) / K 86.2 67.3 63.4

8g(6) / K 165.7 163.2 168.4

4x1077 / mo137" 8. 86 8. 20 6.48

Tips / K 231.4 229.7 243.2
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Fig. 3-T7 Excess heat capacity of CH3NH3PbC13.
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Fig. 3-8 Excess heat capacity of CH3NH3PbBr3.
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Fig. 3-9 Excess heat capacity of CH3NH3PbI3.
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Table 3-9 Temperatures, enthalpies and entropies of the

phase transitions of CH3NH3PbX3 (X = Cl,Br,1).

Ttrs AtrsH _ Atrss
K kJ mol ™t JK—lmOl_l.

CH3NH3PbC14 171.5 2.40 14.6 ( R1nb5.8

177.2 1.92 10.0 ( r1n3.3
CH3NH3PbBrg 148.8 1.59 117.2 ( R1n3.8

154.0 0.62 4.1 ( rR1In1.7

236.3 1.71 8.2 ( R1n2.7
CH3NH43PbI4 161.4 2.98 19.0 ( R1n9.8

330.4 2.58 9.7 ( R1n3.2
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Fig. 3-10 Transition entropy of CH3NHgPbXg (X = Cl,Br,1).
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sponding entropy 0.5 J K™! mol™l (5.5 %) is again a very small
value compared with 14.8 J K~! mol~l (78 %) of the lower tempera-
ture transition. As shown in Figs. 3-11 and 3-12, the excess
heat capacities of the tetragonal I-cubic transitions extend
over a wide temperature range below the transition temperature.
These results indicate that the tetragonal I-cubic transitions
have a character of higher order transitions, even though they

are first order transitions by the thermodynamic definition.

3.3.4 Mechanism of the Phase Transitions

In the cubic phase, the MA ion lies at the center of the
regular cube formed by eight Pb2* jons. This requires the MA ion
to be disordered in a certain way. Several different sets of
orientations are possible for an MA ion, each of which satisfies
the cubic site symmetry. They are shown schematically in Fig.
3-14. Arrows in the cube indicate the orientations of the C-N
axis of the MA ion. The MA ion points to the face centers (along
the four-fold axes) in (A), the middle of the cube edge (along
the two-fold axes) in (B) and the cube corner (along the three-
fold axes) in (C). There are three of four-fold axes, six of
two-fold axes and four of three-fold axes in the cube. If the MA
ion is disordered with respect to head and tail, the number of
equivalent orientations of the MA ion is (A) 6, (B) 12 and (C) 8,
respectively. Since the MA ion possessing three-fold symmetry
lies (A) on the four-fold axes and (B) on the two-fold axes, it
nust be disordered around the C-N axis as well. Therefore the MA

ion has at least (A) four and (B) two equivalent orientations

around the C-N axis. The number of equivalent orientations of
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Fig. 3-14 Possible orientations and ordering processes of a
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the MA ion is (A) 6 x 4 = 24 and (B) 12 x 2 = 24, respectively.
Assuming that the MA ion is completely ordered in the orthorhom-
bic phase, the entropy change associated with the orientational
ordering is R In 24 = 26.4 J k™! nol™! in both cases. It is
close to the experimental values 24~29 J K~! mol7l, In (C)
which was suggested by Poglitsch and Weber([2], it is not required
from the symmetry that the MA ion be disordered around the C-N
axis because the symmetries of the site and the MA ion are the
same. However the entropy of this orientational disorder
(R In 8) is much smaller than the experimental value. Therefore
one must assume that the MA ion is disordered around the axis
also in this model, even though it is not forced by the symmetry.
I[f the hydrogen atoms are on the general positions, the MA ion
has two equivalent orientations around the C-N axis. The number
of equivalent orientations of the MA ion is 8 x 2 = 16. The
entropy change £ In 16 = 23.1 J K~ ! mol™! is also close to the
experimental values. In the following, the mechanisms of the
phase transitions of the three compounds are discussed based on
the above three types (A, B and C) of the orientational disorder.
MAPbBrg

The experimental values of transition entropies, £ In 2.7,
£ In 1.7 and R In 3.8 for the three phase transitions in the
decreasing order of temperature, are very close to 2 In 3, B In 2
and £ In 4, respectively.

In the model (A), the MA ion has six equivalent orientations
along the cube edges. Assuming that the orientation of the MA
ion is restricted to two of them along the four-fold axis in the

tetragonal | phase and that the head-to-tail disorder of the MA
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ion is further removed in the tetragonal II phase, the entropy
change associated with each ordering is expected to be £ In 3 and
B In 2, respectively. If the remaining disorder of the MA ion
around the C-N axis is removed in the orthorhombic Il phase, the
entropy change associated with it should be £ In 4.

In the model (B), the MA ion has twelve equivalent orienta-
tions of the C-N axis. Assuming that four orientations in which
the C-N axis lies normal to the four-fold axis of the tetragonal
cell are allowed in the tetragonal I phase, the entropy associat-
ed with the cubic-tetragonal I transition will be £ In 3. Howev-
er there is no further ordered pattern of the tetragonal symmetry
which can be derived from this partially ordered mode! and which
one may identify with the tetragonal Il phase. If the MA ion
chooses another orientation along the four-fold axis of the
tetragonal lattice in the tetragonal Il phase, which is the same
as (A), the tetragonal symmetry is of course satisfied. Consid-
ering that the equivalent orientations around the C-N axis change
from two to four, the entropy change associated with it is
Bln (4 x2) - RlIn (1 x4) =R In 2. The tetragonal I-tetrago-
nal Il transition is of the first order in this model whereas it
can be of a higher order in the model (4).

In the model (C), the MA ion has eight equivalent orienta-
tions along the body diagonals of the cube and two equivalent
orientations around each body diagonal. If one assumes that the
two equivalent orientations around the C-N axis is removed in the
tetragonal [ phase, the expected entropy change of this orienta-
tional ordering, R In 2, is close to the experimental value. The

orientational disorder of the MA ion is preserved through the
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cubic-tetragonal [ transition in this model as originally sug-
gested by Poglitsch and Weber. If the head-to-tail disorder of
the MA ion is removed in the tetragonal Il phase and the four-
fold disorder of the orientation of the C-N axis is removed in
the orthorhombic Il phase, the entropy changes associated with
the sequence of ordering are £ In 2 and R 1n 4.

It should be pointed out that the site symmetry of the MA
ion in the tetragonal Il phase of the above models is 4mm rather
than 4/mmm of the space group P4/mmm. The latter requires the
head-to-tail disorder of the C-N axis. However, the entropies of
transition support the 4mm models. It was also suggested in the
2H NMR study [4].

MAPbIq

The highest temperature phase of this crystal has the same
symmetry as MAPbBr3 and the symmetry of the tetragonal phase is
the same as that of the high temperature tetragonal phase of
MAPbBrg. The experimental entropy of tetragonal I-cubic transi-
tion is 9.7 J k™! mol™! (2 In 3.2), which agrees well with the
mode! entropy of tetragonal I-cubic transition of MAPbBrg.  The
structure of the orthorhombic phase is also the same as that of
MAPbBrg. Since MAPbBr3 has one more phase in the temperature
range between the orthorhombic Il and the tetragonal I phases,
the entropy of orthorhombic Il-tetragonal I transition in MAPDI g
should be compared with the sum of the entropies of
orthorhombic II-tetragonal Il transition and ‘tetragonal II-
tetragonal | transition in MAPbBrg. The sum of the model entro-
pies of these transitions is £ In 8 = 17.3 J K°! mol~l. The

experimental value is 19.0 J K-l po1-! (R In 9.8) in good

68




agreement with the model entropy.
MAPbCI4

Thé tetragonal phase of MAPbClg has the same symmetry as the
low temperature tetragonal phase of MAPbBrg. Therefore the
experimental entropy of tetragonal Il-cubic transition of MAPb013
is expected to be close to the sum of the entropies of tetrago-
nal II-tetragonal I and tetragonal I-cubic transitions of
MAPbBrg. The sum of these model entropies is £ In 6. The exper-
imental entropy is 10.0 J K™! mo1™! (& In 3.3), which is rather
closer to that of tetragonal I[-cubic transition than to the sunm
of the two entropies. Poglitsch and Weber suggested the persist-
ence of the head-to-tail disorder of the MA ion in the orthorhom-
bic phase [2]. However, no transitions have been observed be-
tween 13 K (the lowest temperature of the measurement) and 171.5
K (the temperature of orthorhombic [-tetragonal II transition) in
MAPDBCI4. This fact indicates strongly that the head-to-tail
disorder has already been removed. The entropy of
orthorhombic I-tetragonal Il transition is 14.6 J k! nol™l. One
expects the same entropy change for this transition as for the
orthorhombic Il-tetragonal Il transition of the MAPbBrg crystal.
However, this is not the case; the latter amounts to 11.2
J k1 morl, The sum of the transition entropies of MAPbClq is
very close to that of MAPbBrg, even though there is no obvious
correspondence between the steps by which the disordering pro-
ceeds in the two crystals.

In contrast‘to ABO3-type oxides and ABF3-type fluorides,
only a few ABX3-type halides are known to crystallize in the

perovskite structures. Cst013 takes the cubic perovskite struc-
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ture at high temperature and undergoes three successive phase
transitions at 310, 315 and 320 K [16-19]. The phase transitions
have been accounted for by the soft mode concept [20]. The small
entropies, 1.0 J K™} mol™! for the transition at 320 K and 1.5
J k! no1™! for the sum of the entropies of the transitions at
310 and 315 K [21] are characteristic of displacive transitions.
A similar amount of vibrational entropy may be involved in the
transition entropies discussed here. However, it is a tiny
correction to the entropy arising from the orientational disorder
in MAPbX3. The entropies of the tetragonal-cubic transition in
the perovskite crystals RbCaFq and TICdFg [22] are also the same
order of magnitude as those of CsPbClg. The three disordered
models concerning the orientation of the MA ion in the cubic
phase of MAPbX5 crystals cannot be distinguished from the entropy
consideration alone. There is little distinction among them in
the preference of packing, because MA ions and halogen ions fornm

the cubic closest packing in the cubic phase.

3.4 Dielectric Permittivity
3.4.1 Temperature Dependence of the Dielectric Permittivity
Temperature dependence of the real part of the dielectric
permittivity is shown in Figs. 3-15, 3-16 and 3-17 for MAPbClg,
MAPbBrs and MAPblg, respectively. Since no frequency dependence
was found except in the lowest temperature phases of MAPbBrg and
MAPbIg (see below), only the 1 kHz data are shown. Symbols@
and O denote the data obtained on cooling and heating, respec-
tively. Arrows in the figures indicate the transition tempera-

tures determined by the heat capacity measurement (see Table 3-9
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dielectric permittivity of CH3NH3PbCl3 taken at
1 kHz in heating (open symbols) and cooling

(closed symbols).

71




100 T

—~  CH3;NH3;PbBr3

300

Fig. 3-16 Temperature dependence of the real part of the
dielectric permittivity of CH3NH3PbBr3 taken at

1 kHz in heating (open symbols) and cooling

(closed symbols).

12




140 T T
| CH;NH3PbIs
1004
J
e [
50+
T Tfrs |
30— L i | Tirs ! I ]
0] 100 200 300 350
T/ K
j Fig. 3-17 Temperature dependence of the real part of the

dielectric permittivity of CH3NH3PbI3 taken at
1 kHz in heating (open symbols) and cooling

(closed symbols).

73




in Section 3.3). The small hump around 240 K and the slight
increase above 290 K where a decrease is expected are due to a
small amount of water which was caught in the sample disks or
adsorbed on the sample surface and grain boundary. The values
e’ and & were frequency dependent in these temperature range
and the effect of the water decreased in magnitude with increas-
ing frequency.

With decreasing temperature, the &’ values of MAPbClg in-
creased with an increasing slope and dropped at the cubic-
tetragonal Il phase transition and further at the tetragonal II-
orthorhombic [ transition. For MAPbBrg, the ¢’ values in-
creased with decreasing temperature in the cubic and tetragonal I
phases. No obvious change occurred at the transition between
these two phases. A sharp bend and discontinuous decrease were
observed at the tetragonal I-tetragonal 11 and the
tetragonal Il-orthorhombic Il transitions, respectively. For
MAPblg, the dielectric permittivity of the cubic phase continued
without break onto that of the tetragonal I phase, following a
Curie-Weiss type temperature dependence down to the transition

temperature, 161 K, where ¢’ showed discontinuity at the tet-

ragonal I-orthorhombic Il transition.

3.4.2 Cubic and Tetragonal I Phases

In these phases, tHe ¢’ curves show 1/T [or 1/(7-T,)] like
temperature dependence. It indicates that the dipoles are disor-
dered in these phases. Static permittivity e€o of a pure polar

liquid is described by the Kirkwood-Fr&hlich equation [23],
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(€0 -c=)(2€0 +€a) 1 Vo
= 8 ’ (3-9)
ceo(ea + 2P 9¢e, kg T

where ¢ denotes the permittivity at the high frequency limit,
ey the permittivity of free space (= 8.854 x 10712 F n™ 1), ¥ the
number density of the dipoles, x the permanent dipole moment, kyg
the Boltzmann constant (= 1.381 x 10723 J k1) and g& the Kirkwood
correlation factor. The equation has been rewritten in the §]
unit. The factor g is a measure of the short range order which
is equal to 1 when no specific interactions exist between neigh-
boring molecules. This equation was applied to the present data,
because the dielectric behavior of the orientationally disordered
solid is expected to resemble that of the polar liquid to a con-
siderable extent. Since the temperature dependence of ¢’ is
Curie-Weiss like rather than Curie like for all the compounds, as
shown in the figures, the term 7 was replaced by (7 -T.) [24]
where T, is the Curie-Weiss temperature. For simplicity, no spe-
cific correlation between MA ions was supposed (therefore g = 1).
The ¥ values (5.47, 4.85 and 3.95 x 1027 073 for WAPDCI5. MAPBBr,
and MAPblg, respectively) were calculated from their molar vol-
umes in the cubic phases reported by Poglitsch and Weber [2].
The ¢’ data measured at 100 kHz were used in the fitting, since
they were not affected by the adsorbed water. Moreover the data
which were deemed free from the influence of the transitions were
used. As noted above, the cubic-tetragonal [ transition caused
no apparent change in the permittivity. However, good fits were
not achieved if the experimental data for the fitting involved

both the tetragonal | and cubic phases. Therefore, the functions
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were fitted separately for the two phases. For MAPblg, only the
tetragonal phase was analyzed in this way because the data set on
the cubic phase was limited to a narrow temperature interval,
Good fit was not achieved for the tetragonal phase of the
MAPbBrg, even though the general temperature dependence was simi-
lar for the three compounds. The results of the fitting are
shown in Fig. 3-18. Parameters determined by the least-squares
method are given in Table 3-10.

The dipole moment thus determined is 1.5~3.0 x 10730 ¢ p.
Comparable values were reported by Poglitsch and Weber[2].
According to an ab-initio calculation of the electronic structure
of the MA ion, the CHg group carries +0.340 e and NHs group
t0.660 e where e is the positive elementary charge [25]. This
may be regarded as (0.5 - 0.160)e on CHs and (0.5 + 0.160)e on
NHg, giving rise to a dipole moment of 0.160e / = 3.98 x 1030
Cm=1.193 D, where e = 1.602 x 10719 ¢ and / = 0.1553 nm, the
C-N distance [25].

3.4.3 Tetragonal Il Phase

Both MAPbClg and MAPbBrg have tetragonal Il phase over a
narrov temperature range. Discontinuities of the dielectric con-
stant occur at the tetragonal Il-orthorhombic (I or II) transi-
tions. The ¢’ values in this phase are much larger than those
in the orthorhombic I or Il phase. This indicates that a sub-
stantial fraction of the dipoles are disordered in the tetrago-
nal Il phase. The increase of &’ with increasing temperature
indicates that there exist a long range order of the dipole mo-

ments in this phase [26]. The heat capacities of the
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Table 3-10 Temperature regions of the dielectric constant data

used in the fitting and optimized parameters in the

modified Kirkwood-Fréhlich equation (Eq. 3-9) for
CH3NH3PbX3 (X = Cl,Br, 1).
CH3NH3PbCl3 CH3NH3PbBr3 CH3NH3PbI3
Temperature region
210 - 300 K 250 - 300 K 180 - 300 K
used in the fitting
Parameters optimized
TC / K 96. 9 123. 4 78.4
g /10730 ¢ g 1.83 1.50 2.94
© /D 0.549 0.450 0.881
€w 22.1 28.7 23.3
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tetragonal II phase of MAPbBr3 and MAPbClq are considerably larg-
er than the normal vibrational heat capacity (see Fig. 3-4 and
3-6). The excess heat capacities may be related to the disorder-
ing of this (partial) long range order.

In the previous paragraph (section 3.4), two models of
orientational disorder of the MA ion in this phase were presented
on the basis of the transition entropy; One is that the MA ion is
disordered over four equivalent orientations along the body
diagonals of the tetragonal lattice but is ordered as to the C-N
exchange and around the C-N axis. The other is that the MA ion
is orientationally ordered along the tetragonal axis but is
disordered as to the rotation about the C-N axis. The present
experimental data showing a substantial orientational component
in the permittivity in this phase are more in line with the first
model, because one cannot expect an orientational dielectric re-
sponse in the second model in which the MA ions are disordered
only about the C-N axis. However, the second model cannot be
totally ruled out if one considers additional motion of the MA
ion such as precession of the C-N axis about the tetragonal axis
[5.6], or partial disorder of the head-to-tail ordering. Some
motion of the C-N axis was also supported by the 2y NMR study in

this phase [4].

3.4.4 Orthorhombic I and Il Phases

In these phases, the ¢’ values are practically temperature
independent. Their magnitude (e’ =17 for MAPbClg, 26 for
MAPbBrg, and 36 for MAPbI4) is consistent with what one expects

from electronic and ionic polarizations.
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Weak dielectric dispersion and loss were found in MAPbBr3
and MAPbIg. Figures 3-19 and 3-20 show the real (upper) and
inaginary (lower) parts of the dielectric permittivity for
MAPbBrs and MAPblg, respectively. Symbols OA OV denote the
data taken at frequencies of 100 Hz, 1 kHz, 10 kHz, 100 kHz and 1
MHz, respectively. The e” wvalues at 100 Hz and 1 MHz contain a
constant value of instrumental origin and thus should be shifted
downward. As one can see in Figs. 3-19 and 3-20, the dielectric
dispersion and loss occurred in the same temperature range for
the two compounds.

The temperatures at which the €” curves take the maximum
were read off from the figure. The relaxation time 7 of the
motion related to the dielectric dispersion was calculated by

using the relation,
T =1/@2xf). (3-10)

Figure 3-21 shows the Arrhenius plot of the relaxation time. The
activation energies obtained from the plot are 9.8 and 9.7
kJ mol™! for MAPbBrs and MAPblg, respectively.

As discussed above on the basis of the experimental transi-
tion entropy (Section 3.4), the MA ion is ordered both with
respect to the orientation of the C-N axis itself and around the
C-N axis in the orthorhombic I or Il phases. It was therefore
unexpected to find the dielectric dispersions in MAPbBrq and
MAPblg in these phases. The temperatures at which the relaxation
time becomes comparable with the calorimetric experimental time
(~10% s) are 33.7 K and 34.4 K for MAPbBrg and MAPblg, respec-

tively. These temperatures were estimated by extrapolation of
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the Arrhenius plot. However, no glass transition was found at
these temperatures in the actual heat capacity measurement. The
orthorhombic Il-tetragonal 1 transition is of the first order but
it has a precursory effect below the transition temperature (see
Figs. 3-12 and 3-13). The dielectric dispersion may be related
to the partial disorder represented by the precursory effect.
The magnitude of the dielectric dispersions is very small in conm-
parison with the dielectric permittivity coming from the orienta-
tional effect at the orthorhombic Il-tetragonal Il transition.
They are only about 1 % and 0.5 ¥ for MAPbBrs and MAPblg, respec-
tively. The activation energies 9.8 and 9.7 kJ mol~! may repre-
sent the barriers which an MA ion experiences as it reorients in
the crystal. However, the type of molecular motion responsible
for the dispersion cannot be identified at present because of the

small magnitude of the effect.

3.5 High Pressure DTA
3.5.1 High Pressure DTA Curves

Figure 3-22 shows the experimental DTA curves of MAPbClq at
several pressures up to 75.0 MPa. The heating rate was 0.3-0.4
K min~!. At atmospheric pressure (0.1 MPa), two endothermic
peaks corresponding to the orthorhombic I-tetragonal Il and tet-
ragonal Il-cubic transitions were observed at 171.4 K and 177.2
K, respectively. With increasing pressure, the peak at 171.4 K
shifted to higher temperatures and the one at 177.2 K to. lower
temperatures. The two peaks merged into one at 75.0 MPa, above
which only a single peak was observed. This indicates the exist-

ence of a triple point around 75 MPa in MAPbCl3.
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Figure 3-23 shows the experimental DTA curves of MAPbBrg in
the low temperature range. The heating rate was 0.3-0.4 K min!,
The triple point among the orthorhombic I[I, tetragonal II, and
tetragonal I phases of MAPbBrq crystal was located around 43 MPa.
Figure 3-24 shows the experimental DTA curves of MAPbIg in the
low temperature region. The heating rate was 0.6-0.9 K min !,
The orthorhombic II-tetragonal I transition of the crystal oc-
curred at higher temperatures with increasing pressure. 0On fur-
ther pressurization, the peak split into two around 85 MPa. The
two peaks separated further at higher pressures. This indicates
that the triple point exists at about 85 MPa, above which a new
phase appears. Thus, the triple points were found in all of the
three MAPbXg (X = Cl,Br,1) crystals below 100 MPa.

The experimental DTA curves of MAPbBrg and MAPblIg in the
high temperature region are shown in Figs. 3-25 and 3-26, respec-
tively. The heating rates were 0.7-1.0 and 0.7-0.8 K min~! for
MAPbBrg and MAPbIg, respectively. An endothermic peak due to the
tetragonal I-cubic transition was observed in both samples. As
indicated by the scales (and by the increased noise level in the
base line of the curves) in Figs. 3-25 and 3-26, the peak heights
of these transitions are much smaller than those of the other
transitions shown before. This is because the tetragonal I-cubic
transitions of both crystals are of a gradual type and the
first-order component of the transition entropy is only 4-6 % of
the total (see Section 3.3). The peak temperature decreased
monotonically and the peak shape became broader with increasing
pressure for MAPbBr3. For MAPbIg, however, the transition line

had a maximum around 110 MPa, below which the slope thrs/dp was
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positive and above which negative. The peak shape and area did

not change significantly in the whole pressure range.

3.5.2 Pressure-Temperature Phase Relation

Table 3-11 summarizes the transition temperature Ting» its
pressure dependence df,../dp, the transition entropy AipgS, and
the transition volume A . V. Here, A . S is the value deter-
mined from the calorimetry at atmospheric pressure (from Table
3-9). The quantity includes the contribution from the gradual
part of the transition. The volume change associated with the
transition Ay, V was derived from the dfy../dp and AipgS values
combined with the Clausius-Clapeyron equation,

dT A v
trs _ “trs . (3-11)

dP A

All the values of the transition volume are quite small; less
than 2 % of the molar volume of MAPbXq (Cl: 110 cn® mol™l, Br:
124 cu® mol™l, 1: 153 cn® mo171). This indicates that the struc-
tural disorder discussed in Section 3.4 in relation to the tran-
sition entropies is such that the MA ions are packed as effi-
ciently in the disordered phases as in the ordered phases.

Figure 3-27 depicts the pressure-temperature phase diagranm
of the three MAPbXs (X = Cl,Br,I) crystals. The triple points
are found in all of these compounds at rather low pressures
compared with those of other ammonium and methylammonium com-
pounds [27,29,30]. The precise locations of the triple point
were determined as the intersections of the extrapolated transi-

tion lines. They are as follows;
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Table 3-11 Thermal quantities related to the phase transitions

of CHgNHgPbXg (X = Cl,Br,I).

Vb)

a)
. thrs/dP 7-t:rs Atrss A’crs
compound transition _—:E_——__—:T 0 . 3 =
10 K MPa K J K mo | cmmol
CHSNHSPbCI3 tet Il = cubic -0.61* 177.2077. 2) 14.86 -0. 09
ortho | - cubic 3.2 —_ — —
ortho | - tet |1 5.7 171.4071.5) 10.0 0. 57
CH3NH3PbBr3 tet | - cubic —0.57* 236. 2(236. 3) 8.2 -0.05
tet Il - tet | -3.2 154. 4(154. 0) 4. 1 -0. 13
ortho || - tet |1 9.6 148. 8(148. 8) 11.2 1.08
ortho 1l - tet | 7.1 _— —_ _
CH3NH3PbI3 tet | - cubic 3.5* 330. 5(330. 4) 9.7 0.34
ortho Il - tet | 17.5 161. 4(161. 4) 18.0 3.3
? - tet | 58. 1 _— —_— —
ortho Il - ? -3.6 __ —_ —
cubic : Pm3m. tet | : tetragonal I4/mcm., tet |l : tetragonal P4/mmm
ortho | : orthorhombic P222]. ortho Il : orthorhombic Pna2r

? : a new high pressure phase.

X : gradient at 0.1 MPa (atmospheric pressure).

(): value determined by the heat capacity measurement (Table 3-9).
a) : from reference [2].

b) : calculated by the Clausius-Clapeyron equation.
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MAPbC14: 75.1 MPa, 175.7 K,
MAPbBrg: 43.2 MPa, 152.9 K,
MAPbI5 @ 84.8 MPa, 176.2 K.

The high pressure phase of MAPblg was found for the first time in
the present work. By analogy with the phase relations of MAPbBr3
and MAPbClg, this phase may have the same structure as the
tetragonal Il phase of MAPbBrg and MAPbClg. Structural study of
this new phase under pressure is highly desirable.

All the boundaries between the cubic and tetragonal phases
are upward convex while the other phase boundaries are essential-
ly straight lines in the pressure and temperature ranges studied
here. It is noteworthy that the transition line from the tetrag-
onal to cubic phase in the iodide has a maximum around 120 MPa.
This means that the transition volume A, ..V changes its sign
from positive to negative according to the Clausius-Clapeyron
equation. The transition entropy A;. S should be positive for
the thermodynamic stability condition, and in fact is practically
constant in the whole pressure region studied as revealed by the
shape and area of the DTA peaks (Fig. 3-26).

An elegant systematic relation between the pressure and the
ionic size of the halogen ion is known to hold in ammonium
halides [30]: Ammonium chloride under atmospheric pressure corre-
sponds to ammonium iodide under a high pressure while ammonium
bromide corresponds to a situation in between with respect to the
relative stability of three crystalline phases differing from
each other in the relative orientations of the ammonium ions. No

such simple relation has been found so far for the present sub-
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stances. This is probably due to the complexity of the inte-
rionic interaction and the manner in which the orientational dis-
order takes place in the present compounds as compared with
ammonium halides. However, we can make a general statement from
the phase diagram given in Fig. 3-27: the stability domain of the
tetragonal phase narrows at higher pressure both from below and
above. Thus the molar volume of the tetragonal phase is larger
than those of the cubic and orthorhombic phases (in the iodide,
for p > 120 MPa). It is unexpected that the molar volume de-
creases as the crystal undergoes the phase transition from the
partially ordered tetragonal phase to the fully disordered cubic
phase, even though the change in the molar volume is rather small
as noted above. It is more common to find an increase of the
molar volume accompanying a phase transition from an ordered to a
disordered phase. However, molar volume reduction has also been
found in methylammonium iodide as it undergoes a phase transition
from a partially ordered tetragonal phase to the fully disordered
cubic phase [29]. Significance at the molecular level of these
uncommon properties shared by the <crystals —containing
methylammonium ions is still to be investigated. In particular,
numerical calculation of the interionic interactions among three
ions (MAT, Pb2*, x7) taking various types of orientational disor-

der into account is a subject for a future study.
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Chapter 4
CH3NH3SHBP3

4.1 Introduction

The compound MASnBrg crystallizes in the cubic perovskite
structure and possesses semiconducting conductivity [l1]. Occur-
rence of the phase transitions was shown by DTA and NQR studies
[2]. Two large peaks were found at 189 K and 233 K and a small
peak at 214 K in the DTA measurement. The former two were con-
firmed by the NQR study, but the latter was not confirmed because
the NQR signal faded out in the limited temperature interval
covering 214 K. Considerably large splitting of the NQR frequen-
cy [2] and appearance of a quadrubole splitting in the Sn
M6ssbauer spectra in the lowest temperature phase [1,2] suggested
a large distortion of the SnBrg octahedron from the regular 0
symmetry.

Molecular motion of the MA ion has been investigated by Iy
NMR spectroscopy [2]. The second moment values of 8 G2 and 0.5
62 obtained for the lowest and highest temperature phases were
explained by the onset of the reorientational motion of the MA
ion around its C-N axis and the overall rotation of the MA ion,
respectively.

The electrical property at low temperatures has been studied
by dc conductivity measurement using a pressed powder sample [3].
Semiconducting behavior was observed in the room temperature
phase. However, no detectable conductivity was found below 229

K. The color change from dark red to yellow associated with this
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phase transition also indicates the significant change in the
electronic structure.

In this chapter, the results of adiabatic calorimetry
(Section 2), ac conductivity (Section 3), dielectric measurement
(Section 4) and high pressure DTA (Section 5) are reported and
discussed in relation to the phase transitions and molecular

motions.

4.2 Heat Capacity
4.2.1 Heat Capacity

The numerical values of the heat capacity are given in Table
4-1 and plotted in Fig. 4-1. Four anomalies were found at 46.0
K, 188.2 K, 213.0 K and 229.4 K. The first one is reported here
for the first time. The temperatures of the others agree satis-
factorily with those which have been reported [2]. It is obvious
from Fig. 4-1 that the anomaly at 46.0 K is nmuch émaller than
those of the others. Figure 4-2 shows the heat capacity around
the anomaly at 213.0 K in a magnified scale. The heat capacity
increases gradually and decreases with a finite gap at this tran-
sition. The phase transitions at 46.0 K and 213.0 K are of high-
er order and the other two are of first order. It is interesting
that the heat capacities of the highest temperature phase are
almost independent of temperature. Constant heat capacities with
temperature were also found in the cubic phases of MAPbX4 (X =

Cl,Br,I) (see Fig. 3-4, 3-5 and 3-6).
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Fig. 4-1 Molar heat capacity of CH3NH3SnBr3.
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4.2.2 Enthalpy and Entropy of Transition

The experimental heat capacity is decomposed additively into
the normal and transitional parts. A computational method for
evaluating the normal heat capacity of MAPbXq was described in
Chapter 3 (Section 3.2). The same method is used here. In the
lack of spectroscopic data on MASnBrg, experimental vibrational
frequencies of the MA ion in MAPbBrq were employed (see Table 3-1
in Chapter 3). For the external rotation of MA ion, a barrier
height of 3.9 kJ mol™! determined by NMR study [4] was adopted.
The barrier height of the internal rotation has been esti-
mated to be 8.0 kJ mol™! [5]. At the beginning of the calcu-
lation, parameters to be optimized to reproduce the normal heat
capacity were exactly the same as for MAPbX3: five Einstein
temperatures, one Debye temperature, the (Cp - () correction
coefficient 4 included in the expression Cp -0, =4 sz T, and
the transition temperature Ty in the mean field approximation
(see section 3.2 in Chapter 3). It was found, however, that a
better fitting was obtained if the fitting function was modified
as follows. One of the Einstein function of weight 3 was re-
placed with a Debye function and two Einstein parameters each
with weight 3 were combined to one Einstein temperature with

weight 6. Parameters determined by the least-squares method are

as follows:

6p1(3) = 100.3 K, 6,%(3) = 311.2 K,
051(2) = 34.4 K, 652(3) = 81.4 K, 6,3(6) = 157.0 K,
A=9.14x 1077 mol J7L, 7, = 268.0 K.

Here, the numbers in the parentheses give the degrees of freedonm
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and the superscripts distinguish different modes. The heat ca-
pacity data used in the least-squares determination of the above
parameters are those in 13 - 30 K and 50 - 126 K for the low tep-
perature region and 296 - 300 K for the high temperature region.
To eliminate the effect of the 46.0 K transition, the heat capac-
ity data between 30 and 50 K were left out. For the low tempera-
ture region, a term representing a mean field solution of a phase
transition was added to the model function. The normal heat ca-
pacity thus calculated is shown in Fig. 4-1 by the broken curve.
Heat capacities below 12 K were also calculated in the same way.
The difference between the experimental and normal heat capaci-
ties is shown in Fig. 4-3. The anomaly at 46.0 K has a typical
temperature dependence of a higher order phase transition. The
maximum value of the excess heat capacity was 1.72 J K1 moi~!,

The molar values of the heat capacity, entropy, enthalpy
function and Gibbs energy function are listed in Table 4-2 at
selected temperatures. These values are based on the present
calorimetric data along with the extrapolated fitting curve to
zero kelvin. The estimated probable error in the thermodynamic
functions is less than 0.1 percent above 100 K.

The enthalpy and entropy of the phase transition were calcu-
lated by integration of the excess heat capacity and the excess
heat capacity divided by T, respectively. For first order tran-
sitions, integration of the excess heat capacity and the addition
of the discontinuous part at the phase transition give the tran-
sition enthalpy and entropy. The temperature dependence of the
transition entropy thus calculated is shown in Fig. 4-4. The

transition at 213.0 K is barely perceptible in Fig. 4-4 on ac-
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Fig. 4-3 Excess heat capacity of CH3NH3SnBr3.
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Table 4-2. Thermodynamic functions of CH3NH3SnBr3.

T
_E_ CP/R (H-Hq)/RT S/R =(G-Hy)/RT
10 (1.103) (0.2949) (0.3811) (0.08621)
20 3.823 1.357 1.8560 0.5927
30 6.671 2.659 4.044 1.386
40 9.219 3.989 6.322 2.333
50 11.09 5.243 8.603 3.360
60 12.60 6.347 10.76 4.416
70 13.83 7.332 12.80 5.469
80 14.82 8.208 14.72 6.507
80 156.61 8.988 16.51 7.520
100 16.26 9.684 18.18 8.503
110 16.82 10.31 19.76 9.456
120 17.31 10.87 21.25 10.38
130 17.76 11.38 22.65 11.27
140 18.18 11.86 23.98 12.13
150 18.59 12.29 25.25 12.96
160 19.02 12.70 26.47 13.77
170 19.51 13.08 27.863 14.55
180 20.16 13.46 28.77 15.31
190 20.59 14.08 30.13 16.065
200 21.14 14.41 31.189 16.78
210 23.29 14.77 32.27 17.49
220 24.58 156.18 33.37 18.19
240 20.57 17.19 36.79 19.61
250 20. 41 17.32 37.63 20.31
260 20.34 17.43 38.43 20.99
270 20.35 17.54 39.20 21.65
273.15 20.36 17.57 39.43 21.86
280 20.39 17.64 39.94 22.29
290 20.45 17.74 40.65 22.92
298.15 20.50 17.81 41.22 23.41
300 20.51 17.83 41.35 23.52
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Fig. 4-4 Accumulated transition entropy of CH3NH38nBr‘3

as a function of temperature.
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count of the small magnitude. The thermodynamic quantities asso-
ciated with the phase transitions are given in Table 4-3. In the
table, the enthalpy and entropy of the 213.0 K transition are
included in those of the 229.4 K transition. The phase transi-
tions at 188.2 K and 229.4 K overlap each other as shown in Fig.
4-3. The values given in Table 4-3 were calculated by dividing
them at 191.1 K where the excess heat capacity took the minimum.
The entropies of the 188.2 K and 229.4 K transitions correspond
to £ In 2.1 and R In 9.8, respectively. These values (> £ In 2)
indicate that both of the transitions are of order-disorder type.
On the other hand, the small entropy value of the 46.0 K transi-
tion suggests that the phase transition is of a displacive type.
The total entropy of the phase transitions is 25.4 J Kl mo1~l.
Corresponding entropy values for MAPbXq (X = CI,Br,I) are 24 ~
29 J k! mo1 L. Thus MASnBrg and MAPbX5 have the same extent of
disorder in the highest temperature phases.

Transition entropies of MAPbXs were accounted for with the
models of orientational disorder of an MA ion assuming that the
MA ion is completely ordered with respect to both the C-N axis
itself and around the C-N axis 1in the lowest temperature
phases (see Section 3.4 in Chapter 3). The model entropy £ In 24
was divided into Z In 3, £ In 2 and £ In 4 in the successive or-
dering models. However, the steps by which the ordering proceeds
in MASnBrq are different from those in the MAPbXs, as indicated
by the different sequences of the transition entropy (shown in
Table 3-9). The higher order transition at 46.0 K is also specif-
ic to MASnBrg without a counterpart in any of the MAPbX4 family.

It may be related with a slight change of ionic packing in the
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Table 4-3 Temperatures, enthalpies and entropies of

the phase transitions of CH3NH3SnBr3.

Ttrs Atrs” AtrsS
K kJ mol 1 J KL pot!
46.0 0.016 0.37
188. 2 1.00 6.02 (R In 2.1)
213.0 -
4.28 18.98 (R ln 9.8)
229. 4
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crystal with a concomitant change of the lattice vibrational

frequencies.

4.3 AC Conductivity

Figuré 4-5 shows the frequency dependence of the conductivi-
ty measured at 295 K. Experimental values of the ac conductivity
depended on the frequency. The observed conductivity increased
with increasing frequency. To compare the magnitude of ac and dc
conductivities, the low frequency limiting value was needed.
However, the appropriate function to express the frequency de-
pendence of the ac conductivity data could not be found. The
frequency dependence was in fact very weak below 1 kHz. There-
fore, the value at the lowest frequency in this measurement was
compared with the dc data. The reported value of the dc conduc-
tivity is 2 x 1073 s n™! at 295 K [3]. The experimental value
measured by the ac method at 20 Hz, 2.4 x 1072 § n~1, is one
order of magnitude larger than that of the dc method. DC and AC
measurements of the conductivity often give different values.
They may well be measuring different processes such as those
involving electric contact potentials and grain boundary effects
[6].

The temperature dependence of the ac conductivity at 20 Hz
is shown in Fig. 4-6. In the room temperature phase, positive
slope of the conductivity with increasing temperature can be ac-
cepted as an indication of semiconductivity. A drastic change
occurred at the 229.4 K phase transition. The conductivity de-
creased by about four orders of magnitude. The observed behavior

agreed with the results of the dc conductivity measurement [3].
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4-6 Temperature dependence of the ac conductivity

of CH3NH3SnBr3 at 20 Hz.
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Figure 4-7 shows the Arrhenius plot of the ac conductivity
measured at 20 Hz in the highest temperature phase. The activa-

1 was obtained by linear approximation

tion energy of 29.1 kJ mol~
using the experimental data above 245 K. It agrees very well
with that derived from the dc measurement, 0.31 eV (= 30

kJ mol™l) [3].

4.4 Dielectric Permittivity
4.4.1 Complex Permittivity

Figure 4-8 shows the real (upper) and imaginary(lower) parts
of the dielectric permittivity below 170 K measured in the heat-
ing direction. Symbols QAOV O denote the data taken at fre-
quencies of 40 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz, respective-
ly. The arrow represents the temperature of the phase transi-
tion. As seen in the figure, a dielectric dispersion occurred
below 150 K. The dielectric loss peaks shifted toward lower tenm-
perature and became smaller with decreasing frequency. The rapid
increases in ¢’ and €” which were observed in the high temper-
ature range (7 > 140 K) can be regarded as a precursory effect of
the phase transition at 229.4 K. The dielectric behavior was not

influenced by the phase transition at 46.0 K.

4.3.2 Dielectric Dispersion
The relaxation time of the motion related to the dielectric

dispersion was calculated by using the relation

T =1/ @ufg,,). (4-1)

where fmax is the frequency of the maximum ¢” at each tempera-
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4-7 Arrhenius plots of the ac conductivity of CH3NH3SnBr3.
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ture. Figure 4-9 shows the Arrhenius plot of the relaxation
time. The activation energy obtained from the plot is 10.5
kJ mol~l. The temperature at which the relaxation time becomes
comparable with the calorimetric experimental time (~1093 s) was
estimated to be 37.0 K. However, no glass transition was found
at the temperature in the heat capacity measurement. The magni-
tude of the enthalpy relaxation associated with the molecular
motion may be too small to be detected as a glass transition in
the heat capacity measurement. The dielectric dispersion may be
related to the phase transitions at higher temperatures. As one
can see in Figures 4-1 and 4-3, the phase transition at 188.6 K
is of the first order but it has a precursory effect of consider-
able magnitude below the transition temperature. I[If the molecu-
lar disorder associated with the transition involves movement of
the polar cation, which is likely to be the case, then one should
expect a temperature-dependent dielectric response in the temper-
ature region where A, .. S increases gradually with increasing
temperature (see Fig. 4-3).

Figure 4-10 shows the complex permittivity loci at three
different temperatures. The curves in the figure show the Cole-
Cole arcs determined by the non-linear least squares method using
the following equation. The complex permittivity € is described
by the Cole-Cole equation

€0 ~€aw

€ = o + . (4-2)
1+ (iwr )*

Here, €0 and ¢ are the permittivities at zero and infinite

frequencies and a the distribution factor of the relaxation
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Fig. 4-9 Arrhenius plots of the dielectric relaxation time.
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times. The parameter a is equal to one for a system character-
ized by a single relaxation time. The loci deviate markedly from
ideal Debye semicircles. The temperature dependence of «a and
(eo -€« ) is shown in Fig. 4-11. The value of a (0.2 ~
0.3) indicates that the present system departs considerably fronm
a single relaxation process and that, if one attaches a signifi-
cance to the slight decrease of a« at the lower temperatures, the
departure becomes stronger as the temperature is lowered. The
values of (eo - €«) decrease with decreasing temperature. This
indicates that the number of dipoles which are able to respond to
the external electric field decreases with decreasing tempera-
ture. The result supports the mechanism of the dielectric dis-
persion discussed above that the dielectric dispersion is related
to the partial disorder which persists widely below the transi-
tion temperature. Broad complex permittivity loci have also been
found in some clathrate compounds including manganese squarate
clathrate compound (MnC404° 2H50)4° CH3COOH" HoO [7], zinc squarate
clathrate compound (ZnC404 2H,0)3°CH3CO0H  Ho0 (in the triclinic
form) [7], and tetrahydrofuran clathrate hydrate THF* 17Ho0 [8].

4.5 High Pressure DTA
4.5.1 Pressure Dependence of the DTA Curves

Figure 4-12 shows the experimental DTA curves of MASnBr4
observed at atmospheric (0.1 MPa) and high pressures (74.0 and
71.0 MPa). The curves (A) and (B) were obtained by using helium
gas as the pressure medium and the curve (C) by nitrogen gas.
The heating rate was 1.0-1.2 K min~! for the low temperature

transition region and 1.8-2.0 K min'1 for the one at the higher
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Fig. 4-12 DTA curves of CH3NH3SnBr3 under pressures.
The curves (A) and (B) were obtained by using

He gas as the pressure transmitting medium and

(C) by Ny gas.
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temperature. At atmospheric pressure (0.1 MPa), two endothernmic
peaks were observed at 187.0 K and 228.7 K. These temperatures
agreed satisfactory with those obtained in the heat capacity
measurement (188.2 K and 229.4 K). The phase transition observed
at 213.0 K in the heat capacity measurement at 0.1 MPa was not
observed in the DTA experiment. With increasing pressure, the
peak at the higher temperature shifted slightly to lower tempera-
tures. The one at the lower temperature also shifted to lower
temperatures with increasing pressure upto ~50 MPa. Above the
pressure, the peak occurred at the same temperature to within
t+ 0.3 K. The shape and area of both peaks did not change signif-
icantly in the whole pressure range. Effect of the He gas that
might dissolve in the sample was suspected for the non-linear
behavior. However, the same result was obtained with nitrogen as
the pressure medium, as indicated by the curves (B) and (C).
This indicates that the behavior is inherent to the sample
property. The peak areas in the curve (C) are larger than those
in the curve (B). This is due to the higher thermal conductivity

of He than Nz gas.

4.5.2 Pressure-Temperature Phase Relation

The volume changes associated with the transition were de-
rived from the pressure dependence of the transition temperature
thrs/dp determined in this measurement and the transition entro-
Py Ai.sS determined from the calorimetry at atmospheric pressure
(from Table 4-3) by using the Clausius-Clapeyron’s equation (Eq.
3-11). They are -0.123 cmd mol™! and -0.698 cnd mol™! for the

high and low temperature transitions, respectively. Here the
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gradient at 0.1 MPa was used as the d7;.s/dp value. These values
are quite small (0.1 % for the former and 0.6 % for the latter)
as compared with the molar volume (124 cm3).

Figure 4-13 depicts the pressure-temperature phase diagranm
of the MASnBrg crystal. Open symbols represent the data obtained
by using helium gas medium and closed ones by nitrogen gas. The
phase boundary between the high and intermediate temperature
phases is essentially a straight line with negative slope
(-6.5 x 1073 ¥ MPa~l). The one at the lower temperature is down-
wvard convex below 50 MPa and essentially horizontal above that as
noted already. The horizontal phase boundary indicates no volume
change at the phase transition. It is interpreted that the phase
boundary is parallel to the p-axis above 50 MPa in three-dimen-
sional space with pressure p, temperature T and free energy @ as
coordinate axes. As the phase boundary is traversed from the low
temperature side, the molar volume decreases at both the phase
transitions (below 50 MPa for the lower temperature one). The
molar volume reduction was also found in MAPbX4 (X = Cl,Br,I) as
the crystal undergoes the phase transition from the partially
ordered tetragonal phase to the fully disordered cubic phase (see
Section 5.2 in Chapter 3). For MASnBrg, the crystal structure is
known only for the cubic phase. Structural study of the low tem-

perature phases is desirable.
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Fig. 4-13 P-T phase diagram of CH3NH3SnBr3 crystals.
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Chapter 5
CH3NH3SHI3

5.1 Introduction

MASnlg crystallizes in the cubic perovskite structure [1].
The crystal is black with metallic.luster and metallic in its
conductivity [1,2]. A phase transition was found at 273 K by DTA
study [2]. However, absence of a quadrepole splitting at 85 K in
the Mossbauer spectra of tin [1] suggested another possibility
that the crystal retains cubic symmetry down to 85 K. This
result raises an interesting question of whether the cubic crys-
tal becomes ordered at low temperature by way of phase transi-
tions with associated entropy decrease or remains cubic and
become ultimately glassy at the lowest temperature.

The color and high conductivity can be interpreted by assum-
ing a partly filled band structure [3]. The band model was
proposed for CsSnBrg [4,5]. This perovskite type crystal is
metallic in its conductivity and its tin Mossbauer spectrum shows
a much smaller isomer shift than expected for an octahedrally
coordinated Sn(II) ion [4]. The small isomer shift indicated low
s-electron density at the Sn(II) nucleus. Donaldson et al.
suggested that one or more of the nominally unfilled electron
bands were populated from the Sn(II) 5s2 electrons [4,6]. For
MASnlg, a small isomer shift in the tin Mdssbauer spectra was
also found, and the donation of 0.07 s-electron into a conduction
band was suggested [3].

The electrical property at the low temperature should be
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noted. CsSnBrg shows metallic behavior over a wide temperature
range [3]. No observable discontinuity was found in the conduc-
tivity though phase transitions occured at 85 K and 292 K [7].
In contrast, the conductivity of CsSnlg drastically changes fron
semiconducting to metallic at the 425 K phase transition where
the structural change from orthorhombic to slightly distorted
tetragonal perovskite occurs [2,3]. On the other hand, the
conductivity of MASnBrg which is semiconducting in the roonm
temperature phase drastically decreases at the 233 K phase tran-
sition where ordering of orientationally disordered MA ion occurs
(see Chapter 4). DC conductivity of MASnlgq has already been
measured at temperatures between 85 and 300 K [3]. The conduc-
tivity slightly increases with decreasing temperature. No appar-
ent discontinuity was found in the observed temperature range.

As was described in Chapter 2, two types of MASnlq samples
were accidentally obtained in this study, although the reaction
condition responsible for the formation of each sample cannot be
identified. One sample underwent a phase transition at 272 K
(MASn14(T)) and the other a glass transition at around 130 K
(MASn14(G)) (see Section 3.1 in this chapter).

The purpose of this work is to investigate the ordering
process of orientationally disordered MA ion and electrical
property at low temperatures, based on the new experimental
observiation on the two types of samples. For this purpose,
powder X-ray diffraction (Section 2), adiabatic calorimetry
(Section 3), and dc conduétivity measurement (Section 4) were
carried out for both the samples. Powder X-ray diffraction was

taken at room temperature to distinguish the structures of the
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two samples. Heat capacity measurement revealed different ther-
mal behavior. DC conductivity measurement was extended to lower
temperature (down to 6 K). A clear difference in the temperature
dependence of the conductivities between the two samples was
revealed. The effect of the ordering of disordered MA ion was
also discussed. A high pressure DTA measurement (describes in
Section 5) was carried out for MASnIg(T) at pressures between 0.1
and 160 MPa in order to investigate the pressure-temperature
phase relation and compare it with that of MAPDbXs. Complicated
p-T phase diagram containing two triple points and metastable
phase boundary was obtained. The measurement was not carried out

for MASnI3(G) because of the sensitivity limitation.

5.2 X-ray Powder Diffraction
5.2.1 Powder Patterns of MASnlg(T) and MASnIg(G).

Figure 5-1 shows the X-ray powder diffraction patterns of
MASnIg(T) (in (A)) and MASnIg(G) (in (B)) observed at room tem-
perature. There is no significant difference between the two
diffraction patterns. They were indexed successfully on a cubic
perovskite structure (space group Pm3m). Thus, no structural
difference was recognized between MASnI5(T) and MASnIg(G) on the

basis of the diffraction pattern.

5.2.2 Low Temperature Pattern of MASnI3(T).

As will be described in Section 3.1 in this Chapter,
MASnIg(T) undergoes a phase transition at 272.3 K. The X-ray
powder diffraction pattern of MASnIg(T) recorded at 230 K is

shown in Fig. 5-2 (B). Some peaks apparently split and new peaks
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Fig. 5-1 X-ray powder diffraction patterns of CH3NH3Sn13.
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5-2 X-ray powder diffraction patterns of CHgNHgPbIg
and CHgNHqSnI4(T).
(A): observed at room temperature for CHgNHgPbI S,
(B): observed at 230 K for CHgNH5SnI4(T).
Diffraction peaks due to Cu Kay radiation have

been removed by computation.
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appeared. This pattern resembles that of MAPblg taken at room
temperature reproduced in Fig. 5-2 (A). In this figure, diffrac-
tion peaks due to Cu Kay radiation are removed by computation.
To facilitate comparison, peak positions are shown in Fig. 5-3 by
lines. MAPblg crystal has the tetragonal I14/mcm structure at
roon temperature [8]. The arrows in Fig 5-2 (A) indicate the
peaks due to the larger unit cell of this structure (V2 x V7 x
2 times the ideal perovskite unit cell). Corresponding peaks
were found in the pattern of MASnIgq(T) (Arrows in Fig. 5-2 (B)
indicate them). Therefore, it is probable that MASn14(T) has the

same structure as that of the room temperature phase of MAPbI4

(tetragonal 14/mcm).

5.3 Heat Capacity
5.3.1 Heat Capacity of MASnIg(T) and MASnIq(G)

The numerical values of the molar heat capacity of MASnI4(T)
and MASnIs(G) are given in Table 5-1 and 5-2, respectively. They
are reproduced graphically in Fig. 5-4. The dotted curve repre-
sents the normal heat capacities for MASnI3(T) determined as
described below.

In MASnIg(T), five heat-capacity anomalies were found at
98.5 K, 109.4 K, 114.7 K, 150.5 K and 272.3 K. The last one
corresponds to the DTA peak reported by Yamada et a/. [2]. The
other four are observed here for the first time. As is apparent
from Fig. 5-4, four anomalies at the low températures are consid-
erably smaller than that at 272.3 K and they overlap each other.
The phase transition at 150.5 K is of the higher order and the

others are of the first order. The highest temperature transi-
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Fig; 5-3 Peak positions of the X-ray powder diffraction
patterns.
(A) : observed at room temperature for CHgNH3sPblg,
(B) : observed at 230 K for CHgNH3SnIg(T).

Broken lines indicate ambiguous peaks.
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Fig. 5-4 Molar heat capacity of CHqNHqSnI4(T) and CH3NH3SnI3(G).
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tion 1is accompanied by a strong precursory effect below the peak
temperature. The similar effect has also been found in the
highest temperature transition in MAPbBrg and MAPDbIg (see Figs.
3-5 and 3-6). It is interesting that the heat capacities of the
highest temperature phase are almost independent of temperature.
Constant heat capacities were also found in the cubic phases of
MAPbXs (X = Cl,Br,1) and MASnBrg (see Figs. 3-4, 3-5, 3-6 and 4-
1). They appear to be a characteristic of the cubic phase of
methylammonium halogenoperovskites.

No apparent anomaly was observed in MASnIg(G). The heat
capacity curve has a broad maximum near 230 K and slightly de-
creases above the temperature. In the temperature range lower
than 80 K, where both of the curves are free from anomalies, the
heat capacity of MASnIg(G) is smaller than that of MASnls(T)
below 40 K and larger above the temperature, as shown in Fig. §5-
5. The two curves did not coincide with each other in the higher
temperature region where both of the samples were cubic. The
temperature at which their heat capacities become equal is esti-

mated to be ~400 K by extrapolation.

5.3.2 Glass Transition in MASnIg(G)

Figure 5-6 shows the spontaneous temperature drift rate re-
corded in the heat capacity measurement on MASnI3(G) at tempera-
tures between 60 and 160 K. The drift rate was determined at 17
min after each energy supply to the samplé cell. Circles and
triangles represent the data obtained on the samples cooled rap-
idly (10 K min™!) and annealed at 115 K for 24 hours, respective-

ly. The curve monotonically decreasing with temperature repre-

136




140 T T T

120 | .

100

o0
o
T
]

C, / 7 K'mol
3

N
o
1
]

o (:I{3PJI{3§hlI3CIv
& CH;3NH;3SnI3(G)

[\
o
T
|

0O 20 40 60 80

T / K

Fig. 5-5 Molar heat capacity of CH3NH3SnI3(T) and CHBNHSSnls(G)
below 80 K.

137




1 i 1 1 ! i

CH3NH3SnlI3(G)

I

l
90 100

Fig. 5-6 Spontaneous temperature drift rates in
transition region of CHgNH4SnIg(G).
O: cooled at 10 K min~ !,
A: annealed at 115 K for 24 h.

138

the glass




sents the temperature drift rate due to incomplete adiabatic con-
trol. It was drawn by interpolation using the drift rate data in
the temperature regions which are free from the endothermic or
exothermic effect. In the rapidly cooled sample, the exothermic
effect followed by endothermic one was observed. Only the endo-
thermic one was observed in the annealed sample. This dependence
of the drift rate on temperature and thermal history of the sam-
ple is characteristic of a élass transition. The anomalous tem-
perature drifts were caused by the enthalpy relaxation from a
non-equilibrium glassy state to the equilibrium state. The glass
transition temperature was determined to be 129 K at which the
sign of the drift rate changed from positive to negative. No
apparent difference was observed in the heat capacities between

the rapidly cooled and annealed samples.

5.3.3. Relaxation Time Analysis of MASnI3(G)
In the first order reaction kinetics, the relaxation rate of
configurational enthalpy de/dT is related to the relaxation time

T by the relation,

dAH AH
€ - - . (5.1)
dt T

Here, z&Hc is the enthalpy difference between the actual non-
equilibrium state and the equilibrium state at the same tempera-
ture. Integration of this equation with time gives the following

expression.

AH (T, t) = AH,(T,0) exp(-t/7). (5.2)
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Since the heat.capacity including the sample cell did not change
significantly over the temperature interval covered by the glass
transition region, the equation can be rewritten by replacing the

enthalpy with temperature,
T(t) = (To - To) exp[-(t/z)] + At + Ta . (5.3)

Here, To - T« is the magnitude of the relaxation, T¢ the tempera-
ture at the beginning of the relaxation and 4 the heat leakage
drift rate. The parameters 7o, T- and 4 depend on the experimen-
tal conditions. However the parameter T —characterizes the
reiaxation and should be independent of the experimental details
within the single 7 approximation.

The long-time exothermic temperature evolution due to the
enthalpy relaxation in the rapidly cooled sample was measured at
several temperatures. The data were fitted to Eq. (5.3) by the
least-squares method with four parameters, To, Ta, A4 and z.
Figure 5.7 shows the typical temperature drifts and the fitted
curves. In the present calculation, the natural temperature
drift rate was treated as a parameter because better fit was ob-
tained by doing so than by fixing the drift rate to the value
determined by the interpolation (see Fig. 5.6). The drift rate
at 114 K was 1.9 x 1077 K s™! from the interpolation and
4.7 x 1077 K s71 from the optimization. The relaxation times
determined are 12.7 ks at 114 K and 3.9 ks at 123 K, respective-
ly. Figure 5-8 shows the Arrhenius plots of the relaxation times
in the glass transition region. The activation energy obtained

from the plot is 16.6 kdJ mol L.
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5.3.4 Enthalpy and Entropy of Phase Transition in MASnIg(T)

The normal heat capacity of MASnI3(T) was evaluated by the
same method as that used for MAPbXg (X = CI,Br,I) and MASnBrq
(see Section 3.2 in Chapter 3). In the lack of spectroscopic
data on MASnlg, experimental vibrational frequencies of MA ion in
MAPbI5 were employed (see Table 3-1 in Chapter 3). For the ex-
ternal and internal rotations of MA ion, barrier heights of 5.8
kJ mol™! determined for MAPbI4 by NMR study [9] and 8.0 kJ mol~?
estimated for other MA compounds [10] were used in the calcula-
tion. At the beginning of the calculation, parameters to be op-
timized to reproduce the normal heat capacity were five Einstein
temperatures, one Debye temperature, the (Cp - €,) correction
coefficient 4, and the transition temperature Ty in the mean
field approximation (see Section 3.2 in Chapter 3). It turned
out that a better fitting was obtained by modifying the fitting
function. The final fitting function contained the following

parameters whose optimized values are as follows:

6p1(6) = 90.3 K,
05l(2) = 31.3 K, 65%(3) = 74.8 K, 05%(6) = 165.5 K,
A=9.49 x 1078 no1 J71, 7, = 188.4 K,

where the numbers in the parentheses give the degree of freedonm
. and the superscripts distinguish different modes. The heat
capacity data used in the least-squares determination of the
above parametefs are those in 12-76 K and 347-351 K. The normal
heat capacity thus calculated is shown in Fig. 5-4 by the broken
curve. Heat capacities below 12 K were also calculated in the

same way.
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The difference between the experimental and normal heat ca-
pacities is shown in Fig. 5-9. Integration of the excess heat
capacity and the addition of the discontinuous part at the phase
transition gave the transition enthalpy and entropy. The temper-
ature dependence of the accumulated transition entropy thus cal-
culated is shown in Fig. 5-10. The arrows in the figure show the
phase transition temperatures. Since the phase transitions were
overlapped each other, as shown in Fig. 5-9, they were divided at
100.4 X and 135.0 K where the excess heat capacity took the mini-
mum. The 109.4 K and 114.7 K transitions and the 150.5 K and
272.3 K ones were not separated because of the small entropies of
the 114.7 K and 150.5 K transitions. Figure 5-11 shows the
temperature dependence of the transition entropy around the 272.3
K transition in a magnified scale. It should be noted that the
discontinuous part of the transition entropy is extremely small,
in contrast to the large value of the entropy change of this
phase transition (12.9 J K mol™l). The discontinuous part, 0.2
J K71 mo17d, corresponds to only 1.5 % of the transition entropy.
The small discontinuity in the transition entropy and a strong
precursory effect on the heat capacity (see Fig. 5-9) indicate a
character of the higher order phase transition. The same has
also been found in the tetragonal I-cubic phase transition in
MAPbX5. The discontinuous parts of the transition entropies are
4~6 % for the lead compounds (see Section 3.3 in Chapter 3).

The thermodynamic quantities associated with the phase tran-
sitions are given in Table 5-3. The entropy of the 272.3 K tran-
sition corresponds to £ In 4.7. The value (> R In 2) indicates

that the transition is of an order-disorder type. The sum of the
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5-9 Excess heat capacity of CH3NH3Sn13(T).
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Fig. 5-11 Temperature dependence of the accumulated transition
entropy of CH3NH3SnI3(T) around the phase transition
at 272.3 K.
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Table 5-3

Temperatures, enthalpies and entropies of

the phase transitions of CH3NH3SnI3(T).

TtrsA Atrs” AtrsS
K kJ mol~! J k! por!
98.5 0.23 2.4
109. 4
[ 0.77 6.7 (B In 2.2)
114. 7
150.5
[ 2. 83 12.9 (B In 4.7)
272.3
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entropy of the other transitions corresponds to £ In 3.0. The
total entropy of the phase transition is 22.0 J K™! mol™l. Cor-
responding entropy values are 24~29 J K1 mol~! for MAPbXq (X =
Cl,Br,1) and 25 J K™! mol™! for MASmBrg. The steps by which the
ordering proceeds in MASnIq(T) are different from those in
MASnBrg and MAPbXq. The structure of the lowest temperature
phase of MASnIg(T) is not known at present. Assuming that the MA
ions in the cubic phases of MAPbXg (X = Cl,Br,I) and MASnXg (X =
Br,1(T)) are disordered in the same manner, close values of the
transition entropy indicate that the MA ions in the lowest tem-
perature phases are ordered to the same extent in these com-

pounds.

5.3.5 Standard Thermodynamic Functions of MASnIg(T) and MASnIs(G)

Standard thermodynamic functions derived from the calorimet-
ric data are summarized in Tables 5-4 and 5-5 for MASnIg(T) and
MASnIg(G), respectively. For T < 12 K where the heat capacities
were not measured, they are calculated by using the known vibra-
tional frequencies, barriers of hindered rotations and optimized
Debye and Einstein parameters for MASnIg(T) (see Section 3.3).
For MASnIq(G). the heat capacity below 12 K was evaluated by the
same method as the determination of the normal heat capacity for
MAPbX3. The same values as for MASnlg(T) were used for the spec-
troscopic data and the barrier heights of hindered rotations. O0f
the parameters to be optimized, two Einstein temperatures each
with weight 3 were combined to one Einstein temperature with
weight 6 and the (Cp - (,) correction coefficient 4 was fixed to

zero. The following parameters were determined by the least-
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Table 5-4. Thermodynamic functions of CH3NH3SnI3(T).

T
—E— CP/R (H-Hy)/RT S/R -(G-Hy)/ART
10 (1.630) (0.4522) (0.5949) (0.1427)
20 5.355 1.969 2.861 0.8921
30 8.514 3.646 5.656 2.010
40 10.91 5.177 8.450 3.273
50 12.70 6.510 11.08 4.575
60 14.04 7.659 13.53 5.866
70 15.08 8.647 16.77 7.123
80 16.02 9.511 17.85 8.335
90 17.05 10.29 19.79 9.501
100 18.16 11.08 21.72 10.62
110 23.12 11.88 23.60 11.72
120 19.59 12.65 25.44 12.78
130 19.35 13.17 26.99 13.82
140 19.48 13.62 28.43 14.81
150 19.78 14.02 29.78 15.77
160 19.52 14,37 31.05 16.68
170 19.69 14.67 32.23 17.56
180 19.94 14.96 33.37 18.41
190 20.20 15.23 34.45 19.22
200 20.50 15.48 35.50 20.01
210 20.79 16.73 36.50 20.77
220 21.10 16.97 37.48 21.51
230 21.45 16.20 38.42 22.23
240 21.80 16.42 39.34 22.92
250 22.20 16.65 40.24 23.59
260 22.80 16.87 41.12 24 .25
270 24 .46 17.11 42.01 24.89
273.15 25.12 17.24 42.33 25.09
280 20.86 17.33 42.86 25.52
280 20.72 17.45 43.58 26.13
298.15 20.63 17.54 44.16 26.62
300 20.61 17.56 44.28 26.72
310 20.58 17.66 44.86 27.30
320 20.65 17.75 45.61 27.86
330 20.64 17.84 46.25 28.41
340 20.62 17.92 46.87 28.95
350 20.66 18.00 47 .46 29.47
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Table 5-5. Thermodynamic functions of CH3NH3SnI3(G).

—E— CP/R | (H-Hy)/RT S/R -(G-Hy)/ART
10 (1.527) (0.3835) (0.4911) (0.1076)
- 20 5.160 1.870 2.673 0.8028
30 8.354 3.515 5.389 1.873
40 10.94 5.061 8.161 3.100
50 12.95 6.446 10.83 4.38]
60 14.50 7.665 13.33 5.667
70 15.72 8.732 15.66 6.930
80 16.71 8.670 17.83 8.1589
g0 17.53 10.50 19.84 9.346
100 18.20 11.24 21.73 10.49
110 18.73 11.90 23.49 11.58
120 19.14 12.48 25.14 12.65
130 19.55 13.01 26.68 13.67
140 19.80 13.49 28.15 14.66
150 20.18 13.83 29.53 15.60
160 20.43 14.33 30.84 16.51
170 20.65 14.69 32.08 17.39
180 20.84 15.03 33.27 18.24
180 21.02 165.34 34.40 19.06
200 21.16 15.63 35.48 19.86
210 21.26 15.89 36.52 20.63
220 21.31 16.14 37.51 21.37
230 21.30 16.36 38.46 22.09
240 21.25 16.57 39.36 22.80
250 21.20 16.75 40.23 23.48
260 21.14 16.92 41.06 24.14
270 21.10 17.08 41.86 24.78
273.15 21.09 17.12 42.10 24 .98
280 21.08 17.22 42.62 25.40
290 21.06 17.35 43 .36 26.01
298.15 21.05 17.46 43.85 26.49 .
300 21.05 17.48 44.08 26.60
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squares method with the heat capacity data below 40 K.

83.8 K, 651(2) = 34.7 K, 6;%(3) = 55.8 K,
115.3 K, 65%(6) = 147.6 K,

6,1 (3)
65°(3)

where the numbers in the parentheses give the degrees of freedon
and the superscripts distinguish different modes.

At room temperature, no difference was recognized in the
diffraction patterns between MASnIg(T) and MASnIg(6). It can be
regarded that the MA ions of both samples are randomized to the
same extent. MASnIg(G) underwent no phase transition at the low
temperature. Therefore thé crystal was expected to retain the
disorder to the lowest temperature. By estimating the total en-
tropy at 400 K where the heat capacities of MASnIg(T) and
MASnI4(G) approach each other, it was found that MASnI5(T) has
1.2 J X! mot™! larger entropy than MASnIg(G). This indicates
that MASnI3(G) loses most of the orientational entropy due to the
MA ion at the lowest temperature. The process of decreasing en-
tropy may be described as development of short range order. The
MA ions are orientationally disordered independently of each oth-
er at the high temperature. With decreasing temperature, orien-
tational short-range ordering among neighboring MA ions grows.
This is indicated by the excess heat capacity of a significant
magnitude over the wide temperature range (see Fig. 5-4). If the
conplete orientationally ordered state is realized at the lowest
temperature, the entropy decrease associated with this ordering
is expected to be 20~30 J K™! mol”! by comparison with the tran-
sition entropy of MAPbX5 and other member of MASnX5. The entropy
change in MASnIq(T) (22 J K‘l_mol“l) shows that the actual situa-
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tion is close to this picture. Most of the orientational entropy
carried by MA ions at 300 K is lost at temperatures between 300
and 10 K in which temperature region the sample MASnIg(G) does
not exhibit any phase transition. The short range ordering is
not complete as the glass transition (Tg = 129 K) shows. Magni-
tude of the remaining disorder may be estimated if one attaches a
significance to the residual entropy of MASnlg(G) relative to
MASnI4(T). The residual entropy, 1.2 J k! mol™! indicates that
orientation of 10~20 MA ions is correlated at the lowest temper-
ature. It roughly equals the number of the nearest and second
nearest neighbors (6 + 12 = 18). In the other halogenoperov-
skites, orientational ordering of MA ions develops stepwise as
the crystals undergo phase transitions. The reason why MASnI3(G)

alone behaved invthis peculiar way is not known at present.

5.4‘ DC Conductivity

As will be described in the next section (Section 5.5),
these samples are very sensitive to the pressurization.
The MASnI3(T) sample without heat treatment after disk
preparation shows no phase transition. Removal of the effect of
the pressure by thermal annealing applied was checked by the DTA
measurement.

Figure 5-12 shows the temperature dependence of the dc con-
ductivity of MASnIg(T) and MASnl4(G). Circles and triangles rep-
resent MASnIq(T) and MASnIq(G), respectively. Open and closed
symbols denote the data obtained on heating and cooling. Arrows
indicate the transition temperatures determined by the heat ca-

pacity measurement (see Section 3.1). The conductivities of the
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two samples happened to be the same at 300 K. But they differed
markedly at lower temperature, though they are similar with re-
spect to the uneven temperature dependence. A drastic change was
expected at the phase transitions for MASnI3(T) in analogy with
MASnBrg. Actually there was none except for a small thermal hys-
teresis observed around the 272.3 K transition, as indicated by
the arrow in Fig. 5-12. The conductivity in the temperature re-
gion around the low temperature transitions are shown in Fig. 5-
13 in a magnified scale. The conductivity curve is hardly influ-
enced by the phase transitions in any significant way. However,
the positive slope between 100 and 150 K may be connected with
the phase transition and disordering of MA ions. The disordering
may also be responsible to the plateau of the conductivity ob-
served in MASnI5(G) between 100 and 150 K, because it was shown
above that there is an excess (orientational) contribution to the
heat capacity of MASnIg(G) in the same temperature region. Nega-
tive slope of the conductivity with increasing temperature in
MASnIg(G) can be accepted as an indication of metallic conductiv-
ity in the observed temperature range. MASnIg(T) also shows me-
tallic behavior except in the temperature region between 100 and

150 K.

5.5 High Pressure DTA
5.5.1 Pressure Dependence of the DTA Curves of MASnIs(T)

The DTA curve at each pressure was taken in the order of
decreasing pressure from the maximum pressure applied. For
MASnIq(T), the pressure was applied four times in all. The shape

of the DTA peak changed as the pressure was applied repeatedly.
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Figure 5-14 shows the experimental DTA curves at 0.1 MPa (atmos-
pheric pressure) observed before and after pressurization. The
curves (A) was obtained before pressurization, (B) after the
first pressurization and (C) after the fourth pressurization.
The heating rate was 0.8-1.2 K min~! and 0.8-0.9 K min~! for the
low and high temperature regions, respectively. Three endother-
mic peaks were observed in each curve. Their temperatures agree
with each other and with those observed in the heat capacity
measurement at 0.1 MPa (see Section 3.1). The phase transitions
at 114.7 K and 150.5 K observed in the calorimetry at 0.1 MPa
(see Section 3.1) were not detected in the DTA measurement. As
is clear from the figure, the peaks broadened as the measurement
was repeated. In the curve (C) where the broadening is most se-
vere, the peaks in the low temperature region are only slightly
above the noise level, while the peak at 271.2 K also broadened
considerably.

The peak at the highest temperature (~271 K at 0.1 MPa)
shifted monotonically to higher temperatures with increasing
pressure. The peak shape and area did not change significantly
with the increased pressure, even though the peaks broadened on
repeated high pressure measurement as discussed in the previous
paragragh referring to Fig. 5-14. This fact indicates that the
nature of the phase transition does not change significantly.

The experimental DTA curves under various pressures in the
low temperature region are shown in Fig. 5-15. They were ob-
served after the first pressurization up to 156 MPa. At 155.9
MPa (curve (A)), only one endothermic peak was observed at 116.1

K. With decreasing pressure, the peak shifted to lower tempera-
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Fig. 5-14 DTA curves of CHgNHgSnIg(T) at 0.1 MPa before and
after pressurization.
(A) : before pressurization, (B): after the first
pressurization, (C): after fourth.

The arrows indicate the transition temperatures.
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tures. At 116.3 MPa (curve (B)), the peak was observed at 108.7
K. The pressure dependent behavior was complicated at lower
pressures. At 77.9 MPa (curve (C)), a very small peak was barely
observed at 99.1 K. At 39.2 MPa (curve (D)), a small peak was
observed at 99.7 K. The peak temperature is higher than that in
the curve (C). At 0.1 MPa (curve (E)), two peaks were observed
at the same temperatures as were observed before pressurization.
The arrows with temperature values in parentheses represent the
phase transitions which were recognized by the further investiga-
tion (described below). From Fig. 5-15, one may expect a triple
point at a pressure between 77.9 and 116.3 MPa. However, the
actual pressure-temperature phase diagram is more complicated.
This is because the peak observed at the higher pressure has a
positive pressure dependence whereas the two peaks observed at
the lower pressure have negative ones. As is apparent from Fig.
5-15, it is very difficult to distinguish peaks from noise lev-
els. To elucidate the pressure-dependent behavior, further ex-
periment with higher sensitivity was required.

Figure 5-16 shows experimental DTA curves observed at 19.6
MPa after the second pressurization. The curve (A) is obtained
with a chopper type microvolt amplifier and the curve (B) with a
photo-coupled nanovolt amplifier. The heating rate was 1.0-1.1
K min'l. One can barely see the endothermic peak at 100.1 K and
scarcely find the one at 109.3 K in the curve (A). In contrast,
two peaks are observed at 100.1 and 109.3 K in the curve (B).

Figure 5-17 shows experimental DTA curves under several
pressures between 85.5 and 98.9 MPa. The curves (A), (B) and (C)

were obtained after three times pressurization and the curves (D)
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Fig. 5-16 DTA curves of CH3NH38nI3(T) at 19.6 MPa after second
pressurization.
(A): with a chopper microvolt amplifier,

- (B): with a photo-coupled nanovolt amplifier.
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Fig. 5-17 DTA curves of CH3NH3SnI3(T) under various pressures

in the low temperature range. (A), (B) and (C) were

obtained after third pressurization and (D) and (E)

after fourth. (E) was obtained by annealing at

101.6 K for 7 hours after cooling down to 84 K.
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and (E) after four times. The heating rate was 0.9-1.0 K min~!.

At 98.9 MPa (curve (A)), two endothermic peaks occurred at 98.8
and 106.6 K, respectively. At 97.6 MPa (curve(B)), only one peak
was observed at 105.6 K. The arrow without a temperature value
indicates the location of 98.8 K on the curve where the peak was
observed at 98.9 MPa in the curve (A). No apparent peak was ob-
served around this temperature. At 77.0 MPa, two peaks were ob-
served at 99.0 and 107.2 K, respectively. Disappearance of the
peak at the lower temperature in the curve (B) suggests that the
peak is due to the phase transition between the metastable phases
at this pressure. A triple point is expected to exist at a pres-
sure lower than 97.6 MPa. The temperature shift of the peak at
the higher temperature was not monotonical and the peak became
smaller with decreasing pressure. This suggests that the three
peaks observed in the curves (A), (B) and (C) at 105.6-107.2 K
are due to the phase transitions belonging to different, at least
two, transition lines. Another triple point may exist at around
these pressures. To clarify the metastable transition line and
to reveal the triple point, further investigation was carried
out. At 87.9 MPa, two endothermic peaks were observed at 99.0
and 106.4 K, respectively. After cooling down to 84 K, the sam-
ple was annealed at 101.6 + 0.5 K for 7 hours. Three peaks were
observed in the measurement after annealing (curve E). A new
peak was found at 104.0 K. The peak temperatures of the others,
99.1 and 106.5 K, agree with those observed before the annealing.
The peak at 99.1 K is obviously smaller than before. These ob-
servations indicate that the peak at 99 K is due to the transi-

tion between the metastable phases at this pressure. Thus, it
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became clear that there exists a second triple point at a lower
pressure than 85 MPa, and above the pressure a new phase appears.
Appearance of the new peak at 104 K confirms the transition line
which connects the two triple points. On comparing the area and
the temperature of the peak, it became clear that the phase tran-
sition observed at 105.6 K at 97.6 MPa is on the transition line
connecting the two triple points and that observed at 106.6 K at
98.9 MPa is on the transition line at above the pressure of the

triple point.

5.5.2 Pressure-Temperature Phase Relation of MASnI4(T)

Figure 5-18 depicts the pressure-temperature phase diagranm
of the MASnIg(T) crystal obtained in the present DTA study. The
broken line indicates the metastable transition line. The phase
transitions which were not observed here (114.7 K and 150.5 K in
the calorimetry at 0.1 MPa) are not shown in the figure. The
temperature region between 120 and 260 K is left out. The space
group, tetragonal I4/mcm, for one of the intermediate temperature
phase was concluded in the X-ray diffraction study (see Section
1.2). The structures of the other phases are not known at
present. They are denoted by the symbols A, B, C and HP for con-
venience. Two triple points were found in the narrow pressure
range. Their locations are (~59 MPa, 99.4 K) and (98 MPa, 106
K), respectively. The phase transition between the lowest tenm-
perature phase (C) and the high pressure phase (HP) was not ob-
served in the present measurement. The transition line between
these phases in Fig. 5-18 was arbitrarily drawn. Even though it

is obviously desirable to examine the p-T region at lower temper-
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ature, it was not practicable because of the coolant limitation.

The phase boundaries between the phases C and B, between the
phases B and A and between the tetragonal and cubic phases are
essentially straight lines in the pressure range studied here.
Their slopes dTy. /dP are -1.2, -4.5 and 3.1 x 1072 K MPa~!, re-
spectively. The phase boundary between the HP phase and the
phase A is downward convex. The positive(negative) slope indi-
cates the increase(decrease) of the molar volume as the tempera-
ture is traversed from below. The volume changes associated with
the phase transition which were derived by using the Clausius-
Clapeyron’s equation (Eq. (3-11)) are -0.03, -0.30 and 0.40
cnd mol™! for the III-II, II-I and the tetragonal-cubic transi-
tions, respectively. Here, the values of the transition entropy
Ai.sS derived from the calorimetric measurement at atmospheric
pressure (from Table 5-3) were used. The volume changes are
quite small (0.02, 0.2 and 0.3 %, respectively) as compared with
the molar volume (146 cmS) [8]. It is to be noted that the molar
volume of the cubic phase is larger than that of the tetragonal
phase. For MAPbXs (X = Cl,Br,1), the molar volume of the cubic
phase is smaller than that of the tetragonal phase (in the io-
dide, for p > 120 MPa) (see Section 5.2 in Chapter 3). The molar
volume of the cubic phase of MASnBrg is also smaller than the
intermediate phase, although the structure of the latter is not
known (see Section 5.2 in Chapter 4).

For MAPbXg (X = CI,Br,I), a general statement was made on
the phase diagram: the stability domain of the tetragonal phase
narrows at higher pressure both below and above (see Section 5.2

in Chapter 3). For MASnXg (X = Br,1), however, one cannot find
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such a simple general relation in the phase diagranm.
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Chapter 6
GENERAL DISCUSSION

6.1 Transition Entropy

Five methylammonium halogenoperovskites studied in the
present thesis have the cubic perovskite structures in the high-
est temperature phases and undergo phase transitions (excepting
MASnIg(G)). All of the phase transitions observed in MAPbXg (X =
Cl,Br,I) are first order phase transitions of the order-disorder
type. Transition entropies were accounted for with the models of
orientational disorder of an MA ion assuming that the MA ion is
completely ordered with respect to both the C-N axis itself and
around the C-N axis in the lowest temperature phases. In con-
trast to MAPbXg, phase behavior of MASnXs is complicated. In
addition to two first-order phase transitions of the order-disor-
der fype, a higher order phase transition of the displacive type
was found at low temperature (46 K) for MASnBrg. For MASnlg,
four successive phase transitions were found in the narrow tenm-
perature range, 95 - 150 K, in addition to the first order phase
transition of the order-disorder type at 273 K. Figure 6-1
summarizes the transition entropies of these compounds. For the
Pb compounds, the broken lines between the histogramic bars
indicate probable structural correspondence between respective
phases of the different crystals. The broken lines in the bars
(for the Sn compounds) indicate that the transition entropies
presented are the sum of the two unresolved transitions. The

steps by which the ordering proceeds in the Sn compounds are
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Fig. 6-1 Transition entropy of CH3NH3PbX3 (X = Cl,Br,I) and
CH3NH33nX3 (X = Br,1).

170



different from those in the Pb compounds, as indicated by the
different sequences of the transition entropies. However, the
total amounts of the transition entropies are close to each
other, which are 22~29 J K™! mol™l. Thus, all of the five
methylammonium halogenoperovskites have the same extent of disor-

der in the highest temperature phases.

6.2 The lonic Packing and the Transition Temperatures

The ionic radii wused in this section were taken fronm
Shannon’'s table for the ionic radii [1] and are reproduced in
Table 6-1.

In the perovskite structure, each MA ion is surrounded by
twelve halogen ions. The maximum radii of the contact sphere in
which the MA ion is situated are calculated from the lattice

constants [9,10,11] and the ionic radii of halogens as follows:

MAPbCl3 : 220 pnm, MAPbBr3 : 221 pn, MAPbI3 : 227 pn,
MASnBr3 220 pnm, MASnI3 221 pnm.

While the values increase with increasing the size of halogen as
expected, there is no significant difference between the values
for the Pb and Sn compounds. For MAI which has the CsCl type
cubic structure in the highest temperature phase (e phase, a =
486 pm) [2], the radius of the contact sphere is 201 pm. The
value is about 10 X% smaller than those for the perovskites. This
fact suggests that the reorientational motion of the MA ion in
the perovskites is closer to free rotation than in MAI.

Table 6-2 shows the M2t—X~ distandes derived from the lat-
tice constants £, and from the ionic radii (the sum of the

p.
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Table 6-1 Shannon’s effective ionic radii

used in Chapter 6

ions CN r/pm

cst 12 188

Rb* 12 172

Kt 12 164

pp2* 6 119

Sn2* 6 93

Mglt 6 72

Znt 6 75

Col? 6 75 (HS)
Mn2* 6 83 (HS)
cd2* 6 95

P 6 133

1~ 6 181

Br~ 6 196

1~ 6 220

CN: coordination number, HS: high spin.
R. D. Shannon, Acta (Crystallogr., A32,
751 (1976).
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Table 6-2 M2+-X' distances, Eexp. and B,,|..» derived
from the lattice constants and from the
ionic radii, respectively in ABX3 (A=MA, Cs,

B=Pb, Sn, X=F,Cl,Br,1I).

Compounds a/pnm Boxp./Pm  Boyio. /pm ref.
CsPbClg 560.5 280. 3 300 3,4
CsPbBrg 587.4 293. 17 315 4,5
CsPblg ~618 309 339 5
CsSnFq 447 223.5 226 6
CsSnClg 556 278 274 7
CsSnBrg 580 290 289 7.8
CsSnlg ~615 307.5 313 8
MAPbCl4 567.5 283. 8 300 9
MAPbBrq 590. 1 295.1 315 9
MAPbIq 632.9 316.5 339 9
MASnBrg4 589 295 289 10
MASnlq 624 312 313 11
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ionic radii of Mz+ and X7) & The table also includes

calec.’
analogous perovskites containing Cs+ in place of MA+. The value

of Ecalc.

This may indicate that the bonds between the Pb and X (halide)

is evidently larger than that of Eexp. in Pb compounds.

ions have appreciable covalent character. The variation in the
lattice constant on replacing Cs by MA is larger in the $n
compounds than in the Pb compounds. This may be related to the
covalent character in the Pb compounds.

To understand the distortions from the cubic structure of
ABO3 perovskites, the relation between the radii of the A, B and
02' ions has been discussed in terms of the tolerance factor ¢

defined by the following equation,
!‘A + I‘O = \/7 t (f'B + Fo). (6-1)

The closer t is unity, the more complete is the contact of all
the (spherical) atoms in the structure. Figure 6-2 shows the
dependence of the noncubic-cubic transition temperatures on the
tolerance factor in halogen perovskites. In addition to MA
compounds, the figure also includes the data on CsPbXg [91,
CsSnXg [10,11], CsGeXs [12]}, NH MFq [13,14,15], KMFg5 [14,16] and
RbMF4 [15,17]. Closed symbols indicate the compounds for which
the cation has no orientational degree of freedom (/. e. monatom-
ic cations) and opened ones that the cation can be orientational-
ly disordered. The ionic radius of the MA ion was taken to be
201 pm calculated from the lattice constant of the & phase of
. MAl and the standard value of the ionic radius of I~. The ionic
radius of the NH4+ ion, 154 pm, was derived from the lattice

constant of NHyMgFg; which is the smallest among those of the
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NH4MF3.compounds presented here. As is apparent from Fig. 6-2,
the transition temperatures decrease as the tolerance factor
approaches unity. There is no obvious division in the plot
between the compounds with orientational degrees of freedom and
those without. This was unexpected because the large transition
entropy associated with the orientational disorder might influ-
ence the stability of the cubic phase and drastically reduce the
transition temperature. However, it has to be remembered that

the transition temperature is determined by the relation:
Ttrs = Bersf/ByrsSs (6.2)

for a first order transition. An essentially same relation holds
for a higher order transition. The large transition entropies of
the MA perovskites are counterbalanced by large transition en-
thalpies, thus resulting in the transition temperatures which are
not much different from those of the simple halide perovskites.
A significance of the plot in Fig. 6-2 is that much larger ener-
gies are associated with a given value of | 1-t|l in the MA
perovskites than in the simple perovskites. This, in its turn,
indicates that the molecular forces responsible for the phase
transition are different among the different perovskite crystals
even though they do fit well in the argument employing the toler-

ance factor.
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