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ABSTRACT: Hybrid organic—inorganic perovskites
(HOIPs) are a new generation of high-performance materials
for solar cells and light emitting diodes. Beyond these
applications, ferroelectricity and spin-related properties of
HOIPs are increasingly attracting interests. The presence of
strong spin—orbit coupling, allied with symmetry breaking
ensured by remanent polarization, should give rise to Rashba-
type splitting of electronic bands in HOIP. However, the
report of both ferroelectricity and Rashba effect in HOIP is

9

6,5,6,5

rare. Here we report the observation of robust ferroelectricity and Rashba effect in two-dimensional Dion-Jacobson perovskites.

B INTRODUCTION

Recently, 2D perovskites of the Ruddlesden—Popper (RP) class
and its higher dimensional homologues (quasi-2D) have
emerged from the shadows of 3D perovskites because of their
higher chemical stability, as well as the newly discovered solar
cell performance by edge oriented quasi-2D perovskites."”” At
the same time, there is blooming interests in the ferroelectric
properties of these 2D perovskites since spontaneous polar-
ization in ferroelectric semiconductor enhances charge separa-
tion and can potentially break the Shockley-Queisser limit
through the bulk photovoltaic effect.’™” Room temperature
ferroelectric phase has been reported in
(BA),(MA)(,-1)Pb,X(3,,1)-type perovskites (where BA =
C,HyNH,"; MA = CH;NH;"; X = Br or Cl);'°”"* tunable
ferroelectricity has also been observed in RP perovskites
(PEA),(MA)(,_)Pb,I3,,1) (where PEA = C,H,C,H,NH;,")
due to correlated reorientation of MA and ion translations.®
Molecular engineer of organic cations that introduce lattice
distortion and molecular reorientation can lead to an order—
disorder type transition at Curie temperature above room
temperature.l""14

The prerequisite for ferroelectricity is the lack of centrosym-
metry in the crystal, together with a strong spin—orbit coupling
(SOC) ensured by the heavy Pb atoms, and these conditions
give rise to the Rashba effect. The coexistence of ferroelectricity
and Rashba effect gives rise to a class of spintronics-relevant
material called Rashba ferroelectrics, among which includes
GeTe."> " In such material, the spin—orbit coupling, as well as
the spin texture, is influenced by the switchable electric
polarization. In the absence of structural inversion symmetry,
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the spin-degenerate parabolic band splits into two spin-polarized
bands, where the electron (or/and hole) dispersion relation may

be described by E, (k) = % + alkl, where ay is the Rashba

splitting parameter.'”~" A giant Rashba splitting was previously
reported for (PEA),Pbl,, with energy splitting of (40 + 5) meV
and Rashba parameter of 1.6 eV-A (Figure 1a)."”

As an alternative to the much studied RP perovskite class
(Figure 1a), Dion-Jacobson (DJ) phase HOIPs are known for

® Dion-Jacobson Perovskite
(AMP),Pbl,
Ruddlesden-Popper Perovskite 2-phenyleth jum  4-(aminomethylypiperidinium
(PEA),Pbl, (PEA) (AMP)

Figure 1. Structural comparison of 2D hybrid organic—inorganic (a)
Ruddlesden—Popper and (b) Dion-Jacobson perovskites and (c)
chemical structures of amine derivatives.
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their higher stability because the van der Waals gap is replaced
by diammonium cations that are hydrogen bonded to the
inorganic layers on both sides (Figure 1b).”*~>* Phase change
involving the reorientation of these cations may be associated
with paraelectric-ferroelectric transition. In this paper, we report
robust ferroelectricity and Rashba effect in 2D DJ-HOIP (Figure
1b) of the formula (AMP)Pbl, (where AMP is 4-
(aminomethyl)piperidinium (Figure 1c))

B RESULTS AND DISCUSSION

The D]J perovskite studied here belong to n = 1 DJ perovskite,
with a visible photoluminescence peaked at 523 nm and an
optical band gap of ~2.38 eV (Figure S2). Structural phase
changes in (AMP)Pbl, (hereafter denoted DJP) at 293 and 373
K were tracked using single crystal X-ray diffraction (SC-XRD)
analysis. SC-XRD reveals that room-temperature phase (RTP)
of DJP at 298 K crystallizes in the monoclinic Pc phase, which is
noncentrosymmetric.”” In RTP, the asymmetric unit contains
two AMP molecules, two Pb atoms, and 8 I atoms (Figure S4a).
The AMP cations (based on -NHj,) are oriented alternatively in
an up and down configuration in the interlayers of [PbI,]*"
(Figure 2a). The Pb atoms are located in the (green-colored)
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Figure 2. Symmetry restoration/breaking of single crystal structures of
DJP in (a) ferroelectric phase at 298 K with space group Pc and (b)
paraelectric phase with space group P2,/c at 373 K.

glide plane, which is the only symmetry element in DJP. The
AMP molecules are situated below the center line dividing the
inorganic layers along a-axis (Figure S6). This asymmetry
facilitates polarization which is directed along the [100]
equivalent direction.

DJP crystallizes in the monoclinic phase at 373 K,
corresponding to the P2,/c high temperature phase (HTP),
which is centrosymmetric (Table S1). The asymmetric unit of
HTP is reduced to half of that of RTP and contains one AMP
molecule, one Pb atom, and 4 iodine atoms (Figure S4b). In
HTP, the AMP molecules are located at the inversion center,
causing the polarization to be canceled (Figure 2b and Figure
§7). As depicted in Figure 2b, the HTP structure has the (green-
colored) glide plane and also the (orange-colored) 2-fold axis
and the (navy-colored) inversion center.

The thermal anomalies in DJP that accompanies the
ferroelectric-paraelectric transition was confirmed by variable
temperature differential scanning calorimetry (DSC) curves and
second harmonic generation (SHG) signal in a heating—cooling
cycle (Figure 3). A pair of thermal anomalies from DSC curve in
DJP was observed at 352 K in the heating process and 349 K in
the cooling process (Figure 3a). The DSC provides the
reversible phase transition temperature at T. = 352 K. Since
SHG 51gnal is only generated from noncentrosymmetric
materials,"> symmetry breaking by phase transition in DJP was
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Figure 3. Temperature-dependent properties of DJP in a heating—
cooling cycle. (a) DSC curves. (b) SHG signal intensity.

monitored by SHG measurement, from which the Curie
temperature of DJP is T, = 353 K (Figure 3b).

Having established the noncentrosymmetric nature of DJP,
we next investigate if DJP is ferroelectric at room temperature
using Piezoresponse force microscopy (PFM). Figure 4 presents
images constructed by out-of-plane PFM amplitude and phase,
which reveal two types of domain structures on the thin-film of
DJP. The phase image is distinct from the topography image in
Figure 4a, thus ruling out morphology as the origin for the phase
contrast. The thin-film was first polarized by applying a dc bias of
V=3V on the conductive tip with the conducting substrate (Au
coated Si wafer) grounded (Figure 4b). With respect to the dc
voltage polarity, the light-orange regions (Figure 4b) represent
the ferroelectric domains oriented out-of-plane in the sample
(and along the applied dc field direction of the tip), whereas the
brown regions represent the domains with random orientations,
as illustrated in Figure 4b,c. Figure 4d,e shows the remnant and
amplitude hysteresis loops for DJP on a random sample spot. To
eliminate the electrostatic interactions from the tip and sample
which may originate from hysteretic surface charging, pulsed
voltage with a maximum of 8 V was applied, and only the
remnant signal was used for analysis in this study. The PFM
amplitude hysteresis loop is shown in Figure 4e, the well-defined
butterfly loops and the 180° phase switching at room
temperature are indicative of ferroelectric polarization in DJP
(Figure 4f).

The polarization switching was also checked by collecting I—
V and P—V curves in a semiconductor analyzer. The device was
fabricated using a 250 pm-thick DJP pellet with top and bottom
Ag electrodes (Figure Sa). It has two apparent current peaks at
+10 V corresponding to the ferroelectric switching voltage
(coercive voltage), indicating that the device resistance is
changed by polarization switching of DJP (Figure Sb). As
depicted in Figure Sb, the green arrows displays the voltage
sweep directions (—1SV—>0V > +1SV—->0V - — 15 V).
The DJP capacitor with negative polarization shows a low-
resistance state (LRS) under negative bias sweep 1. However,
the negatively polarized domains in DJP start to reverse to
positive polarization when the positive bias (+10 V, sweep 2) is
larger than the coercive voltage. A significant current drop was
observed from +10 to +15 V, which means the device goes into
the high-resistance state (HRS). The device stays at HRS as the
external bias is decreased to 0 V, at this stage the polarization
direction is parallel with the external electric field (sweep 3).
When a negative bias (—10 V, sweep 4) is applied to the device,
the positively polarized domains were turned to negative
polarization, such that the device is switched to LRS. The
coercive voltage is +10 V (voltages at the current peaks),
corresponding to a coercive field of about 0.4 kV/cm, which is
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Figure 4. Piezoresponse force microscopy (PFM) for the thin-film of DJP. (a) Topography. (b) Out-of-plane phase. (c) Out-of-plane amplitude. (d)
Phase hysteresis loop. (e) Amplitude butterfly loop. (f) Phase profile from the green line in panel b.
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Figure S. Electrical behavior of DJP. (a) Device structure. (b) I-V
curve. (c) P—V curve.

comparable to that of conventional ferroelectrics such as
perovskite oxides.”’

The polarization—voltage (P—V) hysteresis loop can be
obtained by integrating current over time using following eq 1:

1

P(V) = 1dv

sweep ( 1 )

where the A is area of the capacitor and the V.., is voltage
sweep rate.”® DJP has a close saturated polarization (Ps) value of
9.8 uC/cm? at room temperature (Figure Sc). This value is
larger than those of other ferroelectric RP perovskites such as
(BA),(MA)Pb,Br, of 3.6 uC/cm? (BA),(MA),Pb;Br,, of 2.9
4CJem2 1112

To quantify the Rashba splitting energy of DJP, we applied a
model that correlates the three factors which affect the
experimentally observable, circularly polarized emission: Rashba

parabolic band splitting kg, hot carrier cooling rate k., and spin-
flip rate kg;,- The circular polarization of the emission is related
to the cooling rate and spin-flip rate by:

pP= e_kﬂiptcool 2)

where P stands for degree of circular polarization of PL. The
degree of circular polarization of PL has already been defined as

I(a,) — I(c_)
I(a,) + I(c_)

(3)

where I(6,) and I(c_) represent left and right circularly
polarized PL intensity under the same circularly polarized
excitation.”” Circularly polarized excitation and PL detection is
widely used to evidence the formation of spin splitting bands.””
The presence of Rashba splitting gives rise to spin-split bands
with opposite optical helicity; thus, under excitation by light of a
particular polarization, the intensity of left and right circularly
polarized PL will be different (Figure 6a). The sample is
photoexcited by using circularly polarized 473 nm continuous
wave laser, and the PL emitted is analyzed by a polarization-
resolved detector (see the SI for details). As a control, a typical
RP perovskite (PEA),Pbl, was measured at room temperature
(Figure S12). As expected of a centrosymmetric crystal, no
difference between left and right circular-polarized emissions
was observed at room temperature. As shown in Figure 6b, blue
and red curve represents right and left circular polarized PL
respectively under left circularly polarized excitation at 293 K.
Similarly, in Figure 6c, spin flips can be observed when the
source is switched to right circularly polarized excitation. The
peak intensity difference indicates the existence of Rashba band
splitting. The calculated circular polarization P of 24% + 2% is
then applied to eq 2 to estimate the Rashba splitting. By takin
the spin-flip rate in 2D perovskites kg, ~ 4 ps~! into account,”
the hot carrier cooling time () of 0.36 ps can be estimated
from eq 2. According to eq 4
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Figure 6. Rashba effect in DJP at 293 K. (a) Schematic illustration of
spin splitting valley. (b) Left and right circularly polarized PL under left
circularly polarized excitation at 473 nm. (c) Left and right circularly
polarized PL under right circularly polarized excitation at 473 nm.

b= (EX — ER)
ol kcool (4)

and taking hot carrier energy loss rate (k) in perovskites to be
~0.1 eV/ps®>*" (where Ey stands for excess electron energy
above bandgap and Ej, represents the Rashba energy barrier), we
estimated a giant Rashba splitting energy Ey, of 85 meV in DJP at
293 K. From the obtained Ey, assuming effective mass m* =
~0.2m, (where my is the bare electron mass),”*” we estimated
the Rashba coefficient « to be 2.6 eV A, based on the parabolic
energy dispersion function. The offset kg of the spin valley from
the center was also estimated to be 0.067 A™" via kg= 2Ep/a.

B CONCLUSION

In conclusion, we have demonstrated ferroelectricity and
Rashba effect in a two-dimensional DJP with formula (AMP)-
Pbl, (where AMP is 4-(aminomethyl)piperidinium). A
saturated polarization, P, value of ~9.8 uC/cm?® with Curie
temperature T = 352 K was measured. The P; is higher than the
conventional hybrid organic—inorganic perovskite.'"'* A large
Rashba splitting energy of 85 meV and Rashba coeflicient of 2.6
eV A was also observed. Thus, DJP is a room temperature
Rashba ferroelectric and is a potentially useful material for
spintronics. The presence of robust room temperature
terroelectricity suggests enhanced performance in photovoltaics
and spintronics applications.
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