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ABSTRACT: Two hybrid rare-earth double perovskites, (CH3NH3)2KGdCl6 and
(CH3NH3)2KYCl6, have been synthesized by a solution evaporation method and their
structures determined by variable temperature single-crystal X-ray diffraction. The
diffraction results show that at room temperature both perovskites adopt a rhombohedral
structure with R3 ̅m symmetry, as found previously for (MA)2KBiCl6, and lattice
parameters of a = 7.7704(5) Å and c = 20.945(2) Å for (MA)2KGdCl6 and a =
7.6212(12) Å and c = 20.742(4) Å for (MA)2KYCl6. Both phases exhibit a
rhombohedral-to-cubic phase transition on heating to ∼435 K for (MA)2KYCl6 and
∼375 K for (MA)2KGdCl6. Density functional calculations on the rhombohedral phase
indicate that both materials have large direct band gaps, are mechanically stable, and, in
the case of (MA)2KGdCl6, could exhibit magnetic ordering at low temperatures.

Halide perovskites of general formula AMIIX3 (A = amine
or alkali metal cation; MII = divalent cation; X = Cl, Br, I)

have emerged as potentially useful light-absorbing materials for
solar cell applications due to their very favorable optoelectronic
properties.1,2 Many examples exist, but most are lead-based and
typified by the hybrid organic−inorganic perovskite,
CH3NH3PbI3, and its inorganic analogue, CsPbI3. However,
the toxicity of lead and the instability of these phases has led to
a search for Pb-free alternatives. A simple chemical way of
achieving this while retaining the favorable optoelectronic
properties is to form a halide double perovskite (A2M

IMIIIX6),
also known as elpasolite, in which MI and MIII are monovalent
and trivalent cations, respectively. The emergence of halide
double perovskites (HDPs) began at the end of the 1960s with
the synthesis of Cs2NaAmCl6 and Cs2NaBkCl6.

3,4 This was
closely followed by the preparation and characterization of over
20 similar Cs−Na-based HDPs: Cs2NaMCl6 (M = lanthanides,
Bi, Fe, etc.).5 Motivated by these studies, a significant number
of new double perovskites were subsequently explored,6 with
interest mostly focusing on understanding the optical
absorption, emission, and magnetism in structures containing
MIII rare-earth elements.7,8 Compared with single perovskites,
double perovskites have a broader chemical diversity because
both the MI and MIII sites can be modified. Although there have
been many reports of inorganic rare-earth HDPs (e.g.,
Cs2LiYCl6, Cs2NaGdCl6, Cs2NaYF6

7,9−11), including several
recent bismuth and indium-containing structures such as
Cs2AgBiCl6, Cs2AgBiBr6, and Cs2AgInCl6,

12−15 only four
hybrid halide double perovskites (HHDPs) have been reported
to date: (MA)2KBiCl6, (MA)2TlBiBr6, (MA)2AgBiBr6, and

(MA)2AgSbI6.
16−19Combining the complex interactions be-

tween amine and cavity introduced by polar organic cations
such as MA+ (methylammonium, CH3NH3

+) with rare-earth or
transition element metals is a promising route to multiferroic
HHDPs.20 In this work we describe the synthesis and
characterization of two novel HHDPs, (MA)2KGdCl6 and
(MA)2KYCl6. Although low-dimensional rare-earth hybrid
perovskites have been reported previously,21 we believe that
these are the first examples of 3D HHDPs. Their structures
were characterized using variable-temperature single-crystal X-
ray diffraction (VT-SCXRD), and density functional theory
(DFT) calculations have been used to predict the electronic
and mechanical properties of these phases. Details of the
computational method are given in the Supporting Information
(SI).
(MA)2KGdCl6 and (MA)2KYCl6, both of which are colorless

and transparent, have rhombohedral (R3 ̅m) symmetry at room
temperature, as found previously16 for (MA)2KBiCl6, with
lattice parameters of a = 7.7704(5) Å, c = 20.945(2) Å for
(MA)2KGdCl6 and a = 7.6212(12) Å, c = 20.742(4) Å for
(MA)2KYCl6. As in the previous work on the bismuth
compound, the inorganic framework of each HHDP was
found to be a network of alternating, corner-sharing KCl6 and
MCl6 octahedra (Figure 1a,b), with the MA+ cations positioned
inside the inorganic cages. The orientation of the C−N bond
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alternates along the c axis. Bond lengths indicate that the Cl
atoms are closer to Gd/Y than K (Table S1). Because of the
relative sizes of the MIII cations (Gd3+: 93.8 pm and Y3+: 90
pm22), (MA)2KGdCl6 (V = 1095.21(18) Å3) has a slightly
larger unit cell volume than (MA)2KYCl6 (V = 1043.4(4) Å3).
The tolerance factors23 of (MA)2KYCl6 and (MA)2KGdCl6 are
0.954 and 0.948, respectively, indicating that (MA)2KYCl6 is
slightly more close-packed and that both are more close-packed
than (MA)2KBiCl6 (0.933). Table S1 shows that the lattice
parameters predicted by DFT using the optB86b+vdW
functional agree well with the experimental observations for
both structures, and it is seen that optB86b+vdW gives the best
equilibrium volume and c/a ratio when compared with the
crystallographic results for (MA)2KYCl6 (Table S2). Within the
[KMCl6]

2− inorganic framework, the dK−Cl, dM‑Cl bond
distances and K−Cl−M bond angles also match well with the
SCXRD structure. The main discrepancy between the experi-
ments and the calculations concerns the apparent over-
estimation of dC−N, as the crystallographic C−N distances
represent the time-averaged positions of the electron densities
and are shortened by the librations of the MA+ cation about the
c axis (Figure 2a).

Synthesis and characterization of the HHDPs was found to
be challenging because both materials are deliquescent, similar
to the inorganic rare-earth HDPs.6 In powder form the crystals
dissolve quickly (minutes) when exposed to normal laboratory
atmosphere. Because of this, the samples were not pure and
contained some starting materials, which leads to difficulties for
powder characterization. The synthesis temperature was found
to be important because too low a temperature (<70 °C)
during evaporation results in the formation of rare-earth
chloride hexahydrates in the product. Too high a temperature
(>100 °C) produced twinned crystals. To understand better
the relative stabilities of the two rare-earth HHDPs, their
decomposition and formation enthalpies (ΔHd and ΔHf) were
calculated, as defined in the SI, and are given in Table 1.

Positive values of ΔHd and negative values of ΔHf suggest that
they are energetically favorable. It is seen that (MA)2KYCl6 is
more stable than both (MA)2KGdCl6 and the previously
synthesized (MA)2KBiCl6.

16 The latter result is interesting
because experimentally we found (MA)2KBiCl6 to be much
easier to synthesize than its rare-earth counterparts. This is
probably because of the synthesis environment and kinetics,
which are ignored in DFT calculations. It is well known that
rare-earth halides (MIIIX3) are extremely hydroscopic and can
readily form hydrates because M−X bonds, which are also
present in the HHDPs, are easily attacked by water.6

The VT-SCXRD results are shown in Tables S3 and S4. Like
(MA)2KBiCl6, the (MA)2KGdCl6 and (MA)2KYCl6 perovskites
transform from a rhombohedral structure (R3 ̅m) to a face-

Figure 1. Conventional unit cells of rhomobohedral (MA)2KMCl6 (M
= Gd and Y) at room temperature viewed (a) along the c axis and (b)
parallel to the a−b plane. KCl6 and MCl6 octahedra are shown in
orange and blue, respectively. Green: Cl, brown: C, light blue: N,
silver: H.

Figure 2. (a) Upper: the experimental disk-shaped thermal ellipsoid of the C−N bond. Lower: illustration of how the libration of the MA+ cation
about the c axis contributes to the lattice parameters at room temperature (RT) and high temperature (HT). The libration angles at HT and LT are
labeled as θHT and θLT (b) Volumes per formula unit (f.u.) of (MA)2KGdCl6 and (MA)2KYCl6 upon heating measured by VT-SCXRD. The
approximate rhombohedral−cubic phase-transition temperatures TPT are marked by vertical dashed lines.

Table 1. DFT-Calculated (optB86b+vdW) Decomposition
Enthalpies (ΔHd) and Formation Enthalpies (ΔHf) of
Rhombohedral (MA)2KGdCl6, (MA)2KYCl6, and
(MA)2KBiCl6

a

(MA)2KGdCl6 (MA)2KYCl6 (MA)2KBiCl6

ΔHd 6.56 23.52 18.76
ΔHf −634.81 −949.48 −719.69

aUnits are meV/atom.
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centered cubic structure (Fm3 ̅m) on heating above room
temperature (unpublished results). The phase-transition
temperature, TPT, for (MA)2KGdCl6 is between 360 and 390
K, whereas for (MA)2KYCl6 it is between 420 and 450 K. The
higher TPT for (MA)2KYCl6 may partly originate from its
stronger hydrogen bonding. As discussed in the previous
work16 on (MA)2KBiCl6, the N···Cl distance can be used as an
indicator of hydrogen-bond strength: The shorter this distance,
the closer the amine group is to the Cl anions and the stronger
the Cl···H bonding. In Table S1 we show that dN···Cl is
3.397(10) Å and 3.341(11) Å for (MA)2KGdCl6 and
(MA)2KYCl6, respectively, implying that the latter has stronger
hydrogen bonds. The different thermal expansion coefficients
of the two rare-earth double perovskites can also be rationalized
by the different stiffnesses,24 as discussed further below. Upon
heating, both (MA)2KMCl6 perovskites increase in volume, as
shown in Figure 2b and Tables S3 and S4. However, although
the a (and b) lattice parameters increase, the c lattice parameter
decreases with temperature (Tables S3 and S4). This results in
a negative thermal expansion coefficient along c (Table 2) and a

decrease in the c/a ratio for both materials. The effect is larger
for (MA)2KGdCl6 than for (MA)2KYCl6 and is also observed in
(MA)2KBiCl6. The interatomic bond distances mostly increase
upon heating, except for dC−N, which is correlated to the
negative thermal expansion along the c axis. Because the

positions of the C and N atoms are refined at the 6c site due to
the constraint of symmetry, dC−N reflects the projection of the
average C−N positions onto the c axis. The anisotropic
displacement ellipsoids of C and N deduced from SCXRD are
disk-shaped and aligned normal to [001] (Figure 2a, top),
which indicates that the MA+ cations are librating off the c axis.
The libration angle increases with temperature, making the
projected dC−N smaller. This libration, which is transmitted
through the interaction between amine and cavity to the
[KMCl6]

2− framework, combined with the vibrations of the
M−Cl octahedra, is responsible for the observed decrease in c
and increase in a (and b) upon heating (Figure 2a, bottom).
The DFT-calculated (optB86b-vdW+SOC) electronic band

structures together with the projected density of states (PDOS)
for both rare-earth HHDPs in their rhombohedral structure are
shown in Figure 3a,b and look very similar. Both perovskites
possess large direct band gaps at the Γ point, with 4.91 eV for
(MA)2KGdCl6 and 5.04 eV for (MA)2KYCl6. The large band
gaps are due to the strongly ionic nature of the K+ cation and
the presence of Cl−, which has a higher electronegativity and
smaller ionic radius than bromine or iodine.17 Focusing on the
orbitals that contribute to the band edge states, Figure 3b
shows that the valence band maximum (VBM) of both HHDPs
is dominated by Cl 3p nonbonding states, whereas the
conduction band minimum (CBM) for (MA)2KGdCl6 and
(MA)2KYCl6 is characterized by Gd 5d-Cl 3p and Y 4d-Cl 3p
bonding states, respectively. The energy states of the MA+ and
K+ cations are localized and energetically inactive, as found
previously16 for (MA)2KBiCl6. One difference between the two
HHDPs is the presence of Gd 4f electrons in (MA)2KGdCl6,
but these are deep and localized at around −7 eV, forming
seven extremely flat bands. The direct nature of the band gaps
in both materials is related to the Cl 3p nonbonding states that
dominate the VBM. This is different from other hybrid halide
perovskites, such as (MA)PbBr3 and (MA)2TlBiBr6, where the
direct band gaps are strongly related to the Pb and Tl 6s lone
pairs.17 Direct band gaps are important in optoelectronic

Table 2. Linear and Volume Thermal Expansion Coefficients
(α) for Rhombohedral (MA)2KMCl6 Fitted from VT-
SCXRD Dataa

αa αc αV

(MA)2KGdCl6 47.75 −36.76 65.81
(MA)2KYCl6 29.79 −25.21 29.42

aLinear coefficients are fitted using data from 300 to 360 K (420 K)
for (MA)2KGdCl6 ((MA)2KYCl6), whereas the volume coefficients are
fitted using all data points. Units are 10−4/K.

Figure 3. DFT-calculated (a) electronic band structures and (b) projected densities of states (PDOS) for (MA)2KGdCl6 and (MA)2KYCl6. Valence
band maximum (VBM) is set as zero.
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applications because optical absorption and emission processes
become much easier. Although the band gaps in the present
rare-earth HHDPs are too large to be used in solar cells, other
applications such as solid-state lighting may be possible by
doping the materials with further rare-earth elements (e.g.,
Ce3+, Tb3+, or Eu3+), as previously demonstrated in oxide
garnet systems.25

The presence of Gd in (MA)2KGdCl6 suggests that this
HHDP could exhibit magnetic ordering due to unpaired 4f
electrons. To examine this possibility, spin-polarized DFT
calculations were performed on supercells of the primitive cell
(i.e., containing two and four Gd atoms respectively). After
optimization of the atomic, electronic, and magnetic structures,
it was found that the difference in energy between the
ferromagnetic (FM), antiferromagnetic (AFM), and para-
magnetic (PM) states was very small (0.1 to 0.2 meV/f.u.),
with the AFM structure being slightly more stable. In each case
the magnetic moment (Sz) of each Gd atom was |6.88| μB. The
small difference in energy between the states suggests that
(MA)2KGdCl6 may be paramagnetic down to very low
temperatures. This situation appears to be similar to that
found experimentally8 for Cs2NaGdCl6, which is thought to be
paramagnetic above ca. 35 mK and ferromagnetic below. As
shown in Figure 3b, the 4f electrons in the valence band are
energetically deep and localized, suggesting a weak magnetic
exchange effect and an extremely low Curie temperature.
Although (MA)2KGdCl6 is cation-ordered and centrosymmet-
ric at room temperature, the presence of the polar MA+ cation
may cause it to change symmetry on cooling and become
ferroelectric. Consequently, there is a potential for
(MA)2KGdCl6 to be multiferroic at low temperatures. The
small energy difference between the magnetic states may also
mean that it could be used as a magnetocaloric coolant.
Optoelectronic devices usually contain interfaces between

mechanically different materials, and thus it is important to
understand the elastic properties of HHDPs. The DFT-

calculated elastic constants of the two rare-earth HHDPs are
shown in Table S5, and the polycrystalline elastic moduli are
given in Table 3. Both perovskites are mechanically stable
because all of the elements in the eigenvectors of their elastic
constant matrices are positive. Like other halide perov-
skites,16−18,27,28 they exhibit relatively low elastic moduli, with
(MA)2KYCl6 being slightly stiffer than (MA)2KGdCl6, with
DFT-calculated Young’s moduli along <100> of 22.34 and
19.73 GPa, respectively. The flexible hybrid double-perovskite
structure suggests a flatter energy surface for phase trans-
formations and also explains why (MA)2KGdCl6 has larger
thermal expansion coefficients and (MA)2KYCl6 has a higher
TPT. The stiffness of the HHDPs is mainly related to the
strength of the bonds in the inorganic framework.17 Assuming a
direct correlation between bond length and bond strength, it is
seen (Table S1) that dK−X and dM−X are shorter in (MA)2KYCl6
compared with (MA)2KGdCl6, which is consistent with the
lower calculated Young’s modulus in the latter material (Table
3). The calculated single-crystal directional Young’s moduli of
(MA)2KYCl6 are shown in Figure 4a−c projected onto different
crystallographic planes. Similar contour maps are found for
(MA)2KGdCl6. The directional Young’s modulus is seen to be
highly anisotropic, especially on the (010) plane and the plane
normal to [100] (Figure 4b,c), with the largest values along the
M−X−K direction and the smallest values along the diagonal of
the M−X−K pseudo-cubic cage, which is similar to other
HHDPs.17

In conclusion, two new rare-earth hybrid double perovskites,
(MA)2KGdCl6 and (MA)2KYCl6, have been prepared using a
solution evaporation method and their structures characterized
using variable temperature single-crystal X-ray diffraction. At
room temperature both perovskites have rhombohedral
symmetry, but on heating above 360 K they transform to
cubic symmetry. This behavior is similar to that found
previously for (MA)2KBiCl6. DFT calculations on the
rhombohedral phase indicate that the new perovskites have

Table 3. DFT-Calculated (optB86b+vdW) Polycrystalline26 Young’s Modulus (E), Bulk Modulus (B), Shear Modulus (G), and
Poisson’s Ratio (ν) for Rhombohedral (MA)2KGdCl6, (MA)2KYCl6, and (MA)2KBiCl6

16 and Their Single-Crystal Maximum
Valuesa

E B G ν Emax Emin Gmax Gmin νmin νmax

(MA)2KGdCl6 26.03 19.63 10.18 0.28 37.1 19.93 15.25 6.56 0.59 0.19
(MA)2KYCl6 27.38 19.7 10.79 0.27 36.78 22.02 15.28 7.76 0.51 0.14
(MA)2KBiCl6 24.03 18.75 9.34 0.29 35.17 15.29 14.78 6.28 0.50 0.10

aAll units are GPa except ν, which is dimensionless.

Figure 4. DFT-calculated polar plots of the directional Young’s modulus of (MA)2KMCl6 (M = Y: orange and Gd: blue) as well as previously
reported (MA)2KBiCl6 (green) projected on (a) the (001) plane, (b) the (010) plane, and (c) the plane perpendicular to [100]. Radii indicate the
value of directional Young’s modulus and units are GPa. Structure of (MA)2KYCl6 is shown under the plots.
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large direct band gaps (∼5 eV), are mechanically stable, and
could exhibit magnetic ordering at low temperature in the case
of (MA)2KGdCl6. The discovery of these materials expands the
scope of hybrid perovskites to rare-earth containing materials,
enabling the possibility of future applications in solid-state
lighting and magnetism.

■ EXPERIMENTAL METHODS
A solution evaporation method was used to prepare crystals of
(MA)2KYCl6 and (MA)2KGdCl6, both of which were colorless
and transparent. The materials were synthesized by dissolving
Y2O3/Gd2O3 (1 mmol), KCl (1 mmol), and (MA)Cl (2 mmol)
in 2 mL of HCl solution (32 wt %) and placing the solution in a
capped glass vial on a hot plate at 80 °C. The solution was
stirred for 1 h at 80 °C until it became clear and colorless. The
cap was then opened and the solution was evaporated until dry
at 85 °C. Crystals suitable for SCXRD were chosen from the
dried sample. Some secondary phases (YCl3·6H2O, GdCl3·
6H2O, and KCl) were obtained using this method. Other
synthesis methods were therefore tried, including vapor
diffusion, slow cooling of the oversaturated solution, and
hydrothermal and solid-state reactions, but only the procedure
described above was successful. Unfortunately, this prevented
us from obtaining phase-pure bulk samples that could be used
for magnetic and optical characterization.
VT-SCXRD measurements were conducted on the two

materials from 300 K in intervals of 30 K up to 450 K. Suitable
crystals were selected and mounted using Paratone-N on an
Xcalibur/Gemini Ultra diffractometer with an Eos CCD area
detector. The structures were solved by direct methods using
Olex229 with the ShelXS30 structure solution program and
refined with the ShelXL31 refinement package using least-
squares minimization. For the high-temperature cubic
structures, the positions of the H, C, and N atoms were not
refined due to the limited ability of X-ray diffraction to detect
light elements in the presence of heavy elements such as Gd
and Y.
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