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CHAPTER 9

Spin-Singlet Formation in the Spin-Tetramer Layered
Organic-Inorganic Hybrid CH3NH3Cu,Cls

M.E. Kamminga et al., submitted

Abstract

In this chapter, we report spin-singlet formation in a novel organic-inorganic hybrid identi ed
as CH3NH3Cu,Cls. The hybrid adopts a layered structure in which Cu,Cls layers are
separated by CH3NH3™ layers. The inorganic layers consist of corner- and edge-sharing CuCls-
octahedra, forming edge-sharing tetramers. Magnetic susceptibility measurements indicate
strong antiferromagnetic interactions within the tetramers, whereas the coupling between the
tetramers is weak. Low temperature magnetic susceptibility data measurements suggest a
non-magnetic ground state with a large spin gap of 130 K, in apparent contradiction with
ferromagnetic interactions between nearest-neighbor spins. We discuss a novel spin-tetramer
model in which antiferromagnetic next-nearest-neighbor interactions lead to a spin-singlet state.

9.1 Introduction

Organic-inorganic hybrid perovskites, with structural formula ABX3, are of much interest
for a broad range of applications because of interesting magnetic,* 8 ferroelectric, (1]
conducting, (1 151 optical 16171 and optoelectronic® 241 properties of these materials.
Hybrid perovskite structures generally consist of organic cations A that occupy the 12-
fold coordinated sites, coordinated by metal halide BXg-octahedra. In addition to the
three-dimensional (3D) perovskites, layered perovskite structures with structural formula
A,BX,4 can be obtained. These layered hybrids consist of single h100i-terminated
perovskite sheets separated by bilayers of the organic cations and are held together by
the van der Waals interactions between the organic groups. (1!

From the early 1970s, long-range magnetic order has been studied in layered hybrid
perovskites incorporating Fe?*, Mn?*, Cu?* and Cr?* as the metal cation, B> /1. The
magnetic properties are determined by the magnetic superexchange interactions through
the B X B bonds (where X is the halogen). Furthermore, incorporation of Jahn-
Teller (JT) active metal cations has a major in uence on the perovskite structure and
therefore on the magnetic properties. Layered hybrid perovskites based on Mn?* and
Fe?* cations do not exhibit JT distortions and have B X B angles of 180 . Following
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CHAPTER 9. SPIN-SINGLET FORMATION

the Goodenough-Kanamori rules, 2521 these hybrids exhibit antiferromagnetic (AFM)
interactions.[3 3 Cu?* and Cr?*, on the other hand, are JT active. These distortions
result in orthogonal electronic orbitals of adjacent metal ions, giving rise to ferromagnetic
(FM) superexchange viaa 180 pathway. (67271 A textbook example is methylammonium
copper chloride, (CH3NH3),CuCls, which exhibits FM order below Tc = 8.9 K. [3:28]

In this chapter, we investigate the synthesis and magnetic properties of a
new methylammonium copper chloride compound: CH3NH3Cu,Cls.  Similar to
(CH3NH3)2CuCly, is a layered structure in which inorganic sheets are separated by
organic cations. However, the inorganic Cu,Cls layers consist of a unique pattern
of corner- and edge-sharing CuClg-octahedra.  Our static magnetic susceptibility
measurements reveal that this connectivity of JT-distorted octahedra results in a broad
maximum in the temperature dependence of the magnetic susceptibility, c(T), at around
82 K and a spin-singlet state with a spin gap of 130 K. These results are very
surprising, as the crystal structure analysis indicates that the nearest-neighbor exchange
interactions are ferromagnetic and weak. From the t of c(T) with a model of isolated
tetramers of edge-sharing CuClg-octahedra, we obtain an estimate for the spin gap and
the strongest antiferromagnetic exchange interactions. In contrast to other materials
with four-spin building blocks, such as CuyFe;Ge;01312%1 and CupyCdB,0g 3%, spins
in the title compound do not show any sign of long range order. The unique feature
of this material is the microscopic mechanism for the spin-singlet ground state, which
originates from strong next-nearest-neighbor exchange interactions between Cu spins in
the tetramers. The crystal chemistry of layered methylammonium copper chlorides thus
allows for a design beyond corner-sharing involving edge-sharing units, resulting in a 2D
crystal structure with a singlet magnetic ground state.

9.2 Experimental Techniques

9.2.1 Crystal Growth

Single crystals of CH3NH3Cu,Cls were grown from slow evaporation of an equimolar
mixture of CH3NH,, HCl and CuCl, 2H,0, dissolved in EtOH. Besides the compound of
interest, yellow sheets of the prototypical hybrid phase, (CH3NH3z)>,CuCly, were obtained
as well.

Procedure
1.70 g (10 mmol) of CuCly; 2H20 (Alfa Aesar; 99%) was placed in an Erlenmeyer
ask upon addition of 30 mL of EtOH (J.T. Baker) and swirled until fully dissolved
and a dark green clear solution was obtained. 0.82 mL (10 mmol) of HCI (37 wt%
in H,O) (Boom) was added without color change. Upon adding 1.35 mL (10 mmol)
of CH3NH; solution (33 wt% in EtOH) (Sigma Aldrich), immediate crystallization of
yellow crystals took place. A small amount of the crystals were extracted and identi ed
as the (CH3NH3)CuCly phase, 31321 using X-ray diffraction. The ask was covered in
Para Im, to prevent evaporation, and placed in the oven at 50 C over night to increase
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9.2. EXPERIMENTAL TECHNIQUES

the solubility. The next day, 20 mL of clear solution was separated from the crystals in the
Erlenmeyer ask ( ask A) and placed in a new ask ( ask B). Both asks were covered
with Para Im, containing four small holes for slow evaporation, and placed back in the
oven at 50 C. All products were obtained after one week, when all remaining liquid had
evaporated. Flask A contained brown CH3NH3Cu»Cls crystals and the previously formed
yellow (CH3NH3)CuCly crystals. Flask B contained the brown CH3NH3Cu,Cls crystals
and turquoise needles, which we identi ed as a recrystallization of the starting compound
CuCl; 2H,0, using X-ray diffraction. Figure 9.1 shows a photograph of the products of

ask Aand ask B. The brown crystals are bar-shaped and small, with the majority having
dimensions less than 1 mm. The crystals were stored under low-humidity conditions in a
dry box. Figure 9.2 shows an optical microscope image of as grown crystals.

Figure 9.1: Photograph of yellow (CH3NH3)2CuCls and brown CH3NH3zCu,Cls after full
crystallization in ask A (left) and ask B (right).

Figure 9.2: Optical microscope image of CHzNH3Cu,Cls, showing the growth product of small
bar-shaped crystals.
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9.2.2 X-Ray Diffraction

Single-crystal X-ray diffraction (XRD) measurements were performed using a Bruker D8
Venture diffractometer equipped with a Triumph monochromator and a Photon100 area
detector, operating with Mo Ka radiation. The crystals were mounted on a 0.3 mm nylon
loop, using cryo-oil. A nitrogen ow from an Oxford Cryosystems Cryostream Plus was
used to cool the crystals. Data processing was done using the Bruker Apex Il software.
The SHELX97 software [33] was used for structure solution and re nement.

9.2.3 Magnetic Measurements

A Quantum Design XL MPMS SQUID magnetometer was used to carry out
magnetic measurements. Polycrystalline samples of CH3NH3Cu,Cls (6.4 mg) and
(CH3NH3),CuCly (3.7 mg) were investigated. The measurements of the magnetization
versus applied magnetic eld were performed at 5 K. The measurements of the
magnetization versus temperature were performed under an applied magnetic eld of 0.1,
0.5and 1 T (zero- eld cooled).

9.3 Results and Discussion

We have synthesized high-quality single crystals of CH3NH3Cu,Cls, and studied its
crystal structure and magnetic properties. CH3NH3Cu»Cls is an organic-inorganic
hybrid, in which the organic and inorganic constituents are present in a 1:2 ratio.
This is not the most common stoichiometry found in hybrid perovskites. Most known
layered perovskites yield the general formula A;BX4, where A is a protonated primary
amine, B a divalent metal and X a halide.[3¥ These structures consist of single
h100i-terminated CuCl,? sheets separated by bilayers of CHsNH3* and held together
through van der Waals interactions. 13! In case of the methylammonium copper chloride
hybrids, this would mean (CH3NH3),CuCl,. (CH3NH3),CuCly is an existing form that
grows as yellow sheet-like crystals. This compound has already been studied decades
ago, [32831.32] and therefore we focus in this chapter on the more unusual compound
CH3NH3Cu,Cls, and its properties. This AB,X5 stoichiometry has been observed in
another copper chloride hybrid as well.[*® However, this [(CH3)4P]Cu,Cls compound
yields a different structure than our compound of interest. CH3NH3Cu,Cls exhibits
structural features that we have not encountered in literature, and we will discuss its
structure in more detail below. Notably, during synthesis of CH3NH3Cu,Cls, we found
that the yellow (CH3NH3)2CuCly phase always forms as well. The synthesis procedure
is explained in more detail in .

Figure 9.3 shows the crystal structure of CH3NH3Cu,Cls. As stated above, the
crystals grow bar-shaped. Our analysis revealed that the longest axis is the b-axis.
This is the most favorable direction to grow in. The re nement was done in the
monaoclinic space group P2;=n, without any twinning present. The crystallographic and
re nement parameters are given in Table 9.1. Our single-crystal XRD measurements
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Figure 9.3: Polyhedral model of (a) CH3NH3Cu»Cls, projected along the [010] direction, and
(b) a single inorganic sheet projected along the [100] direction. The yellow and purple shadings
represent octahedra around the two crystallographically distinct copper atoms, Cul and Cu2
respectively.

Figure 9.4: Polyhedral model of a single inorganic sheet, projected along the [101] direction, to
provide a top-view of a single sheet. The yellow and purple shadings represent octahedra around
the two crystallographically distinct copper atoms, Cul and Cu2 respectively. The dashed box
indicates a tetramer of edge-sharing CuClg-octahedra. Due to JT distortion, all CuClg-octahedra
are elongated in the direction perpendicular to the tetramer chain formation.

show that the crystals have the same structural phase at room temperature as at 100
K. CH3NH3Cu,Cls has a two-dimensional (2D) structure in which Cu,Cls layers are
separated by CH3zNH3*. Notably, the inorganic layers consist of both corner- and
edge-sharing CuClg-octahedra. This can easily be seen in Figure 9.4. In fact, the
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structure consists of tetramers of edge-sharing CuClg-octahedra. Three octahedra of each
tetramer share edges with the octahedra of a neighboring tetramer, thus forming ribbons.
These ribbons are connected to each other by corner-sharing, to build a ‘starcaise’ two-
dimensional sheet, as shown in Figure 9.3a. The JT instability of Cu?* ions with 9
d electrons gives rise to an elongation of CuClg-octahedra as shown Figure 9.4. The
physical consequence of this distortion will be discussed in more detail below.

Table 9.1: Crystallographic and re nement parameters of CH3NH3Cu,Cls. The measurements are
performed using Mo Ka radiation (0.71073 A). Full-matrix least squares re nement against F2
was carried out using anisotropic displacement parameters. A multi-scan absorption correction
was performed. Hydrogen atoms were added by assuming a regular tetrahedral coordination to
carbon and nitrogen, with equal bond angles and xed distances.

CH3NH3Cu,Clsg

temperature (K) 100(2)

formula CHgNCu,Cls

formula weight (g/mol) 336.40

crystal size (mm?3) 0:08 0:04 0:02

crystal color brown

crystal system monoclinic

space group P2;=n (No. 14)

symmetry centrosymmetric

z 4

D (calculated) (g=cm?®) 2.506

F(000) 648

a(A) 11.2080(11)

b (A) 6.0995(6)

c(A) 13.0688(12)

al() 90.0

b() 93.526(4)

g() 90.0

volume (A%) 891.73(15)

m (mm 1) 6.183

min / max transmission 0.0775/0.1254

g range () 3.12-26.43

index ranges -14< h< 14
1< k< 7
-16< 1< 16

data / restraints / parameters 1830/0/84

GOOF of F2 1.078

no. total re ections 31099

no. unique refelctions 1830

no. obs Fo > 4s(Fo) 1643

R1[Fo> 4s(Fo)] 0.0135

R1 [all data] 0.0185

WR2 [Fo > 4s(Fo)] 0.0293

WR2 [all data] 0.0306

largest peak and hole (=A%)  0.28 and -0.32

As stated in , it was impossible to grow CH3NH3Cu,Cls without growing
(CH3NH3)2CuCly as well.  For single-crystal XRD measurements, it is possible to
select single crystals of CH3NH3Cu,Cls from the mixture. However, due to the small
size of the crystals, we used an aggregate of many small crystals for the magnetic
measurements. While we made a great effort to separate the two phases, we found it
impossible to obtain a large enough polycrystalline sample of CH3NH3Cu,Cls without
any small contamination of (CH3NH3),CuCls. Given the weight of both samples and
their magnetic response (see Figures 9.8 and 9.9), we calculated that the CHzNH3Cu,Cls
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has a small (CH3NH3),CuCl4 contamination of 1.49 wt%. As (CH3NH3),CuCl, has one
Cu?* per formula unit and CH3NH3Cu,Cls has two, a simple calculation shows that in the
contaminated CH3NH3Cu,Cls sample, 1% of all Cu?* are in the FM (CH3NH3),CuCly
phase.

Figure 9.5 shows the magnetization of the CH3NH3Cu,Cls sample as a function of
temperature in various applied magnetic elds. Two types of behavior are apparent from
the graph: a FM contribution at low temperatures (see Figure 9.8) and a broad maximum
at around 82 K. We ascribe the low-temperature feature to the contaminant. The broad
maximum scales with the applied magnetic eld, whereas the FM phase has reached
saturation above 0.1 T. Therefore, we attribute this ‘bump’ to the CH3NH3Cu,Cls phase.
This conclusion is consistent with the assumption that the FM contribution comes from
the 1.49 wt% contamination of (CH3NH3),CuCly, as discussed in . Furthermore, the
appearance of this broad maximum at around 82 K indicates strong antiferromagnetic
exchange interactions in CH3NH3Cu,Cls.  The proposed model for the magnetic
interactions is discussed below.

Figure 9.5: Magnetization as a function of temperature measured in various applied magnetic
elds (zero- eld cooled) of a polycrystalline sample of CH3NH3Cu,Cls with a small contamination
of (CH3NH3)2CuCly.

In Figure 9.6, we obtained the magnetic susceptibility of the CH3NH3Cu,Cls sample
by subtracting the magnetic susceptibility of (CH3NH3),CuCl, (1.49 wt%), measured in
the same applied eld, from the data in Figure 9.5. Therefore, the corrected curve shows
the magnetic response of the CH3NH3Cu,Cls phase. The broad maximum near 82 K is
very pronounced. Notably, the susceptibility tends to zero as temperature decreases to 0
K, indicating a nonmagnetic ground state.

The Cu?* ions in elongated CuClg-octahedra have one hole with spin 1/2 in the de 2
orbital, which lies in the xy-plane perpendicular to the elongation axis. There are three
types of superexchange interactions between neighboring CuClg-octahedra: between
edge-sharing octahedra within a tetramer, between edge-sharing octahedra of neighboring
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tetramers forming ribbons, and between corner-sharing octahedra of neighboring ribbons.
The orbital overlap in all three scenarios is illustrated in Figure 9.10 in Section. The
strongest interactions are within the tetramers owing to the large overlap of the 2p-orbitals
of Cl ions with the d,> . orbitals of two neighboring Cu ions. In contrast, the d,> 2
orbitals of Cu ions from different tetramers are hybridized with the p-orbitals of different
Cl ions, which makes the exchange interactions between tetramers very weak. Therefore,
in our model tetramers are assumed to be magnetically decoupled.

Figure 9.6: Corrected magnetic susceptibility as a function of temperature measured in 0.1 T
(zero- eld cooled) of a polycrystalline sample of CH3NH3Cu,Cls. Red circles correspond to the
experimental susceptibility. The black and blue lines correspond to the theoretical susceptibility
based on the tetramer model, with and without normalization factor, respectively.

In this respect, compound CH3NH3Cu,Cls is different from the well-studied spin-
singlet material SrCu,(BO3),.[%¢ 381 The latter compound is described by a 2D orthogonal
dimer Heisenberg model, which is topologically equivalent to the 2D Shastry-Sutherland
model, [ which remains in the spin-singlet state even for relatively strong interactions
between the dimers. The inter-dimer interactions result in strong reduction of the spin gap
in SrCu,(BO3),, whereas in CH3NH3Cu,Cls the spin gap is of the order of the strongest
antiferromagnetic exchange interaction, as shown below. The key issue is the difference
between the dimensonalities of the crystal and magnetic structure in CH3NH3Cu;Cls,
which also occurs in other Jahn-Teller materials, such as CsO, %! and KCuF3.[41]

Figure 9.7 shows the tetramer of edge-sharing CuClg-octahedra. Due to the two
crystallographically distinct coppers, there are two different nearest-neighbor interactions
within the tetramer: the interaction between Cul and Cu2 ions with the exchange constant
Ji and the interaction between two Cu2 ions (the exchange constant J';). Figure 9.7b
shows a top-view of the edge-sharing plane of the tetramer, indicating the relevant
Cu CI Cu angles, g, which are close to 90 . The weak FM exchange interactions
cannot explain the origin of the observed magnetic susceptibility peak at 82 K. The only
interaction in the tetramer that can lead to a nonmagnetic ground state with a large spin gap
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is the AFM interaction between next-nearest-neighbor spins with the exchange constant
Jo > 0. Strong next-nearest-neighbor interactions between Cu spins (100 K) were also
found in Cu O edge-sharing chains. [#2]

Figure 9.7: (a) Tetramer of edge-sharing CuClg-octahedra. The yellow and purple shadings
represent octahedra around the two crystallographically distinct copper atoms, Cul and Cu2
respectively. (b) Top-view of the edge-sharing plane of the tetramer, indicating Cu CI Cu angles,
nearest-neighbor (J; and J'1), and next-nearest-neighbor interactions (J,).

We propose a simple model in which the observed temperature dependence of the
magnetic susceptibility of CH3NH3Cu,Cls can be understood. Herein, we neglect
the relatively weak interactions between the tetramers (see Figure 9.10). The spin
Hamiltonian of an isolated tetramer is given by

H=0S, Sg+J3'1(S1 So+S3 S4)+Ja(S1 Ss+S2 S4) (9.1)

where S; (i = 1;2;3;4) is the spin on the i-th site of the tetramer, J; and J'; are the
exchange constants between nearest-neighbor spins and J; is the next-nearest-neighbor
exchange constant (see Figure 9.7). The 16 eigenstates of this Hamiltonian include
the quintuplet of S = 2 states, where S is the total spin of the tetramer, with energy
E, = %(Jl +2J'; +2J,), three triplets with S = 1 and two singlets with S=0. The S=1
states are either symmetric (s) or antisymmetric (a) with respect to S, &b S3, S; B Ss.
The wave function for S, = +1 becomes

[S=1;S, = +lig, =a#™™" +b "#™ b H a# 9.2)

where the  sign corresponds to the symmetric/antisymmetric state. The energy of
the symmetric state is given by Ejs = %(Jl 23" 2J,) and the energies of the two
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q__
antisymmetric triplets are E;, = %( ho 2 B+@Q4 J2)%). On the other hand, the

two singlet states have the symmetric wave functions

JIS=0;S, =01 = a(#"™ + ""#H) +b (#"#" + "H#H) Fg(#"H + THE) (9.3)

with a +b +g = 0. The energies of the S = 0 states are E; = ( (Jy+ 21" +2J)
2 D),whereD=(J; J% X)?+3@1"% J)? Forthe AFM next-nearest-neighbor
interactions, J, > 0, and relatively weak FM nearest-neighbor interactions, J;;2J% < 0,
the tetramer has the singlet ground state with energy E, . When the nearest-neighbor
interactions are ignored (they are very weak), the ground state is the product of two singlet
states formed on the pair of sites (1,3) and (2,4). The rst excited state is a triplet with the
energy Eis or E;,. The magnetic susceptibility per Cu?* is given by
_ Mo

c= keT hS7i (9.4)
where mg is the Bohr magneton, kg is the Boltzmann constant, T temperature and thi is
the thermal average of the z-component of the total spin of the tetramer given by

hs§i:§(5e bE2 4o PEis 4o bEL 4o DEi) (9.5)

where Z = 5e PE2 + 3(e PEis + ¢ PEla + o PE) 4+ e PES + o PEo s the tetramer
partition function. Figure 9.7 shows the comparison of the magnetic susceptibility
of CH3NH3Cu,Cls (red circles represent experimental data) with that of the isolated
tetramer model calculated for J; = 3% = 0 and J, = +131:5 K. We found that the
shape of the susceptibility curve is almost solely determined by J,: FM nearest-neighbor
interactions with the strength of several tens of K have little effect on the theoretical
susceptibility and therefore cannot be determined reliably from the susceptibility t.
The thin black line was obtained by normalizing the theoretical susceptibility so that
it coincides with the experimental one at the maximum of the susceptibility. The
good agreement shows that the simple model can reproduce the shape of the magnetic
susceptibility. However, without a normalization factor, the theoretical susceptibility per
mole of Cu?* (thick blue line) is lower than the experimental one, especially at high
temperatures. This can be understood as follows. The spin gap required to have the
maximum of the susceptibility at 82 K is about 130 K. As a result, not all tetramer
eigenstates are highly excited even at 300 K, which reduces the susceptibility. A large
spin gap required to reproduce the low-temperature behavior of the susceptibility and
the Curie-like behavior with a small Curie-Weiss constant observed at high temperatures
suggest that the exchange constants in CHzNH3Cu,Cls might be temperature-dependent,
i.e. the cross-over into the singlet state can be accompanied by a lattice deformation which
increases the AFM interactions between spins through the spin-lattice coupling.

For future research, of particular interest would be the substitution of Cu with
nonmagnetic ions. When other ions are substituted for magnetic ions in a spin gap
system, the singlet ground state is disturbed so that staggered moments are induced
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around the impurities. If the induced moments interact through effective exchange
interactions, which are mediated by intermediate singlet spins, exotic ground states
appear or long range order can arise. 3 Examples of impurity induced antiferromagnetic
ordering in spin gap systems are Cu; xZnyGeOs [*1 Sr(Cu; ,Zny),0s,141 and
Pb(Niy xMgy)2V20g.[*1 We hypothesize that in our structure, replacing Cu by, for
example, Fe might induce interactions between tetramers. As shown in Figure 9.10, there
are only very weak interactions between the Cl py-orbital and the Cu d,. . orbitals.
However, replacing Cu with Fe in the same structure will result in a signi cant interaction
between the Cl py-orbital and the Fe dy,-orbital. As a result, the neighboring tetramers
will no longer be magnetically decoupled and a 2D magnetic lattice will be obtained.
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9.4 Conclusions

In conclusion, we have synthesized and investigated the magnetic properties of a new
methylammonium chopper chloride compound: CH3NH3Cu,Cls. Our ndings reveal
that the hybrid grows with an alternative structural motif, not observed for organic-
inorganic hybrids before. The crystal structure consists of inorganic sheets that are
separated by organic cations. The inorganic Cu,Cls layers consist of a unique pattern
of corner- and edge-sharing CuClg-octahedra. Our magnetic measurements reveal that
the connectivity of these JT-distorted octahedra gives rise to a broad maximum in the
magnetic susceptibility at around 82 K. Moreover, our data show that CH3NH3Cu;Cls
has a nonmagnetic ground state. We propose a novel, simple model in which the
observed temperature dependence of the magnetic susceptibility of CH3NH3Cu,Cls can
be understood, based on strong AFM next-nearest-neighbor interactions in tetramers of
edge-sharing CuClg-octahedra. The proposed model ts the shape of the broad maximum
quite well, with exchange constants of about +130 K. Our ndings show that the crystal
chemistry of layered methylammonium copper chlorides allows a design beyond corner-
sharing octahedra involving edge-sharing units, with different magnetic interactions.
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Appendix B

In this appendix, we show more detailed results on the synthesis of CH3NH3Cu,Cls and
additional magnetic measurements of (CH3NH3),CuCls and CH3NH3Cu,Cls.

Synthesis of CH3NH3Cu,Cls

During synthesis of CH3NH3Cu,Cls, we found that the yellow (CH3NH3)2CuCly
phase always forms as well. In fact, each synthesis method we employed gave rise
predominantly to (CH3NH3),CuCls. Therefore, we have studied certain experimental
conditions that in uence the growth of the CH3NH3Cu,Cls phase, including the choice
of solvent, molar ratios and concentrations. We have grown the crystals from slow
evaporation using H,O and EtOH as a solvent. Using only H,O as a solvent, resulted
in growth of (CH3NH3),CuCl, alone. When EtOH was used, both (CH3NH3)2CuCly
and CH3NH3Cu,Cls were obtained. We found that CH3NH3Cu,Cls is unstable in humid
conditions. Storage in the oven or dry box keeps the crystals intact for months, but storage
under ambient conditions results in degradation over the course of several hours. As a
result, we reason that the use of H,O as a solvent prohibits CHzNH3Cu,Cls to grow, as
it stays in solution and CH3NH, will eventually be evaporated. This is not the case when
EtOH is used. Note that the synthesis methods we employed here were not H,O-free, as
CuCl; 2H,0 and HCI (37 wt% in H,O) were used. Still, this H,O content is much lower
than in the 30 mL EtOH used as solvent.

As stated above, CH3NH3Cu,Cls has a 1:2 organic:inorganic ratio, while
(CH3NH3)2CuCly has a 2:1 ratio. Therefore, we have tried the synthesis using 2:1,
1:1 and 1:2 ratios. In all cases, (CH3NH3),CuCl, forms rst. Growth of this phase
turns out to be always favorable over the growth of CH3NH3Cu,Cls. As a result,
the 2:1 ratio resulted in (CH3NH3)2,CuCly only, as the 2:1 ratio was maintained after
the initial growth of (CH3NH3),2CuCly. The 1:1 ratio resulted in (CH3NH3)2CuCly,
CH3NH3Cu,Cls and CuCl, 2H,0, which is the starting compound. The reason for this is
that once (CH3NH3),CuCl, has formed, an excess of the inorganic component remains,
favoring the growth of CH3NH3Cu,Cls. Moreover, once all of the organic component
has crystallized in either of the two forms, there is still some of the inorganic component
left, that eventually crystallized back into the starting compound CuCl; 2H,0. The
growth of (CH3NH3),CuCly is so favorable, that it even grows when there is an excess
of the inorganic component used beforehand. Thus, the 1:2 ratio resulted in the same
observation, but with a larger amount of CuCl, 2H,O formed at the end. Still, the
obtained CH3NH3Cu,Cls crystals are of high quality, which means that even though they
grow after the growth of (CH3NH3),CuCly, they do not grow at the last minute.

The other parameter we have investigated is the overall concentration of all
components. The concentration we used (around 3.3 M) was very high. As a result,
(CH3NH3),CuCl4 grows immediately once the precursors are brought in contact. A much
smaller concentration is required to prevent this from happening. Using a concentration
of around 0.33 M prevented this immediate formation. However, this eventually resulted
in (CH3NH3)2CuCly only. The amount of CH3NH3Cu,Cls formed, if any, was incredibly
small. We believe that once the point is reached where CH3NH3Cu,Cls would start to
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grow, there is barely any solvent left, as most had already evaporated at that time. Thus,
we have not found a synthesis method that only yields CH3NH3Cu,Cls, but the described
method is reproducible and yields high quality single crystals of CH3NH3Cu,Cls.

Magnetic Measurements on (CH3zNH3),CuCl,; and CH3NH3Cu,Cls

While it was not possible to grow CH3NH3Cu,Cls without growing (CH3NH3)2CuCly
as well, it was possible to solely grow (CH3NH3),CuCls. Therefore, we measured a
pure CH3NH3Cu,Cls sample to be able to separate the contamination from the phase
of interest. As shown in Figure 9.8a, a very small coercive eld (180 Oe) is
observed, corresponding to a very soft ferromagnet. Furthermore, the magnetization of
(CH3NH3),CuCly saturates to the expected 1 g per Cu?*. Therefore, we conclude that
this sample is purely (CH3zNH3),CuCly.

Figure 9.8: (a) Magnetization as a function of applied magnetic eld measured at 5 K and (b)
magnetization and inverse magnetic susceptibility as a function of temperature measured in 0.1 T
(zero- eld cooled) of a polycrystalline sample of (CH3NH3)2CuCly.
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Figure 9.9 shows the same measurement for the CH3NH3Cu,Cls sample. We attribute
the FM contribution completely to a small contamination of (CH3zNH3),CuCly in the
sample. Given the weight of both samples and their magnetic response, we can thus
calculate that the CH3NH3Cu,Cls sample has a small (CH3NH3z),CuCl, contamination
of 1.49 wt%. As (CH3NH3),CuCl, has one Cu?* per formula unit and CH3NH3Cu»Cls
has two, a simple calculation shows that in the contaminated CH3NH3Cu,Cls sample, 1%
of all Cu?* are in the FM (CH3NH3),CuCl, phase, corresponding to 0.01 g per Cu*
ion (see Figure 9.9).

Figure 9.9: Magnetization as a function of applied magnetic eld measured at 5 K of a
polycrystalline sample of CH3NH3Cu,Cls with a small contamination of (CH3zNH3)2CuCly,.
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Figure 9.10:  Illustration of superexchange interactions between CuClg-octahedra in
CH3NH3Cu,Cls.  Superexchange interactions between neighboring copper ions (a) within a
tetramer (see Figure 9.4), (b) between adjacent tetramers and (c) between adjacent ribbons of
tetramers. Different colors correspond to hybridization of different copper ions.
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