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Abstract for general public

Conventional devices are based on current, which are flowing electrons, to operate and store data. A new

generation of devices, so called spintronics devices, is energetically more beneficial and faster than the

conventional ones. They rely, additionally to the charge, also on the spin property of electrons. A simplified

way to imagine the spin of an electron is, by imagine it spinning either clockwise or counterclockwise. To

build spintronic devices, the spin direction of the electron must be controllable like a switch. This can be

achieved by applying a magnetic field in order to ’flip’ the spin of the electrons into the other direction.

Producing this magnetic field costs energy, and furthermore limits the application range of spintronic

devices. The recently discovered Chiral Induced Spin Selectivity (CISS) effect, is an effect that causes the

electron’s spin to flip by sending them through a chiral molecule, which is a molecule without inversion

symmetry. To do so, no additional energy is required and the application range of spintronic devices could

be extended. Until now, the CISS effect is not understood well enough to make it available for commercial

applications. This proposal aims to contribute to this understanding by broadening and deepening the

perspective on the CISS effect. New materials, that are expected to exhibit the CISS effect, and methods

to measure the spin of the current are proposed. Furthermore, methods to determine the spin of the

current depending on experimental parameters such as the magnetic or electric fields and temperature

are presented. For commercial applications, the energy loss should be as limited as possible. This proposal

investigates a new method to determine the energy loss of a current consisting of spin carrying electrons

that flow through a chiral molecule. The efficiency can be optimised by performing the same measurement

upon changing experimental parameters.
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Samenvatting

Het doel van dit onderzoek is om de samenhang tussen de chiraliteit van moleculen en de spin van het

electron te begrijpen, geïnspireerd door recente vindingen omtrent het Chiral Induced Spin Selectivity

(CISS) effect. Dit effect houdt in dat spin van electronen beïnvloed wordt door chirale moleculen. Het chi-

rale molecuul kan hierdoor een spin gepolariseerde stroom produceren [1]. Spin gepolariseerde stromen

hebben meerdere toepassingen, onder andere op het gebied van ’spintronics’. In dit veld worden appa-

raten ontworpen, die op basis van de spin eigenschap van het electron effectiever berekeningen uit kun-

nen voeren en data efficiënter kunnen opslaan. Ook in chemische reacties waarbij radicalen gevormd

worden, heeft controle over de spin van het electron belangrijke toepassingen, zoals het voorkomen van

de vorming van waterstofperoxide bij het splitten van water [2], [3], [4]. Tot noch toe is het CISS effect

theoretisch nog slecht begrepen en dus nog niet commercieel aantrekkelijk. Fundamentele vragen zoals

hoe het behoud van spin in dit systeem werkt, hoe snel kan de spin gecontrolleerd worden, wat de in-

vloed van externe parameters zoals een electrisch of magnetisch veld is, hoe groot het effect op een enkel

molecuul is en wat het beste materiaal hiervoor zou zijn, zijn nog niet beantwoord. Meer theoretisch en

experimenteel onderzoek naar dit effect is cruciaal voor toepasbaarheid in de praktijk. Dit voorstel wil

het perspectief verruimen door nieuwe materialen en methodes te introduceren. Daarnaast is het vitaal

om inzicht te krijgen in de afhankelijkheid van de spin polarisatie van verschillende experimentele om-

standigeden testen, waaronder het varieëren van de grootte van het materiaal, de temperatuur en het aan-

brengen van een magnetisch of electrisch veld. Verder is het essentieel om de efficiëntie van dit effect te

bepalen en optimaliseren om de toepasbaarheid te vergroten. Dit onderzoek verdiept zich in nieuwe ma-

terialen, methodes en een experiment om de efficiëntie van de spin polarisatie bij variatie van de boven

genoemde parameters te bepalen.
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Abstract

This research aims to explore the connection between chirality and the electron’s spin, motivated by re-

cent findings on the Chiral Induced Spin Selectivity (CISS) effect. The CISS effect describes the observation

that chiral molecules are capable of influencing the electron spin, and therefore produces a spin polarised

current [1]. Spin polarised currents have multiple applications, e.g. in spintronic devices, that exploit not

only the charge of the electron, but also its spin to compute faster, and storing data energetically more en-

ergy efficient than conventional devices. An other application is in chemical reactions involving radicals,

for example during water splitting reactions. Until now, the CISS effect is poorly understood theoretically.

For example, it is unclear, how the conservation of spin angular moment works within the system, how

the spin polarisation gets influenced by the size of the molecule used, how fast the spin can be controlled

using the CISS effect, and in which material the effect occurs the strongest. Consequently, it is essen-

tial to contribute to an experimental and theoretical understanding of the underlying physical structure

that causes the spin polarisation, to make it available for commercial applications. The purpose of this

proposal is to broaden and deepen the perspective on the CISS effect, by suggesting new materials and

measurement methods. Experiments will be presented to acquire knowledge about the dependence of the

spin polarisation and of the efficiency of the spin on external parameters.

Keywords

Chiral Induced Spin Selectivity, electron spin, chirality, chiral molecules, Atomic force microscopy,

STM, Spin Hall effect, Magneto optical Kerr effect, point groups, symmetry, van Neuman’s principle
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1 Our Group

The Interdisciplinary Radboud Honours Academy 2019-2020 hosted by the Radboud University in Ni-

jmegen is an extracurricular program, in which second year bachelor students with different natural sci-

entific backgrounds work together for one academic year to write a research proposal. This proposal on

the Chiral Induced Spin Selectivity effect was written within this program by Giovanni Assis (Computer Sci-

ence), Caroline Bauer (Physics), Daniel Stuefer (Physics and Chemistry), and Anne Timmermans (Physics).

Furthermore, we were accompanied by our mentor Dr. Peter Korevaar, and consulted Prof. Dr. Alexey

Kimel, an expert on ultrafast spectroscopy of correlated materials; Both are working at Radboud Univer-

sity.

Figure 1: From left to right top: Daniel Stuefer, Caroline Bauer, Alexey Kimel, bottom: Anne Timmermans, Giovanni
Assis, and Peter Korevaar; as this proposal was finished in times of Corona quarantine it was taken during a video
conference.
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2 Motivation and structure of the proposal

Ever since the electron spin was discovered in 1925 by Uhlenbeck and Goudsmit [5], it proved itself useful

in many different fields of the natural sciences. One of them is the field of spintronics, which exploits not

only the charge of the electron, but also its spin, in order to build devices which are capable of computing

faster, or storing data energetically more beneficial than conventional devices. To build such a device, it

is necessary to have control over the direction of the electron’s spin in an electrical current. Usually, this

is done by applying an external magnetic field. However, if there would be a way to control the direction

of the spins without involving external fields or forces, this would decrease the required energy for the po-

larising process [6]. Until now, spintronic devices are neither affordable nor practically feasible for mass

production, thus finding an efficient and affordable spin filter would be a major step towards a new gen-

eration of electronic devices. Not only in physics, but also in chemistry, controlling the electron’s spin has

important applications. The byproduct hydrogen peroxide, formed during water splitting reactions, was

eliminated by influencing the electron’s spin of the OH- radicals such that the Pauli principle prohibits the

formation of a covalent bond [2], [3], [4].

This proposal aims to research into the connection between chirality and the electron’s spin, motivated

by recent findings on the Chiral Induced Spin Selectivity (CISS) effect. The CISS effect describes the ob-

servation that chiral molecules are capable of influencing the electron’s spin, and therefore can produce

a spin polarised current [1], as it would be required for spintronics applications. This was also the effect,

used to prevent the hydrogen peroxide formation [2]. Until now, there is no theoretical consensus about

the origin of the CISS effect and the observed strength of the spin polarisation depending on the size of the

molecule. Also unknown is, how the conservation of spin angular moment works within the system, how

fast the spin can be controlled using the CISS effect, and in which material the effect occurs the strongest.

These are questions which challenge the primary understanding of quantum and nanoscale properties of

chiral materials and their interaction with the electron’s spin, which makes it an important topic for fun-

damental research. Thus, it is essential to contribute to an experimental and theoretical understanding

of the underlying physical structure that causes the spin polarisation. In order to broaden and deepen

the perspective on the CISS effect, a symmetry analysis is performed which leads to the suggestion of chi-

ral materials in which this effect might take place. Four methods to measure the spin polarisation will

be presented. Furthermore, experiments will be presented to acquire knowledge about the dependence

of the strength of the spin polarisation on magnetic or electric fields and temperature. Additionally, an

experiment will be proposed to determine the efficiency of the spin filtering and its dependence on exper-

imental parameters. In a long term, the results of these experiments lead to a judgement on the suitability

of the CISS effect for spintroncis applications, suggestions to existing theories as well as the proposal of

new theoretical concepts.
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3 Scientific Background

The Chiral Induced Spin Selectivity (CISS) effect was reported many times in literature over the past two

decades. On the results of experiments and their interpretation, there is an overall consensus. Theo-

retically, there are multiple different approaches to describe the CISS effect and no consensus has been

reached yet. Experimental data is lacking when it comes to the dependence of the observed spin polarisa-

tion on external parameters. Also, only a few chiral molecules were tested so far. Within this section, some

important results of both experimental and theoretical research are summarised.

3.1 Experimental Background

Figure 2: The initial (left) and final (right) spin polari-
sations for photoelectrons with different initial states that
travelled through a monolayer of dsDNA helices adsorbed
on gold. The initially different spin polarisations ap-
proach a comparable value after the electrons have trav-
elled through the helix [7].

Multiple experiments are reported in literature

where a spin filtering effect due to a chiral or-

ganic molecule was observed. Generally, a mono-

layer of chiral organic molecules, for example dou-

ble stranded DNA (dsDNA) [7], oligopeptides [8],

and helicenes [9] [10], were adsorbed onto a metal

plate. Photoelectrons were released from the plate

using photons with an energy higher than the work

function of the metal, but low enough to prevent

the damaging of the components. Due to differ-

ent polarisations of the light, different initial spin

states of the electrons were created. The elec-

trons passed through the chiral molecule and their

spin polarisation was measured afterwards, usu-

ally with conductive AFM measurements. Figure

2 shows the typical results of such an experiment.

Even if the initial spin polarisations were different,

they approached a similar value after the electrons

have travelled through the chiral molecule. In the case of this figure, a monolayer of dsDNA was used [7].

Spin selective behaviour that might be caused by the CISS effect was furthermore observed in Photosys-

tem 1 [11].
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Gersten summarized the experimental obervations of the CISS effect in five points [12]:

1. Spin polarisation in the direction of movement of the electrons up to 60% of photoelectrons emitted

from a metal surface [7]

2. Increasing of the spin polarisation with increasing length of the dsDNA helix [7]

3. In photosystem 1, the spin polarisation was highest at room temperature, and decreased for higher

and lower temperatures [11]

4. No measurable spin polarisation in single stranded DNA (ssDNA) but measurable spin polarisation

in dsDNA [7]

5. No dependence of the spin polarisation on the kinetic energy of the electrons in the range from 0eV

to 1.2eV in the case of dsDNA [7]

With the methods presented in this proposal, it is attempted to contribute to a deeper understanding of

observations one, two and three. This naturally contributes to clarify observations four and five. Fur-

thermore, by broadening the perspective on the CISS effect, more observations, which also need to be

theoretically clarified, will be measured.

3.2 Theoretical Background

The most common approaches to describe the CISS effect theoretically include tight binding models, spin-

dependent scattering or a large spin orbit coupling of the metal [13].

Spin orbit coupling effect due to a motion in a helical field

One of the simplest models argues that the electron experiences an effective magnetic field caused by its

motion in the electrical field of the helix. The spin of the electron experiences a torque, causing most of

the electrons to align their spin with the direction of the magnetic field, which is energetically most bene-

ficial [14]. This rotational effect caused by spin orbit coupling was calculated to be too small to explain the

observed order of magnitude of the spin polarisation [12]. However, other works suggested that because

charges have a low mobility in the helical molecule, low spin orbit coupling can still explain the observed

spin polarisation [15]. Others suggested that selection rules during the release of electrons from the metal

plate by photons, affect the spin flipping probabilities due to spin orbit coupling [16].
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Scattering of the electrons at a helical potential

Elastic scattering can explain the spin polarisation effect in chiral self assembled monolayers only under

consideration of multiple scattering events, and when assuming the normalisation of the wave function of

the electrons within a rectangular box [17]. J. Gersten, K. Kaasbjerg and A. Nitzan describe the assumption

about the normalisation as unphysical [12] and R. Naaman and D. Waldeck showed that back scattering

at molecules with low spin orbit coupling has a low probability [18]. To account for this, Gersten et al.

proposed the concept of induced spin filtering. In their calculations, the scattering and thus the transmis-

sion probability depended on the angular momentum of the electrons. If additionally a high spin-orbit

coupling in the surface - to which the chiral molecules are attached - is present, spin polarisations of the

observed strength can be explained [12]. In 2020, A. Shitade and E. Minamitani introduced the concept

of geometric spin orbit coupling, according to which in a chiral environment a higher spin orbit coupling

than the conventional expected strength can be justified [19].

The models referred to above are only a few of the proposed theoretical explanations of the CISS effect

[20], [21], [22], [23]. A lot of different approaches were published. All of them, however, include a chiral ge-

ometry and spin orbit coupling. Until now, there is no consensus about a theoretical description, because

the models fail to convince that they provide a correct explanation for all of the five observations without

making unreasonable assumptions. Experimental confirmation is missing due to a lack of experiments

where the dependence of the spin polarisation on environmental parameters is extensively studied. This

emphasises the importance of this proposal, which aims to obtain the data necessary to verify theoretical

explanations.

4 Research Question

Within this proposal, the connection between chirality and the electron spin will be explored experimen-

tally. Therefore, the research question is divided into three subquestions:

1. How does the spin polarisation depend on the dimensions, composition and interface of the

sample?

2. How does the spin polarisation depend on magnetic or electric fields, and temperature?

3. How can the efficiency of the spin filtering be determined and optimised as function of exter-

nal parameters?
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5 Symmetry Analysis

To broaden the perspective in the research on the CISS effect in a structured manner, the symmetry of

an effect with the same symmetry as the CISS effect is examined. The results of this analysis lead to the

proposal of materials that may exhibit the effect, and were not used in experiments yet.

Basic situation

Spin is conserved when an unpolarised current I gets spin polarised after travelling through a crystal like

medium, see figure 3. To ensure this, a magnetic moment M will be induced in the medium. When assum-

ing that the induced magnetisation M depends linearly on the current I only, the following phenomeno-

logical equation can be written,

Mσ = TσλIλ (1)

where Tσλ is a tensor that links the current I with the magnetisation M . Because the experiment takes

place in 3D space, Mσ and Iλ are three dimensional vectors. Therefore, the tensor Tσλ must be a second

rank tensor.

Figure 3: An unpolarised current I is send in z-
direction through a crystal like medium with
initially zero magnetisation. After the current
left the medium, it is spin polarised and the
medium has an induced magnetisation M.

To determine the kind of tensor involved in this process, the

symmetry of expression 1 is analysed. Assume the current Iλ

is sent in the z direction. When inverting, the current flows

in the −z direction. The magnetisation M also changes sign

under this operation. Therefore, the tensor T must be an axial

tensor. In comparison a polar tensor does not change sign

under space inversion. The magnetisation Mσ cannot de-

pend on even powers of the current Iλ. Consequently, equa-

tion 1 is a second order precise approximation.
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Van Neumann’s Principle

Crystals can be characterised by 32 point groups which represent the symmetry of the molecular struc-

ture [24]. Neumann’s principle may be used to simplify the form of tensors that describe a macroscopic

physical property of a crystalline system. ’Neummann’s principle states that any type of symmetry which is

exhibited by the point group of the system is possessed by every [macroscopic] physical property of the crys-

tal’ [24]. Therefore, when performing the symmetry operations which are allowed according to the point

group the crystal possesses onto the tensor, representing a property of the system, the tensor elements can

be simplified by finding equations that define relations between different tensor elements.

Group Theory and Generating Matrices

The symmetry operations of a crystal class obey group theory. This allows to find a finite number of gen-

erating symmetry operations from which all other symmetry elements possessed by this crystal class may

be generated [24]. All symmetry operations can be generated by rotations and reflections. Linear Algebra

allows to express symmetry operations in 3D space in the form of three dimensional elementary matrices.

The determinant of this matrices has absolute value one.

Allowed Point groups

In the following section the axes x,y and z denote no longer the Cartesian coordinate axes, but the canon-

ical axes of the crystal. The international abbreviated symbols of crystal classes are used.

A crystal system with a centre of inversion is called centrosymmetric [24]. Such a system allows the sym-

metry operation space inversion, where each point~a is projected onto the point −~a. Thus, applying this to

equation 1, the current Iλ is projected onto −Iλ and the magnetisation Mσ stays the same as it is a vector

product quantity. Then equation 1 becomes:

Mσ = (T ′)σλ(−Iλ) (2)

To satisfy this equation (T ′)σλ must equal −Tσλ. Because it is a symmetry operation, the physical proper-

ties of the system must be unchanged so

(T ′)σλ =−Tσλ = Tσλ (3)

must hold. This can only happen if Tσλ = 0. This implies that the effect is forbidden in centrosymmetric

media. Therefore, all crystal classes with a centre of inversion are excluded by this argument. In table 2,

elements which include a space inversion are denoted with a bar above the element.
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This criteria excludes most of the crystal classes, leaving only the classes 2, 222, 4, 422, 3, 32, 6, 23, 622 and

432. All these classes can be generated by a combination of the generating matrices σ2, σ3, σ6, σ7 and σ9.

The tensor Tσλ can only stay the same, if the current Iλ and the magnetisation Mσ can be described by the

same vector before and after the transformation. Only then, the effect described by equation 1 is allowed

to take place.

To see which of these symmetry operations leave the physical system under consideration unchanged, it

is convenient to determine how each of the basis vectors of the Cartesian coordinate system transforms

under these operations. As a basis, the vectors e1 = (1,0,0), e2 = (0,1,0) and e3 = (0,0,1) are chosen.

Generating matrix e1 e2 e3

σ2 × X ×
σ3 × × X
σ6 × × X
σ7 × × X
σ9 × × ×

Table 1: X denotes that the vector is unchanged under the symmetry operation denoted byσi , × denotes that it changes.

From the analysis in table 2 it can been seen that the crystal classes that are generated by a combination

of the generating matrices σ3,σ6,σ7 allow the effect described by equation 1 for the z component of the

current. A point group generated byσ2 only, would allow the effect for the y component of the current, but

such a class does not exist. From the matrices σ3,σ6,σ7, the crystal classes 2, 3, 4 and 6 can been gener-

ated, compare table 2 in appendix B. The trivial point group 1 that allows the identity operation only, also

allows the effect described by equation 1.
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6 Preparation of the samples

To answer the first subquesion, formulated in section 4, measurements have to be performed on samples

with different dimensions, compositions and interfaces. In general, a sample consists of a chiral medium

that is attached to a metal interface. In this section, common sample materials such as dsDNA and he-

licenes, but also materials, first brought into the context of the CISS effect in this research proposal, are

presented including methods to prepare them as samples. In section 5, the symmetry of a spin filtering

process was analysed. According to these results, five point groups were found that allow the process due

to their symmetry. One of these is point group 1, the trivial point group, of which dsDNA and helicenes

are representatives. Furthermore, crystals with the symmetry of the classes 2, 3, and 6 were found in the

literature [25] [26] [27]. For crystal class 4, no suitable material has been found. Additionally, based on

the results of the symmetry analysis it is proposed that the CISS effect may also take place in thin surfaces

made from achiral molecules which are ordered in chiral patterns. In the view of subquestion two, the

temperature range to which the sample materials can be exposed and do not get damaged are given in

each case.

6.1 Chiral molecules

Double stranded DNA

Double stranded DNA (dsDNA) is a molecule often used in researches concerning the CISS effect [7],[28].

T. Aqua [29] described a procedure to attach dsDNA consisting of 26 base pairs (bp) to a gold surface

with a square shape of approximately 1cm2. The length of the dsDNA can, according to this approach, be

elongated by DNA ligation, which is necessary to measure the dependence of the spin polarisation on the

length of the chiral molecule. Until now, it is unclear whether the strength of the CISS effect gets altered by

the kind of surface to which the molecules are attached. In literature, no procedures to attach dsDNA to

other metal interfaces were found. For progress in the research on the CISS effect regarding this question,

such methods should be investigated. However, this is outside the scope of this project.

When performing measurements, the temperature may not be higher than the melting temperature of the

dsDNA molecules, the temperature at which half of the molecules are denatured. The melting temperature

of a dsDNA fragment with a length of 10-30bp can be calculated by Tm = (A +T ) ·2 °C+(G +C ) ·4 °C, with

Tm the melting temperature of the fragment, A+T the number of A-T base pairs and G +C the number of

G-C base pairs in the fragment [30]. This means that the lowest possible melting temperature for a sample

with a length of 26bp (containing only A- T base pairs) would be Tm = 26 ·2 °C= 53 °C
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Helicenes

Figure 4: Ball-and-stick model of
the [5]helicene [31].

Helicenes are organic molecules which were shown to exhibit the CISS

effect [10]. They consist of benzene rings, which form a chiral helical

staircase, depicted in figure 4. According to the IUPAC convention, an

[n]helicene consists out of n benzene rings. Shawn K. Collins [32] pre-

sented the synthesis of [5], [6] and [7]helicenes by ring-closing olefin

metathesis, a method to form polycyclic hydrocarbons by closing new

bonds, see appendix C.1. [5]helicenes are approximately 11.8 ·10−10m

high, the calculation is also explained in the appendix. In a research

by Cristina Bazzini [33], measurements on Aza[5]helicenes were done at

a low temperature of around -200 ◦C, and Kosuke Yamamoto [34] per-

formed measurements on [5]helicenes which were done at temperatures of around +200 ◦C. According to

a research by Somboon Sahasithiwat [35] 3,12-Dimethoxy-7,8-dicyano-[5]helicenes decompose around a

temperature of 330 ◦C, and monoaza[6]helicene around 297.0 ◦C [36]. Lonqiang Shi found that carbazola-

based diaza[7]helicenes denature around 372.1 ◦C [37]. Some of these measurements where taken with

helicenes who had additional functional groups, so the given T-values can only be used as an indication

for the temperatures at which the helicenes are suitable for measurements. To determine the influence of

the interface on the total spin polarisation, helicenes can be adsorbed to Cu(111), Au(111) and Ag (110)

interfaces as shown in [10].

6.2 Chiral crystals

In this part, it is shown how representatives of the remaining three point groups 2,3 and 6 can be prepared

as a sample to test whether they exhibit the CISS effect. Generally, it has to be ensured that when synthesis-

ing the crystal, only one handedness is created. The below presented methods automatically ensure this.

Furthermore, the macroscopic size of the crystals can be increased by letting the crystallisation process

run for a longer time. Each of the following crystals can be placed on all kinds of metal interfaces as long

as the metal does not interact with the crystal itself.
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Crystal class 2: Nitride Polymorph

Nitride polymorph, discovered in a research by Fumitaka Yoshimura [25] is a representative of symmetry

(a) (b)

Figure 5: Schematic structure of the nitride polymorph along the c-axis and a-c-plane. Sr/Eu: large spheres (green),
Al/Si: medium sized spheres (blue), and N/O: small spheres (yellow) [25]

group 2. It has the chemical formula Sr0.98Eu0.02 AlSi4N7, and the following lattice parameters: a ≈ 8.1062

Å, b ≈ 9.0953 Å, c ≈ 8.9802 Å, β ≈ 111.6550 ◦; the unit cell volume is ≈ 615.366 Å3. Details of the synthesis

of Nitride Polymorph can be found in the appendix C.2. In the experiment of Yoshimura the crystal was

exposed to temperatures between 25 ◦C and 300 ◦C. Under these circumstances the space group did not

change, thus the crystal may be used for temperature dependent measurements within this range.

Crystal class 3: Cancrinite

Cancrinite is a crystal which has the symmetry of crystal class 3. Its chemical formula is

N a6C a2[(CO3)2|Al6Si6O24] ·2H2O (referece). The unit cell dimensions of cancrinite are: a ≈ 12.624 Å and

c ≈ 5.150 Å, and the volume of the unit cell is approximately 713.5 Å3 [26].

(a) (b)

Figure 6: Canrinite: (a) naturally grown on another mineral (orange) [38], and (b) schematic structure [26].
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In a research conducted by G. Lindner [26] cancrinite was crystalised from a solution of sodium aluminate,

sodium hydroxide and sodium thiosulfate pentahydrate, details are described in the appendix C.3. With

this method, crystals with a size of approximately 0.038 x 0.038 x 0.54 mm were produced. Furthermore,

Lindner determined properties of cancrinite, see appendix C.3 figure 16. From those, it follows that up to

a temperature of 1000 ◦C the macroscopic symmetry, thus the crystal class, remains the same. Therefore,

during experiments, the crystal may be exposed to temperatures up to 1000 °C.

Figure 7: Schematic structure
of Sodium yttrium carbonate
hexahydrate along the [0001]
axis. [27]

Crystal class 6: Sodium yttrium carbonate hexahydrate

A possible crystal to use in crystal class 6 is sodium yttrium carbonate hex-

ahydrate. It has the chemical formula N a3Y (CO3)3 ·6H2O, and was synthe-

sised in a research of Amor Ben Ali [27]. The unit cell of this crystal has the

following dimensions: a ≈ 11.347 Å, c ≈ 5.935 Å, and the unit cell volume is

approximately 661.8 Å3. Ali measured the changes in crystal structure upon

temperatures up to 850 ◦C. The macroscopic structure of the crystal under-

went changes already at 125 ◦C, even if the symmetry of the lattice remained

stable. Thus, the crystal should only be used for measurements at higher tem-

peratures, if a control mechanism is present in the setup.

6.3 2D chiral surfaces

The CISS effect was already observed in chiral molecules, e.g. dsDNA. The question, whether the CISS

effect can also be observed in chiral two dimensional surfaces arises. 2D surfaces would allow more appli-

cations than for example a sample with an DNA helix. Chiral surfaces can be made from achiral molecules,

thus there are many more possibilities for the material of which a chiral surface can be made, that satisfy

the required conditions for a spin polarising effect, as calculated in section 5. The chiral film, which is

proposed to study, is a film of octobiphenyl molecules on graphite (figure 9) [39], [40]. The samples can

be prepared by liquid-crystal imprinting as described by Berg and Patrick [39], which condenses down to

applying a magnetic field, putting a droplet of octobiphenyl on the graphite plate and heating the sample.

The enantiomeric excess of one enantionomer is ensured by the application of a magnetic field rotated

relative to the graphite surface. This means that the magnetic field influences how much of the surface

is covered by one enantiomer relative to the other. Until now, the temperature resistance of the chiral

surfaces has not been quantified, but usually, organic bonds denature at a temperature of above 200 ◦C.
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(a) (b)

Figure 8: A schematic drawing of the chiral surfaces of octobiphenyl molecules. In (a) the right-handed, blue, and in
(b) the left-handed, red [39].

7 Measurements

Within this part of the proposal, methods to measure the spin polarisation of a current are presented.

As with the samples, the application range of the apparatus will be indicated for each setup. Later in this

section, it will be explained how to use these methods to perform experiments that contribute to answering

the first two subquestions, as formulated in section 4. For answering the third subquestion, theoretical

explanations concerning efficiency and measurement methods will be investigated.

7.1 Setup

Four different setups are presented to measure the spin polarisation of the current after it has travelled

through a chiral medium. Each of the setups relies on a different mechanism, thus they suit different ex-

perimental conditions. For each of the setups, a sample prepared as described in section 6 consisting of a

chiral molecule or interface adsorbed on a metal plate, will be used.

Measuring of the spin polarisation with the Spin Hall effect

The Spin-Hall effect is the phenomenon that a spin current is generated perpendicular to a current flow

in a non-ferromagnetic metal without applying an external magnetic field. This spin current causes the

two opposite spin directions to be deflected to opposite sides in the metal [41]. The Spin-Hall effect occurs

in metals with a high impurity rate and in those which exhibits high spin orbit coupling. The Spin-Hall

effect in Platinum (Pt) is known to be strong compared to other metals [41]. The spin polarisation of a

current can be measured using the Spin Hall effect. This method is brought first into context with the CISS

effect in this proposal. In a spin polarised current, there is a net spin in one of the two directions. When

sending such a current through a Pt plate, at one side of the metal more electrons accumulate due to the
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Spin-Hall effect, compared to the other side. In figure 9, this process is depicted for the specific situation

that the spins in the current leaving the chiral molecule are aligned perpendicular to the plane direction.

Therefore, a voltage will be induced in the Pt plate which depends linearly on the strength of the spin po-

larisation. When placing a Pt plate on top of a chiral sample, the spin polarising properties of the sample

can be characterised by measuring the voltage difference across the platinum plate. This can be done ei-

ther by applying a current to the sample, figure 9a, or by releasing photo-electrons from the metal plate by

laser light, figure 9b.

(a) (b)

Figure 9: A chiral medium will be attached onto a metal surface. On top of the chiral medium a thin platinum layer
will be attached. A current (a) will be sent through the whole sample or a laser pulse (b) will release photo-electrons
from the metal plate, which will get spin polarised due to the CISS effect. The voltage difference induced by the Spin
Hall effect indicates the spin polarisation.

As this method is new to research into the CISS effect, it first has to be explored whether it works with the

required precision, and that the Pt plate does not cause unintended side effects. Therefore, the technique

can be tested using a sample of which data is present in literature (e.g. dsDNA [7]). The voltage across the

platinum plate will be measured, the spin polarisation will be calculated and compared to literature val-

ues. The error of the values obtained using this setup will be compared with the other methods presented

in this section and in literature. Note that longer running experiments cause a higher voltage difference,

due to the fact that more and more spins will accumulate at the sides of Pt. The Spin-Hall effect measure-

ments are not suitable for making temperature dependent measurements. The Seebeck effect occurs in

paramagnets such as Pt if a temperature gradient is present. It induces a spin current perpendicular to the

temperature gradient [42]. When heating up the setup to perform temperature dependent measurements,

it is an additional challenge to avoid this extra contribution to the spin current caused by the Seebeck ef-

fect. Seeing that there are other measurement methods that work well upon temperature changes (which

are introduced later in this section), the Spin-Hall effect should not be used for this purpose. An external
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magnetic or electric field alters the induced voltage that depends on the spin accumulation in Pt by the

Lorentz force. To perform measurements depending on external magnetic and electric fields, it might be

possible to first apply the field to the system, measure an offset voltage, and afterwards send a current

through the chiral sample and compare how much the voltage has changed. An other option would be to

apply the magnetic or electric field to the sample only. Whether one of these methods is feasible depends

for example on the size of the sample, the possibilities to control the magnetic field. This must be tested

experimentally.

Measuring the spin polarisation with the magneto optical Kerr effect (MOKE)

John Kerr found in 1877 that light reflected from a ferromagnetic surface gets rotated in its polarisation.

This effect is referred to as Magneto Optical Kerr Effect (MOKE), and is a commonly used tool in the field

of magnetic research [43].

Figure 10: Setup to detect spin accumulation
in Pt. Laser light is shine onto the Pt plate in
which the spins (arrows) have accumulated.
Due to the MOKE and a net magnetisation
across the Pt plate, the polarisation of the in-
cident light gets rotated by an angle θ [44].

Originally the MOKE was only found for ferromagnetic materi-

als, but e.g. Stamm et al. investigated the method for a param-

agnetic Pt plate [44]. With this, they successfully detected the

spin accumulation due to the Spin hall effect in the Pt plate.

This method is an extension to the previous method, measur-

ing the Spin Hall effect by a voltage difference. Where the volt-

age difference is too small to be detected, the MOKE provides a

more sensitive technique. The setup used by Stamm is depicted

in figure 10. In research on the CISS effect, the SiO interface can

be replaced by a sample prepared according to section 6. In the

platinum plate, spins accumulate due to the Spin Hall effect.

The net spin causes a magnetisation in the Pt plate which can

be detected by the MOKE effect. The change in the polarisation

of the light is according to Stamm et al. for platinum between 0

and 40 rad and depended linearly on the strength of the current, so they used sensitive detection methods

that split the different polarisations and detected the contribution of each by a photo detector. The total

rotation of the polarisation of light is a superposition of the separate contribution of each point in the Pt

plate. Therefore, the final polarisation of the light is an indication for the spin polarisation of the current

which had been sent through the chiral molecule before hand. The MOKE is sensitive to the Spin Hall

effect, thus this method is applicable under the same circumstances as the previous method.
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Measuring the spin polarisation with conductive AFM

Conductive atomic force measurements (AFM) are suitable to determine the spin polarisation caused by

a single molecule, as shown by previous research on the CISS effect. This method is proven to be suitable

to determine the spin polarisation for the samples with dsDNA [7], and helicenes [45]. It is a precise way

of measuring the spin polarisation, because background effects only add tiny noise to the measurements

[45].

Figure 11: Experimental setup
for conductive AFM measurements
with a permanent magnet. A chi-
ral molecule is placed on a ferro-
magnetic film, with under the fer-
romagnetic film a permanent mag-
net. The chiral molecule is bound
at one end to the ferromagnetic
film, and at the other end to a gold
particle [46].

The setup is depicted in figure 11, on a permanent magnet a ferromag-

netic layer is placed to which a chiral molecule is attached. The other

end of the molecule is attached to a gold atom. The gold atoms ensure

favourable contact with the AFM tip. The permanent magnet causes a

magnetic field inside the ferromagnetic film, e.g. a Nickel film. This

magnetic field causes the energy levels for spin-up and spin-down to

split inside the ferromagnet, which creates a spin polarisation in an ap-

plied current. Due to the CISS effect, the transmission probability of this

current through the chiral molecule depends on its spin polarisation.

As the ferromagnetic layer is responsible for the initial spin polarisation

of the current, the strength and direction of the magnetic field caused

by that layer influences the electrons transmission through the chiral

molecule. In conductive AFM measurements, the current and voltage

across the chiral molecule and the ferromagnetic layer can be measured

and plotted against each other [13]. By inverting the direction of the

magnetic field, two different curves are created which can be compared.

If the molecule had a preference for one spin direction to conduct, at

one direction of the magnetic field there is a higher current measured at

a given voltage. From the respective current values, the spin polarisation

of the current can be calculated using the formula P = (I+−I−)/(I++I−),

where I+/− is the current measured with the magnetic field in the + (up)

and - (down) direction respectively [45].

The influence of the ferromagnetic film, thus the interface to which the chiral molecule is attached, on

the strength of the spin polarisation can be tested with this setup. AFM measurements work with any fer-

romagnetic material. However, when applying an external magnetic or electric field, this would interfere

with the measurement. Thus, conductive AFM is not suitable to determine the dependence of the strength

of the spin polarisation on external fields. Temperature variations are possible, as long as the samples or

the setup do not get damaged.
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Measuring the spin polarisation with spin-polarised STM

A Scanning Tunnelling Microscope (STM), see figure 12, is a type of microscopy of nanostructures. It is

based on the probability of electrons to tunnel through a potential barrier. A sharp tip, moved by piezo

electric crystals, moves around an area to produce an image of the area based on either the height of the

tip relative to the surface or the strength of the tunnelling current.

Figure 12: A schematic representation of the
scannong tunneling microscope (STM) [47]. A
tip controlled by piezo electric crystals produces
an image of a surface by measuring the strength
of the tunnelling current between the tip and
the surface.

If the tip of an STM is coated with a thin layer of a magne-

tised ferromagnetic material, the number of electrons tun-

nelling between the sample and the tip depend on the spin

of the electrons relative to the direction of the magnetic field.

The tunnelling current is maximal when the spins of the sam-

ple and the tip electrons are parallel, and minimal if they are

anti-parallel [48]. Some of the electrons, however, will un-

dergo spin-flip processes, causing that the measured current

will include electrons which had the opposite spin in the sam-

ple [48]. Additionally, the chance of electrons with the un-

favourable spin state tunnelling from sample to tip will never

be zero, only smaller than the tunnelling probability with the

preferred spin state. With this method the contribution of the

preferred spin state to a total current can be measured. To determine the spin polarisation of a current

caused by a chiral molecule, the strength of the current leaving the chiral molecule will be measured with

an STM. Afterwards, the contribution to the strength of the current by one spin state can be determined

using a spin polarised STM. By comparing these two images, the net spin polarisation of the current can

be calculated. This method is first brought into the context of the CISS effect within this research proposal.

As with the conductive AFM, the metal of which the magnetic tip consists could be varied, since different

materials have been used for spin-polarised STM [48], which may lead to results slightly deviating from

each other. This might be due to the number of unpaired, parallel spins responsible for the macroscopic

magnetisation of the tip, which may make it less likely for electrons with opposite spin to tunnel. This

technique of measuring the spin polarisation might work for any sample. It can be used for any tempera-

ture as long as the equipment does not get damaged. An external magnetic field would probably change

the magnetisation of the coating of the tip, and therefore interfere with the measurements. An electric field

should not interfere with the measurements.
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7.2 Dependence of the spin polarisation on experimental parameters and the sample type

Subquestions one and two of this research aims to obtain data on the dependence of the spin polarisation

on differences in the samples or interface, temperature, external magnetic and electric fields. This section

suggests how such measurements might be carried out using the techniques discussed earlier.

Dependence on the kind of sample

Samples can be varied in two ways: Changing the chiral medium and changing the interface to which it

is attached. Depending on the type of sample, the measurement technique must be chosen accordingly.

For all measurements the interface has to be conducting. For the Spin Hall effect and the MOKE measure-

mentds, there are no additional requirements for the interface. For the conductive AFM, the interface has

to be ferromagnetic. Crystals and chiral surfaces are not suitable to measure with conductive AFM mea-

surements, because AFM is only suitable for single molecules. Changes in the molecule can be created by

varying the length or surface and is possible for all chiral media, as described in section 6. The measure-

ment technique suitable for each sample does not get influenced, as long as the changes in size are of the

same order of magnitude as the sample itself.

Temperature dependence

For temperature dependent measurements, it is necessary to ensure that neither the sample nor the setup

gets destroyed by being exposed to too high temperatures. The temperature range at which the chiral me-

dia may be used are given in section 6. The Spin Hall effect and MOKE measurements are not suitable for

temperature measurements as explained in section 7.1. For the AFM technique, the temperature range

where the setup may be used depends on the exact materials used. AFM measurements at high tempera-

tures are possible and researched by Joska Broekmaat [49] in which an atomic step resolution is obtained

up to a temperature of 500 ◦C in air, and even up to 750 ◦C in vacuum. STM measurements at high tem-

peratures are researched by Tadatsugu Hoshino [50] where temperatures up to 600 ◦C were reached.

External electric and magnetic field

For measurements with an external field, a uniform and static electric or magnetic field must be applied

around the sample. These measurements can be carried out with all of the samples introduced in section

in 6. When it comes to applying electric fields all measurement techniques can be used. For the Spin Hall

effect measurement technique, the direction of the electric field cannot be freely chosen. The field exerts a

Lorentz force on moving electrons in the Pt plate, interfering with the net spin accumulation. For Spin Hall

effect and MOKE measurements, it has to be experimentally tested how much an electric field interferes

with the measurements, see section 7.1.
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A static, uniform magnetic field may be applied to any of the samples, but not to all of the measurement

techniques. The conductive AFM and spin-polarised STM are not suitable, since both require magnetic

fields to operate, thus external fields interfere with the measurements. As with an electric field, it is not

certain whether the Spin Hall effect and MOKE may be used with an external magnetic field, and the effect

of the external field on the apparatus will have to be determined beforehand.

Both the magnetic and the electric field have to be constant and uniform, because a changing magnetic

field induces an electric field and vice versa. This might have unwanted effects on the created and observed

spin polarisation.

7.3 Efficiency of the spin filtering

This section focuses on clarifying subquestion three, formulated in section 4. First, a theoretical introduc-

tion into the concept of ’efficiency’ will be given. To do so, the reversibility of a process will be defined

in terms of entropy. After that, these definitions will be linked to the Landau-Lifschitz equation as an il-

lustration. Finally, an experiment will be proposed, with which the efficiency of the spin filtering and its

dependence on external parameters can be determined.

Reversibility and entropy

Whether a process is reversible or not depends on the change of entropy S of the whole system during the

process. In an reversible process, the entropy does not change, i.e. ∆S = 0. During a reversible process no

net heat is transferred, and consequently no energy leaves the system. Therefore, such a process is also

called a non-dissipative process. In contrast, during an irreversible process, net heat leaves the systems’

boundaries, and energy is lost, i.e. ∆S > 0. Accordingly, such a process is also called a dissipative process.

The processes with ∆S ≤ 0, do not occur spontaneously in nature.

The spin polarisation process, which is considered here, has to be an irreversible process, and will always

cause the entropy to increase. How big this change in entropy is, influences the efficiency of the spin fil-

tering device. If a lot of energy gets lost through dissipation into heat, then the dissipative mechanism

would be dominant, and the efficiency would be lower, than if the non-dissipative mechanism were to be

dominant.
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The Landau-Lifschitz equation and reversibility

The CISS effect causes a magnetisation in the medium due to the conservation of spin angular momentum.

The Landau-Lifschitz equation,

∂~M

∂t
=−γ~M × ~He f f −

λ

Ms

~M × (~M × ~He f f ) (4)

is a phenomenological equation [51] that describes two ways of changing this magnetisation. Here, Ms is

an experimental parameter, γ is the gyromagnetic ratio, and λ an experimental damping parameter.

The first term describes reversible changes, namely how the magnetisation precesses around an effective

local H-field ~He f f , when it is out of its equilibrium state. The magnetisation will precess, until it aligns

itself with the local H-field. The second term is an observational description of damping effects, and thus

describes irreversible changes. By fitting the parameter λ to experimental data, different damping situ-

ations can be described. The Landau-Lifschitz equation can be solved for an equation of motion for the

magnetisation in a given experimental situation. This, however, is often complicated. Still, it can be inter-

preted, even without solving the equation explicitly.

Measurements of the dissipative and non-dissipative mechanisms

In this experiment, a short electron pulse will be sent through the molecule. This pulse should be shorter in

time than the larmor frequency, with which the spin would precess around a magnetic field. Only then, the

magnetisation cannot change reversibly due to precession. Each change in absolute value of the magneti-

sation must therefore be caused by dissipative changes, thus described by the second term in the Landau

Lifschitz equation. When having measured how the magnetisation changes upon an electron pulse shorter

than the larmor frequency, and how strong the created spin polarisation is, it can be estimated how strong

the influence of the dissipative mechanism is compared to reversible changes. The magnetisation of the

medium can be measured via the induced magnetic field using a magnetometer, e.g. the spin exchange

relaxation-free magnetometer or a Hall-probe. The measurement technique must be chosen according

to the strength of the induced magnetisation. The absolute magnetisation can then be calculated from

the magnetic field H by the formula M = H
µ0

. The strength of the spin polarisation can be measured using

conductive AFM or STM. The Spin Hall effect and MOKE measurements are not suitable, because a short

electron pulse only causes a few spins to accumulate at the surface and the effect would be too small to be

detected.

If this method is well established, the dependence of the strength at which the dissipative and non-dissipative

mechanism influences the observed spin polarisation on external parameters can be explored. Therefore,

an external magnetic or electric field of different orientations and strengths can be applied to the setup or

the temperature of the environment in which the measurements take place can be varied.
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Optimise Spin Filtering

With this data, the optimal conditions for the spin filtering can be found, namely those in which the re-

versible changes are dominant, and as little energy as possible gets dissipated. This happens, if the irre-

versible changes upon a short pulse are minimal. These optimal circumstances then have to be weighed

against the efficiency of the spin polariser. When, for example, these optimal conditions are reached in

vacuum, this would require more energy to create and hold up the vacuum, than the molecular spin po-

lariser would save compared to conventional spin polarisers, which rely on external fields.
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8 Future prospects, flowchart, and budget

With this proposal, the symmetry analysis is finished. The next step in this research is to hire experts ac-

cording to the flowchart above to finish the preparation phase. Afterwards the measurement techniques

have to be investigated, and the experiments detailed within this proposal have to be performed. From the

data gathered from these experiments, the spin filtering can be optimised in order to judge its suitability

for possible applications in spintronic devices. Additionally, using the gathered data, existing theories can

be verified and new theoretical concepts can be proposed.

It takes approximately seven years to carry our this research. One PhD student can acquire an expertise in

the fabrication of the samples, the measurement techniques, and performing the experiments dependent

on environmental parameters within the first four years of the programme. A second PhD student can join

after three years of research to accompany the first PhD student with the finalisation of the measurements

on the dependence of the spin polarisation on external parameters. By doing so, the second PhD student

learns optimally from the expertise and experience the first student made up in the last year. This also

gives room for the first student to finish his thesis at the end without being to busy with measurements.

The second PhD student acquires expertise in optimising the spin filtering process, building spintronic

devices and would work the last two years of his PhD on theoretical descriptions for the CISS effect. Dur-

ing the whole research bachelor and master students can do their internships supervised by on of the PhD

students.
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Budget

The total budget required for this research is: €585.200, see figure 13, and will be spent for three different

purposes: the equipment, the staff and the consumables. When assuming that the experiments will be

conducted at Radboud University, there is no need to purchase additional experimental facilities. The

total budget necessary for consumables for the seven years is estimated to be €90.000, by assuming an

average cost of €15.000 per year per PhD student. For the last two years, which only include theoretical

work, no budget for consumables is necessary. The salary for one PhD student for four years is €222.600.

Figure 13: Approximated budget calculated in euro
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Appendices

A Generating matrices

The matrices are calculated in the book Symmetry and Magnetism by R.R. Birss [24].

σ0 is trivial and does not do anything with a vector it is applied to.

σ0 =


1 0 0

0 1 0

0 0 1


σ1 is an inversion of a three-dimensional vector in all three dimensions.

σ1 =


−1 0 0

0 −1 0

0 0 −1


σ2 inverts the x and z components of a three dimensional vector.

σ2 =


−1 0 0

0 1 0

0 0 −1


σ3 inverts the x and y components of a three dimensional vector.

σ3 =


−1 0 0

0 −1 0

0 0 1


σ4 inverts the y component of a three-dimensional vector.

σ4 =


1 0 0

0 −1 0

0 0 1
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σ5 is an inversion of the z component of a three-dimensional vector.

σ5 =


1 0 0

0 1 0

0 0 −1


σ6 rotates a vector around the z axis by 120°.

σ6 =


−1

2
1
2

p
3 0

−1
2

p
3 −1

2 0

0 0 1


σ7 inverts the y component and interchanges it afterwards with the x component of a three dimensional

vector.

σ7 =


0 1 0

−1 0 0

0 0 1


σ8 is the inversion of the x and z components before interchanging the x and the y components of a

three-dimensional vector.

σ8 =


0 1 0

−1 0 0

0 0 −1


σ9 transforms a vector such that the old z component becomes the new x component, the old x compo-

nent becomes the new y component and the old y component becomes the new z component.

σ9 =


0 1 0

0 0 1

1 0 0



B Crystal Classes

The symmetry operations have been enumerated in terms of rotation and rotation-inversion axes. The

suffix z refers to a vertical direction and ⊥ to a horizontal direction. An n-fold rotation axis is a rotation

by 2π
n radians and is denoted by n. Rotation axes of either sense are denoted by ±n. An n-fold rotation-

inversion axis is a rotation of an object by 2π
n radians followed by a reflection in a fixed point and is denoted
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by n̄. If the rotation can be in either sense in this case, the symmetry operation is denoted by ±n̄ [24].
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C Supporting information samples

C.1 Helicenes

Fabrication procedure

Figure 14a shows the procedure of ring closing metathesis. Though [5]- [6]- and [7]helicenes are possible

to make using this method, the most efficient to make are [5]helicenes. In order to make [5]-helicenes will

be described here. The first method utilises the catalyst 3 of which the structure formula is drawn in figure

(a) (b)

Figure 14: (a) Ring closing metathesis is used to form polycyclic aromatic hydrocarbons; (b)Through two methods,
[5]helicenes can be produced. [52].

14. After 25 min in C H2Cl 2 at 100 ◦C under microwave irradiation 88% [5]helicene as a product are yield .

The second method uses catalyst 4, see figure 14, where a yield of 78-93% [5]helicenes was found at 40 ◦C

in a sealed-tube vessel.
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Calculation of the length of [5]helicene

The length of the carbon bondings is approximately 1.4 ·10−10m, and the angles are approximately 120◦.

In figure 15a the approximate dimension of a benzene ring is depicted. The angles between the benzene

(a) (b)

Figure 15: (a) Dimensions of the benzene ring.; (b) Angles in [5]helicene [53]

rings in the spiral are displayed in figure 15b. Using the angles, the length of the benzene chain, as if it were

flat, is estimated. Taking into account the actual twist angle, the height of the [5]helicenes is estimated to

be approximately 11.8 ·10−10m.

C.2 Nitride Polymorph

In order to test the properties of Nitride Polymorph, single crystals were synthesised according to the fol-

lowing method. As powders to start with, Sr3N3 (as mixture of Sr2N , Sr N2, SrN and SrH), EuN, AlN and

α−Si3N4 were used. These powders were mixed, and put into a cucicle with a lid and heated from room

temperature to 800 ◦C under a pressure of 8 ×103Pa of N2 at a heating rate of 20 ◦C/min. Then the sample

was heated from 800 ◦C to 2030 ◦C under a pressure of 0.85 MPa of N2 at the same rate. After this, the

sample was cooled to 1200 ◦C at a rate of 20 ◦C/min. Then the sample was cooled to room temperature by

shutting off the power to the heater, while the N2 pressure was maintained at 0.85 MPa.
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C.3 Cancrinite

To synthesise a single crystal of cancrinite G. Linder [26] used the following method. To make the solution

they dissolved 1.135 grams of sodium aluminate, 11.25 grams of NaOH and 20 grams of N a2S2O3 ·5H2O

in 35.5 mL water. While stirring, an additional three millilitres were added. They used a platinum lined

autoclave to held the solution for 28 days at 300 ◦C with a constant pressure of about 85 bar. As a final step

the crystal was washed with water and dried for a night at a constant temperature of 80 ◦C. Properties of

cancrinite at 193 K found in the same research. conducted by G. Linder.

Figure 16: Multiple properties of cancrinite at 193 K [26]
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