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Abstract 
 

In recent years, geometrically frustrated magnets receive intense attention because they 
are playgrounds for unconventional quantum states such as spin liquid and other novel 
properties. Many exotic quantum magnetic phenomena related to the magnetic 
geometrical frustration (MGF) have been found and studied in several kinds of 
uniformly crystallized materials, including the hydroxyl chlorides M2(OH)3X series. 
Because there is the existing spin-phonon coupling effect in the MGF system, it should 
be possible to probe the magnetic properties through measuring the lattice vibration 
(phonon) features accompanied with dynamic coupling to spin interactions by using 
infrared (IR) and Raman spectroscopic technologies. Till now, although there have been a 
lot of research on the relationship of crystal lattice and magnetism, few have been 
conducted on their dynamic coupling. In this work, evaluation of the dynamic coupling, as 
is exemplified in the γ-Cu2(OH)3Cl, is the final research aim. 

To reach the aim, the author of this dissertation has performed a standard factor 
group analysis (FGA) on all four kinds of space groups to which the all geometrically 
frustrated transition-metal hydroxyl halides M2(OH)3X (M=Co, Ni, Cu; X=Cl, Br) belong, 
measured the IR and Raman spectra at room temperature (RT) and assigned almost all 
the normal modes as complete as possible, and conducted the low-temperature Raman 
scattering experiments on several samples to investigate their Raman spectroscopic 
response to the MGF properties. The structure of this dissertation is as the following: 

In Chapter 1, some elementary physical topics related to the dissertation and research 
situation of spectral studies on hydroxyl halides are introduced, and then research aims 
and methods of the doctoral dissertation are given in detail. 

In Chapter 2, the author has performed, for the first time to the best of our knowledge, 
a standard FGA on the space groups of No. 166, No. 62, No. 14 and No. 11, through 
working out corresponding point group character and correlation tables by considering 
carefully all cite symmetric species. These have built up the foundation for the complete 
normal mode assignment.  

In Chapter 3, the author has performed spectral analysis of IR and Raman spectra of 
most of hydroxyl halides M2(OH)3X at RT. The following results have been obtained: 

(1) Using five spectral analyzing methods, it is found that the whole IR or Raman 
spectrum of each sample can be divided into four well-separated regions: [OH/D] function 
group, [OH/D] correlation peak, M-O and M-X fingerprint regions, respectively. In 
addition, wrong assignments of some bands in previous publications are pointed out.  

(2) In each spectral region, most experimental spectral bands have been assigned 
definitely and are considered to correspond well to their normal modes predicted by the 
standard FGA method. From those sharp band profiles in each spectrum, it is concluded 
that each sample is well crystallized and suitable for the further spectral study.  
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(3) After checking the [OH] stretching frequency of each sample and its crystal 
structure, three kinds of (OH)3···X hydrogen-bond are found to exist in these materials 
according to the structural symmetry, and they have been nominated trimeric 
hydrogen-bond by our research team. The trimeric H-bonds in this series are found to 
have four subtypes and two more subtypes are predicted to exist in nature.  

(4) Furthermore it is found that the trimeric H-bond concept and the approximate 
linearity between the [OH] stretching frequency and [OH] distance can be applied to 
estimate and evaluate the rightness of the OH distances given by other authors, and 
determine the difference between different OH groups, etc. 

In Chapter 4, through the temperature-dependent Raman spectroscopic investigation on 
the clinoatacamite γ-Cu2(OH)3Cl, the following results are obtained and given: 

(1) Among eight representative normal modes, the trend as a whole of five frequency 
variations and all eight width variations in the wide-temperature range presents a normal 
thermal expansion behavior of a normal non-magnetic and isolating material. Yet each of 
the other three frequency variations shows an abnormal behavior, and it has been 
elucidated by the dominating effect of the trimeric hydrogen-bond. 

(2) It is found that the commonly used fitting formula of both frequency and width 
variations resulting from the sum of lattice and phonon-phonon anharmonic terms at the 
high-temperature are not suitable for fitting the high frequency modes.  

(3) Obvious Raman spectroscopic evidences of successive magnetic transition are 
found at the Curie temperatures Tc1=18 K and Tc2=6 K: it comes from the apparently 
anomalous temperature-dependent Raman band frequencies and linewidths of 8 modes 
below about 18 K because of spin-phonon coupling effect. 

(4) Based on the quantitative analysis on the pronounced background at 
high-temperature and the broad continuum at the intermediate and low-temperatures, it is 
verified that the coexistence of partial magnetic order and spin fluctuations of a 
picosecond time scale at the intermediate phase in the temperature range of Tc1=18 K and 
Tc2=6 K comes from quasi-two-dimensional antiferromagnet lattice structure.  

In Chapter 5, the above-mentioned works are concluded, and an outlook is given. 
In summary, the author has obtained several achievements in respect of the dynamic 

coupling of lattice vibration and the magnetism in the geometrically frustrated M2(OH)3X 
series. In particular, the low-temperature investigation of γ-Cu2(OH)3Cl of Raman spectra 
has given the spectral evidence of the successive magnetic transitions and revealed the 
nature of coexistence of magnetic order and spin fluctuations in the intermediate phase 
between Tc1 and Tc2. Unpolarized Raman scattering can only provide limited information 
about the dynamic coupling, therefore, it is hoped that further experiments of polarized 
Raman scattering experiments on single crystals be performed to completely uncover the 
exotic nature of the frustrated magnetism in the hydroxyl chlorides M2(OH)3X series.   
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Chapter 1 

Introduction 
 
Physics of solid state matters is very interesting. In this chapter I will first introduce 

general physical, especially magnetic properties of solid state matters in Sects. 1.1 and 1.2, 
magnetic geometric frustration in magnetic matters in Sect. 1.3, and infrared (IR) and Raman 
spectral properties of solid state matters in Sect. 1.4. In consideration of the possible 
significance of hydrogen bonds in our samples, century’s achievements are chiefly reviewed 
in Sect. 1.5 to lay the groundwork for our research. In order to master the important 
achievement mainly obtained by our group in recent years, I also collect the structural, 
thermal and magnetic properties of M2(OH)3X in Sect. 1.6, to give the basic to realize my 
research aims of this doctoral dissertation described in Sect. 1.7.    

1.1 General physical properties of solid state matters  

General physical properties of solid state matters are investigated in the so-called 
solid-state physics, which is the study of rigid matter, or solids, through methods such as 
quantum mechanics, crystallography, electromagnetism, and metallurgy.[1] It is the largest 
branch of condensed matter physics. Solid-state physics studies how the large-scale 
properties of solid materials result from their atomic-scale properties, and forms the 
theoretical basis of material science. It also has direct applications, for example in the 
technology of transistors, semiconductors and superconductors.[1] 

Solid state matters are formed from densely-packed atoms, which interact intensely. 
These interactions produce the mechanical, thermal, electrical, magnetic and optical 
properties of solids. Depending on the material involved and the conditions in which it is 
formed, the atoms may be arranged in a regular, geometric pattern or irregularly (an 
amorphous solid). 

The bulk of the solid-state physics theory is focused on crystals. Primarily, this is 
because the periodicity of atoms in a crystal — its defining characteristic — facilitates 
mathematical modeling. Likewise, crystalline materials often have electrical, magnetic, 
optical, or mechanical properties that can be exploited for engineering purposes. 

The forces between the atoms in a crystal can take a variety of forms. For example, in a 
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crystal of sodium chloride (NaCl, common salt), the crystal is made up of Na+ and Cl−, and 
held together with ionic bonds. In others, the atoms share electrons and form covalent bonds. 
In metals, electrons are shared amongst the whole crystal in metallic bonding. Finally, the 
noble gases do not undergo any of these types of bonding. The differences between the types 
of solid result from the differences between their bonding.  

Many properties of materials are affected by their crystal structure. The sizes of the 
individual crystals in a crystalline solid material vary depending on the material involved and 
the conditions when it was formed. Most crystalline materials encountered in everyday life 
are polycrystalline, with the individual crystals being microscopic in scale, but macroscopic 
single crystals can be produced either naturally (e.g. diamonds) or artificially. 

The crystal lattice can vibrate. These vibrations are found to be quantized, the quantized 
vibrational modes being known as phonons. Phonons play a major role in many of the 
physical properties of solids, such as the transmission of sound. In insulating solids, phonons 
are also the primary mechanism by which heat conduction takes place, and are necessary for 
understanding the lattice heat capacity, as in the Einstein model and the later Debye model.  

The material’s properties, such as electrical conduction and heat capacity, are 
investigated by solid-state physics, while magnetism is a property of materials that respond at 
an atomic or subatomic level to an applied magnetic field H. [1, 2] Ferromagnetism is the 
strongest and most familiar type of magnetism. It is responsible for the behavior of 
permanent magnets, which produce their own persistent Hs, as well as the materials that are 
attracted to them. However, all materials are influenced to a greater or lesser degree by the 
presence of an H. Some are attracted to an H (paramagnetism, PM); others are repulsed by an 
H (diamagnetism); others have a much more complex relationship with an applied H. 
Substances that are negligibly affected by Hs are known as non-magnetic substances. The 
hierarchy of types of magnetism given by Myers is shown in Fig. 1.1.1. [2]  

 
Fig. 1.1.1. The structure of types of magnetism. 

Diamagnetism: 
Property of all matter 
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Band 
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Diamagnetism is a very general phenomenon, because all electrons, including the 
electrons of an atom, will always make a weak contribution to the material’s response. In 
most materials, diamagnetism is a weak effect, and completely overpowered for materials 
that show some other form of magnetism (such as ferromagnetism or paramagnetism). 

Paramagnetism occurs only in the presence of an externally applied H. [2] The magnetic 
moment induced by the applied field is linear in the field strength and rather weak. 
Constituent atoms or molecules of paramagnetic materials have permanent magnetic 
moments, even in the absence of an applied field. This generally occurs due to the spin of 
unpaired electrons in the atomic/molecular electron orbitals. In pure paramagnetism, the 
dipoles do not interact with one another and are randomly oriented in the absence of an 
external field due to thermal agitation, resulting in zero net magnetic moment. Even in the 
presence of the field there is only a small induced magnetization because only a small 
fraction of the spins will be oriented by the field. This fraction is proportional to the field 
strength and this explains the linear dependency. In general paramagnetic effects are also 
small. Fig. 1.1.2 (a) gives a simple illustration of a paramagnetic probe made up from 
miniature magnets.  

          
Fig. 1.1.2. (a) PM phase, (b) FM, (c) AFM, (d) ferrimegnetic and (e) random spin-glassy (SG) orders.  

Ferromagnetism is the basic mechanism by which certain materials (such as iron) form 
permanent magnets. Ferromagnetism (including ferrimagnetism) is the strongest type; it is the 
only type strong enough to be felt, and is usually responsible for the common phenomena of 
magnetism encountered in everyday life, apparent to the ancient world. In the microscopic 
viewpoint, a material is “ferromagnetic (FM)” in a stricter sense only if all of its magnetic 
ions add a positive contribution to the net magnetization, see Fig. 1.1.2 (b).  

Antiferromagnetism is exhibited in materials if the magnetic moments of atoms or 
molecules, usually related to the spins of electrons, align in a regular pattern with neighboring 
spins (on different sublattices) pointing in opposite directions, see Fig. 1.1.2 (c). In other 
words, if the moments of the aligned and anti-aligned ions balance completely so as to have 
zero net magnetization, despite the magnetic ordering, then it is antiferromagnetic (AFM).  

Ferrimagnetism is exhibited in materials if some of the magnetic ions subtract from the 
net magnetization (if they are partially anti-aligned as in antiferromagnetism), see Fig. 1.1.2 

(e) SG order(d) ferrimagnetic order(c) AFM order(b) FM order(a) PM phase
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(d). However, in ferrimagnetic materials, the opposing moments are unequal and a 
spontaneous magnetization remains like ferromagnetism. Generally ferrimagnetic materials 
have high resistivity and have anisotropic properties. 

The phenomenon of magnetism is mediated by the magnetic field (H). In a normal 
material, when an H exits at some temperature T, the response of the magnetization M(T, H)  

( , )( , ) ( ) , ( ) M T HT T T
H

χ χ≡ ≡ or M H H                                     (1.1.1)  

where the magnetic susceptibility χ(T) is a dimensionless proportionality constant that 
indicates the degree of magnetization M(T, H) (the magnetic dipole moment per unit volume, 
measured in A/m) of a material in response to an applied H (A/m). Surely in a hard magnet 
such as a ferromagnet, M(T, H) is not proportional to the field and is generally nonzero even 
when H is zero.  

In a ferromagnet (including ferrimagnet), as the temperature increases, thermal motion, 
or entropy, competes with the FM tendency for dipoles to align. When the temperature rises 
beyond a certain point, called the Curie or Curie-Weiss temperature TC (or TCW), there is a 
second-order phase transition and the system can no longer maintain a spontaneous 
magnetization, although it still responds paramagnetically to an external field. Below that T, 
there is a spontaneous symmetry breaking and random domains form (in the absence of an 
external field). The TC itself is a critical point, where the magnetic susceptibility is 
theoretically infinite and, although there is no net magnetization, domain-like spin 
correlations fluctuate at all length scales. A simple theory predicts that, above the TC, the 
magnetic susceptibility χ is given by the Curie-Weiss law: 

C

( ) CT
T T

χ =
−

, 1 C( ) T TT
C

χ − −
=                                           (1.1.2) 

where C is a material-specific Curie constant, temperature is measured in kelvins. Thus, the 
magnetic susceptibility χ approaches infinity as the temperature approaches Tc.  

An antiferromagnet becomes typically paramagnetic when the temperature above the 
Néel or magnetic ordering temperature TN,—that is, the thermal energy becomes large 
enough to destroy the macroscopic magnetic ordering within the material.[2] Generally, AFM 
order may exist at sufficiently low temperatures. χ of an AFM material typically shows a 
maximum at TN, and is given by:  

N

( ) ,CT
T T

χ =
+

 1 N( ) T TT
C

χ − +
=                                          (1.1.3) 

In some cases, Eqs. 1.1.2 and 1.1.3 are unified to an idealized Curie–Weiss form: 
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1 CW

CW

( ) ,   ( ) TCT T
T C

θχ χ
θ

− −
= =

−
                                        (1.1.4) 

Here, when θCW>0, FM TC ≡ θCW; θCW<0, AFM TN ≡ −θCW. In real nonideal FM or AFM case, 
the T point (usually close to or even far from |θCW|) deviating from ideal behavior is called TC 
or TN. [3]  

When the temperature is low enough, if there is sufficient energy exchange between 
neighbouring dipoles they will interact, and may spontaneously align or anti-align and form 
magnetic domains, resulting in ferromagnetism (permanent magnets) or antiferromagnetism, 
respectively. Paramagnetic behavior can also and must be observed both in ferromagnets that 
are above their TC, and in antiferromagnets above their TN. [2] 

The study of these magnetic phase transitions, especially via the simplified Ising spin 
model, had an important impact on the development of statistical physics.  

The specific heat capacity, often simply called specific heat (usually denoted by a capital 
Cp), characterizes the amount of heat required to change a substance's temperature per unit 
mass of a material by a given amount (in unit of J·mol−1·K−1). Translation, rotation, and the 
two types of energy in vibration (kinetic and potential) represent the degrees of freedom of 
motion which classically contribute to Cp of a thermodynamic system. For quantum 
mechanical reasons, some of these degrees of freedom may not be available, or only partially 
available to store thermal energy, at a given temperature. As the temperature approaches 
absolute zero, the specific heat capacity of a system also approaches zero, due to loss of 
available degrees of freedom due to the quantum mechanical effect. For a more modern and 
precise analysis of the heat capacities of solids, especially at low temperatures, it is useful to 
use the idea of phonons, whose contribution to Cp in a solid is estimated by the Debye model 
that correctly predicts the low T dependence of Cp(T), which is proportional to T3 – the Debye 
T3 law just like the Einstein model.   

For other bosonic quasi-particles, e.g. for magnons (quantized spin waves) in 
ferromagnets instead of the phonons (quantized sound waves), at low frequencies one has 
different dispersion relations, e.g. E(v)~k2 in the case of magnons, instead of E(v)~k for 
phonons and different sum rules. [4] As a consequence, in ferromagnets one gets a magnon 
contribution to the heat capacity (magnetic specific heat Cm), Cm~ T3/2, which dominates at 
sufficiently low temperatures the phonon contribution Cphonon~ T3. Therefore abnormal 
T-dependence of the Cp of a magnetic material at low frequencies must include the magnetic 
contribution to the total specific heat, provide a lot of information on its low- temperature 
magnetic structure, and become an important aspect in its experimental study, especially for a 
magnetic geometric frustration (MGF) material. [4] 



- 6 - 

 In general, the related physical properties can be experimentally investigated by the 
following means: (1) magnetic susceptibility χ(T, H) and the magnetization M(T, H) by the 
superconducting quantum interference device (SQUID); (2) heat capacity (specific heat) Cp 
by the adiabatic heat pulse method; (3) the phonon spectrum by the IR spectroscopy and 
Raman spectroscopy; (4) the crystal structure by a range of crystallographic techniques, 
including general X-ray diffraction (XRD) crystallography, and elastic neutron diffraction; (5) 
the magnetic structure by the NMR, neutron diffraction and muon spin resonance (μSR), etc.  
 

1.2 Magnetic geometric frustration in magnetic matters 

MGF may appear in many kinds of matter system and society, such as the hard-disk fluid 
system, the strong electric (Coulomb) mutual repulsion system and the opposite sex dinner 
seating system.  

Most of the geometrically frustrated systems studied in physics these years may be 
concerned with magnetic ones, such as the lattice systems with two-dimensional spin ladder, 
triangle, and Kagome configurations. All kinds of such systems can, to some extent, lead to 
many kinds of exotic quantum states, e.g. unconventional spin glass, spin ice, spin liquid, 
monopole states/phases and therefore has received a large amount of attention in the 
magnetism community. [5-20] 

Till now many exotic quantum magnetic phenomena related to the MGF principle have 
been found and studied in several kinds of uniformly crystallized materials, such as the 
pyrochlore series A2

3+B2
4+O7 (space group No. 227), [21-30] perovskite series ABO3 (mainly 

space group No. 62), [31-40] spinel series AB2C4 (mainly space group No. 227), [41-50] hydroxyl 
chlorides M2(OH)3X, [51-100] Herbertsmithite, [101-150] etc.  

Interestingly, a few real MGF materials may exhibit spin glass state, spin ice state, spin 
liquid state, “monopole flux” state, or even negative thermal expansion.  

In the field of MGF physics theoretical methods have included the Debye model, 
Hubbard model, Heisenberg model, Ising model, t-J model, etc.  

One simple and highly convenient measure of the level of frustration in magnetic 
systems is the so-called frustration parameter/index f, defined as [4] 

CWf
T
θ

∗≡                                                       (1.2.1) 

Here θCW is the Curie-Weiss temperature, the temperature T* is the critical temperature Tc (or 
Néel temperature TN) at which the system ultimately develops long-range spin order. In the 
case of freezing into a glassy state, which may correspond to a genuine thermodynamic 
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spin-glass transition, T* would be the freezing temperature Tf. The more frustrated a system 
is, the lower T* is compared to θCW.  

A spin glass is a magnet with frustrated interactions, augmented by stochastic disorder, 
where usually FM and AFM bonds are randomly distributed as shown in Fig. 1.2.1 (a). In 
other words, the spin-glass state is one where the combination of randomness and frustration 
prevents the development of conventional long-range magnetic order characterized by 
delta-function magnetic Bragg peaks. Its magnetic ordering resembles the positional ordering 
of a conventional, chemical glass. Spin glasses display many metastable structures leading to 
plenitude of time scales which are difficult to explore experimentally or in simulations.  

   

Fig. 1.2.1 (a) spin-glass state, (b) spin ice and water ice, (c) Spinon moving in spin liquids    

A spin ice is a substance that is similar to water ice in that it can never be completely 
frozen. This is because it does not have a single minimal-energy state. A spin ice has “spin” 
degrees of freedom (i.e. it is a magnet), with frustrated interactions which prevent it freezing. 
It shows low-temperature properties – in particular residual entropy – closely related to those 
of crystalline water ice. The magnetic ordering of a spin ice resembles the positional ordering 
of hydrogen atoms in conventional water ice as shown in Fig. 1.2.1 (b).  

Spin liquid state denotes a state of matter, where local permanent magnetic moments are 
present in the material, but do not show any sign of ordering down to the lowest Ts despite 
comparable strong AFM interactions with spinon “moving” in the magnet as shown in Fig. 
1.2.1 (c). [5] Since there is no single experimental feature that identifies a material as a spin 
liquid, several experiments have to be conducted to gain information on different properties 
which characterize a spin liquid. An indication is given by a large value of the frustration 
parameter f > 100. In most real materials there are, however, perturbative interactions, H', 
that ultimately intervene at low-T and lead to the development of order out of the spin-liquid 
state. Even though many theories study spin liquids, no definite spin-liquid material has been 
found yet, although there are a few possible spin liquid candidates under investigation.  

(a) (b)
(c)
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Till now, Y2Mo2O7 and Tb2Mo2O7 are found to exhibit spin-glass like behavior with Tf 

=22 K and 25 K, respectively, and the most prominent compounds with spin-ice properties 
are Dy2Ti2O7, Ho2Ti2O7 and A2Sn2O7 (A=Pr, Dy, and Ho), while only a few candidate 
pyrochlore materials have been identified, namely, Tb2Ti2O7, Yb2Ti2O7, Er2Sn2O7, and 
Pr2Ir2O7 to exhibit the least ordered and most dynamic spin liquid phases. [4] We hope more 
and more materials developing these exotic quantum magnetic features can appear to provide 
us more opportunities to understand the MGF.  

1.3 Structural, thermal and magnetic properties of M2(OH)3X 

Good luck to the GMF community, following the discovery of MGF magnetism in 
deformed pyrochlore lattice γ-Cu2(OH)3Cl, Prof. X.G. Zheng and his colleagues at Saga 
University have extensively studied the material series in the chemical formula of M2(OH)3X 
(transition metal hydroxyl halide series), with M = Mn, Fe, Co, Ni, Cu, and X = Cl, Br, I, 
[51-100] from the material preparing to the property measuring. In these years, most of the 
samples with these 15 chemical formulas are successfully prepared and their structural, 
thermal and magnetic properties are studied to some extent. Table 1.3.1 summarizes the space 
groups of obtained crystal structures of our successfully prepared samples.  

Table 1.3.1 Known crystal structure (space group: order number, Hermann-Mauguin notation and 
Schonflies notation) of synthesized polycrystalline M2(OH)3X series obtained from Refs. [51~100].  

M2(OH)3X 
Cl−, I=3/2.  

35Cl : 75.5% 
37Cl : 24.5% 

Br–, I=3/2 
79Br: 50.5% 
81Br: 49.5% 

I−, I=5/2. 
127I: ~100% 

Cu2+ (3d9), S=1/2 
I=3/2, μT=1.7-3.5 
63Cu: 69%, 65Cu: 31%

Cu2(OH)3Cl 
α-: No.11, C2h

2, P21/m 
β-: No.62, D2h

16, Pnma 

γ-: No.14, C2h
5, P21/n 

Cu2(OH)3Br 
α-: No.11, C2h

2, P21/m 
 

Cu2(OH)3I 
α-: No.11, C2h

2, P21/m 
 

Ni2+ (3d8), S=1 
I=3/2, μT=2.8-5.6 
59Ni: 98%, 61Ni: 1.2%

Ni2(OH)3Cl 
 
β-: No.62, D2h

16, Pnma 

Ni2(OH)3Br 
α-: No.11, C2h

2, P21/m 
Ni2(OH)3I 

 

Co2+ (3d7), S=3/2,  
I=7/2, μT=3.9-6.6 
59Co: ~100% 

Co2(OH)3Cl 
 

β-: No.166, D3d
5, 3R m

Co2(OH)3Br 
 

β-: No.166, D3d
5, 3R m

Co2(OH)3I 
 

β-: No.166, D3d
5, 3R m

Fe2+ (3d6), S=2 
I=1/2, μT=5.9-2.8 
55Fe: 98%, 57Fe: 2% 

Fe2(OH)3Cl 
 

β-: No.166, D3d
5, 3R m

Fe2(OH)3Br 
 

β-: No.166, D3d
5, 3R m

Fe2(OH)3I 
 

β-: No.166, D3d
5, 3R m

Mn2+ (3d5), S=5/2 
I=5/2, μT=5.9 
55Mn: ~100% 

Mn2(OH)3Cl 
 
β-: No.62, D2h

16, Pnma 

Mn2(OH)3Br 
 

β-: No.62, D2h
16, Pnma

Mn2(OH)3I 
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The polymorphs of Cu2(OH)3Cl are not only the corrosion products of copper, brass and 
bronze, but also the painting coloring agents. Historically the mineral Cu2(OH)3Cl with the 
crystal structure of space group No. 11 was first found and called Botallackite, so it is 
denoted as α-Cu2(OH)3Cl after the well-known mineral “atacamite” Cu2(OH)3Cl with the 
crystal structure of space group No. 62 was determined, and the latter is denoted as 
β-Cu2(OH)3Cl. So generally Cu2(OH)3X or Ni2(OH)3X with the crystal structure of space 
group No. 11 is written as α-Cu(OH)3X or α-Ni(OH)3X, respectively, and Cu2(OH)3X or 
Ni2(OH)3X with the crystal structure of space group No. 62 is written as β-Cu(OH)3X or 
β-Ni(OH)3X, respectively. This notation “β-” is different from that of β-Co2(OH)3X and 
β-Fe2(OH)3X whose space groups are all No. 166. 

From Table 1.3.1, one can see that we have prepared four kinds of samples according to 
the space group classification of crystal structures, see Figs. 1.5.1 (a)~(d).  
(a)                    (b)                    (c)                      (d) 

  
Fig. 1.3.1 M(OH)3X Crystal structures of (a) No.11, (b) No.14, (c) No.62, (d) No.166. Here the blue, red, 
black and green balls presents M, O, H and X ions respectively. 

As above-mentioned, the thermal properties of materials, especially specific heat Cp(T) 
of a magnetic material at low frequencies provide a lot of information on its low-T magnetic 
structure. As examples, Fig. 1.3.2 gives published Cp(T) data of our prepared γ-Cu2(OH)3Cl, 
and β-Ni2(OH)3Cl and β-Co2(OH)3Br, and detailed demonstrations of these data can be found 
in corresponding papers.  

    

Fig. 1.3.2. Published Cp(T) of (a) γ-Cu2(OH)3Cl, [69] (b) β-Ni2(OH)3Cl, [85] (c) β-Co2(OH)3Br .[88, 95] 

Two of the most common magnetic properties are magnetic susceptibility χ(T) (χ−1 at 
direct current magnetic field conditions is usually present) and magnetization M(T, H), which 
can give the value information of θCW, TC and/or TN. As examples, Fig. 1. 3. 3 gives published 

(a) (b) (c)
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χ(T) (or χ−1) and M(T, H) of our three M2(OH)3X samples.[72, 85, 90, 91]  
 

           
Fig. 1.3.3. susceptibility χ of (a) β-Ni2(OH)3Cl, [90, 85] (b) Co2(OH)3Cl, [72] and (c) α-Cu2(OH)3Cl/Br/I. [91]  

From the experimental crystal structure, magnetic susceptibility χ(T), magnetization M(T, 
H), specific heat Cp(T) or Cp(T, H), neutron scattering/diffraction, μSR, and NMR data, our 
group has also done some works on the magnetic ordering modeling to explain the observed 
phenomena. For example, through suggesting the magnetic structure—the spins on the 
triangular lattice plane are FM ordered and those on the kagome lattice plane are disordered, 
with “1-in 2-out” and “2-in 1-out” spin degrees of freedom (see Fig. 1.3.4(a)), Zheng et al has 
successfully demonstrated the “coexisting ferromagnetic order and disorder in a uniform 
system of β-Co2(OH)3Cl”. [72] Recently, magnetic structures and spin configurations (Fig. 1.3. 
4(b,c)) for the antimagnetic phase below TN1=6.2 K and high field phase of β-Co2(OH)3Br 
were proposed to explain their AFM transitions satisfactorily. [96]  

  

Fig. 1.3.4. (a) Suggested magnetic structures of  β-Co2(OH)3Cl, [72] and proposed spin configurations for 

(b) the antimagnetic phase below TN1=6.2 K and (c) high field phase of β-Co2(OH)3Br. [96] 

Activated by our research results, many other researchers began the similar investigation 
on this material series, among them some have performed fruitful experimental studies using 
samples prepared by our group. For examples, Wills et al [86] and Maegawa et al have 
suggested spin configurations for the low-T phases of γ-Cu2(OH)3Cl, [93] respectively.  

In the meanwhile, so-called structurally perfect quantum kagome system ZnCu3(OH)6Cl2 
(and ZnxCu4-x(OH) 6Cl2, or ZnxCu2-x(OH) 3Cl) began to be mentioned with, [101-150] and the 

(a) (b) (c)

(a) (b) (c)
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results are helping to understand the basic MGF physics. 
It can be safely said that our work on M2(OH)3X outlines a new magnetic system to study 

geometric frustration for d-electrons. 

1.4 IR and Raman spectral properties of solid state matters 

Through quantum mechanical considerations, the vibration energy eigenvalues of 
diatomic XY system as a harmonic oscillator (mass: mX and mY, force constant: k) is presented 
by [151, 152] 

1 1( ) ( )
2 2n

hcE hv n n
λ

= + = +                                                (1.4.1) 

with vibration fundamental frequency v (wavenumber λ−1):  

11 1    ( = )
2 2

k kv
c

λ
π μ π μ

−= , X Y

X Y

m m
m m

μ ⋅
=

+
                                 (1.4.2) 

In the spectroscopy community, vibration frequency or energy is described by the 
wavenumber and usually denoted by ω (equal to λ−1, not angular frequency) in unit of cm−1 
(Kayser). Therefore  

11= 1303  (cm )
2

k k
c

ω
π μ μ

−=                                          (1.4.3) 

with k is in unit of mdyn/Å (100 N/m, 1 mdyn=10−8 N) and μ atomic quantity without 
dimensions.   

As to the stretching vibration of a linear triatomic XY2 system, such as CO2, vibration 
frequencies ω1, 2 of two modes:  

1 1
1 21303  (cm )  and 1303  (cm ),  

2
X Y

Y X Y

m mk k
m m m

ω ω μ
μ

− −= = =
+

              (1.4.4) 

In addition to stretching vibrations, a tricatomic or multiatomic system has always one or 
more bend/bending (or say, deformation/deforming) modes, e.g. CO2 and H2O. For CO2, 
ω1=1340 cm−1, ω2=2350 cm−1, and ω3=667 cm−1. In the case of H2O, ω1=3657 cm−1, 
ω2=1595 cm−1, and ω3=3756 cm−1.  

In general, the stretching vibration frequencies of a functional group (FG) including a 
light atom are high and its bending frequencies are moderate. They may appear 
simultaneously and well separately in the high and moderate frequency regions, respectively, 
so the corresponding spectral parts are called FG and correlation peak (CP) regions, 
respectively. Whereas the vibration frequencies of a group with heavy atoms are relatively 
much lower and numerous, they distribute in the low frequency spectral part, the so-called 
fingerprint (FP) region. For our samples, the obtained three kinds of FG, CP and FP spectral 
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regions are in the 4000-3000 cm−1 part for the [OH] group (3000-2000 cm−1 for the [OD] 
group), 1000-600 cm−1 part for the [OH] group (800-500 cm−1 for the [OD] group), and <600 
cm−1 part for the [M-O] and [M-X] groups, respectively.  

IR or Raman spectra, whose physical origins are markedly different, see Figs. 1.4.1 (a) 
and (b) respectively, can reflect the atomic vibrational transitions of a material. IR 
(absorption) spectra originate in photons in the IR region that are absorbed by transitions 
between two vibrational levels of the molecule in the electronic ground state. On the other 
hand, Raman spectra have their origin in the electronic polarization caused by ultraviolet, 
visible, and near-IR light. The former is the relationship between the transmittance (≤100%) 
and IR frequency (or wavenumber), while the latter is frequency shift signal sum of every ωα 
whose intensity is much weaker than Rayleigh scattering (by a factor of 10−3-10−5) and still 
easy to observe by using a strong exciting source. Figs. 1.4.1 (c) gives the energy level 
diagram showing the states.  

         
Fig. 1.4.1 Mechanics of (a) IR absorption, (b) Raman scattering and (c) Energy level diagram showing the 
states. The line thickness reflects roughly the signal strength from the different transitions.  

For small molecules, the IR and Raman activities may be determined by simple 
inspection of their normal modes.  

First, the vibration is IR-active if the dipole moment is changed during the vibration. It is 
obvious that the vibration of a homopolar diatomic molecule is not IR-active, whereas that of 
a heteropolar diatomic molecule is always IR-active.  

Second, the vibration is Raman-active if one of these six components of the polarizability 
changes during the vibration. Thus, it is obvious that the vibration of a homopolar diatomic 
molecule is Raman-active but not IR-active, whereas the vibration of a heteropolar diatomic 
molecule is both IR- and Raman-active. 

Polyatomic molecules have 3N−6 or, if linear, 3N−5 normal vibrations. For any given 
molecule, however, only vibrations that are permitted by the selection rule for that molecule 
appear in the IR and Raman spectra. The selection rule is determined by the symmetry of the 
molecule, while the spatial geometric arrangement of the nuclei constituting the molecule 
determines its symmetry.  

For example, there are four normal modes for a pyramidal XY3 molecule and all four 
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vibrations are both IR- and Raman-active.  

For molecules and ions in crystals where the vibration modes are called phonons, 
however, it is necessary to consider some additional symmetry operations that characterize 
translational symmetries in the lattice. To analyze the spectra of crystals, it is necessary to 
carry out a site group or factor group analysis, as described in the following Chapter.  

Almost all the real MGF materials are determined by measuring their T-dependent 
specific heat, magnetic susceptibility, and even directly crystal structure. To experimentally 
measure intrinsic MGF properties and crystal structures, the researchers in the field of 
magnetism usually employ the above-mentioned advanced measuring facilities. Fortunately 
from their invention days the IR spectroscopy and Raman scattering spectroscopy, which are 
the sensitive probes to the crystal symmetry, can help to determine the constitutions, crystal 
and even bio-system structures from the lattice vibration mode assignation.

 

Till now, IR and Raman studies on the MGF systems are fruitful.[153-200] Figure 1.4.2 
shows two typical examples of T-dependences of the phonon wavenumber observed for 
samples Tb2Ti2O7 (space group 3Fd m , Oh

7, No. 227), [161] and HgCr2S4 and CdCr2S4 (space 
group 3Fd m , Oh

7, No. 227), [171] who are the representatives of the pyrochlores, and spinels, 
respectively. 

 

        
Fig. 1.4.2 Published examples of temperature dependences of the phonon wavenumber observed for 

samples (a) Tb2Ti2O7 and (b) HgCr2S4 and CdCr2S4, respectively. [161, 171] 

Theoretical and experimental demonstrations are naturally focused on the expectations 
resulting from the coupling between the lattice and spin degrees of freedom, namely 
spin-lattice coupling or spin-phonon coupling (SPC), see Section 4.1 in Chapter 4, when the 
MGF-related phenomena occur.  

(a) (b)
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1.5 Hydrogen bond in solid state matters 

In general, whatever symmetry a solid state material with XH groups is, the famous 
hydrogen bond/bonding (H-bond) XH···Y (Y is an anion and H-acceptor) exists in it, e.g. 
OH···O and OH···Cl. [201-240] The discovery of the H-bond cannot be attributed to a single 
author, and no genuine “first paper” can be quoted. Specialized articles developing relevant 
ideas began to appear at the beginning of the 20th century, but the far-reaching relevance of 
the H-bond was not yet recognized. More studies and clear general concepts were published 
from the 1920s on, with pioneering roles usually attributed to L. Pauling, et al. By the end of 
the 1930s, a “classical” view of the H-bond was established that dominated the field for half a 
century. Research into H-bonds experienced a peak in the 1950s and 1960s, followed by 
relative stagnation from the mid-1970s to the late 1980s. An intense revival occurred from 
about 1990 on, and theoretical concepts were later replaced by modern quantum chemical 
models. [227]   

After 100 years’ discovery of H-bond, it still is a topic of vital scientific research. The 
reason for this long-lasting interest lies in the eminent importance of hydrogen bonds for the 
structure, function, and dynamics of a vast number of chemical and physical systems. 

Till now several types of H-bonds are found, see Fig. 1.5.1 for 4 most popular examples.  

      

Fig. 1.5.1 Schemes of 4 most popular examples. 

In fact, it is well known in the spectroscopic community, most of OH stretching 
frequencies less than the so-called “free” OH stretching frequency ωv{(OH)−1} 3600 cm-1 are 
caused by an H-bond (or say a red-shifted H-bond) which is seldom paid close attention to in 
the magnetism community. In general the forming of a typical H-bond like OH···Y should 
satisfy two conditions: (1) angle θOHY>120° (directionality) and (2) distance dO···Y 
(bond-length) is near to the sum d0

OY of the common mean O2+ radius R0
O~1.40 Å and Y 

anion radius R0
Y.  

H-bonds can be classified into three strength categories in different ways, that is, with 
borders between the categories placed differently, and different names can be attached to the 
categories depending on the personal focus of interest. In a general view on H-bonds, it 
seems appropriate to attach the names “strong” (quasi-covalent nature) and “weak” 
(electrostatic/dispersion) to the extremes of the scale, and use a term such as “moderate” 
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(mainly electrostatic) for the intermediate range. According to the classification of Jeffrey, an 
H-bond is termed “strong”, “moderate” or “weak” when O-H lengthening ΔdOH is 0.08~0.25 
Å, 0.02~0.08 Å or <0.02 Å according to a specific “free” dOH ~0.983 Å for Cu3≡OH. In the 
language of IR/Raman OH stretching frequency red-shift, three classes of H-bonds appear 
when Δω{(OH)−1} is larger than 25% (>900 cm−1), 10~25% (350~900 cm−1), or <10% (<350 
cm−1) comparing to a specific “free” OH stretching frequency ωfree{(OH)−1}~3555.6 cm−1.  

Many authors have performed synthetic studies on published H-bond data just before 
their works, e.g. Novak’s “OH stretching frequency as a function of r(OH)” (Fig. 1.5.2 (a)), 
[201] Steiner’s “scatter plot of IR stretching frequencies against O···O distances in OH···O” 
(Fig. 1.5.2 (b)), [221] and Lutz’s “bond valences of internal O-H bonds of OH− ions versus the 
wave numbers of the respective uncoupled OD stretching modes” (Fig. 1.5.2 (c)) [229].  
 

    

Fig.1.5.2 Published studies on (a) “OH stretching frequency as a function of r(OH)”, [201] (b) “scatter plot 
of IR stretching frequencies against O···O distances in OH···O” , [221] (c) “bond valences of internal O-H 
bonds of OH− ions versus the wave numbers of the respective uncoupled OD stretching modes” [223]. 

Because there are mainly two techniques for H/D atom location, X-ray diffraction (XRD, 
locating the electron-density maxima of the covalent H/D atoms) and neutron diffraction 
(locating the H/D nuclei), and the results often differ by about 0.1 Å. Neither of the two 
results is truer than the other, but they are complementary and both represent useful pieces of 
information. Nevertheless, neutron diffraction results are much more precise and reliable, and 
allow the proton positions to be located as accurately as other nuclei. It has become a practice 
in the analysis of XRD results to “normalize” the OH bonds by shifting the position found for 
the H atom (that is, the position of the electron center of gravity) to the average 
neutron-determined inter-nuclear distance, namely, to the approximate position of the proton, 
although many researchers may be unaware this and have led to some unpleasant 
complications for other studies.  

So the Novak’s relationship of Δω{(OH)−1}/ΔdOH ~ −11000 cm−1/Å=11 cm−1/0.001Å is 
practical today, and the Lutz’s bond valence relationship will come in handy.  

Struc. Bond. 18, 177 (1974)

Angew. Chem. Int. Ed.

41, 48 (2002)
JMS648, 171 (2003)

(a) (b) (c)
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1.6 Research Situation of Spectral Studies on hydroxyl halides  

Till the starting (Oct. 2009) of this doctoral study, I have found that few groups had reported 
the IR and Raman spectral studies only on polymorphs of Cu2(OH)3Cl. The most recent 
works were reported by R. L. Frost group, Queensland University of Technology, in three 
papers from the viewpoint of chemistry and mineralogy before 2003, Because the 
polymorphs of Cu2(OH)3Cl are not only the corrosion products of copper, brass and bronze, 
but also the painting coloring agents.[58-60]  

R. L. Frost et al, also gave Raman experimental data of some natural atacamite and 
paratacamite at 77 K, [58] but they pointed out few explanations about the spectral difference 
between two temperatures.  

I agreed with the most assignment by R. L. Frost group, [58-60] e.g. 
(1) IR/Raman bands/peaks of OH stretching vibration modes are located in the region 

>3000 cm−1, and the number of main bands is the number of different OH distances.  
(2) IR/Raman bands/peaks of OH bending vibration modes are located in the region 

1200~600 cm−1, and the number of main bands is the number of different CuOH distances 
(3) IR/Raman bands/peaks of CuO or CuCl vibration modes are less than 600 cm−1, and 

the number of main bands can not be predicted because of band-overlapping or 
band-degeneration.  

I have performed the band assignment following this method from the beginning of my 
study on the spectral analysis of our samples, except for the suggestion that the 367, 420 and 
445 cm−1 bands are [CuCl] modes. Till now, more and more evidences agree with my 
suggestion that the frequencies of [CuCl] modes are less than 200 cm−1 in our material series, 
see the following Chapter. 

When some Cu sites of Cu2(OH)3Cl are occupied by Zn, Ni, or/and Co, etc, it is called  
are paratacamite, especially the so-called perfect kagome system ZnCu3(OH)6Cl is the 
famous herberthsmithite. As can be seen in the next Chapter, since Zn cations in 
herbersmithite ZnCu3(OH)3Cl2 occupy the same sites with inversion symmetry like those of 
CoT in Co2(OH)3Cl , they can not induce any other type Raman-active modes compared with 
Co2(OH)3Cl. Regarding the similarity of Cu and Co, theoretically we predict the spectra of 
Co2(OH)3Cl and ZnCu3(OH)3Cl2 are completely similar at room temperature (RT). 

Fortunately till now we have another experimental reference, even including not complete 
spectral information and some unconvincing assignment, to help our assignment, not like that 
of the famous pyrochlore, perovskite and spinel series. But the incomplete and therefore 
indefinitely assigned Raman spectra of herbertsmithite were only reported in recent two years 
(July 2010~July 2012) by the P. Lemmens group, Technical University of Braunschweig, 
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Germany, see Fig. 1.6.1. [133, 148] The authors present the study on the “interplay of thermal 
and quantum spin fluctuations” in their herbertsmithites, and gave simple band assignment, 
focusing on the low wavenumber region <700 cm–1. 

Although their spectra are similar to those of our recent theoretical and experimental 
results, unfortunately, three viewpoints don’t win my agreement: 

(1) “5 phonons at about 3500~700 cm−1 are 2A1g+3Eg” maybe wrong. 
(2) “both phonons at 124 and 148 cm−1 are A1g ” maybe wrong. 
(3) They had ignored the assignment of 943 cm−1 bands and the assignment about 697-702 

cm−1 bands may be wrong. 
(4) They gave an unsealed assertion that no interaction between the high energy [OH] 

phonon modes and low-energy magnetic excitations exists to support the practice of ignoring 
the high energy [OH] stretching and deformation modes. 

      

     

Fig. 1.6.1 Published Raman data of ZnCu3(OH/D)6Cl. [133, 148] 
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1.7 Research aims and methods of the doctoral dissertation 

My research aims at 
• Performing a standard factor group analysis, which will build the basic to the complete 

normal mode assignment at RT, on the space groups:  
(1) No. 166 (deformed pyrochlore Co2(OH)3Cl and Co2(OH)3Br),  
(2) No. 62 (Atacamite β-Cu2(OH)3Cl and Atacamite-type β-Ni2(OH)3Cl),  
(3) No. 14 (Clinoatacamite γ-Cu2(OH)3Cl),  
(4) No. 11 (Botallackite α-Cu2(OH)3Cl, Botallackite-type α-Cu2(OH)3Br and α-Ni2(OH)3Br). 

• Measuring the IR and Raman spectra at RT and assigning their normal modes as complete 
and correctly as possible. 

• Obtaining an elementary knowledge on the H-bonds appearing possibly in our M2(OH)3X 
samples.  

• Getting the change information of band frequencies, widths and spectral profiles of 
selected M2(OH)3X samples at low-temperature related to those at RT, in order to try to 
reveal the underlying physics of some magnetic/thermal properties around transition 
temperatures from the viewpoint of spin-lattice/phonon coupling in quantum magnetism 
field.  

To reach these aims, I employ the following methods:  
• Performing the theoretical factor group analysis on four space groups to which our 

materials belong to set the basis for IR and Raman spectral analysis at RT;  
• Measuring the IR absorption and Raman scattering spectra of  selected typical 

M2(OH)3X at RT, and assigning them by dividing every spectrum into four spectral 
regions, combining the results of the above-mentioned factor group analysis and checking 
one against another;  

• Collecting the IR and Raman band data of [OH/D] group stretching frequencies and 
crystal structure data obtained previously; 

• Measuring Raman spectra of selected typical M2(OH)3X at low-temperature (down to 
liquid Helium temperature) and checking the change information of band frequencies, 
widths and spectral profiles using the SPC model.  
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Chapter 2 

IR and Raman selection rules 
for M2(OH)3X 
 
Exact IR and Raman spectral analysis needs to know the selection rules for the specific 

material with the special space group symmetry. In this chapter I will introduce first the 
notations of group theory used in this thesis and the method of obtaining the IR and Raman 
selection rules from standard factor group analysis (FGA) in Sect. 2.1, and then using this 
method, derive out IR and Raman selection rules involved in our four kinds of space groups 
in Sects. 2.2~2.5.  

2.1 General  

First of all, for any given molecule, however, only vibrations that are permitted by the 
selection rule for that molecule appear in the infrared and Raman spectra. Since the selection 
rule is determined by the symmetry of the molecule, I here give the notations of symmetry 
elements used in my thesis: identity I, a plane of symmetry σ, a center of symmetry i, a p-fold 
axis of symmetry Cp

*, a p-fold rotation–reflection axis Sp
*. [151, 152] 

A molecule may have more than one of these symmetry elements. A possible combination 
of symmetry operations whose axes intersect at a point is called a point group. I also give the 
notations of point groups used in my thesis:  
(1) Cp. Molecules having only a Cp and no other elements of symmetry: C1, C2, C3, and so on. 
(2) Cph. Molecules having a Cp and a σh perpendicular to it: C1h≡Cs, C2h, C3h, and so on. 
(3) Cpv. Molecules having a Cp and pσv through it: C1v≡Cs;C2v;C3v;C4v; . . . ; C∞v:  
(4) Dph. Molecules having a Cp, pσv through it at angles of 360°/2p to one another, and a σh 

perpendicular to the Cp: D1h≡C2v; D2h≡Vh; D3h; D4h; D5h;D6h; . . . ; D∞h.  
(5) Dpd. Molecules having a Cp, pC2 perpendicular to it, and pσd which go through the Cp and 

bisect the angles between two successive C2 axes: D2d≡Vd, D3d, D4d, D5d, and so on.  
In this thesis, the species (or the irreducible representations) of the point group are labeled 

according to the following rules:  
(1) A and B denote nondegenerate species (1D representation). A represents the symmetric 

species (character=+1) with respect to rotation about the principal axis (chosen as z axis), 
whereas B represents the antisymmetric species (character =−1) with respect to rotation 
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about the principal axis; E and F denote doubly degenerate (2D representation) and triply 
degenerate species (3D representation) respectively.  

(2) If two species differ in the character of i, they are distinguished by subscripts g and u.  
(3) If two species in the same point group differ in the character of C (other than the 

principal axis), they are distinguished by subscripts 1, 2, 3, . . . .  
(4) If two species differ in the character to s (other than σv), they are distinguished by ′ and ".  

If these rules allow several different labels, g and u take precedence over 1, 2, 3, . . . , which 
in turn take precedence over ′ and ′′.  

Here, the point groups in the bold type are those appearing in our samples. The 
combination of all these symmetry operations results in a total of 230 different space groups 
describing all possible crystal symmetries.  

In order to perform an accurate assignment of lattice vibrational modes in the IR and 
Raman spectra of a sample, one must construct the relation table (Factor group analysis, 
FGA), or say, the IR and Raman selection rules for related lattice vibrations according to the 
site symmetry and the belonged space group, as the following routing process:  

(1) Draw the nearest neighbor site surrounding for every inequivalent atom and give the 
site symmetry representation (point group), e.g., C3v in No. 166;  

(2) Find and copy the character table of every abovementioned site symmetry 
representation (point group) in Appendix I of the Tateley’s Book or the Nakamoto’s Book;  

(3) Find and copy the character table of the point group corresponding to the same space 
group of the crystal (D3d, D2h, C2h) in Appendix I of the Nakamoto’s book;[152]  

(4) Find and copy the correlation table of the space group including only the 
abovementioned point groups; 

(5) Construct a correlation table, filling with the number of mode species, the number of 
acoustic modes, the activity (IR active, Raman active or inactive); 

(6) Give every mode species the vibrational model related to its ionic group and estimate 
its wavenumber. 

In this process, the important points are as followings:  

(1) For a reliable FGA one should know the exact Wyckoff sites of each atom in the crystal 
lattice, the number N of atoms in the primitive unit cell (Bravais cell), and the number ZB of 
primitive unit cells (formula units) present in the unit cell. 

(2) The rule for determination of acoustic modes (having nearly zero frequency) is very 
easy. Acoustic modes are related to translations of the whole unit cell along three mutually 
orthogonal directions. By symmetry they coincide with the translational degrees of freedom. 
Check the distribution of translations (Tx, Ty and Tz) in character tables (pp. 181-200 in the 
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Tateley’s Book) [151] and one will know where the three acoustic modes belong. 
(3) For IR and Raman activity of vibrations belonging to a certain symmetry species one 

should look at the last two columns of the character tables. IR activity is related to x, y, or z 
component of the transition dipole moment vectors, but they belong to the same species as 
translations Tx, Ty, and Tz. (Therefore, there are at most 3 IR active symmetry species.) 

(4) Raman active species are those that contain any components of the polarizability tensor, 
i.e., αxx, αxy, ..., αzz. Thus, some species can be both IR and Raman active. On the contrary, 
vibrations belonging to those symmetry species where one cannot find any translation T or 
polarizability component α will be (spectrally) IR-inactive or Raman-inactive, respectively. 

 The related M2(OH)3X polycrystalline samples totally belong to the following four space 
groups, respectively, as shown in Table 2.1.1 which also gives the related site symmetry: 

Table 2.1.1 Selected samples, and corresponding space groups and their site symmetries  

Space group Site symmetry Samples 

No.11, P21/m, C2h
2 4Ci(4); Cs(2); C1(4) α-Cu2(OH/D)3Cl; α-Cu2(OH/D)3Br 

No.14, P21/n, C2h
5 4Ci(2); C1(4) γ-Cu2(OH/D)3Cl 

No.62, Pnma, D2h
16 2Ci(4); Cs(4); C1(8) 

β-Cu2(OH)3Cl (natural mineral);  

β-Ni2(OH/D)3Cl; β-Ni2(OH/D)3Br 

No.166, 3R m , D3d
5 2D3d(1); C3υ(2); 2C2h(3); 2C2(6); Cs(6); C1(12) Co2(OH/D)3Cl; Co2(OH)3Br 

 
For examples, both Y2TiO5 and CaCO3 (Aragonite) also belongs to orthorhombic space 

group (Pnma, D2h
16, No. 62) with ZB=4. Because of different atomic site symmetries included 

in them, the normal modes predicted are largely different. [151] 
In Y2TiO5, the site symmetry is Cs for all the atoms: Y1, Y2, Ti1, O1, O2, O3, O4, O5 

according to measured crystal structure. Then the FGA result of Y2TiO5 predicts: [151]  

opt g 1g 2g 3g u 1u 2u 3u

acoust 1u 2u 3u

(16 8 16 8 ) (8 15 7 15 )A B B B A B B B

B B B

∑ = + + + + + + +⎧⎪
⎨
∑ = + +⎪⎩

.            (2.1.1) 

Raman active vibrations per set of ion are Y1: 2Ag + B1g + 2B2g + B3g and the same for the 
rest of ions. 

While in Aragonite CaCO3, the site symmetry is Cs for the atoms Ca, C and O1, C1 for O2 
according to XRD data. Then the FGA result predicts: [151] 

opt g 1g 2g 3g u 1u 3u

inactive u

acoust 1u 2u 3u

(9 6 6 6 ) (8 5 8 )

6

A B B B A B B

A
B B B

∑ = + + + + + +⎧
⎪
∑ =⎨

⎪∑ = + +⎩

.                   (2.1.2) 
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2.2 IR and Raman selection rules with space group No. 166 

Fig. 2.2.1 (a), (b) and (c) show crystal structure, kagome plane environment, triangle 
plane environment, respectively, of Co2(OH)3Cl as an example of our crystals M2(OH)3X with 
the crystal symmetry 3R m ≡ D3d

5 of space group No. 166. The detail crystal structure 
parameters of Co2(OH/D)3Cl and Co2(OH/D)3Br are listed in Table A1 in Appendix A for 
reference. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2.1 (a) Crystal structure, (b) Kagome plane environment, (c) Triangle plane environment of 

Co2(OH)3Cl as an example of our crystals with the crystal symmetry of space group No. 166.  

   

Fig. 2.2.2 (a) O-site, (b)Cl-site environment, (c) CoK-site environment, (d) CoT-site environment of 

Co2(OH)3Cl as an example of our crystals with the crystal symmetry of space group No. 166. Here related 

distances are in units of Å 

The magnetic ions of M2+ form a 3D network of linked tetrahedra that can be viewed as 
alternative stacking layers of kagome and triangular lattice planes in the (001) direction. A 
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prominent structural feature is a notable distortion in the tetrahedron, where the MT-MK 

distance is about 10% longer than MK-MK distance on the kagome lattice plane. 
Fig. 2.2.2 (a) ~ (d) show Cl-site environment, (d) CoK-site environment, and (e) CoT-site 

environment of β-Co2(OH)3Cl as an example of our crystals with the crystal symmetry of 
space group No. 166. Here related distances are in units of Å. 

   Follow the routing process of FGA, point group character tables of Cs , C2h , C3v and D3d 

are given in Tables 2.2.1~4, respectively, and part of the correlation table for D3d factor group 
species and selected site species is given in Tables 2.2.5. [151, 152] 
 

Table 2.2.1. Character table of Cs point group. 

Cs I σh   

A′ +1 +1 Tx, Ty, Rz αxx, αyy, αzz, αxy 

A" +1 −1 Tz, Rx, Ry αyz, αxz 

Table 2.2.2. Character table of C2h point group. 

C2h I C2(z) σh(xy) i   

Ag 

Au 

Bg 

Bu 

+1 

+1 

+1 

+1 

+1 

+1 

−1 

−1 

+1 

−1 

−1 

+1 

+1 

−1 

+1 

−1 

Rz 

Tz  

Rx, Ry

Tx, Ty

αxx, αyy, αzz, αxy 

 

αyz, αxz 

Table 2.2.3. Character table of C3v point group. 

C3v I 2C2(z) 3σv   

A1 

A2 

E 

+1 

+1 

+2 

+1 

+1 

−1 

+1 

−1 

0 

Tz  

Rz  

Tx, Ty; Rx, Ry 

αxx+αyy, αzz, αxy 

 

αxx-αyy, αxy; αyz, αxz 

Table 2.2.4. Character table of D3d point group. 

D3d I 2C3 3C2 i 2S6 3σ6 T, R α 

A1g 1 1 1 1 1 1  αxx+αyy, αzz 

A2g 1 1 −1 1 1 −1 Rz  

Eg 2 −1 0 2 −1 0 (Rx, Ry) (αxx-αyy, αxy); (αyz, αxz) 

A1u 1 1 1 −1 −1 −1   

A2u 1 1 −1 −1 −1 1 Tz  

Eu 2 −1 0 −2 1 0 (Tx, Ty)  
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Table 2.2.5. Part of the correlation table for D3d factor group species and selected site species. 

D3d … Cs C2h C3v 

A1g … A′ Ag A1 

A2g … A" Bg A2 

Eg … A′ Ag+Bg E 

A1u … A" Au A2 

A2u … A′ Bu A1 

Eu … A′ Au+Bu E 

 
According to Tables 2.2.1~5, the correlation table for D3d factor group species and selected 

site species can be constructed, see Table 2.2.6. As a result the collected distribution of 
vibration modes, or say, IR and Raman selection rule can be obtained in Tables 2.2.7. 
 

Table 2.2.6. Correlation table for site and factor group species ( 3R m ≡ D3d
5, No. 166). 

Site atoms 

/Site group 

Site group species Factor group D3d

species (ZB = 2)

6H 

(HOMK
2MT) 

6O 

(OMK
2MT) 

Cs 

  

2A′(Tx, Ty, Rz)  

 

 

A"(Tz, Rx, Ry)  

2A1g(Tx, Ty)

A2g(Tz)

3Eg(Tx, Ty, Tz)

A1u(Tz)

2A2u(Tx, Ty)

3Eu(Tx, Ty, Tz)

MK 

(MKO4X2) 

C2h 

  

Au(Tz) 

2Bu(Tx, Ty,)  

A1u(Tz)

2A2u(Tx, Ty)

3Eu(Tx, Ty, Tz)

X (XMK
3) 

C3v
 

 

A1(Tz)  

E[(Tx, Ty), (Rx, Ry)]  

A1g(Tz)

Eg(Rx, Ry)

A2u(Tz)

Eu(Tx, Ty)

MT (MTO6) 

D3d 

A2u(Tz)  

Eu(Tx, Ty) 

A2u(Tz) 

Eu(Tx, Ty)
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Table 2.2.7. Collected distribution of vibrational modes ( 3R m ≡ D3d
5 (No. 166).  

Factor 

group 

species 

6H 

HOM2
KMT 

Cs 

6O 

HOM2
KMT 

Cs 

3MK 

MKO4X2

C2h 

MT 

MTO6

D3d 

2X 

XM3
K

C3v 

Sum 

modes

Minus 

acoustic 

modes

 

Γvib 

Spectral

activity 

A1g 2 2   1 5  5 Raman 

A2g 1 1   0 2  2 Inactive

Eg 3 3   1 7  7 Raman 

A1u 1 1 1 0 0 3  3 Inactive

A2u 2 2 2 1 1 8 −1 7 IR 

Eu 3 3 3 1 1 11 −1 10 IR 

Σ 12 12 6 2 4 36 −2 34  

 
We can check the relationship of the number of atoms in the unit cell N=9, the number of 

each mode and ZB=2:  
3N·ZB= n(A1g)+ n(A2g)+2n(Eg)+ n(A1u)+ n(A2u)+ 2n(Eu)=54                      (2.2.1) 
Summarizing the above results, we obtain the 12 Raman active and 17 IR active modes. 

At the disadvantage conditions that we have not prepared successfully a big single crystal 
and therefore can not perform the polarization Raman experiments, we should do our best to 
know the exact atomic displacement configurations of all the following modes: 
Γ166

R= 2A1g(HOCo3) + 3Eg(HOCo3) +2A1g(OCo3) + 3Eg(OCo3) + A1g(ClCo3) + Eg(ClCo3).  
The atomic displacement patterns of all the 12 Raman modes are shown in Figs. 3 (a) ~ (l). 

According to numerous physical and chemical data, both wavenumbers ω[A1g
ss(HOCo3)]/ 

ω[Eg
as(HOCo3)] of the OH symmetric/antisymetric stretching modes A1g

ss(HOCo3)/ 
Eg

as(HOCo3) (Figs. 3 (a) and (b)) will be located in the OH FG region, all wavenumbers 
ω[A1g

sipb(HOCo3)]/ω[Eg
aipb(HOCo3)] and ω[Eg

aopb(HOCo3)] of the OHCo3 symmetric/ 
antisymmetric in-plane bending modes A1g

sipb(HOCo3)/Eg
aipb(HOCo3) (Figs. 3 (c) and (d), the 

OH group is located on Cs symmetry plane, so in the former vibration H and O move 
perpendicular to the O-O bond but within the Cs plane) and antisymmetric out-of-plane 
bending mode Eg

aopb(HOCo3) (Figs. 3 (e)) fall in the OH CP region.  
Meanwhile, all wavenumbers ω[A1g

sb(OCo3)]/ω[A1g
ss(OCo3)], ω[Eg

aipb(OCo3)]/ 
ω[Eg

aips(OCo3)], and ω[Eg
opb(OCo3)] of the OCo3 symmetric stretching/bending modes 

A1g
sb(OCo3)/A1g

ss(OCo3) (Figs. 3 (f) and (g)), antisymmetric in-plane bending/streching 
modes Eg

aipb(OCo3)/Eg
aips(OCo3) (Fig. 3 (h) and(i)), out-of-plane bending mode Eg

opb(OCo3) 
(Figs. 3 (j), in the former O atoms move in the Cs plane, but in the latter perpendicularly to 
the Cs plane) will be located in the high frequency part of the so-called OCo3 FP region of 
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about 600~200 cm-1, and  two wavenumbers ω[A1g
ss(ClCo3)] and ω[Eg

sb(ClCo3)] of the 
ClCo3 symmetric stretching/bending modes (Figs. 3 (k) and (l)) in the low frequency part of 
ClCo3 FP region of less than 200 cm-1.  

 

         

       
Fig. 2.2.3 The atomic displacement patterns of all the 12 Raman modes of Co2(OH)3Cl with blue, red 

and black balls representing Co, O and H ions, respectively.  

 
Due to the polycrystalline nature of our samples, our Raman spectra exhibit simultaneously 

all Raman-active modes. Further, according to the atomic displacement patterns in Fig.2.2.3, 
we can predict the relationship among these mode wavenumbers as followings: 
(1). 3800 cm-1>ω[A1g

ss(HOCo3)]>ω[Eg
as(HOCo3)]>3200 cm-1 in the OH FG region;  

(2). 1000 cm-1>ω[A1g
ipb(HOCo3)]>ω[Eg

aipb(HOCo3)]>ω[Eg
aopb(HOCo3)]>600 cm-1 in the OH 

CP region;  
(3). 600 cm-1>ω[A1g(OCo3)]>ω[A1g(OCo3)]>ω[Eg(OCo3)] >ω[Eg(OCo3)]> ω[Eg(OCo3)]>200 

cm-1 in the OCo3 FP region. We predict ω[Eg(HOCo3)] will exhibit maximum extra shift 
caused by the spin-lattice coupling effect than others.  

(4). 200 cm-1>ω[A1g
ss(ClCo3)]>ω[Eg

sb(ClCo3)] in the ClCo3 FP region.  
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2.3 IR and Raman selection rules for space group No. 62 

Figure 2.3.1 shows the crystal structure of β-Ni2(OH)3Cl as an example of our crystals 
M2(OH)3X with the crystal symmetry D3d

5 of space group No. 62. The detail crystal structure 
parameters of Atacamite β-Cu2(OH)3Cl and Atacamite-type β-Ni2 (OH/D)3Cl are listed in 
Table A2 in Appendix A for reference. 

The magnetic ions of M2+ form a 3D network of linked tetrahedra that can be viewed as 
alternative stacking layers of kagome and triangular lattice planes in the (001) direction. A 
prominent structural feature is a notable distortion in the tetrahedron, where the MT-MK 

distance is about 10% longer than MK-MK distance on the kagome lattice plane. 

 

        
       

     
 
Fig. 2.3.1 (a) Crystal structure, and (b) Ni1-site, (c) Ni2-site, (d) O1H1-site, (e) O2H2-site, (f) Cl-site, (g) 

trimeric H-bond environments of β-Ni2(OH)3Cl as an example of our crystals with the crystal symmetry of 
space group No. 62. Here related distances are in units of Å 

 
Follow the routing process of FGA, point group character tables of Cs , Ci and C1 are given 

in Tables 2.3.1~4, respectively, and part of the correlation table for D2h factor group species 
and selected site species is given in Tables 2.3.5. [151, 152] 
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Table 2.3.1 Character table of point group C1. 

C1 I 

A 1 

Table 2.3.2 Character table of point group Cs.        Table 2.3.3 Character table of point group Ci. 

Cs I σ(xy)    Ci I i   

A′ +1 +1 Tx, Ty, Rz αxx, αyy, αzz, αxy  Ag +1 +1 Rx, Ry, Rz All of α 

B" +1 −1 Tz,Rx, Ry αyz, αxz  Au +1 −1 Tx, Ty,Tz,  

 

Table 2.3.4. Character table of point group D2h. 

D2h  I 2C3 3C2 i σ(xy) 3σ6   

Ag  1 1 1 1 1 1  αxx, αyy, αzz

B1g  1 1 −1 1 1 −1 Rz αxy 

B2g  1 −1 0 1 −1 0 Ry αxz 

B3g  1 1 1 1 −1 −1 Rx αyz 

Au  1 1 −1 −1 −1 1   

B1u  1   −1 Tz  

B2u  1   −1 Ty  

B3u  1 −1 0 −1 1 0 Tx  

From this table, one can see all Au modes which belong to the symmetry specie where one 

cannot find any translation T will be IR-inactive. Also B1u, B2u and B3u are related to the 

translations Tz, Ty and Tx, respectively, therefore acoustic modes are a B1u, a B2u and a B3u. 
 

Table 2.3.5. Part of the correlation table for D2h (No. 47~74) factor group and selected site species. 

D2h … 
σ(xy) 

Cs 
σ(zx) 

Cs 
σ(yz) 

Cs 
 

Ci

 
C1

Ag … A′ A′ A′ Ag A
B1g … A′ A" A" Ag A
B2g … A" A′ A" Ag A
B3g … A" A" A′ Ag A
Au … A" A" A" Au A
B1u … A" A′ A′ Au A
B2u … A′ A" A′ Au A
B3u … A′ A′ A" Au A

 According to Tables 2.2.1~5, the correlation and mode distribution tables as the 
selection rule for D3d factor group species and selected site species can be constructed, see 
Tables 2.3.6. and 2.3.7, respectively.  
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   Table 2.3.6. Correlation table for site and factor group species (Pnma≡ D2h
16, No. 62).    

 

Site Atoms 

/Site group 

Site group species Factor group D2h  

(ZB = 4) species 

H1(H1O1Ni3) 

O1(H1O1Ni3) 

C1 

  

 

 
3A[(Tx, Ty, Tz), 

(Rx, Ry, Rz)]  

3Ag 
3B1g(Rz) 
3B2g(Ry) 

3B3g(Rx) 
3Au 

3B1u(Tz) 
3B2u(Ty) 
3B3u(Tx) 

Ni1(Ni1O4Cl2) 

Ci 
  

3Au(Tx, Ty, Tz) 

 

3Au  

3B1u(Tz) 
3B2u(Ty) 
3B3u(Tx) 

H2(H2O2Ni3) 

O2(H2O2Ni3) 

Cl(ClNi3) 

Ni2(Ni2O5Cl) 

Cs
xy(σxy) 

  

2A′(Tx, Ty, Rz) 

 

 

A"(Tz, Rx, Ry) 

2Ag  
2B1g(Rz) 
B2g(Ry) 

B3g(Rx) 
Au  

B1u(Tz) 
2B2u(Ty) 
2B3u(Tx) 

 
Table 2.3.7. Collected distribution of vibrational modes (Pnma≡ D2h

16, No. 62).  
 

Factor 
group 

species 

8H1 
H1O1Ni3 

C1 

4Hb 
H2O2Ni3 

Cs 

8O1 
O1Ni3 

C1 

4O2 
O2Ni3

Cs 

4Ni1 
Ni1O4Cl2 

Ci 

4Ni2 
Ni2O5Cl

Cs 

4Cl 
ClNi3 

Cs 

Minus 
acoustic 
modes 

 
Γvib 

Spectral
activity

Ag 3 2 3 2  2 2  14 Raman

B1g(Rz) 3 2 3 2  2 2  14 Raman

B2g(Ry) 3 1 3 1  1 1  10 Raman

B3g(Rx) 3 1 3 1  1 1  10 Raman

Au 3 1 3 1 3 1 1 −13 0 inactive

B1u(Tz) 3 1 3 1 3 1 1 −1 12 IR 

B2u(Ty) 3 2 3 2 3 2 2 −1 16 IR 

B3u(Tx) 3 2 3 2 3 2 2 −1 16 IR 

Σ 24 12 24 12 12 12 12 −16 92  
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We can check the relationship of the number of atoms in the unit cell N=9, the number of 
each mode and ZB=4:  
3N·ZB= n(Ag)+ n(B1g)+n(B2g)+n(B3g) + n(Au)+ n(B1u)+ n(B2u)+ n(B3u)=108           (2.3.1) 

Summarizing the above results, we obtain 44 IR active modes and 48 Raman active modes. 
But it is too difficult to draw the atomic displacement patterns of all the 48 Raman modes 
because of large ZB=4.  

2.4 IR and Raman selection rules for the C2h
5 (No. 14) M2(OH)3X 

Among the materials belonging to our M2(OH)3X series, only γ-Cu2(OH)3Cl 
(clinoatacamite) has been designated to belong to SG No. 14. Fig. 2.4.1 (a) shows its crystal 
structure, whose unit cell has four formula units and is featured by a layered structure with 
the magnetic ions of Cu2+ forming a 2D triangular lattice planes (110). Fig. 2.4.1 (b) shows a 
typical layer (the middle layer) of Fig. 2.4.1 (a). The detail crystal structure parameters of 
Clinotacamite γ-Cu2(OH)3Cl are listed in Table A3 in Appendix A for reference. 

 
 
 
 
 
 
 
 
 
 
 
 

 

    

Fig. 2.4.1 (a) Crystal structure, and (b)~(i) all crystallographically in-equivalent site units of 
γ-Cu2(OH)3Cl.  
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Follow the routing process of FGA, character tables of point groups Ci and C2h are given in 
Tables 2.4.1~5, respectively, and part of the correlation table for C2h factor group species and 
selected site species is given in Tables 2.4.6. [151, 152] 

Table 2.4.1 Character table of point group Ci. 

Ci I i   

Ag +1 +1 Rx, Ry, Rz All of α 

Au +1 −1 Tx, Ty,Tz,  

Table 2.4.2 Character table of point group C2h. 

C2h I C2(z) σh(xy) i   

Ag 

Bg 

Au 

Bu 

+1 

+1 

+1 

+1 

+1 

−1 

+1 

−1 

+1 

−1 

−1 

+1 

+1 

+1 

−1 

−1 

Rz 

Rx, Ry 

Tz 

Tx, Ty 

αxx, αyy, αzz, αxy

αyz, αxz 

  
From Table 2.4.2, one can see all Ag and Bg modes are Raman active and all Au and Bu 

modes are IR active. Also Au is related to the translation Tz, and Bu is related to the 
translations Ty and Tx, therefore acoustic modes are one Au and two Bu. 

Table 2.4.3. Correlation table of point group C2h 

C2h C2 Cs Ci C1 
Ag A A′ Ag A 
Bg B A" Ag A 
Au A A" Au A 
Bu B A′ Au A 

 

Table 2.4.4. Correlation table of SG C2h (ZB =4)  

Site 
Atoms 

Site group 
species 

Factor group 
 species 

H1~3 C1 3 Ag 

O1~3 3 Bg 

Cl 
3A(Tx, Ty, Tz) 

3 Au 

  3 Bu 

Cu1 Ci 3 Au 

Cu2~4 3Au(Tx, Ty, Tz) 3 Bu 
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According to Tables 2.4.1~4, the correlation and mode distribution tables for C2h
2

 factor 
group species and selected site species can be constructed, see Tables 2.4.4 and 2.4.5, 
respectively.  

Table 2.4.5. Collected distribution of vibrational modes of γ-Cu2(OH)3Cl. 

Factor 

group 

species 

4H1~3 

[OH] 

C1  

4O1~3 

[Cu3O]

C1 

4Cl 

[Cu3Cl] 

C1 

2Cu1 

[CuO6]

Ci 

2Cu2~4 

[CuO4Cl2]

Ci 

Sum 

modes

Γacoust Γvib Spectral 

activity 

Ag 3×3 3×3 3 0 0 21 0 21 Raman 

Bg 3×3 3×3 3 0 0 21 0 21 Raman 

Au 3×3 3×3 3 3 3×3 33 −1 32 IR 

Bu 3×3 3×3 3 3 3×3 33 −2 31 IR 

Σ 12×3 12×3 12 6 6×3 108 −3 105  

We can check the relationship of the number of atoms in the unit cell N=9, the number of 
each mode and ZB=4: 

3N·ZB=3N·ZB= n(Ag)+ n(Bg)+ n(Au)+ n(Bu) =108                               (2.4.1) 
Summarizing the above results, we obtain the 42 Raman active and 63 IR active modes. 

But it is too difficult to draw the atomic displacement patterns of the IR and Raman modes 
because of large ZB=4. 

2.5 Selection rules for M2(OH)3X with space group No. 11 

Among the materials belonging to our M2(OH)3X series, the space group of 
α-Cu2(OH/D)3Cl, α-Cu2(OH/D)3Br and α-Ni2(OH/D)3Br has been designated C2h

2 (), or the 
P21/m (Patterson Symmetry), which is given No. 11 in the table of 230 crystallographic space 
groups. In general, α-Cu2(OH)3Cl is called Botallackite. Fig. 2.5.1 (a) shows this kind of 
crystal structure, whose unit cell has two formula units and is featured by a layered structure 
with the magnetic ions of M2+ forming a 2D triangular lattice planes (110). Fig. 2.5.1 (b) 
shows a typical layer (the middle layer). Fig. 2.5.2 show all crystallographically in-equivalent 
site units of α-Cu2(OH)3Cl as an example of our crystals M2(OH)3X with the space group No. 
11. The detail crystal structure parameters of botallackite α-Cu2(OH)3Cl, botallackite–type 
α-Cu2 (OH/D)3Br and α-Ni2 (OH/D)3Br are listed in Table A4 in Appendix A for reference. 

Follow the routing process of FGA, character tables of point groups Cs, Ci and C2h are 
given in Tables 2.5.2~5, respectively, and part of the correlation table for C2h factor group 
species and selected site species is given in Tables 2.5.6. [151, 152] 
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Fig. 2.5.1 (a) The crystal structure and (b) of the middle layer of M2(OH)3X with No. 11 

 

                      

 

     
 

Table 2.5.1 Character table of point group Cs.      Table 2.5.2 Character table of point group Ci. 

 

Cs I σ(xy)    Ci I i   

A′ +1 +1 Tx, Ty, Rz αxx, αyy, αzz, αxy  Ag +1 +1 Rx, Ry, Rz All of α 

B" +1 −1 Tz,Rx, Ry αyz, αxz  Au +1 −1 Tx, Ty,Tz,  
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Table 2.5.3. Character table of point group C2h.      Table 2.5.4. Correlation table of space group C2h. 

C2h I C2(z) σh(xy) i    

 

 

 

Ag 

Bg 

Au 

Bu 

+1 

+1 

+1 

+1 

+1 

−1 

+1 

−1 

+1 

−1 

−1 

+1 

+1 

+1 

−1 

−1 

Rz 

Rx, Ry 

Tz 

Tx, Ty 

αxx, αyy, αzz, αxy 

αyz, αxz 

 

 

 

According to Tables 2.5.1~4, the correlation and mode distribution tables for C2h
2

 factor 
group species and selected site species can be constructed, see Tables 2.2.5 and 2.2.6.  

Table 2.2.5. Correlation table of space group C2h (No. 10~15) 

Atoms Site group / 
species 

Factor group / species 
C2h (ZB =2) 

M2 3 Au 

 

Ci 
 3 Au(Tx, Ty, Tz) 3 Bu 

M1 2 Ag 

O1 1 Bg 

H1  1 Au 

X 

Cs 
2 A′(Tx, Ty) 

 

1 A"(Tz) 2 Bu 

O2 3 Ag 

H2 3 Bg 

 3 Au 

 

C1 
 

3 A(Tx, Ty, Tz) 

3 Bu 

Table 2.5.6. Collected distribution of vibrational modes of α-Cu2(OH)3Cl/Br. 

Factor 

group 

species 

2O1 

M3O1H1 

Cs   

2H1 

M3O1H1 

Cs 

4O2 

M3O2H2 

C1  

4H2 

M3O2H2

C1 

2M1 

O5M1X   

Cs 

2M2 

M2O4X2

Ci 

2X

M3X

Cs

Sum 

modes

Γacoust Γvib Spectral

activity 

Ag 2 2 3 3 2 0 2 14 0 14 Raman

Bg 1 1 3 3 1 0 1 10 0 10 Raman

Au 1 1 3 3 1 3 1 13 −1 12 IR 

Bu 2 2 3 3 2 3 2 17 −2 15 IR 

Σ 6 6 12 12 6 6 6 54 −3 51  

 

C2h C2 Cs Ci C1 
Ag A A′ Ag A 
Bg B A" Ag A 
Au A A" Au A 
Bu B A′ Au A 
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Here one Au and two Bu modes are acoustic modes from Table 2.5.6. We can check the 
relationship of the number of atoms in the unit cell N=9, the number of each mode and ZB=2:
 3N·ZB= n(Ag)+ n(Bg)+n(Au)+ n(Bu) =54                                   (2.5.1) 

Summarizing the above results, we obtain the 24 Raman active and 17 IR active modes. 
But it is too difficult to draw the atomic displacement patterns of the IR and Raman modes 
because of the low symmetry. 

2.6 Summary 

From the FGA of the Sections 2.2~3.5, one obtains the following optical active Raman 

and IR modes of the M2(OH)3X with space groups No.166, No.62, No.14 and No.11, 

respectively:  
R
166 1

IR
166 2

5 7   

7 10
g g

u u

A E

A E

⎧∑ = +⎪
⎨
∑ = +⎪⎩

,                                                    (2.6.1) 

R
62 1 2 3

IR
62 1 2 3

14 14 10 10

12 16 16
g g g g

u u u

A B B B

B B B

⎧∑ = + + +⎪
⎨
∑ = + +⎪⎩

,                                       (2.6.2) 

R
14

IR
14

21 21

32 31
g g

u u

A B

A B

⎧∑ = +⎪
⎨
∑ = +⎪⎩

,                                                     (2.6.3) 

R
11

IR
11

14 10

12 15
g g

u u

A B

A B

⎧∑ = +⎪
⎨
∑ = +⎪⎩

.                                                     (2.6.4) 

I also collect the predicted numbers of IR and Raman modes in the FG, CP, MO (MOX) 
FP and MX regions of the M2(OH)3X spectra, respectively, see Table 2.6.1. 
 

Table 2.6.1 Predicted numbers of IR and Raman modes in the FG, CP, MO (MOX) FP and MX regions 

of the M2(OH)3X spectra, respectively. 

 

 No. 166 No. 62 No. 14 No. 11 

 IR Raman IR Raman IR Raman IR Raman 

Total 17 12 44 48 63 42 27 24 
FG 2 2 

CP 3 3 
14 18 18 18 9 9 

FP 1 12-2 5 28-2 24 42-3 18 18-3 12 

FP 2 2 2 5-1 6 6 6 3 3 
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Chapter 3 

RT spectral analysis 
of M2(OH/D)3X  

As the first step to study the MGF properties at low T using the spectroscopic method, it 
is very important and necessary to obtain experimentally the related RT IR and Raman 
spectra and perform the spectral analysis as more exact as possible. In this chapter I first 
introduce the RT IR and Raman experimental methods, and give several spectral analysis 
methods in Sect. 3.1, and then assign the normal modes of four classes of samples with four 
space group symmetries using the spectral analysis methods in Sects. 3.2~3.5, respectively. 

3.1 General methods 

RT IR and Raman experimental methods are simple relative to the low T ones, but several 
methods must be adopted simultaneously when performing the spectral analysis. Most 
pictures of the related experimental devices are presented in Appendix B. Here the sample 
preparation, structure determination and magnetic property measurement methods are not 
given, because they have been described in the previously published papers.  

3.1.1. RT IR and Raman experimental methods 

IR spectra were obtained using Bruker Vector 22 and Bruker Sensor 37 FTIR 
spectrometers (see Fig.1.1.1) whose measurement regions are all over the 4000-400 cm–1, and 
the used spectral resolution are 2 cm–1. The measurement method belongs to the normal KBr 
disc technology using the agate crucible-grinding rod, mould of KBr-tablet preparation, 
hydraulic machinery (see Fig.1.1.2), and all the spectra from two spectrometers agree well 
with each other, so we analyze the spectra from the former only.  

    

Fig. 1.1.1 Pictures of  
(a) Brucker Vector 22 and 
(b) Brucker Tensor 37 

(a) (b) 
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Fig. 3.1.2. Pictures of the (a) agate crucible-grinding rod, (b) mould of KBr-tablet preparation, and (c) 

hydraulic machinery.  

Raman spectra were obtained using HR800 HORIBA Jobin Yvon Laser micro-Raman 
microscopy, and the software was Ramspec 5.0, see Fig. 3.1.3. 

1      

Fig. 3.1.3. HR800 HORIBA Jobin Yvon Laser Raman microscopy (a) and software interface (b).  

The related experimental conditions are as follows:  
(1) Exciting laser: Spectra-Physics model 127 Ar+ laser (488.0 nm, 15-100 mW, available 

power attenuation: 2−1/D0.3 (−lg2−1≈0.3), 4−1(D0.6), 10−1(D1), …); (2) resolution ratio: 0.5 
cm–1 (1800 g/mm); (3) long work-distance (10.6 mm) objectives on the objective holder (see 
Fig. 3.1.4 (a)): 10X (PLAN 10X,), 50X (LMPLan 50X); (4) Hole: 200 μm; (5) notch filter: 
<92 cm−1; (6) acquisition setup: 5 times acquisition average and 5s accumulation per time per 
spectral part (total 7 parts between 95 and 4000 cm–1); (7) laser power: 10~30 mW 
(controlled by a laser power controller, see Fig. 3.1.4 (b)) using 10X objective or 1~3 mW 
using L50X objective (LMPlanFLN50X, WD=10.6 mm, see Fig. 3.1.4 (c)), and dark 
background photon counts 5-10 photons per 5s with a liquid-nitrogen cooled CCD (see Fig. 
3.1.4 (d)); (8) samples: little tablets pressed from powder samples(see Fig. 3.1.3); (9) data 
processing: 5-10 times spectrum smoothing, 5~10 order automatically baseline correcting and 
subtracting, normalization (100%) according to the largest counting peak value. 

(a) (b) (c) 

(a) (b) 
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Fig. 3.1.4. Pictures of, (a) objective holder, (b) the laser power controller, (c) LNPlanFL 50X objective, 

and (d) CCD (a single photon counter, model DU420A-OE-324). 

Raman data in the range of 95~4000 cm−1 are collected through recording the photon 
intensities of the following 9 sections in the period of about 5 minutes: 95~(415)~722 
~(963)~251 ~(1477)~1748 ~(1961)~2215 ~(2415)~2655 ~(2844)~3071 ~(3249)~3463 
~(3631)~3834 ~(3993)~4000 cm−1. Here the numbers in the brackets are the approximate 
grating-center positions of the corresponding sections displayed on the software interface.  

The grating is calibrated with standard single crystal silicon at 520.0 cm–1, and the 
stability degree of the Raman system is estimated to be ±1.0 cm–1/day. At RT Raman 
experiments in air aiming at a complete mode assigning and a local laser heating (LLH) effect 
checking, the laser power PL=5, 20 and 40 mW are used to obtain Raman signals strong 
enough, while the irradiated surface of the sample pellet on the focus plane breaks down to 
other chemicals at an intensive PL≈60 mW. At low T Raman experiments in vacuum, PL=5 
mW is used to mainly avoid the LLH effect despite relatively bad signals. 

The powder sample is poured into a 5×5 mm2 soft paper stall in the mould of tablet 
preparation (Fig. 3.1.2 (b)), and then pressed into a tablet by the hydraulic machinery (Fig. 
3.1.2 (c)) under the pressure of 100 kg (intensity of pressure is 100kg/0.25cm−2=400 
kg/cm−2=40Mpa). The resulted tablets (see Fig. 3.1.5) can tolerate several times higher 
breaking power density than the naturally placed powder sample because their thermal 
conductance property has been improved greatly. 

      

      

Fig. 3.1.5. Sample pellets pressed from the responding polycrystalline powders for Raman experiments. 

RT Raman experiments aim at obtaining the Raman modes as many as possible through 
using relatively high laser power density and increasing the signal-to-noise ratio to facilitate 

(b) (c) (a) (d) 
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the perfect mode assignment, not pursue the exact values of Raman modes because the LLH 
effect is not avoidable and there exist the contradiction between the local heating and signal 
clarity. After a relatively perfect mode assignment has been done at RT, one can study several 
signal-strong, important and representative/exemplary Raman modes at low-T using the laser 
power density weak enough to avoid the LLH effect as well as possible, although at the 
expense of the spectral clarity and possible loss of signal-weak modes.  

3.1.2. RT spectral analysis methods 

It is usually a first and difficult task to assign completely the bands and set up definitely 
the relationship between the bands and the crystal structure of a new material, even with a 
high symmetry and especially with a low symmetry.  

The FGA method in the previous Chapter is necessary and basic although it is still a well 
approximate one. Besides this, I also use successfully the following five methods to make the 
assignment at RT as more complete and definite as possible: 
(1) IR and Raman complementation method 

Raman and mid-IR spectroscopy are actually complementary techniques and usually 
both are required to completely measure the vibrational modes of a molecule. Although some 
vibrations may be active in both Raman and IR, these two forms of spectroscopy arise from 
different processes and different selection rules. In general, Raman spectroscopy is best at 
symmetric vibrations of non-polar groups while IR spectroscopy is best at the asymmetric 
vibrations of polar groups.  

As to our work, the IR absorption spectrum has mainly embodied the important 
complementation role to the Raman spectrum in the aspect of helping the assignment of 
[OH/D] related modes, although it can show only few bands ( >400 cm−1) in the FP1 region.  
(2) FGA and non-FGA language alternative description method  

In general, two different approaches are used for the interpretation of vibrational 
spectroscopy and elucidation of molecular structure: (a) Use of group theory with 
mathematical calculations of the forms and frequencies of the molecular vibrations. (b) Use 
of empirical characteristic frequencies for chemical FGs. 

The first description method is called by the Factor Group Analysis (FGA) language, 
the second is called non-FGA language. Many empirical group frequencies have been 
explained and refined using this FGA approach (which also increases reliability). In fact, 
many identification problems are solved using the empirical approach even without the FGA. 
Certain FGs show characteristic vibrations in which only the atoms in that particular group 
are displaced. Since these vibrations are mechanically independent from the rest of the 
molecule, these group vibrations will have a characteristic frequency, which remains 
relatively unchanged regardless of what molecule the group is in. Typically, group frequency 
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analysis is used to reveal the presence and absence of various FGs in the molecule, thereby 
helping to elucidate the molecular structure with the FGA language, especially for the low 
symmetry case.  

For the low symmetry case, as a good approximation, the empirical non-FGA language 
has provided us several useful reference relations from the large amount of spectral practice, 
which can be used in the investigation on our material series M2(OH)3X:  

1) The band number from the FGA prediction is very large for the material with a low 
symmetry only caused by a slightly asymmetric atomic arrangement, such as for the 
γ-Cu2(OH)3Cl because of the Jahn-Teller effect. The obtained experimental spectrum maybe 
still relative simple, originated from the apparent and massive band overlappings. At that time 
the intuitive non-FGA language will be suitable for describe the vibration modes of the main 
bands which can reflect sufficiently the key vibration properties of this material. 

2) The number of main bands in the FG region equals that of crystallographically 
apparently different [OH], and the number of main bands in the CP region is approximatively 
same as that of crystallographically apparently different [M-O]. 

3) In the FP region, the mode with the highest frequency can be assigned to the “purest” 
stretching vibration, the mode with the lowest frequency can be considered to be the “purest” 
bending vibration one and the former can be used to estimate the metal-anion bond strength k.  

4) For the asymmetric chemical group, the appearance of an IR band usually indicates 
the existing of a Raman band with the nearly equal frequency, and vice versa.  

5) Normally for the inorganic insulated oxide materials, the metal-O2− stretching mode 
can seldom approach 700 cm−1, although it is usually masked by the [OH/D] bending modes. 
As to our M2(OH)3X, the reason that the highest and lowest [M3O] mode frequencies are 
<600 and >200 cm−1 comes from the fact that the each [OH]− are bonded to three M ions as a 
whole and the lowest [M3O] mode frequency is usually larger than one-third of the highest 
one, i.e., k(MO) or k(M3-OH) of this series is commonly less than 3.6 mdyn/Å according to 
Eqn. 1.4.4. Therefore we can not pluck up our courage to believe the validity of the 
assignment of  the Raman 700 cm−1 phonon band to a [Cu3O] Raman vibrational mode, like 
the related discussion in Herbersmithite ZnCu3(OH)6Cl2. 

6) Similarly, because k(M3-Cl/Br) is usually <1 mdyn/Å (the ionic radius is much larger 
than [OH] −), the highest [M3-Cl/Br] mode frequency may be < 218/145 cm−1 according to 
Eqn. 1.4.4 with mCl/Br=35.45/79.9. Considering further the existing of the trimeric H-bond, a 
well separated spectral window around 200 cm−1 between [MO] FP1 and [MX] FP2 regions 
also exists, just like that between FG and CP regions, and that CP and FP1 regions.  
(3) H/D isotopic substitution method 

The most convincing assertion that these bands belong to the Raman [OH/D] stretching 
modes is based on the unique advantage of the famous H-isotope dilute or complete 
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substitution technology in the spectroscopic community.  
According to the biatomic vibration frequency’s formula Eqn. 1.4.4, the redshift rate 

(renormalization factor) of the [OD] stretching modes relative to the [OH] one is estimated to 
be [(16+1)/(16+2)]1/2=72.8%, or more approximate [mH/mD]1/2=71%. Then if, for example, 
an [OH] stretching/bending frequency ωα/β[OH]=3500/800 cm−1 in some M2(OH)3X, the 
corresponding ωα/β[OD] in the M2(OD)3X will be about 2550/600 cm−1.  

In addition, most ω[M-O] in the 600~200 cm−1 FP1 region (the <200 cm−1 FP2 one 
usually includes the [M-X] modes with more lower frequency because of the much more 
heavy halogen atom than the O atom) of some M2(OH)3X maybe slightly larger than those of 
some M2(OD)3X because the [M-O] vibration is in fact [M-OH/D] one where OH or OD 
vibrates a whole group and the redshift rate of the [M-OD] band maybe about  
{[16×1/(16+1)]/[16×2/(16+2)]}1/2=97.2%. Then if, for example, an [M-O] mode frequency 
ωα[M-O]=300 cm−1 in some M2(OH)3X, the corresponding apparent redshifting Δωα[M-O] of 
the M2(OD)3X relative to that of M2(OH)3X will be about 8 cm−1. 

This relationships have played very important roles in our work, with help of the fully 
deuterized sample prepared originally for the aim of the neutron scattering research. It not 
only helps us select correctly the [OH] bands, but also determine the boundaries between the 
FG and CP regions, CP and FP1 regions and even FP1 and FP2 region.  
(4) Cl/Br halogen anion substitution method 

Because the [M-O] FP1 and [M-X] FP2 regions are very near, it is not so easy to assign 
the [M-X] stretching modes with the highest frequency among the [M-X] related normal 
modes. Also according to Eqn. 1.4.4, the redshift rate of the [M-Br] stretching modes relative 
to the [M-Cl] one is estimated to be (35.5/79.9)1/2=66.7%. Then if, for example, the [M-Cl] 
stretching frequency ω[M-Cl]=180 cm−1 in some M2(OH)3Cl, the corresponding ω[M-Br] in 
the M2(OH)3Br will be about 120 cm−1. 

On the other hand, the [M-O] FP1 and [M-X] FP2 regions overlap to some extent in some 
cases, the halogen anion substitution method becomes also important. For example, [CuO4Cl2] 
related Raman normal modes of α-Cu2(OH)3Cl may have frequencies in the FP2 region but 
are almost the same as those of α-Cu2(OH)3Br, then one can select out determinedly the [M-X] 
related normal modes in the FP2 region with the aid of this method. 
(5) low-T assistance method  

At RT, the signals of some modes are broad, or weak, or not well separated from others, 
or overlap with the neighbors’ to become the shoulder. At low T, they may become sharper, or 
stronger, or well distinguished from the neighbors to show the band splittings although the 
crystal symmetry does not changed at all. Consulting the low T spectrum, one can determine 
more real normal modes which maybe ignored at the first glance to accord with the 
theoretical prediction, even only in the number aspect as well as possible. 
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3.2 RT spectral analysis of the D3d
5 (No. 166) M2(OH/D)3X 

According to the result of the standard FGA method in Sect. 2.2, the IR and Raman 
normal modes are presented by: 

R
166 1

IR
166 2

5 7   

7 10
g g

u u

A E

A E

⎧∑ = +⎪
⎨
∑ = +⎪⎩

 

Two kinds of samples Co2(OH/D)3Cl and Co2(OH/D)3Br with space group D3d
5 ( 3R m , 

No.166) are successfully prepared in our group, and their IR and Raman spectra are measured 
at RT and analyzed by the standard FGA method in this section, accompanied by the 
description of the simpler and more intuitive non-group theory language. The RT crystal 
structure parameters of Co2(OH/D)3Cl and Co2(OH/D)3Br are collected in Appendix A1for 
helping the spectral analysis. 
3.2.1 RT spectral analysis of Co2(OH/D)3Cl  

Figs. 3.2.1 (a) and (b) show the whole normalized IR (4000-400 cm−1) and Raman 
spectra (4000-95 cm−1, PL=20 mW using L50X objective) of Co2(OH/D)3Cl in air at RT, 
respectively.  
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Fig. 3.2.1 The whole normalized IR (a) and Raman (b) spectra of Co2(OH/D)3Cl. 

 
From Fig. 3.2.1(a) and (b), one can see that the three kinds of spectral regions are really 

well separated to make the assignment convenient. The bands appeared in the 3000~1000 
cm−1 IR/Raman parts for Co2(OH)3Cl and the 2000~800 cm−1 IR/Raman parts for 
Co2(OD)3Cl are apparently the water, CO2 and overtone related ones, which will not be 
discussed anymore in this dissertation.  

Because useful spectral bands in the all regions are still located in a too narrow range, and 
the maximum intensities of the Raman bands in the CP and FP regions are only about 10 % of 
those in the respective FG regions, I enlarge them in Fig. 3.2.2 (a) ~ (d), respectively. 
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Fig. 3.2.2 The enlarged IR (a) and (b) spectral regions, and Raman (c) and (d) spectral regions of 

Co2(OH/D)3Cl.  

(1) [OH/D] stretching modes in the FG region  

In this region, two bands are expected to appear according to the FGA in IR and Raman, 
respectively. From Fig.3.2.2 (a) and (c) one can see clearly two IR bands (3566/2636 and 
3550/2623 cm−1) and two Raman bands (3558.8/2630.0 and 3546.1/2620.6 cm−1) with peak 
separations of about 10 cm−1 in these FG regions. From the fact that all redshift ratios are 
close to the theoretical prediction 72.8%, these modes can be safely assigned to 
corresponding IR A2u[OH/D], IR Eu[OH/D], Raman A1g

ss[OH/D] and Raman Eg
as[OH] (the 

latter two are shown in Figs. 2.2 (a) and (b)), and this two-band phenomenon is called as the 
factor group splitting or the Davydov splitting (crystal splitting, or transversal and 
longitudinal optic phonon TO/LO splitting) [251-253] of the [OH/D] stretching mode in the 
non-FGA language because only one d(OH/D) exists in Co2(OH/D)3Cl.  

In addition, kOH/D can be derived to be about 7.0 mdyn/Å for both Co2(OH)3Cl and 
Co2(OD)3Cl according to Eqn. (1.4.4).  
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(2) [OH/D] bending modes in the CP regions 

In this region, three bands are expected to appear according to the FGA in IR and Raman 
spectra, respectively. From Fig. 3.2.2 (b) and (d), as expected, three IR bands (842/640, 
723/526 and 704/--- cm−1) and three Raman bands (826.6/623.3, 690.3/522.3 and 654.4/479.7 
cm−1) appear in the [OH/D] CP regions. From the fact that all redshift ratios are close to the 
theoretical prediction 72.8%, these bands are reasonably assigned to IR (A2u[OH/D]+ 
2Eu[OH/D]) and Raman A1g

ipb[OH], Eg
aipb[OH] and Eg

aopb[OH] as shown in Figs. 3.2.2 
(c)~(e), respectively, although the band corresponding to the weak IR 704 cm−1 band does not 
appear in the IR spectrum of Co2(OD)3Cl. This identification of the lowest frequency [OH/D] 
bending modes and the 650-500 cm−1 wide window between [OH/D] CP and [Co3O] FP1 
regions is very important for the assignment of [Co3O] FP1 regions.  

In the non-FGA language, the four sets of strong bending modes may attribute to the fact 
that there exist two kinds of crystallographic un-equivalent d(CoKO) and d(CoTO) where an 
O connects two equivalent CoK1, 2 and a CoT.  

(3) [Co3O] vibrational modes in the FP1 region 

In this region, ten IR and five Raman bands are expected to appear according to the FGA 
in IR and Raman spectra, respectively. Limited by the IR measurement range (>400 cm−1), IR 
426/410 cm−1 band can be assigned to the [Co3O] mode, and may designate five Raman 
bands 454.6/447.7, 432.2/412.8, 400.3/387.0, 337.8/325.8 and 238.5/236.5 cm−1 in the [Co3O] 
FP1 region to the theoretical A1g[Co3O], A1g[Co3O], Eg[Co3O], Eg[Co3O] and Eg[Co3O] modes 
caused by the six [Co3O] groups as shown in Figs. 3.2.2 (f)~(j), respectively. Here the slight 
redshift phenomenon of all five [Co3O] bands for Co2(OD)3Cl just demonstrates that in 
[Co3O] vibration modes, as abovementioned, O is in fact moving along with H/D as a whole 
group [OH/D], and the effective atomic weight of O is in fact 17/18 for [Co3O] vibrations. 
Here most of the redshift ratios in this region agree well with the theoretical value 97.2%. 

Furthermore, according to the highest IR and Raman band frequencies 426/416 and 
454.6/447.7 cm−1, one can deduced the effective k[Co3O] to be about 2.1 mdyn/Å for both 
Co2(OH)3Cl and Co2(OD)3Cl, with the effective mO=17/18, respectively.  

As to the small 524.6 cm−1 band, we can not give out its true origin till now, and hope 
someone can build a connection between it and some magnetic features in future. While for 
the lowest frequency 238.5/236.5 cm−1 band with a Fano line shape, which is almost same as 
the 230 cm−1 one in Herbersmithite ZnCu3(OH)6Cl2,

133, 148 we also agree the idea given by D. 
Wulferding et al that the Fano line shape may originate from the coupling of the 
corresponding phonon Eg

opb[Co3O] to a continuum of magnetic excitation states. As its 
energy range is within the energy range of spin fluctuations, and the compound is an insulator 
while the corresponding continuum is attributed to magnetic fluctuations. 
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(4) [Co3Cl] vibrational modes in the FP2 region 

In order to determine the remaining low frequency parts of Raman spectra, as an 
application of the Cl/Br halogen anion substitution method, I provide the enlarged IR and 
Raman spectra of Co2(OH)3Cl and Co2(OH)3Br in Fig. 3.2.3. From Fig. 3.2.3, one can find 
the extreme similarity between the IR and Raman spectra of Co2(OH)3Cl and Co2(OH)3Br in 
the FG, CP and FP1 regions, and the redshift ratio of Raman 118.7/166.9=71.1% is close to 
the theoretical value 66.7%, which indicates that the 166.9/118.7 cm−1 can be definitely 
assigned to the [Co3Cl/Br] stretching mode with the highest frequency in this region. 
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Fig. 3.2.3 The enlarged IR (a) and (b) spectral regions, and Raman (c) and (d) spectral regions of 

Co2(OH)3Cl and Co2(OH)3Br. 

Thanks to the spectral line clarity in the [Co3Cl] Raman FP2 region for Co2(OH)3Cl, we 
have observed both predicted modes within the detection range, and can determinately assign 
ω(A1g

ss[Co3Cl])=166.9/166.3 cm−1 and ω(Eg
sb[Co3Cl])=131.3/131.3 cm−1. Compared with the 

148/123 cm−1 bands in Herbersmithite ZnCu3(OH)6Cl2,
 133, 148 our assignment of 131.3 cm−1 is 

to Eg, not A1g. Our larger values originate from the stronger interaction between Cl and CoK
3 

(weaker interaction between O and CoK
2CoT) than that between Cl and CuK

3 in 
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ZnCu3(OH)6Cl2. From Refs. 133 and 148, one can safely validate that no lower frequency 
normal modes will exist below 100 cm−1. Here one can deduced the effective k[Co3Cl] to be 
about 0.58 mdyn/Å, with the mass mCl=35.45, for both Co2(OH/D)3Cl which is very 
consistent with that of other chloride materials.212  

IR data of Co2(OH)3Cl are collected in TABLE B1 in Appendix B, where Raman data are 
those measured using PL=5 mW in vacuum at 295 K for the sake of future comparison with 
the low-T data. It should be noted that those Raman data must slightly differentiate data 
presented here, radically because of the LLH effect. Fig. 3.2.4 shows four Co2(OH)3Cl pellet 
Raman spectra at the RT experimental conditions with PL=5, 20 and 40 mW in air. 
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Fig. 3.2.4 Enlarged (a) [OH] FG, (b) the [OH] CP, and (c) [Co3O] FP1 and [Co3Cl] FP2 regions of 

Raman spectra of Co2(OH)3Cl at PL=5, 20 and 40 mW respectively.  

From Fig. 3.2.4, one can see that the LLH effect on the Raman spectroscopy is apparent. 
Further more, from this PL–dependent LLH effect at RT Raman experiment, one can share in 
the profits of predicting the low T (possibly down to the liquid nitrogen temperature) 
behavior when the sample is cooled down whatever the constant PL is. Here we can obtain 
that the temperature coefficients dω/dT are normally negative (redshifting when T or PL 
increases) for most of the Raman normal modes at least around RT, which accords with the 
lattice thermal expansion rule for the normal materials. 
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3.2.2 RT spectral analysis of Co2(OH/D)3Br  

Figs. 3.2.5 (a) and (b) show the normalized Co2(OH)3Br IR (4000-400 cm−1) and whole 
Co2(OH/D)3Br Raman spectra (4000-95 cm−1, PL=20 mW using L50X objecrive) in air at RT, 
respectively, while Figs. 3.2.5 (c) and (d) present the their enlarged Raman [OH/D] FG 
regions and [OH/D] CP, [Co3O] FP and [Co3Br] FP regions, respectively. 
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Fig. 3.2.5 The IR (a) and Raman (b) spectral profiles, and the enlarged Raman (c) and (d) spectral 

regions of Co2(OH/D)3Br.  

 
(1) [OH/D] stretching modes in the FG region  

In this region, two bands are expected to appear according to the FGA in IR and Raman, 
respectively. From Fig.3.2.5 (a) and (c) one can see clearly two IR bands (3550 and 3530 
cm−1) and two Raman bands (3540.2/2617.8 and 3528.2/2608.9 cm−1) with peak separations 
of about 10 cm−1 in these FG regions. From the fact that all redshift ratios are close to the 
theoretical prediction 72.8%, these modes can be safely assigned to corresponding IR 
A2u[OH/D], IR Eu[OH/D], Raman A1g

ss[OH/D] and Raman Eg
as[OH], and this two-band 

phenomenon is the same as that in Co2(OH/D)3Cl.  
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In addition, kOH/D can be derived to be about 6.9 mdyn/Å for both Co2(OH)3Br and 
Co2(OD)3Br according to Eqn. 1.4.4. As to the Raman 3538.8 cm−1 band, it originates 
obviously from the incompletely deuterized effect with the 5 % “impurity” H, which was not 
previously detected by other experiments.  
(2) [OH/D] bending modes in the CP regions 

In this region, three bands are expected to appear according to the FGA in IR and Raman 
spectra, respectively. From Fig. 3.2.5 (b) and (d), as expected, three IR bands (840, 727 and 
707 cm−1) and three Raman bands (821.0/623.3, 690.3/522.3 and 654.4/479.7 cm−1) appear in 
the [OH/D] CP regions. From the fact that all redshift ratios are close to the theoretical 
prediction 72.8%, these bands are reasonably assigned to IR (A2u[OH/D]+ 2Eu[OH/D]) and 
Raman A1g

ipb[OH], Eg
aipb[OH] and Eg

aopb[OH] as shown in Figs. 3.2.2 (c)~(e), respectively. 
This identification of the lowest frequency [OH/D] bending modes and the 650-500 cm−1 
wide window between [OH/D] CP and [Co3O] FP1 regions is very important for the 
assignment of [Co3O] FP1 regions.  

In the non-FGA language, the four sets of strong bending modes may attribute to the fact 
that there exist two kinds of crystallographic un-equivalent d(CoKO) and d(CoTO) where an 
O connects two equivalent CoK1, 2 and a CoT.  
(3) [Co3O] vibrational modes in the FP1 region 

In this region, ten IR and five Raman bands are expected to appear according to the FGA 
in IR and Raman spectra, respectively. Limited by the IR measurement range (>400 cm−1), IR 
426 cm−1 band can be assigned to the [Co3O] mode, and five Raman bands 454.6/447.7, 
432.2/412.8, 400.3/387.0, 337.8/325.8 and 238.5/236.5 cm−1 in the [Co3O] FP1 region may be 
designated to the theoretical A1g[Co3O], A1g[Co3O], Eg[Co3O], Eg[Co3O] and Eg[Co3O] 
modes caused by the six [Co3O] groups as shown in Figs. 3.2.2 (f)~(j), respectively. Here the 
slight redshift phenomenon of all five [Co3O] bands for Co2(OD)3Br just demonstrates that in 
[Co3O] vibration modes, as abovementioned, O is in fact moving along with H/D as a whole 
group [OH/D], and the effective atomic weight of O is in fact 17/18 for [Co3O] vibrations.  

Furthermore, according to the highest IR and Raman band frequencies 426/416 and 
454.6/447.7 cm−1, one can deduced the effective k[Co3O] to be about 2.1 mdyn/Å for both 
Co2(OH)3Cl and Co2(OD)3Cl, with the effective mO=17/18, respectively. While most of the 
redshift ratios in this region agree well with the theoretical value 97.2 %.  

As to the small 524.6 cm−1 band, we can not give out its true origin till now, and hope 
someone can build a connection between it and some magnetic features in future.  

(4) [Co3Br] vibrational modes in the FP2 region 

By use of the Cl/Br halogen anion substitution method, from Fig. 3.2.3, we have already 
found that the 118.8 cm−1 can be definitely assigned to the [Co3Br] stretching mode with the 



- 50 - 

highest frequency in this region, the ω(Eg
sb[Co3Br]) will exist near 95 cm−1. Here one can 

deduced the effective k[Co3Br] to be about 0.66 mdyn/Å, with the mass mBr=79.9, for both 
Co2(OH/D)3Br.  

IR data of Co2(OH)3Br are collected in TABLE B1 in Appendix B, where Raman data are 
those measured using PL=5 mW in vacuum at 295 K for the sake of future comparison with 
the low-T data. It should be noted that those Raman data must slightly differentiate data 
presented here, radically because of the LLH effect. Fig. 3.2.6 shows four Co2(OH)3Br pellet 
Raman spectra at the RT experimental conditions with PL=5, 15 and 25 mW in air. 
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Fig. 3.2.6 Enlarged (a) [OH] FG, (b) [OH] CP, and (c) [Co3O] FP1 and [Co3Cl] FP2 regions of Raman 

spectra of Co2(OH)3Br at PL=5, 15 and 25 mW respectively.  

From Fig. 3.2.6, one can see that the LLH effect on the Raman spectroscopy is apparent. 
Further more, from this PL–dependent LLH effect at RT Raman experiment, one can predict 
the low T (possibly down to the liquid nitrogen temperature) behavior. Here we can obtain 
that the temperature coefficients Ω=dω/dT are normally negative for most of the Raman 
normal modes at least around RT, which accords with the TE rule for the normal materials.  
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3.3 RT Spectral analysis of the D2h
16 (No. 62) M2(OH)3X  

According to the result of the standard FGA method in Sect. 2.3, the IR and Raman 
normal modes are presented by: 

R
62 1 2 3

IR
62 1 2 3

14 14 10 10

           12 16 16
g g g g

u u u

A B B B

B B B

⎧Γ = + + +⎪
⎨
Γ = + +⎪⎩

 

Our samples with space group D2h
16 (Pnma, No.62) are natural atacamite β-Cu2(OH)3Cl 

from Arizona, USA and β-Ni2(OH)3Cl are prepared by the normal hydrothermal reaction.[68, 85] 
The RT crystal structure parameters of β-Cu2(OH)3Cl and β-Ni2(OH)3Cl are collected in 
Appendix A2 for helping the spectral analysis.  

3.3.1 Spectral analysis of β-Cu2(OH)3Cl  

Figs. 3.3.1 (a) and (b) show two whole normalized IR (4000-400 cm−1, obtained by 
Brucker Vector 22 and Sensor 37) and two Raman spectra (4000-95 cm−1, PL=22 and 20 mW 
using 100X and L50X objectives at different positions) of β-Cu2(OH)3Cl in air at RT, 
respectively.  
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Fig. 3.3.1 The whole normalized IR (a) and Raman (b) spectra of Natural atacamite β-Cu2(OH)3Cl 

from Arizona, USA. The samples used for two IR spectra are peeled off (剥げる, はげる) from the bulk 

at two different surface positions P1 and P2, while two Raman spectra were obtained through irradiating the 

laser on P3 and P4 using different PL (22 and 20 mW) and objectives (100X and L50X), respectively.   

 
From comparison of two IR and two Raman spectra, one can see that the samples on the 

surface of the bulk are uniformly crystallized and their main bands agree well with those of 
the Atacamite reported by other researchers.   

Because useful spectral bands in the all regions are still located in a too narrow range, 
and the maximum intensities of the Raman bands in the CP and FP regions are only about 20 
% of those in the respective FG regions, I enlarge them in Fig. 3.3.2 (a) ~ (d), respectively. 



- 52 - 

3500 3400 3300 3200 3100
0

10

20

30

40

50

60

70

80

90

100

33
58

(a)
[OH] FG region Natural Atacamite

β−Cu2(OH)3Cl 
 P

1
, Bruck Vector 22

 P
2
, Bruck Sensor 37

32
20

33
34

34
42

 

 
 

N
or

m
al

iz
ed

 T
ra

ns
m

m
ita

nc
e 

(%
)

Wavenumber (cm-1)

 

1000 900 800 700 600 500 400 300 200 100

10

20

30

40

50

60

70

80

90

100

60
8

86
4

[Cu3Cl] 
FP2 region[Cu3O] FP1 region

[OH] CP region

(b)

Natural Atacamite
β−Cu

2
(OH)

3
Cl 

 P
1
, Bruck Vector 22

 P
2
, Bruck Sensor 37

91
4

45
5 41

6

48
0

51
3

59
6

81
9

84
889
3

94
898
5

 

 

 
N

or
m

al
iz

ed
 T

ra
ns

m
m

ita
nc

e 
(%

)

Wavenumber (cm-1)

 

3500 3400 3300 3200 3100

0

10

20

30

40

50

60

70

80

90

100

32
05

.0

[OH] FG region

(c)

33
50

.2
33

30
.0N

or
m

al
iz

ed
 R

am
an

 In
te

ns
ity

 (%
)

34
34

.6

33
50

.0
33

29
.1

34
34

.3

 

 

 

 

Wavenumber (cm-1)

Natural Atacamite
β−Cu2(OH)3Cl

 P3, 100X, 22 mW
 P4, L50X, 20 mW

 

1000 900 800 700 600 500 400 300 200 100

0

2

4

6

8

10

12

14

82
0.

7

84
5.

8
91

2.
0

97
5.

6

FP regions

24
3.

4

35
7.

9

59
5.

2

[Cu3Cl] 
FP2 region

[Cu3O] FP1 region

(d) Natural Atacamite
β−Cu2(OH)3Cl

 P3, 100X, 22 mW
 P4, L50X, 20 mW

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity
 (%

)

13
8.

8

26
7.

1

10
6.

8
<9

5.
0

12
0.

6

15
0.

2

21
9.

8

45
1.

6
41

3.
6

51
4.

3

 

 

 

 

Wavenumber (cm-1)

 
Fig. 3.3.2 Enlarged IR [OH] FG (a), [OH] CP and [Cu3O]/[Cu2O5Cl]/[Cu3Cl] FP (b) regions, and 

Raman [OH] FG (c) and [Cu3O]/[Cu2O5Cl]/[Cu3Cl] FP (d) regions of β-Cu2(OH)3Cl, respectively. 

(1) [OH] stretching modes in the FG region  

In these FG regions, two main bands are expected to appear in IR and Raman spectra, 
respectively, according to the fact that there are two crystallographic non-equivalent [OH] 
FPs although till now I can not predict exactly how many bands of predicted IR 
(4B1u+5B2u+5B3u including CP modes) and Raman (5Ag+5B1g+4B2g+4B3g including CP modes) 
[OH] related bands of β-Cu2(OH)3Cl will appear here because of its relatively low symmetry.  

From Fig.3.3.2 (a) and (c) one can really see two clear IR main bands (3442 and 3334 
cm−1) and two Raman bands (3434.6 and 3350.2 cm−1) with peak separations of 108 cm−1 (IR) 
and 84 cm−1 (Raman) in these FG regions. Although there are no β-Cu2(OH)3Cl data, we can 
still safely assign them to [OH] stretching modes. From the differences of 108 cm−1 (IR) and 
84 cm−1 (Raman), it can be estimated that the difference of two [OH] distances is between 
0.008~0.011 Å, which does not agree with the experimental difference (0.08 Å). 

From the Raman main band data, the force constants can be derived to be k(O1H1)≈7.38 
mdyn/Å, k1(O2H2) ≈7.02 mdyn/Å for β-Cu2(OH)3Cl according to Eqn. (1.4.4).  



- 53 - 

(2) [OH] bending modes in the CP regions 

In this region, at least four to five main bands (bending vibration modes) may be 
expected to appear in IR and Raman spectra, respectively, according to the fact that there are 
four to five apparently different d(CuO), see TABLE A2 in the Appendix A. Also till now I 
can not predict exactly how many bands of predicted IR (4B1u+5B2u+5B3u including FG 
modes) and Raman (5Ag+5B1g+4B2g+4B3g including FG modes) [OH] related bands of 
β-Cu2(OH)3Cl will appear in this FG region because of its low symmetry.  

From Fig. 3.3.2 (c) and (e), as expected, six IR bands (985, 948, 914, 893, 848 and 819 
cm−1) and four Raman main bands (975.6, 912.0, 845.8 and 820.7 cm−1) appear in the [OH] 
CP regions. Although there are no β-Cu2(OH)3Cl data, we can still safely assign them to [OH] 
bending vibration modes. This identification of the lowest frequency [OH] bending modes 
and the 800-650 cm−1 wide window between [OH] CP and [Cu3O] FP1 regions is very 
important for the assignment of [Cu3O] FP1 regions.  

(3) [Cu3O] and [Cu2O5Cl] vibrational modes in the FP1 region 

In this region, 19 IR (5B1u+7B2u+5B3u) and 24 Raman (7Ag+7B1g+5B2g+5B3g) bands 
caused by [Cu3O1, 2] and [Cu2O5Cl] are expected to appear according to the FGA in IR and 
Raman, respectively. Limited by the IR measurement range (>400 cm−1) and large accidental 
degeneracy, only five IR 596, 513, 480, 455 and 416 cm−1 main bands and seven Raman 
595.2, 514.3, 451.6, 413.6, 357.9, 267.1, 243.4 and 219.8 cm−1 main bands are observed, and 
may be designated to their stretching and deformation modes. Here the first three bands can 
be attributed to the stretching modes of [Cu2O5Cl], [Cu3O2] and [Cu3O1], respectively, but I 
can not distinguish other [Cu2O5Cl] modes from other [Cu3O] modes.  

Furthermore, according to the Raman [Cu3O2] and [Cu3O1] band frequencies 514.3 and 
451.6 cm−1, one can deduce the effective k[Cu3O2] and k[Cu3O1] to be about 2.65 and 2.05 
mdyn/Å, with the effective mO=16+1 for β-Cu2(OH)3Cl respectively.  

(4) [Cu3Cl] vibrational modes in the FP2 region 

In this region of the Raman spectrum, 6 Raman (2Ag+2B1g+B2g+B3g) bands are expected 
to appear according to the FGA. Because till now nobody can prepare the β-Cu2(OH)3Br, the 
Cl/Br halogen anion substitution method can not be used here. Fortunately the remaining 
spectral part (<200 cm−1) may include only [Cu3Cl] vibrational modes because of relatively 
large distances d(Cu-Cl) (>2.75 Å, while for Co2(OH)3Cl, d(Co-Cl)≈2.60 Å).  

From Fig. 3.3.2 (d), four clear Raman bands are observed and the fifth has begun to stand 
out conspicuously at the position of about 90 cm−1. The highest frequency band 150.2 cm−1 
band can be safely assigned to the [Cu3Cl] stretching mode, there one can deduced a 
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reasonable effective k[Cu3Cl] to be about 0.47 mdyn/Å, with the mass mCl=35.45 for 
β-Cu2(OH)3Cl which is very consistent with that of other chloride materials.212 

IR data of β-Cu2(OH)3Cl are collected in TABLE B3 in Appendix B, where Raman data 
are those measured using PL=2 mW in vacuum at 295 K for the sake of future comparison 
with the low-T data. It should be also noted that those Raman data must slightly differentiate 
data presented here, radically because of the LLH effect, as seen from Fig. 3.4.2 showing the  
Raman spectra at the RT experimental conditions with PL=5, 20 and 30 mW in air.  
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Fig. 3.3.3 Enlarged (a) [OH] FG, (b) [OH] CP, and (c) FP1 and (d) FP2 regions of Raman spectra of 

natural atacamite β-Cu2(OH)3Cl at PL=5, 20 and 30 mW, respectively. 

From Fig.3.3.3, one can see that the LLH effect on the Raman spectroscopy is apparent. 
Further more, from this PL–dependent LLH effect at RT Raman experiment, one can share in 
the profits of predicting the low T (possibly down to the liquid nitrogen temperature) 
behavior when the sample is cooled down whatever the constant PL is. Here we can obtain 
that the temperature coefficients Ω≡dω/dT are abnormally positive (blueshifting when T or 
PL increases) for most of the Raman normal modes at least around RT, which does not accord 
with the lattice NT rule for the normal materials.  
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3.3.2 Spectral analysis of β-Ni2(OH/D)3Cl  

Fig. 3.3.4 (a) shows the normalized IR (4000-350 cm−1 measured by JASCO FT4100) 
and Figs. 3.3.4 (b)~(d) show the enlarged [OH/D] FG, [OH/D] CP and FP spectral regions of 
β-Ni2(OH/D)3Cl, respectively.  
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Fig. 3.3.4 The whole IR spectra (a) and the enlarged [OH/D] FG (b), [OH/D] CP (c) and FP (d) spectral 

regions of β-Ni2(OH/D)3Cl, respectively. 

 
From Fig. 3.3.4 (a), one can see that several small bands (i.e., 2632, 1637, 1384 and 1120 

cm−1, and others) are situated between the [OH/D] FG and CP regions, which may be 
considered as bands caused by overtones, residual water in the KBr disk, water and CO2 in air, 
or the intrinsic shortage of the background deduction technology. The spectral analysis on 
them will be done accompanying with the Raman spectra, shown in Fig. 3.3.5 whose (a)~(d) 
give the whole Raman spectra, the enlarged [OH/D] FG , [OH/D] CP and FP spectral regions 
of β-Ni2(OH/D)3Cl, respectively, because useful spectral bands in the all regions are still 
located in a too narrow range, and the maximum intensities of the Raman bands in the CP and 
FP regions are only about 10 % of those in the respective FG regions. 
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Fig. 3.3.5 The whole Raman spectra (a) and the enlarged [OH/D] FG (b), [OH/D] CP (c) and FP (d) 

spectral regions of β-Ni2(OH/D)3Cl respectively. 

(1) [OH/D] stretching modes in the FG region  

In these FG regions, two main bands are expected to appear in IR and Raman spectra, 
respectively, according to the fact that there are two crystallographic non-equivalent [OH/D] 
FPs (d(OH/D1)= 0.952 Å and d(OH/D2) = 0.997 Å) although till now I can not predict exactly 
how many bands of predicted IR (4B1u+5B2u+5B3u including CP modes) and Raman 
(5Ag+5B1g+4B2g+4B3g including CP modes) [OH/D] related bands of β-Ni2(OH/D)3Cl will 
appear here because of the relatively low symmetry.  

In the Figs. 3.3.4 (a) and 3.3.5 (a), from the fact that all redshift ratios are close to the 
theoretical prediction 72.8%, two IR (3593/2654 and 3577/2641 cm−1) and two Raman 
(3588.2/2650.6 and 3576.9/2642.2 cm−1) bands can be safely assigned to the corresponding 
[OH/D] asymmetric and symmetric stretching modes, but their small separation differences 
(16/13 and 11.3/8.4 cm−1) throw me to be in a puzzle, because their band structures (the 
factor group splitting or the Davydov splitting, which can be considered as one main band 
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caused by only one [OH/D]) and high band frequencies (>3550 cm−1) like very much those of 
Co2(OH/D)3Cl and Co2(OH/D)3Br. Through comparing with the isostructural atacamite 
β-Cu2(OH/D)3Cl, as shown in Fig. 3.3.6, one has to suspect that the simulation of the crystal 
structure parameter data (the XRD, synchrotron radiation experiment or neutron diffraction 
experiments) need to be refined. The refined result may support a prediction that it belongs to 
another space group, supporting only one [OH/D], other than the Atacamite structure.  
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Fig. 3.3.6 The whole Raman spectra (a) and the enlarged [OH] FG (b), [OH] CP (c) and FP (d) spectral 

regions of β-Ni2(OH)3Cl and β-Cu2(OH)3Cl, respectively. 

Regardless of the true space group symmetry, one k(OH/D) can be derived to be about 
7.14 mdyn/Å for β-Ni2(OH/D)3Cl according to Eqn. (1.4.4).  

(2) [OH] bending modes in the CP regions 

In this region, at least four to five main bands (bending vibration modes) may be 
expected to appear in IR and Raman spectra, respectively, according to the prediction that 
there are four to five apparently different d(NiO), see TABLE A2 in the Appendix A. Also till 
now I can not predict exactly how many bands of predicted IR (4B1u+5B2u+5B3u including FG 
modes) and Raman (5Ag+5B1g+4B2g+4B3g including FG modes) [OH] related bands of 
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β-Ni2(OH/D)3Cl will appear in this FG region because of its low symmetry.  
From Figs. 3.3.4 (c) and 3.3.5 (c), six IR bands (825/620, 800/608, 746/572, 729/559, 

692/531 and 674/515 cm−1) and five Raman main bands (825.8/618.2, 798.9/602.1, 
758.7/574.7, 694.8/522.7 and 675.6/500.5 cm−1) appear in the [OH] CP regions, and their 
redshift ratios are also close to the theoretical prediction 72.8%. Therefore, we can still safely 
assign them to [OH] bending vibration modes. This identification of the lowest frequency 
[OH] bending modes and the wide window 650-500 cm−1 between [OH] CP and [Ni3O] FP1 
regions is very important for the assignment of [Ni3O] FP1 regions. 

It is very interesting that the band structure of β-Ni2(OH)3Cl is similar to that of 
β-Cu2(OH)3Cl as seen in Fig. 3.3.6 (c) although all the β-Ni2(OH)3Cl bands have translated 
about 150 cm−1 to the low frequency direction relative to those of β-Cu2(OH)3Cl. This seems 
to throw me into be in the second puzzle. Therefore I have to perform a comparison among 
β-Ni2(OH)3Cl, α-Cu2(OH)3Cl, and γ-Cu2(OH)3Cl, as shown in Figs. 3.4.7 (a) and (b) with the 
FP regions for a further analysis.  
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Fig. 3.3.7 Raman [OH] CP and FP spectral regions of β-Ni2(OH)3Cl and α-Cu2(OH)3Cl (a) and 

β-Ni2(OH)3Cl and γ-Cu2(OH)3Cl (b), respectively. 

From Fig. 3.4.7 (a), one can see that the band structure of β-Ni2(OH)3Cl is more similar to 
that of α-Cu2(OH)3Cl than β-Cu2(OH)3Cl, while very different from γ-Cu2(OH)3Cl according 
to Fig. 3.4.7 (b). Surely the detail spectral analysis on the latter two will be performed in the 
next sections, and no conclusive suggestion can be further made from this comparison of [OH] 
CP spectral regions here. 

(3) [Ni3O] and [Ni2O5Cl] vibrational modes in the FP1 region 

In this region, 19 IR (5B1u+7B2u+5B3u) and 24 Raman (7Ag+7B1g+5B2g+5B3g) bands 
caused by [Ni3O1, 2] and [Ni2O5Cl] are expected to appear according to the FGA in IR and 
Raman, respectively. Limited by the IR measurement range (>350 cm−1) and large accidental 
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degeneracy, less than ten small IR bands can be found out, as shown in Fig. 3.3.4 (d), and the 
redshifting ratio 97.3 % relationship between band frequencies of β-Ni2(OD)3Cl and 
β-Ni2(OH)3Cl is also not easy to correspond with each clearly. However, this relationship 
develops well enough in the Raman spectra, as shown in Fig. 3.3.5 (d), where two main 
bands at 477.8/464.3 and 453.0/430.2 cm−1 are tentatively assigned to be the [Ni3O2] and 
[Ni3O1] stretching modes, respectively, because I can not predict the highest frequency range 
of [Ni2O5Cl] related modes, and also can not distinguish other [Ni2O5Cl] modes from other 
[Ni3O] modes.  

According to the Raman [Ni3O1] and [Ni3O2] band frequencies 453.0/430.2 and 
477.8/464.3 cm−1, one can deduce the effective k[Ni3O1] and k[Ni3O2] to be about 2.05 and 
2.28 mdyn/Å, with the effective mO=17/18 for β-Ni2(OH/D)3Cl, respectively. 

In consideration of my doubt on its iso-structuredness with the Atacamite β-Cu2(OH)3Cl, 
I find out that the difference lies mainly on the existence of 266.2 and 219.3 cm−1 in the 
β-Cu2(OH)3Cl spectrum, as shown in Fig. 3.3.6 (d), although there exists a similarity to some 
extent between them.  

Furthermore, let’s compare the FP1 region of β-Ni2(OH)3Cl Raman spectrum with those 
of α-Cu2(OH)3Cl and γ-Cu2(OH)3Cl in Figs. 3.4.7 (a) and (b). From the qualitative 
comparison, one can conclude that the main framework of β-Ni2(OH)3Cl is very different 
from either those of α-Cu2(OH)3Cl and γ-Cu2(OH)3Cl, and may be really the same as that 
accepted at the beginning.  

(4) [Ni3Cl] vibrational modes in the FP2 region 

In this region of the Raman spectrum, 6 Raman (2Ag+2B1g+B2g+B3g) bands are expected 
to appear according to the FGA. Because till now nobody can prepare the atacamite structural 
β-Ni2(OH)3Br, the Cl/Br halogen anion substitution method can not be used here. 
Fortunately the remaining spectral part (<200 cm−1) may include only [Ni3Cl] vibrational 
modes and have a clear band distribution.  

From Fig. 3.3.5 (d), three strong (188.2/188.5, 172.2/171.5 and 141.8/141.7 cm−1) and 
three weak bands are observed, nearly unaffected by the H/D, in accordance with the 
prediction in the aspect of the band number. After comparing the band structural property 
with β-Cu2(OH)3Cl (Fig. 3.3.6 (d)), α-Cu2(OH)3Cl (Fig. 3.3.7 (a)) and γ-Cu2(OH)3Cl (Fig. 
3.3.7 (b)), one can see that it still behaviors like β-Cu2(OH)3Cl, other than the latter two, 
although the highest frequency of the 188.2 cm−1 band is much higher than β-Cu2(OH)3Cl.  

The highest frequency band 188.2/188.5 cm−1 band can be safely assigned to the [Ni3Cl] 
stretching mode, therefore one can deduced a reasonable effective k[Ni3Cl] to be about 0.74 
mdyn/Å with the mass mCl=35.45 for β-Ni2(OH)3Cl, which is relatively high, but still very 
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consistent with that of other chloride materials.212 
From the above mentioned analysis, we can still adopt the atacamite structure for 

β-Ni2(OH)3Cl, and its IR data are collected in TABLE B3 together with β-Cu2(OH)3Cl in 
Appendix B, where Raman data are those measured using PL=3 mW in vacuum at 295 K for 
the sake of future comparison with the low-T data. It should be also noted that those Raman 
data must slightly differentiate data presented here, radically because of the LLH effect, as 
seen from Fig. 3.3.8 showing the Raman spectra at the RT experimental conditions with PL=2, 
20 and 35 mW in air. 
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Fig. 3.3.8. Enlarged (a) [OH] FG, (b) [OH] CP, and (c) FP1 and (d) FP2 regions of Raman spectra of 

β-Cu2(OH)3Cl at PL=2, 20 and 35 mW in air at RT, respectively. 

 
From Fig. 3.3.8, one can see that the LLH effect is apparent. Further more, from this 

PL–dependent LLH effect at RT Raman experiment, one can predict the low T (near RT) 
behavior, e.g., the temperature coefficients Ω≡dω/dT are normally negative (redshifting when 
T or PL increases) for most of the Raman normal modes, which accords with the lattice NT 
rule for the normal materials.  
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3.4 RT spectral analysis of the C2h
5 (No. 14) γ-Cu2(OH/D)3Cl  

Only one class of samples γ-Cu2(OH/D)3Cl with space group C2h
5 (No. 14) are 

successfully prepared, and their IR and Raman spectra are measured in air at RT and analyzed 
by the standard FGA method.  

Figs. 3.4.1 (a) and (b) show the whole IR (4000~400 cm−1) and Raman (4000~400 cm−1, 
PL=10 mW) spectra of γ-Cu2(OH/D)3Cl, and Figs. 3.4.1 (c)~(f) show the enlarged [OH/D] FG, 
[OH/D] CP, [Cu3O] FP1 and [Cu3Cl] FP2 regions, respectively.  
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Fig. 3.4.1  the whole IR (a) spectra, Raman (PL=10 mW) (b) spectra, the enlarged IR [OH/D] FG (c) 

and other (d) regions, Raman [OH/D] FG (e) and other (f) regions of γ-Cu2(OH/D)3Cl respectively. 
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From Fig. 3.4.1(a) and (b), one can see that the four kinds of IR and Raman spectral 
regions are really well separated to make the assignment convenient. Because useful spectral 
bands in all regions are still located in a too narrow range, and the maximum intensities of the 
Raman bands in the CP and FP regions are only about 30 % of those in the respective FG 
regions, I enlarge them in Fig. 3.4.1 (c) ~ (f), respectively. 

(1) [OH/D] stretching modes in the FG region  

In this region, three main bands are expected to appear in IR and Raman spectra, 
respectively, according to the fact that there are three crystallographic non-equivalent [OH/D] 
FPs although till now I can not predict exactly how many bands of predicted IR (9Au+9Bu) 
and Raman (9Ag+9Bg) [OH/D] related bands of γ-Cu2(OH/D)3Cl will appear in these FG 
regions because of its low symmetry.  

From Fig.3.4.1 (c) and (e) one can see clearly three IR main bands (3446/2557, 
3360/2494 and 3310/2471 cm−1) and three Raman bands (3442.2/2552.1, 3357.2/2493.0 and 
3312.3/2465.8 cm−1) with peak separations of several tens cm−1 in these FG regions. From the 
fact that all redshift ratios are close to the theoretical prediction 72.8%, these modes can be 
safely assigned to [OH/D] stretching modes in the non-FGA language corresponding to 
d3(O3H3/D3)≈0.871 Å, d2(O2H2/D2) ≈1.035 Å and d1(O1H1/D1) ≈1.047 Å respectively. The 
three Raman main band data agree with those of Ref. [59] very well. 

From these main band data, the force constants can be derived to be k3(O3H3/D3)≈7.41 
mdyn/Å, k2(O2H2/D2) ≈7.05 mdyn/Å and k1(O1H1/D1)≈ 6.86 mdyn/Å for both γ-Cu2(OH)3Cl 
and γ-Cu2(OD)3Cl according to Eqn. (1.4.4).  

(2) [OH/D] bending modes in the CP regions 

In this region, about four to six main bands (bending vibration modes) may be expected 
to appear in IR and Raman spectra, respectively, according to the fact that there are four to 
six apparently different d(CuO), see TABLE A3 in the Appendix A. Also till now I can not 
predict exactly how many bands of predicted IR (9Au+9Bu) and Raman (9Ag+9Bg) [OH/D] 
related bands of γ-Cu2(OH/D)3Cl will appear in this FG region because of its low symmetry.  

From Fig. 3.4.1 (d) and (f), as expected, four IR bands (987/750, 920/690, 864/644 and 
827/617 cm−1) and four Raman bands (973.1/729.4, 929.6/689.5, 894.8/662.2 and 
801.0/587.8 cm−1) appear in the [OH/D] CP regions. From the fact that all redshift ratios are 
close to the theoretical prediction 72.8%, these bands are reasonably assigned to IR and 
Raman [OH/D] bending vibration modes. This identification of the lowest frequency [OH/D] 
bending modes and the 600-500 cm−1 wide window between [OH] CP and [Cu3O] FP1 
regions is very important for the assignment of [Cu3O] FP1 regions.  
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(3) [Cu3O] vibrational modes in the FP1 region 

In this region, 18 IR (9Au+9Bu) and 18 Raman (9Ag+9Bg) bands are expected to appear 
according to the FGA in IR and Raman, respectively. Limited by the IR measurement range 
(>400 cm−1), IR 580/480, 517/435, 457/--- and 416/--- cm−1 bands can be assigned to the 
[Cu3O] modes, and five Raman main bands 514.0/498.7, 444.0/436.0, 421.0/408.5, 
365.5/353.0 and 260.0/272.6 cm−1 may be designated to the [Cu3O] stretching and 
deformation modes. Here the slight redshift phenomenon of all [Cu3O] bands for 
γ-Cu2(OD)3Cl just demonstrates that in [Cu3O] vibration modes, as abovementioned, O is in 
fact moving along with H/D as a whole group [OH/D], and the effective atomic weight of O 
is in fact 17/18 for [Cu3O] vibrations.  

Furthermore, according to the highest IR and Raman band frequencies 580/540 and 
514.0/498.7 cm−1, one can deduce the effective k[Cu3O] to be about 2.65 mdyn/Å for both 
γ-Cu2(OH)3Cl and γ-Cu2(OD)3Cl, with the effective mO=16+1 for γ-Cu2(OH)3Cl and 16+2 for 
γ-Cu2(OD)3Cl, respectively. While most of the redshift ratios in this region agree well with 
the theoretical value 97.2%.  

As to the small Raman 577.0 cm−1 band, I can not give out its true origin till now, and 
hope someone can build a connection between it and some magnetic features in future.  

As to the weak and wide 238.5/236.5 cm−1 Raman band, which is almost same as the 230 
cm−1 one in Herbersmithite ZnCu3(OH)6Cl2,

 148 we also agree the idea given by D. 
Wulferding et al that the Fano line shape may originate from the coupling of the 
corresponding phonon to a continuum of magnetic excitation states. 133 As its energy range is 
within the energy range of spin fluctuations, and the compound is an insulator the 
corresponding continuum is attributed to magnetic fluctuations. 

(4) [Cu3Cl] vibrational modes in the FP2 region 

In this region, 6 Raman (3Ag+3Bg) bands are expected to appear according to the FGA in 
Raman spectra. Because till now nobody can prepare the γ-Cu2(OH/D)3Br, the Cl/Br halogen 
anion substitution method can not be used here. Fortunately the remaining spectral part 
(<200 cm−1) may include only [Cu3Cl] vibrational modes because of relatively large distances 
d(Cu-Cl) (>2.75 Å, while for Co2(OH)3Cl/Br, d(Co-Cl/Br)≈2.60/2.70 Å).  

Although the highest band frequency is 168.5/164.8 cm−1, considering that it has a weak 
intensity and an irregular lineshape accompanied with relatively large distances d(Cu-Cl) as 
just mentioned and stronger trimeric H-bonds, I strongly suggest the 141.8/140.8 cm−1 band 
to be the [Cu3Cl] stretching mode. Here one can deduced the effective k[Cu3Cl] to be about 
0.42 mdyn/Å, with the mass mCl=35.45, for both γ-Cu2(OH/D)3Cl which is very consistent 
with that of other chloride materials.42 
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As to the above-mentioned 168.5/164.8 cm−1 band, I can not give the origin till now. For 
other bands besides the 141.8/140.8, 118.8/119.2 and 97.2/100.0 cm−1 bands, they may 
appear in the part below 95 cm−1. 

IR data of γ-Cu2(OH)3Cl are collected in TABLE B3 in Appendix B, where Raman data 
are those measured using PL=2 mW in vacuum at 295 K for the sake of future comparison 
with the low-T data. It should be also noted that those Raman data must slightly differentiate 
data presented here, radically because of the LLH effect, as seen from Fig. 3.4.2 showing the  
Raman spectra at the RT experimental conditions with PL=2, 10 and 20 mW in air. 
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Fig. 3.4.2. Enlarged (a) [OH] FG, (b) the [OH] CP, and (c) [Cu3O] FP1 and [Cu3Cl] FP2 regions of 

Raman spectra of γ-Cu2(OH)3Cl at PL=5, 10 and 20 mW, respectively.  

From Fig.3.4.2, one can see that the LLH effect on the Raman spectroscopy is apparent. 
Further more, from this PL–dependent LLH effect at RT Raman experiment, one can share in 
the profits of predicting the low T behavior when the sample is cooled down whatever the 
constant PL is. Here we can obtain that the temperature coefficients dω/dT are abnormally 
positive (blueshifting when T or PL increases) for most of the Raman normal modes at least 
around RT, which is in contrast with the lattice thermal expansion rule for the normal 
materials accords, but accords with the common phenomena occurred in the materials with 
relative strong H-bonds. 
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3.5 RT Spectral analysis of the C2h
2 (No. 11) M2(OH/D)3X  

According to the result of the standard FGA method in Sect. 2.5, the IR and Raman 
normal modes are presented by: 

IR R
11 1112 15  and 14 10u u g gA B A BΓ = + Γ = +  

Our samples with space group C2h
2 (P21/m, No.11) are α-Cu2(OH)3Cl, α-Cu2(OH/D)3Br 

and α-Ni2(OH/D)3Br, which are prepared by the normal hydrothermal reaction.[109, 121] The 
their RT crystal structure parameters are collected in Appendix A2 for helping the spectral 
analysis. It is very pity that the IR and Raman spectra of α-Cu2(OD)3Cl were not presented 
here because it was not so stable. Fortunately, according to the previous experience, the [OH] 
FG and CP regions of α-Cu2(OH)3Cl can be still determined without help of α-Cu2(OD)3Cl. 

3.5.1 RT Spectral analysis of α-Cu2(OH)3Cl 

Without the IR and Raman spectra of α-Cu2(OD)3Cl, I show those of α-Cu2(OH)3Cl in 
Figs. 3.5.1 and 3.5.2 respectively, together with those of α-Cu2(OH)3Br to perform the 
comparative analysis. From them one can see that the four kinds of IR and Raman spectral 
regions are really well separated to make the assignment convenient. Here Raman data using 
the L50X objective are slightly different from those reported in [] using the 100X objective. 
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Fig. 3.5.1 (a) Whole IR spectra and (b) their enlarged [OH] CP and FP regions of α-Cu2(OH)3Cl and 

α-Cu2(OH)3Br.  

(1) [OH] stretching modes in the FG region  

In this region, 2 main bands are expected to appear in IR and Raman spectra, respectively, 
according to the fact that there are 2 crystallographic non-equivalent [OH] FPs although till 
now I can not predict exactly how many bands of predicted IR (4Au+5Bu) and Raman 
(5Ag+4Bg) [OH] related bands will appear in these FG regions because of the low symmetry.  
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Fig. 3.5.2. (a) Whole Raman spectra and enlarged (b) [OH] FG, (c) [OH] CP, and (d) FP regions of 

α-Cu2(OH)3Cl and α-Cu2(OH)3Br. 

From Fig. 3.5.1 (a) and 3.5.2 (b) one can see clearly two IR main bands (3510 and 3427 
cm−1) and two Raman bands (3506.2 and 3423.6 cm−1 with a shoulder band 3434.0 cm−1) 
with both peak separations of about 83 cm−1 in these FG regions. From the peak separation 
data, the higher bands can be safely assigned to [O1H1] stretching modes in the non-FGA 
language and d(O1H1) may be about 0.008 Å larger than d(O2H2). The more complex spectral 
structure of lower bands agrees with the fact that the number of [O2H2] groups is two times of 
that of [O1H1] groups.  

From these main band data, the force constants can be derived to be k(O1H1)≈7.2 mdyn/Å 
and k(O2H2) ≈6.9 mdyn/Å for α-Cu2(OH)3Cl according to Eqn. (1.4.4).  

(2) [OH] bending modes in the CP regions 

In this region, about three to six main bands (bending vibration modes) may be expected 
to appear in IR and Raman spectra, respectively, according to the fact that there are five 
different d(CuO), see TABLE A4 in the Appendix A. Also till now I can not predict exactly 
how many bands of α-Cu2(OH)3Cl will appear in this FG region because of its low symmetry.  
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Through comparing the spectra of α-Cu2(OH)3Cl with α-Cu2(OH)3Br, the IR 985/596 
cm−1 and Raman 975.0 cm−1 bands can safely not be considered as normal modes because of 
the unstability of α-Cu2(OH)3Cl. Therefore from Figs. 3.5.1 (b) and 3.5.2 (c), as expected, 
five IR bands (902, 860, 817, 785 and 704 cm−1) and five Raman main bands (894.6, 857.4, 
790.0 and 676.6 cm−1) appear in the [OH] CP regions. This identification of the lowest 
frequency [OH] bending modes (IR 704 cm−1 and Raman 676.6 cm−1) and the 650-550 cm−1 
wide window between [OH] CP and FP regions is very important for the assignment of FP1 
region.  

(3) [Cu3O]/[Cu1O5Cl]/[Cu2O4Cl] vibrational modes in the FP1 region 

In this region, 18 IR (8Au+10Bu) bands caused by [Cu3O1, 2]/[Cu1O5Cl]/[Cu2O4Cl] and 13 
Raman (7Ag+6Bg) bands caused by [Cu3O1, 2]/[Cu1O5Cl] are expected to appear according to 
the FGA in IR and Raman, respectively. Considering the long distances d(Cu1,2-Cl) and large 
mass mCl, one can neglect the effect of Cl (and therefore Br in α-Cu2(OH)3Br) on the mode 
frequencies, and the Cl/Br-independence suggests that the Raman FP1 region of [Cu3O] 
/[Cu1O5Cl] /[Cu2O4Cl] vibrational modes extends to 165 cm−1, as shown in Fig. 3.5.2 (d).  

Limited by the IR measurement range (>400 cm−1) and large accidental degeneracy, only 
two IR (516 and 428 cm−1) main bands and seven Raman (510.0, 448.9, 400.7, 323.4, 277.8, 
250.6 and 175.2 cm−1) main bands are observed, and may be designated to their stretching 
and deformation modes. In this Raman FP1 region, the first three (510.0, 448.9 and 400.7 
cm−1) main bands can be attributed to the stretching modes of [Cu3O2], [Cu3O1] and 
[Cu2O5Cl], respectively, but I can not give further one-to-one mode assignment to distinguish 
other [Cu2O5Cl] modes from other [Cu3O1, 2] modes.  

Furthermore, according to the Raman [Cu3O2] and [Cu3O1] band frequencies 510.0 and 
448.9 cm−1, one can deduce the effective k[Cu3O2] and k[Cu3O1] to be about 2.64 and 2.04 
mdyn/Å, respectively.  

At first glance, the 175.2 cm-1 band may possibly assigned to some kind of lattice mode, 
for instance, caused by the relative translation of Cu atoms on two adjacent Kagome skeleton 
planes a-b, but this frequency must become apparently smaller in α-Cu2(OH)3Br because the 
effective mass of Cu atom surrounded by Br atoms may increase and the relative distance 
c=6.064 Å between two planes is larger than c=5.718 Å in α-Cu2(OH)3Cl.  

(4) [Cu3Cl] vibrational modes in the FP2 region 

In this FP2 region, 3 Raman (2Ag+Bg) bands are expected to appear according to the FGA 
in Raman spectra. Thanks to the Cl/Br halogen anion substitution method (redshift ratio 
66.6% provided with the same force constant k), as shown in Fig. 3.5.2 (d) (<165 cm−1), the 
153.9, 1115.8 and 98.3 cm−1 bands can be assigned to [Cu3Cl] vibrational modes and the 
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highest one is the [Cu3Cl] stretching mode (Ag). Without consideration of the effect of the 
trimeric H-bond, one can deduced the effective k[Cu3Cl] to be about 0.50 mdyn/Å, with the 
mass mCl=35.45, which is very consistent with that of other chloride materials.42 

IR data of α-Cu2(OH)3Cl are collected in TABLE B4 in Appendix B, where Raman data 
are those measured using PL=5 mW in vacuum at 295 K for the sake of future comparison 
with the low-T data. It should be also noted that those Raman data must slightly differentiate 
data presented here, radically because of the LLH effect, as seen from Fig. 3.5.2 showing the  
Raman spectra at the RT experimental conditions with PL=2, 10 and 15 mW in air. 
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Fig. 3.5.3. Enlarged the (a) [OH] FG, (b) [OH] CP, (c) FP1 and (d) [Cu3Cl] FP2 regions of Raman 

spectra of α-Cu2(OH)3Cl at PL=5, 10 and 15 mW in air, respectively.  

 
From the PL–dependent LLH effect as shown in Fig. 3.5.3, one can obtain that the 

temperature coefficients dω/dT of the [OH] modes are abnormally positive (blueshifting 
when T or PL increases) for most of the Raman normal modes at least around RT, which is in 
contrast with the lattice thermal expansion rule for the normal materials, but accords with the 
common phenomena occurred in the materials with relative strong H-bonds.  
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3.5.2 Spectral analysis of α-Cu2(OH/D)3Br 

The IR and Raman spectra of α-Cu2(OH/D)3Br are shown in Figs. 3.5.4 and 3.5.5.  
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Fig. 3.5.4. The whole IR spectra (a) and the enlarged [OH/D] CP and FP (b) regions of 

α-Cu2(OH/D)3Br. 
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Fig. 3.5.5. The whole Raman spectra (a) and the enlarged [OH/D] FG (b), [OH/D] CP (c) and FP (d) 

regions of α-Cu2(OH/D)3Br. 
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From Fig. 3.5.4 (a), one can see that several small IR bands (i.e., 2360, 1640 cm−1, and 
others) are situated between the [OH/D] FG and CP regions, which may be considered as 
bands caused by overtones, residual water in the KBr disk, water and CO2 in air, or the 
intrinsic shortage of the background deduction technology, while in Fig. 3.5.5 the appearance 
of small Raman bands (3513.0, 3415.4 and 880 cm−1) demonstrates that in the α-Cu2(OD)3Br 
sample there are small amount (7~8%) of α-Cu2(OH)3Br, which was accidentally generated 
by the washing process of α-Cu2(OD)3Br sediment with the H2O water and never been 
detected by the neutron scattering experiments.  

(1) [OH/D] stretching modes in the FG region  

In these FG regions, two main bands are expected to appear in IR and Raman spectra, 
respectively, according to the fact that there are two crystallographic non-equivalent [OH/D] 
FPs (d(OH/D1)= 0.971 Å and d(OH/D2) = 0.980 Å) although till now I can not predict exactly 
how many bands of predicted IR (4Au+5Bu including CP modes) and Raman (5Ag+4Bg 
including CP modes) [OH/D] related bands of α-Cu2(OH/D)3Br will appear here because of 
the relatively low symmetry.  

In the Figs. 3.5.4 (a) and 3.5.5 (b), from the fact that all redshift ratios are close to the 
theoretical prediction 72.8%, two IR (3508/2596 and 3398/2522 cm−1) and two Raman 
(3513.0/2598.8 and 3514.4/2534.6 cm−1) main bands can be safely assigned to the 
corresponding [OH/D] asymmetric and symmetric stretching modes with the large 
separations (IR 110/74 and Raman 97.6/64.2 cm−1). From the peak separation data, the higher 
bands can be safely assigned to [O1H1] stretching modes in the non-FGA language and 
d(O1H1) may be estimated to be about 0.010 Å larger than d(O2H2), which is very close to the 
experimental value 0.009 Å. The more complex spectral structure of lower bands with 
shoulder bands agrees with the fact that the number of [O2H2] groups is two times of that of 
[O1H1] groups. 

(2) [OH/D] bending modes in the CP regions 

In this region, about three to six main bands (bending vibration modes) may be expected 
to appear in IR and Raman spectra, respectively, according to the fact that there are five 
different d(CuO), see TABLE A4 in the Appendix A. Also till now I can not predict exactly 
how many bands of α-Cu2(OH/D)3Br will appear in this FG region because of its low 
symmetry. 

From Figs. 3.5.4 (b) and 3.5.5 (c), three IR (850/654, 779/606, and 680/528 cm−1) and 
five Raman (878.5/655.5, 860.1/645.8, 834.1/622.1, 780.0/596.0 and 658.5/- cm−1) main 
bands appear in the [OH] CP regions, and their redshift ratios are also close to the theoretical 



- 71 - 

prediction 72.8%. Therefore, we can still safely assign them to [OH] bending vibration 
modes. Here the unobserved α-Cu2(OD)3Br Raman band (about 490 cm−1) corresponding to 
the 658.5 cm−1 band of α-Cu2(OH)3Br may be immersed in the FP1 region. This identification 
of the lowest frequency [OH] bending modes and the wide window 650-550 cm−1 between 
[OH] CP and FP1 regions is very important for the assignment of FP1 regions.  

(3) [Cu3O]/[Cu1O5Br]/[Cu2O4Br] vibrational modes in the FP1 region 

In this region, 18 IR (8Au+10Bu) bands caused by [Cu3O1, 2]/[Cu1O5Br]/[Cu2O4Br] and 13 
Raman (7Ag+6Bg) bands caused by [Cu3O1, 2]/[Cu1O5Br] are expected to appear according to 
the FGA in IR and Raman, respectively. Thanks to the Cl/Br halogen anion substitution 
method, from the Fig. 3.5.2 (d) in the previous section one can determine that the lower 
bound of this Raman FP1 region is about 165 cm−1, as shown in Fig. 3.5.5 (d). From Fig. 
3.5.5 (d), the slight redshift phenomenon of all bands for α-Cu2(OD)3Br just demonstrates 
that in these vibration modes, as abovementioned, O is in fact moving along with H/D as a 
whole group [OH/D], and the effective atomic weight of O is in fact 17/18. Here most of the 
redshift ratios in this region agree well with the theoretical value (17/18)1/2=97.2%. 

Limited by the IR measurement range (>400 cm−1) and large accidental degeneracy, only 
two IR (511/504 and 422/438 cm−1) main bands and seven Raman (512.0/490.1, 448.5/433.6, 
394.6/385.3, 319.5/312.1, 278.0/273.1, 248.4/239.0 and 173.4/172.2 cm−1) main bands are 
observed, and may be designated to their stretching and deformation modes. In this Raman 
FP1 region, the first three (512.0/490.1, 448.5/433.6 and 394.6/385.3 cm−1) main bands can 
be attributed to the stretching modes of [Cu3O2], [Cu3O1] and [Cu2O5Br], respectively, but I 
can not give further one-to-one mode assignment to distinguish other [Cu2O5Br] modes from 
other [Cu3O1, 2] modes.  

Furthermore, according to the Raman [Cu3O2] and [Cu3O1] band frequencies, one can 
deduce the effective k[Cu3O2] and k[Cu3O1] to be about 2.63 and 2.01 mdyn/Å, respectively.  

(4) [Cu3Br] vibrational modes in the FP2 region 

In this FP2 region, 3 Raman (2Ag+Bg) bands are expected to appear according to the FGA 
in Raman spectra. In Fig. 3.5.5 (d) (<165 cm−1), the 111.5/112.5 and 101.1/102.7 cm−1 bands 
can be safely assigned to two [Cu3Br] vibrational modes and the higher one is the [Cu3Br] 
stretching mode (Ag). Here limited by the Raman experimental range, the third mode whose 
frequency must be less than 90 cm−1 is therefore not observed. Using the mass mBr=79.9, one 
can deduced the effective k[Cu3Br] to be about 0.58 mdyn/Å, which is slightly larger than 
k[Cu3Cl] of α-Cu2(OH)3Cl.  

IR data of α-Cu2(OH)3Br are collected in TABLE B4 in Appendix B, where Raman data 
are those measured using PL=5 mW in vacuum at 295 K for the sake of future comparison 
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with the low-T data. It should be also noted that those Raman data must slightly differentiate 
data presented here, radically because of the LLH effect, as seen from Fig. 3.5.6 showing the  
Raman spectra at the RT experimental conditions with PL=2, 5 and 10 mW in air. 
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Fig. 3.5.6 Enlarged (a) [OH] FG, (b) [OH] CP, and (c) [Cu3O]/[Cu1O5Br] FP1 and [Cu3Br] FP2 regions 

of Raman spectra of α-CU2(OH)3Br at PL=2, 5 and 10 mW, respectively.  

 
From Fig. 3.5.6, one can see that the LLH effect on the Raman spectroscopy is not 

apparent when PL<10 mW. But from the slightly PL–dependent LLH effect as shown in Fig. 
3.5.6, one can obtain that the temperature coefficients dω/dT of the [OH] modes are 
abnormally positive (blueshifting when T or PL increases) for most of the Raman normal 
modes at least around RT, which is in contrast with the lattice thermal expansion rule for the 
normal materials, but accords with the common phenomena occurred in the materials with 
relative strong H-bonds. 
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3.5.3 Spectral analysis of α-Ni2(OH/D)3Br 

The IR and Raman spectra of α-Ni2(OH/D)3Br are shown in Figs. 3.5.7 and 3.5.8.  
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Fig. 3.5.7. The whole IR spectra (a) and the enlarged [OH/D] CP and FP (b) regions of α-Ni2(OH/D)3Br. 
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Fig. 3.5.8. The whole Raman spectra (a) and the enlarged [OH/D] FG (b), [OH/D] CP (c) and FP (d) 

regions of α-Ni2(OH/D)3Br. 
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From Fig. 3.5.7 (a), one can see that several small IR bands (i.e., 2360/1640/569/550  
cm−1 and others) are situated between the [OH/D] FG and CP regions, which may be 
considered as bands caused by overtones, residual water in the KBr disk, water and CO2 in air, 
or the intrinsic shortage of the background deduction technology, while in Fig. 3.5.8 the 
appearance of small Raman bands (3587.6, 2690.0 and ~780 cm−1) demonstrates that in the 
α-Ni2(OD)3Br sample there are small amount (10%) of α-Ni2(OH)3Br, which was accidentally 
generated by the washing process of α-Ni2(OD)3Br sediment with the H2O water and never 
been detected by the neutron scattering experiments. The IR and Raman spectral lineshapes, 
especially those in the [OD] CP and FP regions as shown in Figs. 3.5.7 (b) and 3.5.8 (c, d), of 
the α-Ni2(OD)3Br sample indicated that it was badly crystallized.  

(1) [OH/D] stretching modes in the FG region  

In these FG regions, at least two main bands are expected to appear in IR and Raman 
spectra, respectively, according to the crystal structure experiment that there are two 
crystallographic non-equivalent [OH/D] FPs (d(OH/D1)= 0.910 Å and d(OH/D2) = 0.932 Å) 
like α-Cu2(OH)3Cl and α-Cu2(OH)3Br. From Figs. 3.5.7 (a) and 3.5.8 (b), the fact that all 
redshift ratios are close to the theoretical prediction 72.8%, two IR (3593/2654 and 
3577/2641 cm−1) and one Raman (3587.6/2648.8 cm−1) bands can be safely assigned to the 
corresponding [OH/D] asymmetric and symmetric stretching modes. But from the small IR 
peak separation (13/12 cm−1) and the Raman one-band structure of this [OH/D] FG region, 
one can assuredly predict only one crystallographic [OH/D] FP, which contradicts the crystal 
structure simulation in the non-FGA language.  

As it has been seen in Sects. 3.2.1 and 3.2.2, even one crystallographic [OH] FP can lead 
to a double-band structure because of the factor group splitting effect in the Co2(OH)3Cl and 
Co2(OH)3Br. Therefore the Raman one-band structure of this [OH/D] FG region strongly 
suggests the refinement of the crystal structure experiment and its data simulation, and the 
refinement may result in a fact that the α-Ni2(OH)3Br belongs to a new space group with a 
higher symmetry.  

This reminds me of comparing its Raman spectrum with that of α-Cu2(OH)3Br, as shown 
in Fig. 3.5.9. From Figs. 3.5.9 (a, b), one can also assert categorically that the α-Ni2(OH)3Br 
has a different structure with the α-Cu2(OH)3Br, and the Raman one-band structure even at 
very low temperature (see the following Sect. 4.5.3) can deny persistently the accidental 
degeneracy of two stretching modes of two crystallographic non-equivalent [OH/D] FPs. 

From the Raman frequencies 3587.6/2648.8 cm−1, the only force constant can be deduced 
to be k(OH/D)≈7.58 mdyn/Å for α-Ni2(OH/D)3Br according to Eqn. (1.4.4). 
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Fig. 3.5.9. The whole Raman spectra (a) and the enlarged [OH] FG (b), [OH] CP (c) and FP (d) 

regions of α-Ni2(OH)3Br and α-Cu2(OH)3Br. 

(2) [OH/D] bending modes in the CP regions 

In this region, about three to six main bands (bending vibration modes) may be expected 
to appear in IR and Raman spectra, respectively, according to the fact that there are five 
different d(NiO), see TABLE A4 in the Appendix A.  

From Figs. 3.5.7 (b) and 3.5.8 (c), five IR (807/-, 762/-, 732/-, 692/550 and 678/531 cm−1) 
and four Raman (785.6/593.5, 760.5/573.5, 710.6/- and 676.2/- cm−1) bands appear in the 
[OH/D] CP regions, and their redshift ratios are also close to the theoretical prediction 72.8%. 
Therefore, we can still safely assign them to [OH] bending vibration modes. Here the 
unobserved α-Ni2(OD)3Br Raman bands corresponding to the 710.6 and 676.2 cm−1 bands of 
α-Ni2(OH)3Br may be immersed in the FP1 region.  

From Figs. 3.5.9 (c), the spectral structure similarity between α-Ni2(OH)3Br and 
α-Cu2(OH)3Br is still observed, which suggests strangely their crystal structure similarity. 
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(3) [Ni3O]/[Ni1O5Br]/[Ni2O4Br] vibrational modes in the FP1 region 

In this region, 18 IR (8Au+10Bu) bands caused by [Ni3O1, 2]/[Ni1O5Br]/[Ni2O4Br] and 13 
Raman (7Ag+6Bg) bands caused by [Ni3O1, 2]/[Ni1O5Br] are expected to appear according to 
the FGA in IR and Raman, respectively. Thanks to the Cl/Br halogen anion substitution 
method, from the Fig. 3.5.2 (d) in the previous section one can determine that the lower 
bound of this Raman FP1 region is about 165 cm−1, as shown in Fig. 3.5.8 (d) (or 3.5.9 (d)) . 
From Fig. 3.5.8 (d), the slight redshift phenomenon of identified bands for α-Ni2(OD)3Br just 
demonstrates that in these vibration modes, as abovementioned, O is in fact moving along 
with H/D as a whole group [OH/D]. 

Limited by the IR measurement range (>400 cm−1) and large accidental degeneracy, only 
two IR (467/459 and 412/- cm−1) main bands and seven Raman (460.2/440.0, 436.5/-, 
376.2/358.4, 333.8/-, 310.6/~296, 287.8/- and 194.0/~185 cm−1) main bands are observed, 
and may be designated to their stretching and deformation modes. In this Raman FP1 region, 
the first three (460.2, 436.5 and 376.2 cm−1) main bands can be attributed to the stretching 
modes of [Ni3O2], [Ni3O1] and [Ni1O5Br], respectively, and one can deduce the effective 
k[Ni3O2] and k[Ni3O1] to be about 2.12 and 1.91 mdyn/Å, respectively.  

(4) [Ni3Br] vibrational modes in the FP2 region 

In this FP2 region, 3 Raman (2Ag+Bg) bands are expected to appear according to the FGA 
in Raman spectra. In Fig. 3.5.8 (d) (<165 cm−1, or 3.5.9 (d)), the 135.4/137.5, 115.0/120.0 
and 102.4/98.1 cm−1 bands can be safely assigned to [Ni3Br] vibrational modes and the 
highest one is the [Ni3Br] stretching mode (Ag). Here limited by the Raman experimental 
range, the fourth band (<95 cm−1) and its origin are therefore not determined. Using the mass 
mBr=79.9, one can deduced the effective k[Ni3Br] to be about 0.86 mdyn/Å, which is much 
larger than that of α-Cu2(OH)3Br.  

IR data of α-Ni2(OH)3Br are collected in TABLE B4 in Appendix B, where Raman data 
are those measured using PL=10 mW in vacuum at 295 K for the sake of future comparison 
with the low-T data. It should be also noted that those Raman data must slightly differentiate 
data presented here, radically because of the LLH effect, as seen from Fig. 3.5.10 showing 
the Raman spectra at the RT experimental conditions with PL=2, 10 and 30 mW in air. 

From Fig. 3.5.10, one can see that the LLH effect on the Raman spectroscopy is apparent 
when PL<30 mW. But from the PL–dependent LLH effect as shown in Fig. 3.5.10, one can 
obtain that the temperature coefficients dω/dT of the [OH] modes are positive (redshifting 
when T or PL increases) for most of the Raman normal modes at least around RT, which is in 
accordance with the lattice thermal expansion rule for the normal materials with very weak 
H-bonds. 
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Fig. 3.5.10 Enlarged (a) [OH] FG, (b) [OH] CP, and (c) [Ni3O]/[Ni1O5Br] FP1 and [Ni3Br] FP2 regions 

of Raman spectra of α-Ni2(OH)3Br at PL=2, 10 and 30 mW, respectively.  

 



- 78 - 

3.6 Synthetic RT spectral study on M2(OH)3X   

In this section, the [OH] stretching frequencies of the M2(OH)3X in this dissertation will 
be studied synthetically, associated with discussion on the trimeric H-bond systems called by 
us. In view of the similarity of reflected physical properties of IR and Raman spectra and 
those of M2(OH)3X and M2(OD)3X, only Raman spectral data of M2(OH)3X are used. 

3.6.1 Trimeric hydrogen-bonds 

In fact, it is well known in the chemistry, material and spectroscopic communities, most 
of OH stretching frequencies less than the so-called “free” [OH] stretching frequency ωv[OH] 
3600 cm-1 are caused by an H-bond (or say a red-shifted H-bond) which is seldom paid close 
attention to in the magnetism community (Authors in Refs.[53, 54] simply pointed out that 
“The Cl is coordinated in a trigonal prismatic arrangement to three H atoms” and it is a 
“squashed O3Cl tetrahedron unit”). In general the forming of a typical H-bond like OH···Y (Y 
is an anion and H-acceptor) should satisfy two conditions: (1) the angle θO-H-Y >90° and (2) 
the distance dO···Y is near to the sum d0

OY of the common mean O2+ radius R0
O ≈ 1.40 Å and Y 

anion radius R0
Y. Here for the possible H-acceptors, besides O2+, R0

Cl ≈1.81 Å and R0
Br ≈1.96 

Å. Therefore the second condition becomes dO···O ≈ d0
OO = 2.80 Å, dO···Cl ≈ d0

OCl = 3.21 Å and 
dO···Br ≈ d0

OBr = 3.36 Å. From the fact that the [OH/D] stretching frequencies vary from the 
smallest one 3311 cm-1 of γ-Cu2(OH)3Cl to the largest one 3587 cm-1 of α-Ni2(OH)3Br, we 
firmly believe that a nonnegligible H-bond exists in each material. To verify this, we have 
checked the H and X related structural parameters of M2(OH)3X and famous ZnCu3(OH)6Cl2 
as references at different temperatures (mostly at low temperatures because there has no 
evidence till now that any crystal phase transition occurs down to its corresponding 
temperature). After we exclude the possible presence of O−H···O (the first condition is not 
satisfied although the fact that meets the second condition exists), a new kind, to the best of 
our knowledge, of H-bond [(OH)3···M] (three H donors to one acceptor) and nominate it as 
the trimeric H-bond, which differs completely from the trifurcated (CH3)···O3 H-bond unit 
(still one H donor to each acceptor), [139] and further confirm the existence of three types of 
symmetric structures with C3v (in samples of SG No. 166), Cs (in samples of SG Nos. 62 and 
11), and C1 (in the sample of SG No. 14) symmetries, see Figs. 3.6.1 (a~d), respectively.  

Further when we check carefully the H+ positions in the trimeric H-bond units, three H+ 
ions in samples of Nos. 166, 62 and 14 are found to be located inner the O3X tetrahedron, 
while those in samples of No. 11 are all outside. Therefore one can classify each type of 
trimeric H-bond into two subtypes: the so-called H-in subtype (Figs. 3.6.1 a, b and d) and the 
H-out one (Fig. 3 c).  
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Fig. 3.6.1 Trimeric H-bond schemes of (a) H-in C3v, (b) H-in Cs, (c) H-out Cs, (d) H-in C3v symmetry 

types found in SG No. 166, 62, 11 and 14 samples, respectively, and predicted (e) H-out C1, (f) H-out C3v 

symmetry types.  

Consequently, two more subtypes - so-called H-out C1 and H-out C3v trimeric H-bonds 
are reasonably predicted to exist in some other materials in nature.  

3.6.2 On the RT [OH] stretching frequency  

The related refined crystal structure parameters, i.e., all the crystallographic distinct 
distances d(M3≡O)/d(OX)/d(OH), and Raman shift data belonging to the v(OH) and δ(OH) 
are collected in Table 3.6.1.  

From Table 1 one can see that the distinct d(OH) number is at most three in γ-Cu2(OH)3Cl 
because of the Jahn-Teller effect, and the d(OH) of natural β-Cu2(OH)3Cl (Atacamite) is now 
unavailable because these data should be obtained by its deuterized synthetic sample using 
the neutron powder diffraction measurement method. Among the ωv(OH) values 
(3546/3528/3575 cm-1) several are assigned to the small Davydov splittings according to the 
respective available crystal structures, [251-253] and one (3330 cm-1 of β-Cu2(OH)3Cl) may 
come from the impurity in the natural sample. Except the four values all the ωv(OH) values 
are definitely assigned to respective crystallographic distinct OH group according to the 
normal concept that the higher v(OH) value surely corresponds to the shorter d(OH) 
regardless of the other part of the hydroxyl system. 

From the detail d(M3≡O) and d(OX) data one can see most of the MO bonds are strongly 
covalent for d(CuO)<2.13 Å or d(CoO)<2.145 Å and at least one typical H-bond appears in 
each sample for d(OCl)<3.21 Å or d(OBr)<3.36 Å. Therefore both the M-O bond and the 
H-bond have exerted influence on the respective OH group and a distance d(OH) ultimately 
comes into being to correspond to its ωv(OH) value. So the reasonably estimated mean 
distances D(MO) according to D(MO)=[3(d1

–2+ d2
–2+ d3

–2) –1]1/2 are calculated and listed in 
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Table 3.6.1 too. 

Table 3.6.1 Related crystal parameters and Raman shift data in units of Å and cm-1 respectively. 

Sample d(M3≡O)  D(MO) d(OH) d(OX) ωv(OH) ωδ(OH) 

d(Cu3≡O1) 2.364,1.936,1.936 2.052 0.972 3.315 3507 α-Cu2(OH)3Cl 

d(Cu3≡O2,3) 2.013,1.974,2.009 1.999 0.979 3.203 3424 

894,855, 

789,673 

d(Cu3≡O1) 2.345,1.921,1.921 2.039 0.971 3.525 3516 α-Cu2(OH)3Br 

d(Cu3≡O2,3) 2.014,1.986,2.038 2.012 0.980 3.310 3418 

880,834, 

781,660. 

β-Co2(OH)3Cl d(Co3≡O) 2.079,2.079,2.106 2.088 0.966 3.178 3559 

3546c 

828,652 

β-Co2(OH)3Br d(Co3≡O) 2.084,2.084,2.137 2.101 0.969 3.227 3540 

3528c) 

822,652 

d(Cu3≡O1,2) 1.983,2.018,2.032 2.011 (0.987)b 3.041 3350 

3330d) 

Natural 

β-Cu2(OH)3Cl 

d(Cu3≡O3) 1.940,1.940,2.412 2.065 (0.978)b) 3.059 3434 

975,912, 

845,820, 

592e) 

d(Ni3≡O1,2) 2.062,2.038,2.054 2.051 0.952a) 

(0.963)b)

3.186 3587 β-Ni2(OH)3Cl 

d(Ni3≡O3) 2.081,2.081,2.090 2.084 0.997 a)

(0.963)b)

3.134 3575 c) 

822,795, 

758,692, 

673 

d(Cu3≡O1) 2.078,1.947,1.991 2.003 1.032 a)

(0.991)b

3.079 3311 

d(Cu3≡O2) 1.896,2.382,1.960 2.049 1.043 a)

(0.987)b)

3.080 3356 

γ-Cu2(OH)3Cl 

d(Cu3≡O3) 2.021,1.984,2.047 2.168 0.871 a)

(0.977)b)

2.994 3442 

970,927, 

892,800, 

575 e) 

a Value maybe doubtful and incorrect. 
b Value in parentheses is strongly suggested and need to be confirmed. 
c Value maybe caused by Davydov splitting effect or by a d(OH) difference of less than 0.002 Å.  
d Value maybe caused by impurity or by a d(OH) difference of less than 0.002 Å. 
e Value maybe not the δ(OH) peak although a large d(CuO)=2.412 Å or 2.382 Å exists in its corresponding 

material. 
 
Fig. 3.6.2 (a) and (b) show ωv(OH) vs D(MO) and d(OX) at RT, respectively, although it 

is not strictly reasonable to collect all the data into the same Fig. 3.6.2 (a) or Fig. 3.6.2 (b) 
regardless of the difference between Cu2+ and Co2+ or Cl– and Br–. From Fig. 3.6.2 (a) and (b) 
one can not find out any simple correlation between the v(OH) and D(MO) or d(OX) although 
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it still holds that the shorter D(MO) or d(OX) corresponds to a smaller ωv(OH) value when 
the other conditions do not change.  
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Fig.3.6.2 ωv(OH) vs (a) D(MO) and (b) d(OX). 

 Like many researchers have done, after ωv(OH) vs d(OH) are plotted into Fig.8, some 
valuable results can be extracted. Limited to the conditions of the deuterized sample 
preparation, neutron diffraction measurement and its data analyzing experience, the d(OH) 
values labeled by triangles are doubtful from the beginning. If one now regards the other 
experimental data labeled by squares are reasonable, an approximately linear relationship 
ωv(OH)=3600-10000(d-0.961) cm-1 between ωv(OH) and d(OH) with the change rate 
ρ≡Δωv(OH) /Δd = –10 cm–1/0.001Å is found in the 270 cm–1 difference range of our selected 
samples to be consistent with the famous relationship Δωv(OH) /Δd = –5000~12000 cm–1/Å 
concluded by Novak. [201]  
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Fig.3.6.3 Selected ωv(OH) vs d(O-H). Among the data symbols, squares ■ are the reasonable 
experimental data except those of a “free” v(OH) mode labeled by vfree(OH), balls ● are the 
d(OH)-doubtful experimental data, reverted triangles ▼ are therefore suggested data to correct the 
respective star d(OH), and triangles▲ are the guessed data whose wavenumber values are from Raman 
experiments but d(OH) values are unavailable now. 

Till now, one can set up the following questions: 
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(1) One can guess there are two distinct d(OH) from the crystal parameters and two 
different ωv(OH), i.e., and they maybe about 0.978 Å and 0.987 Å respectively, as presented 
by the black balls in Fig. 3.6.3. 

(2) Not like natural β-Cu2(OH)3Cl with the same space group of β-Ni2(OH)3Cl, the 
latter’s ωv(OH) has only one value 3587 cm–1, and therefore it has at most two approximately 
equal d(OH) values even the 3575 cm–1 peak is thought to be caused by another different 
d(OH) value. This can be easily understood by the fact that a short D(NiO)= 2.051 Å with a 
long d(OX) =3.186 Å and a relatively long D(NiO)=2.084 Å with a relatively short d(OX) 
=3.134 Å can reasonably give rise to two approximately equal d(OH) values. Therefore one 
can correct the two doubtful d(OH)=0.952 Å and 0.997 Å to be 0.963 Å, which needs to be 
conformed by the future refining experiment, as presented by the triangles top in Fig. 3.6.3.  

(3) Similar to (2), one can modifies the other three doubtful d(OH)=1.032/1.043/0.871 Å 
of γ-Cu2(OH)3Cl to be 0.977/0.987/0.991 Å which are consistent with the exact values 
0.962/0.974/0.976 Å given by Wills and Henry using the γ-Cu2(OD)3Cl at 2K. [77]  

(4) When the well-believed true “free” OH stretching fundamental frequency ωfree(OH) 
is selected to be 3555.6 cm–1 and bond length d(OH)=0.9643 Å are plotted into Fig. 3.6.3, [213] 
the data point is almost on the fitting line! This firmly verifies the universality of the 
monotonous change with an approximate linearity.  

From the final data group one can estimate the stretching force constant k(OH) is situated 
in the range of 6.5~7.6 mdyn/Å for these selected samples. 

As to the ωδ(OH) data in the CP region, they are also of importance to check the more 
detailed crystal microstructure related to the OH group, because each ωδ(OH) theoretically 
corresponds to a special MOH···X with special d(MO), d(OH), d(H···X) and relative space 
directions (angles). But from Raman ωδ(OH) data, one can find that the distinguishable peak 
number is always less than the number of MOH···X units because the accidental degeneracy 
usually occurs to result in the additional complexity and difficulty on the exact assignation to 
a special unit, just like the situation in the fingerprint region. However the following points 
manifest the worthiness in studying on the OH related crystal microstructure conformation: 

(1) The distinguishable peaks must mean apparently distinct M3≡OH···X units. 
(2) Corresponding to the large ωv(OH) value mode with a small interaction between the 

OH and the adjacent parts, the respective δ(OH) values are usually small, typically like Fig. 
3.2.5 (a). This can help one to evaluate the interaction strength between the OH and the 
adjacent parts. 

(3) One can estimate the ratio of ωδ(OH) to ωv(OH) to be about one-fifth to one quarter, 
therefore easily find out the range of ωδ(OH) to justify the OH group and its environment, 
just as the name of correlating peak region implies, and subsequently make the peak 
assignation of the adjacent FP region more easy.  
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3.7 Summary 

In summary, I have measured IR and Raman spectra of most of hydroxyl halides 
M2(OH)3X (M=Co, Ni, Cu; X=Cl, Br) at RT and performed corresponding spectral 
analysizing. The following results have been obtained: 

(1) Using five spectral analysizing methods, it is found that the whole IR or Raman 
spectrum of each sample can be divided into four well-separated regions: [OH/D] function 
group (FG), [OH/D] correlation peak (CP), M-O and M-X fingerprint (FP1,2) regions, whose 
wavenumber ranges are 3600~3200/3000-2000, 1000~600/700~450, 600~200 and 200~0 
cm–1, respectively. In addition, wrong assignments of some bands in other authors’ published 
papers are pointed out.  

(2) In each spectral region, most experimental spectral bands have been assigned 
definitely and are considered to correspond well to their normal modes predicted by the 
standard FGA method. From those sharp band profiles in each spectrum, it is concluded that 
each sample is well crystallized and suitable for the further spectral study.  

(3) From the comparison between the spectra of a hydroxyl halide and its deuteurized 
counterpart, it is found that each prepared deuteurized counterpart contains really a small 
amount of the hydroxyl counterpart that can not be found by other experiments. 

(4) After checking the [OH] stretching frequency of each sample and its crystal structure, 
three kinds of (OH)3···X hydrogen bond (H-bond) are found to exist in these materials 
according to the structural symmetry, and they have been nominated trimeric H-bond by our 
research team. The trimeric H-bonds in this series are found to have four subtypes and two 
more subtypes are predicted to exist in nature. These results may provide a new interesting 
subject for quantum chemists, material physicists and even quantum magnetic physicists.  

(5) Furthermore it is found that the trimeric H-bond concept and the approximate linearity 
(Δωv(OH) = –10 cm–1/0.001Å) between the [OH] stretching frequency and [OH] distance can 
be applied to estimate the OH distance, evaluate the rightness of the OH distance given by 
other authors, determine the difference between different OH groups, and even compare the 
interactions with magnetic ions adjacent to it, etc.  
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Chapter 4 

T-dependent Raman spectrum and  
its correlation to magnetism  
of selected M2(OH)3X  
For a normal material, with decreasing T, the anharmonic thermal motion would 

decrease, which results in a decrease in the lattice constant. Then the phonons should shift 
to higher frequencies and their line-widths should become narrower. But for a magnetic 
material, especially for magnetic GF one there is generally spin lattice/phonon coupling 
closely correlated with exchange interaction of the magnetic cations through their bridging 
anions. In Sect. 4.1, I will introduce the Raman spectral experiment method at and above 
liquid helium (LHe) temperature (≥4 K) and the spin lattice/phonon coupling (denoted as 
SPC) theory. In Sects. 4.2~4.5, T-dependent Raman spectral analysis of the four classes of 
samples with four space group symmetries is performed, respectively.  

4.1 General  

4.1.2. General low-T Raman experimental methods  

Like the method at RT, low-T Raman spectra were also obtained using HR800 microscopy, 
and the related experimental conditions are same with RT Raman experiments. The low-T 
cooling system (see Fig. 4.1.1 (a)) is composed of six parts: (a) Sample chamber (Oxford 
MicrostatHe, 4.1.1 (b)), (b) Intelligent temperature controller (ITC503, 4.1.1 (c)), (c) Liquid 
Nitrogen/Helium Jar, (d) High vacuum pump (VPC-050, ULVAC Kiko Inc.), (e) Gas flow 
controller, (f) Gas flow pump (behind the jar). The samples are also same with those at RT. 

 
Fig. 4.1.1. (a) Low-T Raman spectroscopy and its (b) sample chamber, and (c) temperature controller.  
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As mentioned in the previous chapter, after a relatively perfect mode assignment has 
been done at RT, in order to investigate the MGF effects on the phonons at very low-T, one 
must use the laser power density weak enough to avoid the local laser heating (LLH) effect as 
well as possible, although at the expense of the spectral clarity and possible loss of 
signal-weak modes. So one can study several signal-strong, important and representative 
Raman modes (1~4 modes in each spectral [OH/D] FG, [OH/D] CP, [MO] FP1 or [MX] FP2 
regions). Giving consideration to the low LLH effect, moderate signal-to-noise and 
comparability among these spectra of all kinds of samples, I use all applied laser powers to be 
5 mW for L50X objective using LHe system.  

Because the irradiated local environment of each sample surface changed slightly and the 
systemic difference (about ±1 cm−1, which will be important in LHe experiments) may exist 
between experiments using LN2 and LHe. Therefore the data from LN2 experiments are not 
used and 290-4 K data are all measured using LHe system.  

4.1.2 General T-dependent Raman spectral analysis methods  

Complete analysis on the T-dependent change of Raman spectra should include the 
following aspects: 

(1) Band number method: checking if some bands disappear and some more new bands 
appear with decreasing the T. If this phenomenon occurs, it always means symmetry change 
(generally lowering) or noticeable structural distort, and the abnormal magnetic or other 
properties can be well understood. But a small splitting of some main band does not often 
only mean the degeneracy release or overlapping division, has nothing to do with the 
anomaly of other physical features. 

(2) Lineshape method: checking the T-dependent band lineshape change which maybe 
caused by the magnetic continuous excitation.  

(3) Intensity method: checking the T-dependent relative intensity change which maybe 
caused by the      .  

(4) Band shift method: checking the T-dependent band frequency change which maybe 
caused by the SPC or spin-lattice coupling by using of the usually performed SPC theory. 

The SPC theory is generally used for investigation on the relationship between the 
quantum magnetism caused by geometric frustration and the spectral behaviors around 
transition temperatures. The change in wave number of a phonon α can be given by: [164] 

latt anh ren CF-ph s-ph( ) ( ) (0) ( ) ( ) ( ) ( ) ( )T Tα α αω ω ω ω ω ω ω ωΔ ≡ − = Δ + Δ + Δ + Δ + Δ        (4.1.1) 

The first term (Δω)latt corresponds to the change in the ionic binding energies due to 
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lattice expansion, or say, a contribution to the phonon frequency due to a change in lattice 
constant with temperature and is known as quasiharmonic contribution to the frequency 
change. This lattice contribution (Δω)latt to the phonon energy accounts for an expansion or 
contraction of the lattice leading to a change in the harmonic force constant without changing 
the phonon population. This change in frequency of a mode α can thus be approximately 
related to the change in volume using Gruneisen parameter γα. The Gruneisen law can 
approximate this term:  

latt

V
Vα

ω γ
ω
Δ Δ⎛ ⎞ ⎛ ⎞= −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
,                                                   (4.1.2) 

Because Eq.4.1.1 is applicable for cubic crystals or for isotropically expanded lattices, 
however, for the system studied in general case, this is not applicable, and one should also 
consider the possibility of phonon frequency shift due to lattice anomalies, even in the 
absence of a lattice unit cell volume.  

The second term (Δω)anh corresponds to the intrinsic anharmonic contribution, i.e., the 
anharmonic wave number shift at constant volume. Intrinsic anharmonicity (Δω)anh can be 
estimated from the known temperature dependence of wave numbers if the mode Gruneisen 
parameters and thermal-expansion (TE) coefficient are known. If these parameters are not 
known, the temperature dependence of wave numbers (in units of cm–1), resulting from the 
sum of lattice and phonon-phonon anharmonic terms, can be approximated with the 
following function:  

latt anh / 2 /3 /3 2

2 3 3( ) ( ) ( ) 1 1
1 1 ( 1)x x xT A B

e e eα α αω ω ω
⎛ ⎞⎛ ⎞Δ ≡ Δ + Δ = + + + +⎜ ⎟⎜ ⎟− − −⎝ ⎠ ⎝ ⎠

         (4.1.3) 

with  
34 10

0 0 0 0
23

B B

1.446.626 10 3 10   
1.381 10

E hcx
k T k T T T
α α α αω ω ω−

−

× × ×
≡ = ⋅ = ⋅ =

×
     

Above the magnetic ordering Tc, there are two cases: positive TE (PTE) and negative TE 
(NTE). Both cases have no necessary connection with the magnetic ordering developed 
above the TN or TCW. The former case causes that the phonon frequency ω exhibits a normal 
increase with decreasing temperature for T>TN due to the lattice PTE, while the latter 
behaviors inversely.   

The third term (Δω)ren accounts for the effect of a renormalization of the electronic states. 
It can be neglected once it is an isolator.  

The fourth term (Δω)CF-ph accounts for the crystal field-phonon coupling. The CF-phonon 
coupling also may lead to both increase as well as decrease in phonon energy. The coupling 



- 88 - 

between the CF transitions of rare-earth ions and the phonons is usually weak due to the 
effective shielding of the 4f electrons of the rare-earth ions. It can be neglected once it is an 
isolator, and no coupling to CF excitations is expected.  

The last term (Δω)s-ph corresponds to the SPC contribution, which becomes important 
only at those temperatures where some magnetic correlation exists. Therefore, in 
conventional magnetic systems the wave-number shifts of phonon modes are negligible in the 
paramagnetic phase. It is well known, however, that in magnetically frustrated systems the 
spin-correlation function exists above TN since a highly correlated paramagnetic state is 
typically formed above TN. Therefore, in such systems anomalous softening or hardening of 
modes is often observed well above TN. 

Provided that the crystal potential can be described as 
2

2
0 2

( )1 ( )  and 0
2

ij
ij ij i j

ij ij

J u
U k u J u S S

u
∂

= + ≠
∂∑ ∑                             (4.1.4) 
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 ij

i j
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J u
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u
∂

= +
∂∑                                              (4.1.5) 

2

2

( )
 ij

i j
ij

J u
k S S

u
∂

Δ =
∂∑                                                (4.1.6) 

Where u is the atomic displacement from the equilibrium position in the oscillator model, and 

i jS S  denotes a statistical average over the adjacent spins.  

In general, experimentally observed frequency shifts should come from a sum of two 
terms, namely, due to FM and AFM exchanges respectively, and can be represented as 

1 2
2

0

 i j i j

z

R S S R S S

S
ω

− +
Δ =                                            (4.1.7) 

Here, R1 and R2 are spin dependent force constants of the lattice vibrations deduced as the 
squared derivatives of the exchange integrals with respect to the phonon displacements. R1 
describes the nearest-neighbor (NN) FM and R2 the AFM next-nearest-neighbor (NNN) 
exchange. Using this formalism, negative and positive frequency shifts depend on the 
strength of FM or AFM exchange interactions, respectively. Then  

0
0

μ μ

1 1
2 4

k k k
c m c m

ω ω
π π

+ Δ
= ≈ + Δ                                       (4.1.8) 

i jS Sα αω λΔ =                                                        (4.1.9) 
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2

2
μ

( )1
4

ij

ij

J u
uc mαλ π

∂
=

∂∑                                                (4.1.10) 

The SPC coefficient λα is different for different phonon α, and λα can have either a positive or 
a negative sign, according to the sign of second order derivative of superchange interaction 
J(u), but having no relationship with the magnetic ordering below TN, i.e., not the sign of 
J(0).  

For a FM ordering below TN, i jS S
α

>0, if λα>0, then Δωα>0, otherwise Δωα<0. Similarly, 

for an AFM ordering below TN, i jS S
α

<0, if λα>0, then Δωα<0, otherwise Δωα>0.   

(5) Linewidth method: checking the T-dependent linewidth (FWHM, the full width of the 
half maxium) change which maybe caused by the spin fluctuation and spin (magnetic) 
ordering. 

In a non-magnetic crystal, the T-dependent linewidth Γ (FWHM, e.g. the phonon damping 
constant which corresponds to the anharmonic part of the crystal potential U) changes ΔΓα(T) 
≡ Γα(T)−Γα(T0) and (ΔΓα)latt, anh of phonon α is given by  

latt anh / 2 /3 /3 2

2 3 3( ) 1 1
1 1 ( 1)x x xT C D

e e eα α α
⎛ ⎞⎛ ⎞ΔΓ ≡ ΔΓ + ΔΓ = ⋅ + + ⋅ + +⎜ ⎟⎜ ⎟− − −⎝ ⎠ ⎝ ⎠

         (4.1.11) 

with x same as in Eqn. (4.1.3).  

At temperatures near Tc where the short-range spin correlation begins to set up, the 

non-zero (ΔΓα)s-ph can be expressed like Eq. (4.1.9) as:  

( )2AFM FM
s-ph( ) +i j k lS S S S M NkTα αα

α α αγ γ χΔΓ = ∝ +                       (4.1.12) 

where AFM
αγ  and FM

αγ  are spin-phonon coupling parameters of the linewidths, the Mα and 

χαα indicate the α component of magnetization and the αα component of susceptibility tensor, 
respectively. [169] The magnetization Mα averaged thermally represents the contribution of 
long range spin ordering and the susceptibility χαα does that of the short range spin ordering. 
The value N indicates the number of magnetic ions in a unit cell. Therefore, Γα would 
generally decrease monotonously, smoothly and slowly with the temperature. But for a 
magnetic sample, if a sudden change of Γα(T) occurs, it would indicate the appearance of 
magnetic ordering or spin fluctuation toward a short range ordering, producing an extremum 

near the Tc 
In a magnetic crystal, the crystal potential U is given by the summation of a non-magnetic 

part U0 and a magnetic part Um. 
Also according to the SPC mechanism, the Um in the FM phase, for example, is given by 
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an expanded form as [169] 
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                                                                                  (4.1.13) 

where Jlm and Kln represent the NN FM and NNN AFM interactions respectively. 
The first derivative of those with respect to the phonon displacement u, takes any 

magnitude depending on the SPC strength.  
The second derivative gives the harmonic force constant. This term is dominant for the 

frequency shift near and below TC. 
The third derivative will be a main term for the phonon damping because the quartic term 

will be small in the low T region. The T-dependence of Γ near and below TC, is characterized 
by the spin correlation ‹SlSm› and ‹SlSn›. The two-spin correlation function can be given 
thermodynamically as 

( )2

m nS S M NkTα ααχ∝ +                                                      (4.1.14) 

where the magnetization Mα averaged thermally represents the contribution of the long-range 
spin ordering and the susceptibility χαα does that of the short-range spin-ordering. The value 
N indicates the number of magnetic ions in a unit cell. The microscopic mechanism of the 
long-range and short-range spin-orderings on these decay processes can be understood as 
follows: 

The long-range spin-ordering induces the uniform energy shift for the Brillouin 
zone-boundary-phonon and Brillouin zone-center-phonons. By the shift, the density of state 
and the transition probability are changed and Γ increases or decreases below TC. 

On the contrary, the coupling of the zone-boundary-phonon with the spin fluctuation 
caused by the MGF and the short-range spin-ordering gives various energy shifts on the 
zone-boundary-phonon and also a broadening of its energy level. Then the overlapping of 
those energy levels may construct the bands. Since the decay time is dominated by the 
transition probability between the phonon states at zero wave vectors and at the zone 
boundary, and also by the density of state of both states, the appearance of the band may 
induce many decay processes and the Γ takes large magnitude. Since the short-range 
spin-ordering decreases at both sides of TC, the increasing of Γ will appear only near TC.  
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4.2 T-dependent Raman spectra and magnetism of γ-Cu2(OH)3Cl  

In light of macroscopic experimental magnetic and thermal properties of γ-Cu2(OH/D)3Cl, 
several strong MGF behaviors have been demonstrated: (1) dc and ac susceptibilities 
evidenced the presence of the strong AFM correlations up to 200 K deducing a θCW ≈ −190 K, 
[67, 77] a small transition at 18.1 K and successive freezing temperatures 6.4 K and 6.2 K; [67, 68, 
77] (2) zero-field/field cooling (ZF/FC) magnetizations showed an anomaly at 6.2 K; [67] (3) 
ZF/FC specific heat data revealed successive AFM transitions at Tc1/2/3=18.1/6.4/6.2 K, and 
about zero-point entropy 0.69Rln2. [67, 92] As to microscopic aspects of its magnetic structures 
and properties, proton NMR spectra and spin-lattice relaxation studies indicated the 
coexistence of partial spin freezing and large fluctuations due to frustration in the 
intermediate phase (6.4<T<18.1 K); magnetic neutron diffraction data on γ-Cu2(OD)3Cl have 
proposed three kinds of magnetic structure: Lee’s, Wills’s, and Kim’s magnetic-models; [107, 77, 

80] inelastic neutron scattering experiments on γ-Cu2(OD)3Cl have quantified the 
characteristic energy scales of the system. On cooling below Tc1 or increasing the applied 
magnetic field H, the scattering evolves from quasielastic to inelastic, the low energy 
excitations in the ordered phase have gaps δ of about 1, 2 and 7 meV that arise from 
exchange interactions;[63, 77] Our μSR experiments identified a long-range AFM order with a 
surprisingly small entropy release below 18.1 K, the static long-range order transforms 
abruptly into a metastable state below 6.5 K, and then a coexistence state of a partial 
long-range order and spin fluctuation down to 20 mK. [69] Till now, the study on the magnetic 
properties of γ-Cu2(OH)3Cl has reached the stage of theoretically modeling its 
thermodynamics.[99] The first numerical study found that the quasi-2D model suggesting the 
CuT moments in the triangle plane weakly FM coupling (J' ≈ −0.1JClino = −19 K) with CuK 
ones in the Kagome planes agrees with the related experimental results.  

Contrary to Herbertsmithite ZnCu3(OH)6Cl2 which was first revealed in 2007 as a 
quantum kagome AFM material later than γ-Cu2(OH)3Cl but has been intensively researched 
even by the Raman scattering method theoretically and experimentally,[101-150] obviously there 
are many issues remaining open on γ-Cu2(OH)3Cl, especially the nature of the magnetic order 
state below18 K transition witnessed by μSR, special heat experiments and theoretical 
modeling. [69, 99, 247] For example, Lee et al suggested it as a resonating-valence-bond state 
originally, [107] but they and other researchers denied the suggestion latterly because of the 
obtained weak interplane coupling. [77, 80] This section reports, for the first time to the best of 
our knowledge, the spectroscopic evidences on the existence of successive transitions and 
coexistence of the magnetic order and spin fluctuations at the intermediate phase in 
γ-Cu2(OH)3Cl.  
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4.2.1 Evidence of the successive magnetic transitions 

Figure 4.2.1 shows the four enlarged Raman spectral parts of the γ-Cu2(OH)3Cl at T=295, 
150 and 4 K in vacuum respectively.  
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Fig. 4.2.1. Enlarged four Raman spectral parts of the γ-Cu2(OH)3Cl: (a) [OH] FG, (b) [OH] CP, (c) 

[Cu3O] FP1 and (d) [Cu3Cl] FP2 regions at T=295, 150 and 4 K in vacuum. 

 

From Fig. 4.2.1, when the samples are cooled down to 4 K, one can see that: 
(1) Most of bands become normally narrower;  
(2) No remarkable bands disappear or new intrinsic new bands appear, which indicates 

no lattice symmetry lowering;  
(3) The bands 3441.8, 3311.0 and 366.3 cm-1 split into double ones, which are caused by 

the simple and still partial degeneracy release;  
(4) All temperature coefficients Δω/ΔT of [OH] FG Raman band frequencies are positive 

and those of CP Raman band frequencies are negative, which agrees well the fact of existing 
non-neglectable H-bonds;  
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(5) Most of Δω/ΔT of [Cu3O] Raman band frequencies are normally negative, most 
Δω/ΔT of [Cu3Cl] vary not too much, while other Δω/ΔT are almost T-independent;  

(6) No band is found to possess an apparent Fano line-shape, which demonstrates that no 
interference occurs between scattering amplitudes of a continuum of states (the background 
process) and the excitation of discrete states (the Raman phonon transition) above 95 cm−1 
(12 meV). The band data at 295 and 4 K are collected in TABLE C3 in Appendix C. 

I select eight representative Raman normal modes RH1 ~RH8 (two in each region, labeled in 
Fig. 4.2.1 respectively) to study their T-dependence of mode frequencies ω1~ω8 and FWHMs 
Γ1~8, as shown in Figs. 4.2.2 and 4.2.3, respectively. Among the modes R1~8, R1, R2, R5 and R7 
are the “pure” stretching modes, R3 and R4 are the “pure” bending modes of two [Cu-O-H] 
groups, and R6 and R8 are the “mixed” deformation ones of the stretching and bending 
vibrations which may in general mainly show the stretching behavior. Because of the low PL 
to avoid the LLH effect as well as possible, the signals above 50 K are not so good, especially 
for the latter two kinds of modes R3, 4, 6, 8, and lead to the relatively large errors in the band 
frequencies and linewidths in Figs. 4.2.2 and 4.2.3.  
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Fig. 4.2.2. T-dependent frequencies ω1-8 for the Raman normal modes R1-8. The solid lines in (b) 

represent the common fitting functions ωα(T) given by Eqn. (4.1.3), while each of solid lines in (a) is a 

tentative fitting with a monotonously smoothing quadratic function Eqn. (4.2.2) to present the reasonable 

trend phenomenologically, all of which reflect only the phonon–phonon interactions. The vertical lines Tc1 

= 18.1 K and Tc2 = 6.4 K determined by the magnetic experiments before are attached for reference only. 
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Fig. 4.2.3. T-dependent Γ1-8 for the Raman normal modes R1-8. The solid lines in (c, d) represent the 

common fitting functions Γα(T) given by Eqn. (5), while each of solid lines in (a, b) is a tentative fitting 

with a monotonously smoothing quadratic function Eqn. 4.2.2 to present the reasonable trend 

phenomenologically, all of which reflect only the phonon–phonon interactions. The vertical lines Tc1 = 18.1 

K and Tc2 = 6.4 K determined by the magnetic experiments before are attached for reference only.  

 
First of all, it can be seen from Figs. 4.2.2 and 3 that the trend as a whole of ω3~7 and Γ1~8 

variations in the wide-T range presents a normal thermal expansion behavior of a normal 
non-magnetic and isolating material. Yet the ω1,2,8 shows an abnormal behavior (band 
redshifting with decreasing the temperature), and we think it can be elucidated by the 
dominating effect of the trimeric H-bond as shown in Fig. 4.2.4. Considering the influence of 
Cu3 left the O2, for example, and Cl-Cu3 right the H2 on the d(O2H2), when the sample is 
cooled both a stronger repulsive interaction of 3 Cu ions against the H1 and a stronger 
(OH)2···Cl H-bonding may cause eventually a net d(O2H2) elongation against the contraction 
effect of the “free” [OH]2 group, therefore a softening of the [OH]2 stretching frequency but 
normal hardenings of related [Cu-O-H] bending frequencies.[201] For the same reason, a 
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stronger trimeric H-bond leads to a slight hardening of the [Cu3Cl] stretching frequency and a 
much small softening of the [Cu3Cl] deformation frequency. 233 

 

Fig. 4.2.4. Local environment of the trimeric H-bond with three d(Cl···H1-3) in units of Å.  
 

Furthermore, it should be noted that Eqs. (4.1.3) and (4.1.11) were found, for the first time, 
unsuitable for fitting the high frequency modes R1~4, when the x value in the equations are 
large. Here we adopt a monotonously smoothing function for R1~4 fitting:  

0 2
0( ) ( )T T a T b Tα α α αω ω= + ⋅ + ⋅                                             (4.2.1) 

and    
0 2

0( ) ( )T T c T d Tα α α αΓ = Γ + ⋅ + ⋅  .                                          (4.2.2) 

Therefore, we use the monotonously smoothing curve only as a reference to check a possible 
anomaly qualitatively, although a new model with a good physical explanation needs to be 
established.  

For all of the frequencies ω1-8 and Γ1-8, deviations from the fitted smoothing curves occur 
in the low temperature range (4~30 K). Obvious deviation begins to appear at temperatures 
close to the magnetic transition at Tc1=18.1 K, which has been determined accurately by the 
magnetic experiments. [67, 69] These anomalies are apparently due to an SPC effect; therefore, 
the present data provide the Raman evidence of the onset of magnetic ordering at 18.1 K in 
γ-Cu2(OH)3Cl.    

The anomalous T-dependent trend of the [OH] stretching mode frequencies based on the 
consideration of the presence of the asymmetric trimeric H-bond has shown the existence of 
interaction between the high energy [OH] phonon modes and low-energy magnetic 
excitations through the Cu-O-Cu superexchange and trimeric H-bonds, which is in 
contradiction to the recent unsealed assertion to support the practice of ignoring the high 
energy [OH] stretching and deformation modes. [133] 

The Raman anomalies of each ωα and Γα due to the SPC effect in γ-Cu2(OH)3Cl are 



- 96 - 

relatively small (less than 1.6 cm–1 and 4 cm–1, respectively), which are attributed to the small 
spin moment of Cu2+ although it possesses large frustration index (f1 = |θCW|/Tc1 ≈ 10 and f2 = 
|θCW|/Tc2 ≈ 30). [4] Among them, the largest one belongs to the [Cu3O] stretching mode R5, 
which agrees with the expectation that magnetic couplings are dominated by the Cu-O-Cu 
superexchange interactions. According to specific heat studies [92] and the numerical study [99], 
γ-Cu2(OH)3Cl can be viewed as a weakly coupled kagome AFM system with a weak FM 
coupling between the triangular layer and the kagome layer. [92] Therefore, we may ignore the 
weak FM correlation contribution in Eqs. (4.1.10) and (4.1.12), and use the reported value of 
<SiSj> ≈ –0.5 (–0.56 in Ref. [109] and –0.43 in Ref. [121]) for herbertsmithite to get a rough 
estimation of frequency SPC parameter |λ5| = 3 cm–1 and linewidth SPC parameter |γ6| = 6 
cm–1 of γ-Cu2(OH)3Cl. The fact that the linewidth variation (ΔΓ6)s-ph has reached 10% of the 
theoretical linewidth Γ6 according to Eq. (4.2.11) clearly demonstrates the appearance of 
some kind of magnetic ordering around 18 K. According to Eqs. (4.1.10) and (4.1.12), 
because only some Raman resonances (R5~8) include directly the magnetic ions Cu2+, they 
can be affected more significantly by the effect of magnetic ordering, while others (R1~4) 
including only non-magnetic ions are influenced relatively slightly by the indirectly 
connected magnetic ions. For all that, all modes are affected by the trimeric H-bonds and 
their temperature dependences of ωα and Γα behavior not so simple.  

Inspecting the details of each ωα and Γα variation from 18 K to 4 K, one can see that the 
trend is obviously nonlinear and abrupt changes occur near 6 K, which corresponds well with 
the well-established Tc2 = 6.4 K determined accurately by other experiments. [67, 69] In 
addition, from the non-zero SPC anomalies of modes R1-4, one can see the existence of 
interaction between the high energy [OH] phonon modes and low-energy magnetic 
excitations through the Cu-O-Cu superexchange as well as the trimeric hydrogen bonds, 
which is in contradiction to the assumptions the high energy [OH] stretching and deformation 
modes could be ignored in considering the SPC. [148,109]  

From the T-dependent ωα and Γα variation of these representative Raman normal modes, 
one can verify the existence of two successive magnetic transitions at about 18 K and about 6 
K, although the nature in the intermediate range 6< T <18 K is still unclear. Fortunately some 
information can be deduced from the following quantitative analysis on the low frequency 
quasielastic scattering background at high temperatures and the scattering continuum in the 
temperature range of 6 < T < 18 K.   

4.2.2 Coexistence of magnetic order and fluctuations  

The T-dependent Raman spectral profiles of γ-Cu2(OH)3Cl have interesting features, as 
shown in Fig. 4.2.5 (a): in the FP2 region, there is a pronounced background at high 
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temperatures, which is almost completely depressed below 100 K, while below 100 K a wider 
continuum appears in the whole FP region. Very similar to those of the 
quasi-two-dimensional quantum spin systems, [241-245, 249] the former background can be 
explained by the quasielastic scattering (QES) contribution. The latter broad continuum is 
reminiscent of the so-called Raman magnetic bound state scattering. [242] Fig. 4.2.5 (b) shows 
an example of the tentative Lorentzian fitting of the QES background using the 295 K data, 
although optimum fitting should be performed with the low enough wavevector transfer data 
whose collection is limited by the cut-off frequency (about 90 cm–1 for our spectroscope) of 
the available notch filter, and the large gap between the phonon modes and the fitting curve in 
the 250-650 cm-1 range comes mainly from the overlaps of many phonon modes in the 
fingerprint region. The fitted values of relative intensity IQ and the center frequency ωQ of the 
QES are plotted in Fig. 4.2.6, from which one can see that the QES background has not only 
a decreasing intensity IQ upon cooling, but also a blueshifting maximum ωQ (e.g, from 
ωQ(295 K) ≈ 145 cm–1 to ωQ(100 K) ≈ 180 cm–1). The intensity IQ and center frequency ωQ at 
high temperatures can be approximated by a power-law equation T2.7±0.5. This fact reflects a 
very general feature of the QES with a strongly broadened central peak and a Lorentzian 
lineshape in a spin gapped system at temperatures higher than the singlet-triplet gap, [241-245] 
resulting from three-magnon scattering. The observed T-dependent scattering intensity IQ (Fig. 
4.2.6) is generally due to scattering on thermally populated and strongly localized triplet 
states, whose fluctuations of the energy density of the spin system originate from the 
non-negligible SPC and the underlying spin-spin correlations. [242] 

Since the QES intensity is greatly reduced below 100 K and the QES background 
emerges into wider continuum extending over the whole FP region as shown in Fig. 4.2.5 (a), 
re-fitting should be done to reflect the feature of the continuum at low temperatures. 
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Fig. 4.2.5. (a) T-dependence of the representative Raman spectra in the FP region. Spectra are shifted 

for clarity. (b) Lorentzian fitting of the QES background of the FP2 region at 295 K. 
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Fig. 4.2.6. T-dependence of the ωQ and IQ of the QES background. The solid lines are fitted curves. 

In Figs. 4.2.7 (a) and (b), we show an example of parabolic fitting to the broad continuum 
at 4 K and the fitted continuum intensity IC for all temperatures, respectively. The continuum 
intensity IC data for the temperature range of 25 -100 K can be fitted by a power law 
relationship (–T2.7±0.5). It is noted that all continuums are centered at about 450 cm–1. This 
value matches an energy scale of 3.3 JClino, suggesting a two-magnon-like scattering process 
due to spinon scattering. Similar center-constant continuum and relation to J have been 
observed in other systems, e.g, continuum centered at wave number of 2J in isolated 
tetrahedral quantum spin system Cu2Te2O5Br2 with weak inter-tetrahedron coupling, [244] and 
that of 2.7J in 2D diluted square lattice K2V3O8 with an interconnection of magnetic 
pyramids and non-magnetic tetrahedra. [242] This spinon scattering contribution is suppressed 
at T < 20 K, with abruptly dropped IC (Fig. 4.2.7(c)). This linear decrease of the continuum 
intensity in the vicinity of TC has been extensively observed in spin systems such as in 
spin-Peierls compound CuGeO3, [249] a spin ladder compound NaV2O5 [241] and a spin-gap 
compound (VO)2P2O7 with strong SPC. [243] It is regarded as a “fingerprint” of magnetic 
bound states in low dimensional spin systems with a singlet ground state and a gapped 
excitation spectrum, due to the appearance of the magnetic bound states consisting of 
strongly interacting triplet excitations. [242]  

These research results may enlighten one on the perfect interpretation of this phenomenon 
that a magnetic transition possibly occurs at about 6 < T < 18 K from the present Raman 
experiment, while the polarization dependence of the continuum peak obtained in further 
polarized Raman experiment maybe essential to back up the statement.  
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Fig. 4.2.7. (a) Parabolic fitting (thick solid line) to the broad continuum of γ-Cu2(OH)3Cl at 4 K. (b) 

Temperature dependence of the relative intensity IC of the continuum below 100 K. 

 
In fact, according to the low-symmetric atomic lattice structure of γ-Cu2(OH)3Cl, the 

magnetic Cu2+ (S=1/2) ionic lattice is quasi-two dimensional and can be described by the 
Heisenberg model with AFM kagome planes weakly coupled to triangular planes. The 
magnetic S=1/2 ions on the kagome plane may mainly be dimerized to form a singlet ground 
state and a gapped triplet excitation spectrum which can be theoretically calculated with the 
proper Heisenberg model introduced by Khatami, etc. [99]  

Furthermore, considering the weakly coupled interaction between ions on the kagome and 
triangular planes, one can obtain more small-gapped exciting states existing in the magnetic 
bound states. Consequently, in the unavoidable presence of geometric frustration, lattice 
defects, thermal and magnetic perturbations, although many dimerized ionic groups are in the 
singlet ground state (Stotal=0) forming a partial long-range order, other magnetic ions may still 
transition fast among those small-gapped multiple quantum states, i.e., there are also many 
ionic spins whose directions fluctuate fast because of the strong magnetic interaction.  

In a word, this tentative interpretation means physically that the quantum system in this 
intermediate phase may possess the property of the coexistence of ordered spins with a lot of 
fast fluctuating ones (or say the partial magnetic order with strong spin fluctuations) for 6 < T 
< 18 K.  

In consistency with the small entropy release at 18 K despite unambiguous evidence of 
long-range magnetic order, [67] the intensity IC remains large in γ-Cu2(OH)3Cl (Fig. 4.2.6 (b)). 
The non-zero and abnormal tendency of IC for 6 < T < 18 K suggests that the magnetic 
ordering in this temperature range is really partial, with apparent spin fluctuation produced by 
strongly interacting multiplet excitations. 

The coexistence of partial magnetic order and strong spin fluctuations may be further 
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assessed through the fact that the fluctuation time approaches the response time τR of Raman 
scattering, as is demonstrated in the case of 2D AFM fluctuations in hexagonal 
antiferromagnet YMnO3. [250] From the typical linewidth Γ5 = 10 cm–1, τR is estimated to be 
(2πcΓ5) –1 ≈ 5×10–13 s = 0.5 ps. This picosecond time scale falls out of the time window of 
μSR (characteristically 10-10 s). Now we can see that the previous μSR experiment has only 
“seen” the long-range ordered part for the intermediate phase, [69] but overlooked a large part 
of very fast, almost paramagnetic spin fluctuations in the intermediate phase because they are 
beyond its time window. Therefore, the present Raman scattering experiment serves quite 
possibly as a good complement to the μSR study because of the matched time scale to the 
almost paramagnetic spin fluctuations. In addition, the coexistence of ordered spins with a lot 
of fast fluctuating ones explains the exceptionally small entropy release at 18.1 K. [67, 92]  

It is interesting to compare the present data to those reported for herbertsmithite. The 
non-zero central peak wave number of the QES background at high temperatures and the 
irregular change of the continuum intensity are different from the zero QES central peak and 
the monotonous decrease of the intensity in herbertsmithite with gapless spin excitations. [133] 
They are likely due to their different magnetic states.  

It should be also noted that before the continua in the spectra are analyzed, it is necessary 
to correct the spectra according to the Bose-Einstein distribution function. But we do not 
correct them because our Raman spectroscope can not measure the anti-Stokes signals, and 
luckily the conditions of the low laser power, good thermal transfer, and well crystallized 
samples have resulted in the small experimental deviation of the Raman peak anomaly 
temperatures from those obtained in other thermal and magnetic experiments.   

4.3 Synthetic T-dependent spectral study on M2(OH)3X   

In this section, qualitative T-dependence of the normal mode frequency is identified to be 
consistent with its laser-power-density –dependence because of the LLH effect. In addition, 
[OH] stretching frequencies for the M2(OH)3X are found to normally red-shift or abnormally 
blue-shift for different materials.  

4.3.1 Relationship with the local laser heating effect at RT  

When the sample temperature is decreased, each normal mode frequency redshifts or 
blueshifts more or less for every material. This qualitative T-dependence of the normal mode 
frequency is identified to be consistent with its laser-power-density-dependence because of 
the LLH effect. As an example, Fig. 4.3.1 shows the [OH] FG and [Co3Cl] FP regions of 
Co2(OH)3Cl at three temperatures and their corresponding regions at three laser power values 
(e.g. three laser power density values in the condition of a common objective) at RT.  
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Fig. 4.3.1. (a) and (b) the [OH] FG and [Co3Cl] FP regions of Co2(OH)3Cl at three temperatures (295, 

160 and 5 K), respectively, and (c) and (d) their corresponding regions at three laser power values (40, 20 

and 5 mW ) at RT. 

From this Figure, one can see that qualitative T-dependence of the normal mode 
frequency is consistent with its laser-power-density-dependence because of the LLH effect. 
This can help one to predict qualitatively the T-dependence of the normal mode frequency by 
checking the laser-power-density-dependence at RT if the expensive low-T device is not 
present.  

4.3.2 Normal and abnormal band-shifting phenomena  

Before the low-T experimental study, I hoped childishly to obtain some large [OH] 
related (Δω)s-ph to “amplify” the possible SPC effect in the GMF material because the 
frequencies of [OH] stretching modes at RT are 6~10 times larger than those of [M3O] 
stretching modes which are more directly affected by this SPC effect. But from the above 
mentioned low-T experimental data, we have only observed not more than 15 cm−1 of 
frequency change, which corresponds with an [OH] distance change Δd[OH]≈0.001 Å that 
can not be well resolved by modern technology, for each sample from RT to 4 K, and found 
two different change trends, e.g., the “regular” T-dependent behavior (the temperature 
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coefficient Ω≡Δω/ΔT is negative, e.g., redshifting with increasing T) for M2(OH)3X with M 
=Ni and Co like an NTE material, and the “abnormal” T-dependent behavior (Ω is positive 
e.g., blueshifting with increasing T) for every Cu2(OH)3X like an NTE material. Here I 
define:  

ΔT≡Thigh− Tlow >0, and Δω≡ω(Thigh)−ω(Tlow).                                 (4.3.1) 

As two examples, Figs. 4.3.2 (a) and (b) show the T-dependences of [OH] stretching 
frequencies ω[OH] of M2(OH)3X (M = Co, Ni) and four Cu2(OH)3X samples, respectively.  

The reasonable explanation should consider the typical microstructural [OH] 
environment including a trimeric H-bond group, see Fig. 4.6.3. According to the approximate 
inverse-proportional relationship between ω[OH] and d(OH),44 the frequency redshift 
(blueshift) must correspond to the d(OH) elongation (contraction), and vice versa. When the 
sample is heated from low T to RT, the d(OH) is ultimately determined by the cooperation 
effect of several factors affecting it. Considering the influence of [M1,2,3] (M3

 on the left of a 
[OH], for example, [OH2] in Fig. 4.6.3) and [XMa,b,c] (also M3 on the right of the [OH]) on the 
d(OH), when T is decreasing (ΔT<0), Δω can be written as:  

0
3 3[OH] [OH] [ O] [H ]M X Mω ω ω ωΔ =Δ +Δ ≡ +Δ ⋅⋅⋅ ≡                             (4.3.2) 

where Δω0[OH] (negative) denotes the pure change regardless of the [M1,2,3] (on the left of 
[OH]) and [X≡Ma,b,c] effects on the [OH], Δω[M3≡O] (positive) is the change by the weaker 
repulsive interaction of 3 M2+ ions against H+ because of the averaged [M3≡O] distance 
elongation, and Δω[H···X≡M3] (or equally Δω[O···X]) is the change which can be negative 
induced by the strengthened H-bond because of the d(H···X) or d(O···X) distance contraction, 
or positive by the weakened H-bond because of the d(O···X) distance elongation.  
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Fig. 4.3.2 T-dependences of two representative [OH] stretching mode frequencies ω[OH] for (a) 

Co2(OH)3Cl and (b) α-Cu2(OH)3Cl.  
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In order to explain this abnormal band shift (redshift) phenomenon, one should carefully 
check the microstructure of the hydroxyl environments. Fig. 4.3.3 shows the O1H1-site 
environment as an example (the O2H2-site environment is similar with the O1H1-site), which 
includes three Cu ions bounded strongly with O1 and a Cl-Cu3 group (the Cl ion is bounded 
strongly with three Cu ions in the other primitive cell) which connects H1 with a branch of 
the newly identified trimeric hydrogen bond.  

 

Fig . 4.3.3 Microstructure of the O1H1-site environment. 

According to the approximate inverse-proportional relationship between the OH 
stretching mode frequency ω(OH) and the O-H distance d(OH), the redshift of hydroxyl 
ω(OH) as decreasing T means a corresponding elongation of d(OH). As an example, 
considering the influence of Cu3 left the O1 and Cl-Cu3 right the H1 on the d(OH), the change 
of ω(OH) can be written as:  

0
3 3(OH) (OH) (Cu O) (H ClCu )ω ω ω ωΔ = Δ + Δ + Δ ⋅⋅⋅                           (4.3.3) 

where Δω0(OH) (positive) denotes the pure change caused by T lowering, Δω(Cu3O) 
(negative) the change by the stronger repulsive interaction of 3 Cu ions against the H1 
because of the Cu3-O distance contraction, and Δω(H···ClCu3) (positive) the change by the 
weaker H-bond between H1 and ClCu3 group because of the ClCu3 distance contraction. Here 
it is the fact that Δω(Cu3O) is negative enough that results in the ultimate hydroxyl Raman 
stretching band redshifting as decreasing T, i.e., Δω(OH)≡ω(Tlow)−ω(Thigh)<0.  
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4.4 Summary 

Through the T-dependent Raman spectroscopic investigation on the MGF material- 
γ-Cu2(OH)3Cl, the following results are obtained: 

(1) Among eight representative normal modes, the trend as a whole of five frequency 
variations and all eight width variations in the wide-T range presents a normal thermal 
expansion behavior of a normal non-magnetic and isolating material. Yet each of the other 
three frequency variations shows an abnormal behavior (band redshifting with decreasing the 
temperature), and it has been elucidated by the dominating effect of the trimeric H-bond. 

(2) It is found that the commonly used fitting formula of both frequency and width 
variations resulting from the sum of lattice and phonon-phonon anharmonic terms at the 
high-T are not suitable for fitting the high frequency modes ([OH] stretching and deforming 
modes whose wavenumbers are larger than 600 cm–1). A monotonously smoothing binomial 
function can be selected as a reference.  

(3) Obvious evidences of the Tc1=18 K magnetic transition are found: the first comes from 
the apparently anomalous T-dependent Raman band frequencies and linewidths of 8 
representative modes below about 18 K because of SPC effect; while the second is based on 
the quantitative analysis on the pronounced background at high-T and the broad continuum at 
the intermediate and low-Ts, which verifies the existence of successive transitions and 
coexistence of partial magnetic order and spin fluctuations of a ps time scale at the 
intermediate phase in the temperature range of Tc1=18 K and Tc2=6 K.  

(4) It is found that qualitative T-dependence of the normal mode frequency is consistent 
with its laser-power-density-dependence because of the LLH effect. This can help one to 
predict qualitatively the T-dependence of the normal mode frequency by checking the 
laser-power-density-dependence at RT if the expensive low-T device is not present. 

(5) For each sample from RT to 4 K, it is found that two different change trends of [OH] 
stretching frequency exist, e.g., the “regular” T-dependent behavior (redshifting with 
increasing T) for M2(OH)3X with M =Ni and Co like a normal TE material, and the 
“abnormal” T-dependent behavior (blueshifting with increasing T) for every Cu2(OH)3X like 
an NTE material. These T-dependent behaviors can be qualitatively demonstrated by 
considering the complex environment of the related trimeric H-bond.  

Like other experimental methods, Raman scattering can only provide limited information 
about the special magnetic order state, and we hope that further experiments, such as the 
polarization-Raman scattering, NMR, and neutron diffraction experiments on the single 
crystal in near future can help revealing the exotic nature of the magnetic partly ordered and 
fast fluctuating state in the range between Tc1 and Tc2. 
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Chapter 5 

Conclusions and outlook  

 
After the four years’ work on the IR/Raman spectroscopic experiments, theoretical band 

assigning investigations and Raman-magnetism relationship studies about the magnetic 
geometrically frustrated material series - hydroxyl (basic, [OH/D]−) transition metal halides  
M2(OH)3X (M=Cu, Ni, Co; X=Cl, Br), I have obtained some academic results, as given in 
Sect. 5.1. In Sect. 5.2, I give an outlook. 

5.1 Conclusions  

First, the author has performed a standard factor group analysis on the space groups of 
No. 166 (deformed pyrochlore Co2(OH)3Cl and Co2(OH)3Br), No. 62 (Atacamite-type 
β-Cu2(OH)3Cl and β-Ni2(OH)3Cl) , No. 14 (Clinoatacamite γ-Cu2(OH)3Cl) and No. 11 
(Botallackite-type α-Cu2(OH)3Cl, α-Cu2(OH)3Br and α-Ni2(OH)3Br), which builds the basic 
to the complete normal mode assignment.  

Second, the author has found that the whole IR or Raman spectrum of each sample can 
be divided into four well-separated regions: [OH] function group (FG), [OH] correlation peak 
(CP), metal-O FP1 and metal-X FP2 regions, and three kinds of trimeric H-bond exist in these 
materials according to the structural symmetry. Furthermore the trimeric H-bonds in this 
series are found to have four subtypes and two more subtypes are predicted to exist in nature. 
These results may provide a new interesting subject for quantum chemists, material physicists 
and even quantum magnetic physicists.  

Third, in the research of relationship between the [OH] stretching frequency ω and the 
distance d(OH) of the O and H, the author obtains a practical one: ω=3600-10000(d-0.961) 
cm-1, and therefore Δω/Δd = 10 cm-1/0.001Å. This relationship can help check the correctness 
of the distance d(OH/D) obtained in the crystal structure measurements.  

Forth, in the low-T Raman scattering experiments on γ-Cu2(OH)3Cl, by measuring the 
T-dependent (295 - 4 K) full spectral profiles and main representative modes in spectral 
regions from 4000 to 95 cm–1, the author has obtained a rough estimation of frequency 
spin-phonon coupling parameter λmax of about 3 cm–1 and linewidth spin-phonon coupling 
parameter γmax of about 6 cm–1, and the anomalous T-dependent trend of the [OH] stretching 
mode frequencies based on the consideration of the presence of the asymmetric trimeric 
H-bond has shown the existence of interaction between the high energy [OH] phonon modes 
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and low-energy magnetic excitations through the Cu-O-Cu superexchange and trimeric 
H-bonds, which is in contradiction to the recent unsealed assertion to support the practice of 
ignoring the high energy [OH] stretching and deformation modes. It is also found that there 
exists the unsuitability of the related fitting equations of the common spin-phonon coupling 
theory at high frequency. 

Fifth, the author has observed probably signatures of successive magnetic transitions 
near Tc1 =18 K and Tc2 =6.4 K in the Raman band frequencies and peak widths of the 
representative modes. 

Sixth, the author has observed a pronounced Raman spectroscopy background featuring 
a broad continuum at all temperatures. A quantitative analysis reveals that spin fluctuations 
may exist on a picosecond time scale in the intermediate phase. This is likely to give a 
reasonable explanation of the fact that why only a small entropy release occurs at Tc1=18 K 
although a long-range order is formed. 

Seventh, T-dependence of each Raman [OH] stretching frequency is also found to 
behave normally (for M= Cu) or abnormally (for M= Co and Ni) for different materials. 
These T-dependent behaviors can be qualitatively demonstrated by considering the complex 
environment of the related trimeric H-bond.  

5.2 Outlook 

In the condition that the preliminary evaluation of dynamic coupling of lattice vibration 
and magnetism in polycrystalline γ-Cu2(OH)3Cl sample has been obtained, I think the 
following research should be continued to do:  

Further modeling the correlation of the lattice vibration and magnetism in γ-Cu2(OH)3Cl 

is performed to clarify the underlying physics of the exotic magnetic quantum states.  

In order to precisely estimate the correlation, further polarized Raman experimental 

measurements on prepared γ-Cu2(OH)3Cl single crystals are required. In the meanwhile the 

other existing magnetic and dielectric properties, such as multiferroicity, maybe also clarified.  
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Appendix A    

Crystal structure parameters of 
the M2(OH/D)3X 

 
All the distance parameters are in units of Å without giving the error ranges, and the 

relative distance and degree changes Δd(‰) and Δθ(‰) are defined to be  

( ) ( ) ( ) ( );  
( ) ( )d

d RT d LT RT LT
d LT LTθ

θ θ
θ

− −
Δ ≡ Δ ≡ . 

Their crystal structures are shown in the main text. The experiential values of the related 
ionic radii are also useful for evaluating the interaction intensity among the ions: 
R(Co2+)=0.74 Å, R(Ni2+)≈R(Cu2+)=0.72 Å, R(O2−)=1.40 Å, R(Cl−)=1.81 Å, R(Br−)=1.95 Å. 

 

Table A1. Crystal structure parameters of the D3d
5 (No. 166) Co2(OH/D)3X (Co2(OH/D)3Cl and 

Co2(OH/D)3Br).  

 

 Co2(OH/D)3Cl Co2(OH/D)3Br 

 295 K 20 K  Δ (‰) 295 K 5.2 K  Δ (‰) 

a=b 

c 

V(Å3) 

6.8370 

14.4965 

586.8536 

6.8411

14.4729

586.6045

−0.6 

+1.6 

+0.5 

6.9717

14.6637

617.24

6.9590 

14.6197 

613.157 

+1.8

+3.0

+6.6

d(CoK,K) 

d(CoK,T) 

3.4185 

3.1198 

3.4205

3.1174

−0.6 

+0.7 

3.4858

3.1659

3.4795 

3.1579 

+1.8

+2.5

d(O-CoK) 

d(O-CoT) 

2.0785 

2.1060 

2.0520

2.1150

+13 

−4.2 

2.0840

2.1366

2.0704 

2.0952 

+6.6 

+19.8 

d(X-CoK) 2.5986 2.5853 +5.1 2.6998 2.6081 +35.2 

d(O-H/D) 0.966  0.967 –1.0 0.969 0.9747 −5.8 

d(X···O) 3.1771 3.234 –18 3.2273 3.3364 −32.7 

d(X···H/D) 2.312 ~ ~ 2.341 2.4341 −38.2 

θ(CoK-O-CoK) 110.64° 112.93° −20 113.51° 114.34° −7.3 

θ(CoK-O-CoT) 96.41° 96.86° −4.6  97.19° 98.59° −14.2 

θ(CoK-X-CoK) 82.26° 82.83° −6.9  80.42° 83.68° −39.0 
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Table A2. Crystal structure parameters of the D2h
16 (No. 62) M2(OH/D)3Cl (Natural β-Cu2(OH)3Cl and 

β-Ni2(OH)3Cl)  

 

Atacamite β-Cu2(OH)3Cl β-Ni2(OH)3Cl 

 295 K 1.4 K Δ(‰)  295 K 1.4 K  Δ(‰) 

a 

b 

c 

V(Å3) 

6.0279 

6.8638 

9.1156 

377.158 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

a 

b 

c 

V(Å3) 

6.2005

6.7467

9.1008

380.716

6.160 

6.702 

9.043 

 373.408 

+6.6

+6.7

+6.4

+19.6

d(Cu1a-Cu1b) 

d(Cu1a,b-Cu2a) 

d(Cu1a,b-Cu2b) 

d(Cu2a-Cu2b) 

3.4319 

3.1208 

3.3652 

3.0160 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

--- 

d(Ni1a-Ni1b) 

d(Ni1a,b-Ni2a) 

d(Ni1a,b-Ni2b) 

d(Ni2a-Ni2b) 

3.373

3.103

3.373

3.100

3.351 

3.094 

3.343 

3.080 

+6.6

+2.9

+9.0

+6.5

d(O1-Cu2a) 

d(O1-Cu1a,b) 

2.4106 

1.9400 

--- 

--- 

--- 

--- 

d(O1-Ni2a) 

d(O1-Ni1a,b) 

2.123

2.205

2.151 

2.006 

–13.0

+99.2

d(O2a/b-Cu2a) 

d(O2a/b-Cu2b) 

d(O2a/b-Cu1a/b) 

2.0306 

1.9831 

2.0189 

--- 

--- 

--- 

--- 

--- 

--- 

d(O2-Ni2a) 

d(O2-Ni2b) 

d(O2-Ni1a) 

2.039

2.070

2.030

2.014 

2.065 

2.017 

+12.4

+2.4

+6.4

d(Cl-Cu2b) 

d(Cl-Cu1a,b) 

2.7517 

2.7742 

--- 

--- 

--- 

--- 

d(Cl-Ni2b) 

d(Cl-Ni1a,b) 

2.562

2.520

2.514 

2.493 

+19.1

+10.8

d(O1-H/D1) 

d(O2-H/D2) 

--- 

--- 

--- 

--- 

--- 

--- 

d(O1-H/D1) 

d(O2-H/D2) 

0.952

0.997

0.960 

0.994 

–8.3

+3.0

d(Cl···O1) 

d(Cl···O2) 

3.0410 

3.0588 

--- 

--- 

--- 

--- 

d(Cl···O1) 

d(Cl···O2) 

3.271

3.230

3.264 

3.228 

+2.1

+0.6

d(Cl···H/D1)  

d(Cl···H/D2) 

--- 

--- 

--- 

--- 

--- 

--- 

d(Cl···H/D1)  

d(Cl···H/D2) 

2.346

2.283

2.322 

2.281 

+10.3

+0.9

θ(Cu1a-O1-Cu1b) 

θ(Cu2a-O1-Cu1a,b) 

124.37° 

91.00° 

--- 

--- 

--- 

--- 

θ(Ni1a-O1-Ni1b) 

θ(Ni2a-O1-Ni1a,b)

112.8

96.8

--- 

--- 

--- 

--- 

θ(Cu1a/b-O2-Cu2a) 

θ(Cu1a/b-O2-Cu2b) 

θ(Cu2a-O2-Cu2b) 

97.41° 

100.82° 

114.45° 

--- 

--- 

--- 

--- 

--- 

--- 

θ(Ni1a/b-O2-Ni2a)

θ(Ni1a/b-O2-Ni2b)

θ(Ni2a-O2-Ni2b) 

99.4

110.7

97.9

--- 

--- 

--- 

--- 

--- 

--- 
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Table A3. Crystal structure parameters of the C2h
5 (No. 14) γ-Cu2(OH/D)3Cl 

 

γ-Cu2(OH/D)3Cl 

 RTa) 25 K b) Δ(‰)  RTa) 25 K b) Δ(‰) 

a 

b 

c 

β 

6.1636 

6.8165 

9.1140 

99.65° 

6.1517 

6.8261 

9.1169 

99.75° 

+1.9

–1.4

–0.3

–1.0

V(Å3) 

d(O1-H/D1)  

d(O2-H/D2) 

d(O3-H/D3) 

377.50

--- 

--- 

--- 

377.31 

0.8707 

1.0351 

1.0472 

+0.5

---

---

---

d(CuK1-CuK2) 

d(CuK1-CuK3) 

d(CuK1-CuT) 

3.419 

3.411 

2.994 

3.4262 

3.4143 

3.0987 

–2.1

–1.0

+33.8

d(O1-CuK2) 

d(O1-CuK3) 

d(O1-CuT) 

1.960

1.896

2.382

1.9067 

1.9733 

2.3303 

+28.0

–39.2

+22.2

d(CuK2-CuK1) 

d(CuK2-CuK3) 

d(CuK2-CuT) 

3.419 

3.410 

3.081 

3.4262 

3.4041 

3.0758 

–2.1

+1.7

+1.7

d(O2-CuK1) 

d(O2-CuK3) 

d(O2-CuT) 

1.947

2.078

1.991

1.9521 

2.0152 

1.9771 

–2.6

+31.2

+7.0

d(CuK3-CuK1) 

d(CuK3-CuK2) 

d(CuK3-CuT) 

3.411 

3.410 

3.106 

3.4143 

3.4041 

2.9955 

1.0

+1.7

+36.9

d(O3-CuK1) 

d(O3-CuK2) 

d(O3-CuT) 

2.021

2.047

1.984

1.9805 

1.9833 

1.9770 

+20.4

+32.1

+3.5

d(Cl-CuK1) 

d(Cl-CuK2) 

d(Cl-CuK3) 

2.758 

2.776 

2.831 

2.7447 

2.7756 

2.7980 

+4.8

+0.1

+11.8

θ(CuK2-O1-CuK3)

θ(CuK2-O1-CuT)

θ(CuK3-O1-CuT)

124.3°

89.9°

92.4°

124.0° 

93.4° 

90.8° 

+2.4

–37.5

+17.6

d(Cl···O1) 

d(Cl···O2) 

d(Cl···O3) 

3.080 

3.079 

2.994 

3.0839 

3.1668 

3.0954 

–2.0

–27.7

–32.8

θ(CuK1-O2-CuK3)

θ(CuK1-O2-CuT)

θ(CuK3-O2-CuT)

115.8°

99.0°

99.5°

118.7° 

104.1° 

97.2° 

–24.4

–49.0

+23.7

d(Cl···H/D1) 

d(Cl···H/D2) 

d(Cl···H/D3) 

--- 

--- 

--- 

2.2504 

2.2055 

2.0674 

--- 

--- 

--- 

θ(CuK1-O3-CuK2)

θ(CuK1-O3-CuT)

θ(CuK2-O3-CuT)

114.3°

96.8°

99.7°

118.3° 

102.0° 

98.2° 

+33.8

–51.0

+15.3
a) Refined in 2008, unpublished. 
b) O1 and O3 in the common 25 K Vesta file may be adverse to those in RT and d(O1-H/D1) may be very 

small according to the spectral data.  



- 110 - 

Table A4. Crystal structure parameters of the C2h
2 (No. 11) M2(OH/D)3X (α-Cu2(OH/D)3Cl, 

α-Cu2(OH/D)3Br and α-Ni2(OH/D)3Br).  

 
 α-Cu2(OH)3Cl α-Cu2(OH/D)3Br α-Ni2(OH/D)3Br 

 RTa) 25 Ka) Δ(‰) RTa) 25 Ka) Δ(‰) RTa) 19 K b) Δ(‰)

a 

b 

c 

β 

V(Å3) 

5.6295 

6.1197 

5.7181 

93.11° 

196.708 

5.6347 

6.1243 

5.7221 

93.02° 

197.192 

–0.9

–0.8

–0.7

+0.9

–2.5

5.6446

6.1408

6.0640

93.78°

209.774

5.6366

6.1465

6.0297

93.35°

208.546

+1.4

–0.9

+5.7

+4.6

+5.9

5.5269 

6.3655 

5.8689 

90.76° 

206.464 

5.5121 

6.3511 

5.8215 

90.59° 

203.802 

+2.7

+2.3

+8.1

+1.9

+13.1

d(M 1a-M 1b) 

d(M 1a-M 2a) 

d(M 1a-M 2b) 

3.0599 

3.1865 

3.2219 

3.0621 

3.1990 

3.2148 

–0.7

–3.9

+2.2

3.0704

3.1911

3.2348

3.073

3.183

3.237

22.8

+2.5

–0.6

3.1827 

3.1241 

3.2545 

3.175 

3.128 

3.234 

+2.5

–1.3

+6.3

d(M 2a-M 2b) 

d(M 2a-M 1a,b) 

d(M 2b-M 1a,b) 

3.0624 

3.1865 

3.2219 

3.0640 

3.1990 

3.2148 

–0.5

–3.9

+2.2

3.0716

3.1911

3.2348

3.074

3.183

3.231

–0.8

+2.5

+1.2

3.1870 

3.1241 

3.2545 

3.178 

3.128 

3.234 

+2.8

–1.3

+6.3

d(O1-M 1a,b) 

d(O1-M 2a) 

1.9360 

2.3641 

1.9578 

2.3927 

–11.1

–11.9

1.921 

2.345 

1.915

2.351

+3.1

2.6

2.0006 

2.0588 

2.008 

2.047 

–3.7

+5.9

d(O2-M 1b) 

d(O2-M 2a) 

d(O2-M 2b) 

2.0133 

2.0092 

1.9737 

2.0436 

1.9425 

1.9584 

–14.8

+34.3

+7.8

2.014 

2.038 

1.986 

1.996

1.984

2.005

+9.0

+27.2

–9.5

2.0199 

2.0718 

2.0589 

2.055 

2.026 

2.010 

–17.0

+22.7

+24.4

d(X-M 1a,b) 

d(X- M 2b) 

2.7840 

2.7221 

2.7928 

2.7708 

+3.2

17.6

2.9364 

2.8715 

2.919

2.863

–6.0

+2.7

2.6534 

2.6705 

2.565 

2.604 

+34.5

+25.5

d(O1-H1) 

d(O2-H2) 

--- 

--- 

0.8448 

1.0318 

--- 

--- 

--- 

--- 

0.971

0.980

---

---

--- 

--- 

0.910 

0.932 

--- 

--- 

θ(M1a-O1-M1b) 

θ(M2a-O1-M1a,b) 

104.41° 

 95.11° 

102.89° 

94.75° 

+14.8

+3.8

106.1°

96.4°

106.7°

96.0°

–5.6

+4.2

105.39° 

100.62° 

104.5° 

100.9° 

+8.5

–2.8

θ(M2a-O2-M2b) 

θ(M1b-O2-M2a) 

θ(M1b-O2-M2b) 

100.50° 

107.82° 

104.77° 

103.52° 

106.72° 

106.87° 

–29.2

+10.3

–19.7

99.48°

107.90°

103.88°

100.9°

108.8°

105.4°

–14.0

–8.3

–14.2

100.98° 

 99.54° 

105.85° 

103.9° 

100.6° 

104.9° 

–28.1

–10.5

+9.1

θ(M1a-X-M1b) 

θ(M2b-X-M1a,b) 

66.67° 

71.61° 

66.49° 

70.19° 

+2.7

+20.2

63.04°

67.68°

63.52°

68.08°

–7.6

–5.9

73.70° 

75.36° 

76.48° 

77.50° 

–36.3

–27.6

d(X···O1) 

d(X···O2a,b) 

3.3151 

3.2032 

3.2349 

3.2495 

+24.8

–14.2

3.525 

3.310 

3.484

3.348

+11.8

–11.4

3.6016 

3.5107 

3.640 

3.635 

–10.5

–34.1

d(X···H1) 

d(X···H2a,b) 

--- 

--- 

2.4225 

3.3184 

--- 

--- 

--- 

--- 

2.599

2.466

---

---

--- 

--- 

2.828 

2.776 

--- 

--- 

 



- 111 - 

Appendix B    

IR and Raman spectral data of 
the M2(OH/D)3X 

 
Each frequency (wavenumber) is in unit of cm-1, and the related data of the deuterized 

samples are given in the related figures of this main text.  

 

Table B1. IR and Raman spectral data of the D3d
5 (No. 166) Co2(OH)3X (Co2(OH)3Cl and Co2(OH)3Br).  

 
 Co2(OH/D)3Cl Co2(OH/D)3Br  

region 
IR a) Raman

(RT)a) 
Raman 
(4 K) b) 

IR c) Raman
(RT) c) 

Raman
(4 K) b)

Suggested mode 
(Exp. No./FGA No.) 

FG 
3566 
3549 

3559.7 
3546.3 

3563.2 
3548.8 

3550
3530

3539.8
3528.2

3543.7
3530.4

IR, R: [OH] 
(2/2) 

CP 
843 
723 
702 

828.2 
694.0 
652.4 

822.9 
699.0 
654.2 

840
727
707

820.9
688.5
655.0

821.1
697.1
659.4

IR, R: [OH] 
(3/3) 

FP1 

 
426 

<400 

455.1 
430.2 
396.9 
334.2 
240.0 

461.3 
438.4 
405.5 
336.7 
251.6 

416
<400

480.5
454.8
424.0
331.3
223.8

486.8
461.5
431.4
337.7
212.6

IR: 
[Co3O], [CoKO4Cl2],  
[CoTO6] 
R: [Co3O]  
 

FP2 
<200 166.0 

131.4 
<95 

169.7 
132.8 

<95 

<200
118.6

<95
121.3

<95

IR, R: [Co3X] 

Data sources and corresponding experimental conditions are presented in the following:  
a) Fig. 3.2.2; b) Unpublished; c) Fig. 3.2.5.  
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Table B2. IR and Raman spectral data of the D2h
16 (No. 62) M2(OH)3Cl (Natural β-Cu2(OH)3Cl and 

β-Ni2(OH)3Cl). 
 

  Natural β-Cu2(OH)3Cl β-Ni2(OH)3Cl 

region 
IR a) IR b) Raman 

(RT) c) 
Raman 
(RT)d) 

Raman
(4 K) d)

IR e) Raman 
(RT)d) 

Raman 
(4 K)d) 

Suggested 
mode 

FG  

3442 
3358 
3334 
3220 

3436

3330

3433 
3349 
3328 

3434.3
3349.1
3328.6
3205.0

3431.2
3340.9
3316.1

3593
3577

3586.9
3576.7

3592.6 
3580.1 

IR, R 
[OH] 

CP  

985 
948 
914 
893 
864 
848 
819 

984
945
913
890
869
844
820

987 
974 
912 
864 
845 
827 
819 

976.0
912.5
846.8
823.4

982.4

922.3
852.2
826.4

825
800
746
729
692
674

830.0
823.4
798.5
758.0
692.8
674.6

833.0 
825.1 
802.0 
758.6 
696.6 
677.3 

 

 

FP1  

608 
596 

 
513 
480 
459 
416 

<400 

608
590
566

<400

 
586 

 
511 

 
451 

 
 
 

393 
362 

 
 
 

267 
240 
217 

595.0

514.0

451.2
413.8

361.8

268.6
-

220.8

-

516.2

455.6
402.0

367.0

278.0
248.4
224.2

456
448
437
421
404
365
351

<350

476.1
451.2
442.2

410.2
378.2
353.5
340.6
316.0
288.8

 
 
 
 

479.8 
455.8 
446.0 

 
 

413.3 
385.8 
357.4 
342.5 
322.4 
293.0 

[Ni3Oa]  
[Ni3Ob] 

FP2 

<200 <200 160 
149 
138 
120 

 
<100 

149.8
138.4
120.3
106.0

152.2
139.1
120.4
107.6
<95.0

188.0
172.0
141.5

103.0
<95.0

191.9 
175.4 
144.0 

 
103.0 
<95.0 

 
[MaO4Cl2] 
[MbO5Cl] 
[M3Cl]  

Data sources and corresponding experimental conditions are presented in the following:  
a) Fig. 3.3.2; b) Table of Ref. 58; c) Table of Ref. 59; d) Unpublished; e) Fig. 3.3.4.  



- 113 - 

Table B3. IR and Raman spectral data of the C2h
5 (No. 14) γ-Cu2(OH)3Cl. 

  
 γ-Cu2(OH)3Cl 

region 
IR a) 

 
IRb) 

 
Raman 
(RT) c) 

Raman 
(RT)d) 

Raman
(4 K) d)

Suggested 
mode 

FG  

 
3446 
3360 

 
3310 

3440
3359

3300

3475 
3443 
3357 

 
3314 

3457.3
3441.8
3357.5
3319.2
3311.0

3444.0
3437.0
3347.7
3306.4
3297.8

IR, Raman:  
[OH] stretching 

CP  

987 
920 
864 
827 

984

890

732

969 
927 
892 
866 
799 

972.5
929.1
894.6
870.0
800.0

983.2
936.2
901.5
875.4
805.8

IR, Raman:  
[OH] Bending 

FP1  

580 
517 

 
457 
416 

<400 

577
---

576 
511 
--- 

445 
420 

--- 
364 
256 
206 
193 

574.0
513.8
500.0
445.0
422.0
373.8
366.3
260.0

---
196.0

580.0
517.8
504.0
451.5
423.0
375.4
366.0
264.2
209.0

---

IR: (4/15) 
[Cu3O], [CuO6], [CuO4Cl2] 
 
Raman: (10/18) 
[Cu3O] 
 
 

FP2 

<200 
IR:  
6 bands 

--- 183 
165 

--- 
142 
118 
--- 

185.3
168.0
148.0
141.3
118.4
96.5

192.6
171.4
150.8
142.5
118.8
98.0

Raman: (6/6) 
[Cu3Cl]  

Data sources and corresponding experimental conditions are presented in the following figures: 
a) Fig. 3.4.1; b) Table in Ref. 59; c) Table in Ref. 59; d) Fig. 4.2.1. 



- 114 - 

Table B4. IR and Raman spectral data of the C2h
2 (No. 11) M2(OH)3X (α-Cu2(OH)3Cl, α-Cu2(OH)3Br 

and α-Ni2(OH)3Br).  

 

 α-Cu2(OH)3Cl α-Cu2(OH)3Br α-Ni2(OH)3Br  

region 
IRa) Raman 

(RT)b) 
Raman 
(4 K) b) 

IRc) Raman
(RT) b)

Raman
(4 K) b)

IR d) Raman
(RT) b)

Raman 
(4 K) b) 

Suggested 
mode 

FG 

3510 
3427 

 
 

3505.5 
3434.2 
3423.3 
3416.2 
3350.0 

3501.2 
3429.7 
3421.3 
3406.0 
3342.0 

3508 
 
 

3398 

3514.0
3417.2

3407.0

3509.4
3413.5

3400.9

3593
3577

3586.8 3589.2  
IR, Raman:  
[OH] stretching 

CP 

985 
 

902 
 

860 
817 
785 
704 
596 

975.0 
--- 

902.0 
895.6 
857.6 

 
790.0 

 
678.0 

982.5 
920.8 
902.1 
893.5 
861.6 
826.0 
806.0 
795.5 
685.0 

 
896 
850 
802 

 
 
 

779 
680 

888.0
859.9
834.0

781.0
658.0

888.4
863.8
837.9

787.0
667.0

807
762
732
692
678

785.1
781.6
760.4
706.2
675.1

 
 
 
 

790.0 
785.6 
763.4 
716.8 
697.0 

IR, Raman:  
[OH] bending 

FP1 

516 
 
 

428 
<400 

512.0 
--- 

475.8 
448.0 
400.0 

--- 
323.4 
275.5 
250.5 

516.0 
503.5 
477.8 
451.6 
403.3 
361.0 
326.0 
281.0 
254.5 

532 
511 

 
422 

<400 

513.1
499.5
477.0
448.5
395.7

320
279.0
250.0

517.0
499.0
478.0
453.0
399.8

324.0
285.0
253.8

467

412
<400

457.8
434.8
374.2
332.2
307.1
282.9

---
253.8

 
 
 

462.5 
439.8 
379.6 
336.2 
313.0 
291.8 
270.3 
259.2 

IR: (4/15) 
[M3O], [MO6], 
[MO4X2] 
 
Raman: (10/18) 
[M3O] 

FP2 

<200 176.1 
154.5 

--- 
116.2 
98.5 

177.5 
158.1 
143.0 
116.8 
98.7 

<200 174.7

112.8
102.8

175.9

114.0
104.8

<200

134.2
114.0
101.6

 
 

136.4 
116.0 
103.0 

Raman: (6/6) 
[Cu3Cl],  
[Ni3Br] 

Data sources and corresponding experimental conditions are presented in the following figures:  
a) Fig. 3.5.1; b) Unpublished; c) Fig. 3.5.5; d) Fig. 3.5.9. 
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