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Abstract

Bromine nuclear quadrupole resonance (NQR)
experiments were conducted on three isomorphous
compounds, Cs,CdBry, CsyHgBry, and Cs,2Z2nBry, and
(CH3NH3),CdBry to examine the structure and dynamic
properties of incommensurate (IC) phase which occurs in
CspCdBry and CsyHgBry, and to understand the general
mechanism of the incommensurate transition in matérials
of A,BXy4 type from the microscopic point of view.

Efforts were made to prepare samples with high
quality . Specimen with such high quality is necessary
for the precise measurements of the NQR parameters such
as the frequendies of otherwise weak resonance and the
spin-lattice relaxation times in the substances, fhe
behavior of which have been considered to be
sensitively dependent on the sample impurity .and
imperfections. Hence an electric furnace with a high
performance was designed and constructed and used to
prepare the specimens of Cs,CdBr,, and Cs,HgBry.

In order to detect the NQR signals and to measure
the spin-lattice relaxation times (T1) of 79Br and
;81Br, the frequency of which are located in the VHF
region, a pulsed NQR spectrometer was designed and
constructed. This spectrometér was organized to a
_highly sensifive Fourier transform NQR spectrometer to
detect very weak NQR signals in the incommensurate

phases of Cs,CdBry, and Cs,HgBr,. The 81y NQR

Y
i,



frequencies, and the spin-lattice relaxation
times in Cs,ZnBry, which is isomorphous with the above
two compounds at room temperature but does not undergo
any phase transition , were also measured to understand
the "normal" behavior of NQR parameter in [MBr4]2‘ type
anions

NQR frequency measurements confirmed a previous
phase sequenée of Cs,CdBry. Its normal room' temperature
phase changes at T;=243 K, to an incommensurate phase,
the incommensurate phase changes at To= 230 K to a
commensurate phase, and at 156 K to another low
temperature phase. NQR frequencies in the normal phase
continued smoothly at T to those in tﬁe incommensurate
phase, indicating that incommensurate phase transition
is of the second-order. On the other hand the.change in
the NQR frequencies at T, was discontinuous and this
fact evidences that the incommensurate to commensufate
phase change ié of the first-order. The commensurate to
the low temperature phase was revealed to be of the
second-order. észHgBr4 shows a very similaf phasg
sequence to Cs,CdBr,. The NQR measurements determinea
thé transition points and the order of the transitions
TI=252 K(secoﬁdforder), T,=237 K(first-order); and a
transition from the commensurate to a low'temperature
phase occurs at 156 K(second-order).

In Cs;CdBry, and Cs,HgBr, each gave a pai: of

very weak resonance lines in 66.4 MHz and 92.5 MHz



regions, respectively in their incommensurate phases.
The temperature dependence of the NQR frequencies in
each substance was analyzed according to a
phenomenological theory of the incommensurate structure
and to general group theory. It was inferred that the
incommensurate structure in these substances are
brought about by small rotation of each [MBr4]2_ anions
in an incommensurate manner with the underlying crystal
lattice. In order to obtain the further support for the
above incommensurate structure a model calculation of
the electric field gradient tensor components at each
bromine site was carried out by the Bertaut method for
the two compounds: The calculated efg reproduced
approximately the NQR frequency in each bromine site in
the normal and the commensurate phases. It confifmed
the above rotationally incommensurate modulation
structure bf the incommensurate phase, and moreover
indiéated that the incommensurate modulation wave is
directed in the crystalline a-axis. 81py NQR
spin-lattice relaxaton times in Cs,ZnBry indicéted that
the libration about the a-axis is mainly excited “in -
this compound. Therefore, this and the above conclusion
- that the incommensurate structure occurs along the
a-axis in Cs,CdBry, and Cs,HgBr, suggest strongly that
the rotational displacemeng of [MBr4]2_ plays an
important rble to stabilize some special phase in these
compounds. |

Efforts were made toﬁdeduce some correlation



NN : ‘l.':,l'bi . RN S A A 1 Tt AP Lot oo
between-the_structural'data*éndwthe presence:or absence
of phaseﬂtransition for a series of isomorphous A5BXy .

compounds (A=K, Na, Rb, Cs, B=Cd, Hg, Z2n, Co, X=Br, Cl,

I ). Tt led to the idea that if the value of

R([BX4]2“ )/a i.e., the ionic radius of [BX4]2" complex

reduced by a is larger than 0.35, a phase transition

should occur. If the value of R([MX4]2')/a is smaller

than 0.35, no phase transition may be expected to
occur. This fact indicates:that the interaction along
the a-axis is important in these compounds .in

agreement with the results of ANNNI model :calculation

- of the incommensurate stfucture byABak.

, The 81Br and 79Br NQR frequen01es, and the spin-

_lattlce relaxatlon tlmes in the (CH3NH3)ZCdBr4, whlch
'~has_been_beL1eved to be a candidate for an
v incommensurate‘material,5Qene measured to examine the
‘ e#istence of an incommenshrate phase. The results show

hthat ‘there is no phase tran51t10n between 78 K and
: (300 K in thlS compound The frequenc1es of the 1ower
“two resonance lines show pos;tlve temperatufe
- coefficients. The NQR spin-lattice relexation times

”‘decrease rapidly above 200 K. These results were

. interpreted in terms of some reorientational motion. '
- The activation energy for this'mode of reorientation-

- is-20 kJ/mol.



~ Chapter 1 Introduction
1-1 Introductory remarks .

Since the discovery of the structurally
incommensurate-commensurate phase transition in K,SeOy4
in 1969,(1)‘a large number of compounds have been found
to undergo similar incommensurate phase transitionsfz)
The most femarkable characteristic of the
incommensurate éhase is that the periodicity of the
atomic or molecular ‘arrangement does not match, i.e.,
it is incommensurate to the crystal lattice
periodicity._An example of such incommensurate nature
is described schematically in Figure 1-1.(3) In this
figure a and bvshow normal crytals in which the
periodicity of the lattice coincides with that of the
atomic arrangement. In this Figure c is an example of
incomhensurate structure, showing the atomic
displacement which is modulated in a wave-like manner
independently of the lattice periodicity. This wévé—
.like nature of the displacement is represented by soj
called incommensurate modulation wave and 1its
wavelength does not coincide with any integral number
times unit cell constant. The qrystal cannot therefore
be described within the framework of 230 three-
. dimensional space éfoups. Translationally commensurate
structure is generally restored at a lower temperatﬁre

through a "lock-in" phase transition.(4)

.
s,
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A nucleus with spin I2 1 has quadrupole moment eQ,
which interacts with the electric field gradient eq
produced by surrounding electrons and nuclei. This
gquadrupolar interaction energy is gquantized into
discrete energy levels, and the separation between them
lies in radio frequency region. This quadrupolar
splitting can be detected by NucleariQuadrupole
Resonance SpectroscopyJS) The NQR parameters are
sensitive to the electronic structure of molecule, the
structure of crystal, the charge in the surrounding
structure.bFor example, the number of resonance lines
represents the number of crystallographically
inequivalent sites of the resonant atomic species. And
the resonance frequency is very sensitive to the site
symmetry and the local environment. In addition, the
nuclear quadrupole relaxation times are mainly governed
by local motiqnal states of molecules. Therefore NQR is
~one of the very powerful tools for investigating the
crystal structure and the static and dynamic nature of
phase_transition in crystalline state.(®) The local
structure of incommensurate substance, to which muéh
attention has been paid over more than two decades, can
be closely studied by NQR and quadrupole relaxation
measurements(7) from the static as well és the dynamic-
points'of view. This method may also'throw light into
the mechanism which generates incommensurate stgupture

and the elementary excitation in it. Blinc et al.(7)



succeeded to detect NQR signals in the incommensurate
phases of the number of substances and showed that the
analysis of the line shapes of the NQR signals brings
about‘much helpful information about the structure and
the dynamic properties of the incommensurate phases.
Blinc and his colleagues applied the NQR method mainly
to RbyZnCly, RbyZnBry and their analogues which have
incommensurate phases characterized by
"translationally" incommensurate waves.(8)

There have been known some inéommensurate
materials belonging to a different class from above
- substances. NaNOz,(9) K28e04(10) and thiourea(ll)
belong to such a <class where "rotational"
incommensurate wave is responsible for the occurrence of
the incommensurate phases. The T4y NQR signals were
detected in the incommensurate phase of NaNO, and
analyzed in detail in relation to Ehis type of
incdmmensurate modulation.(9) _

CszHgBr4(12'14'15) and Cs2CdBr4(12'13'15) belong
also to this class of incommensurate materials. It is
believed from the group theoretical point of view that-
the successive rotational displacements of [MX4]2_ form
an incommensurate wave. But the true incommensurate
structure, and the mechanism of the incommensurate as
well as lock-in transitions iﬁ these compounds have not
been clarified. It is of much interest to reveal these
points and especially to examine if the methods of the

data analysis proposed by, Blinc et alJ7) and the



theoretical treatment presented can be applied to these
ﬁaterials. In the present study 8TBr nuclear gquadrupole
resonance frequencies and spin-lattice relaxation times
in CsyHgBry, CsyCdBry, and their isomorphous Cs;ZnBry
,and (CH3NH3)2CdBr4 wére measured as a function of
temperature covering the incommensurate and the lock-in
transition points. For Cs,;HgBr, and Cs;CdBry efforts
were made to‘detect the signals and to analyze the line
shapes iﬁ their incommensurate phases byrthe use of
phenomenological theory and a simple model calculation
developed in the present work. This model calculation
is important in that it can elucidate thev structure of
the incommensurate phase. The spin-lattice relaxation
times, Ty, in these materials were measured to examine
the dynamic nature of the commensurate and other low
temperature phases as well as the critical nature of
eéch»phase transition. The NQR frequencies and Spin—

lattice relaxation times were measured in Cs,ZnBry

(12)

which does not undergo any phase transition as a
reference compéund to analyze the NQR data -in the above
two compounds. Since (CH3NH3)2CdBr4 was pointed out éo
be a candidate of a new incommensurate material by a
previous X-ray work,(16) NQR measurements were
conducted to confirm the existence of phése transition
in it.

vThe rest of this chapter will be devoted to 1':e_view

the incommensurate phase transition, structure of the
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incommensurate phase, theoretical treatment of the
»incommensurate transition, and NQR and NMR in the
incommensurate phase in general, and to describe the
gross ﬁeature of phase transitions in and physical
properties of Cs,CdBry4, CsyHgBry, Cs,CdBry and

(CH3NH3) »CdBr4.

Chapter 2 will describe the instruments
constructed- in the present work, i.e., electric
furnace;.pulSed spectrometer for 81Br, and pulsed FT
spectrometer for 81pr,

Chapter 3 will describe the method of sample
preparation and of NQR measurements.

In Chapter 4 the results of the measurements of
81Br nuclear quadrupble resonance frequencies and
spin-lattice relaxation times in the individual salts
will be given.

In dhapter 5 the line shape in incommensurate
phase in each of Hg- and Cd-salts will be analyzed
according to a phenomenological theory and also a model
calculation which was newly developed and applied to
the incommensurate structure for the first time.

In Chapter 6 classification of A,BXy type of

- crystals will be made. The factor determining their

crystal structure and governing the successive phase
transitions was searched and abplied to thé systems, in
which the existence of phase transitions have not been
confirmed.

In Appendix 2 the analysis of the spin-lattice
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relaxation times in (CH3NH3)2CdBr4 will be given.
1-2 Incommensurate phaée transition

Phase transition to an incommensurate phase can be
interpreted by extending generalized soft-mode theory
of structural phase transitions (17), a crystal is
mechanically stable if vibrational normal mode
frequencies afe positive because in such a situation
the restoring force acts on displaced atoms. But if the
force constant for a particular mode is highly
anharmonic and decrease on cooling, the frequency of
that mode will be decreased to zero at a temperature,
TO. The mode undefgoing such a softening is called
"soft" mode and Ty is the critical temperature. The
atomic or molecular displacement accompanying the
ffeezing of the soft mode below T determines the
structure of the low temperature phase. Usually the
softening of a mode occurs at the center of the
Brillouin zone Qhere the wavelength of the mode is zero
or at one of the zone boundaries where the wavelenggh
is equal to the cell constant in the direction of the
eigenvector of the soft mode. The former transition is
often accompanied by a spontaneous polariéation and in
such a case the compound become ferroelectric below Tge
- On the other hand, in the latter case, the unif»cell

becomes "doubled" and such a transition is called an
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- antiferroelectric transition.

Sometimes the softening occurs at some afbitary
Apoint of the Brillouin zone. If the wavelength of such
a soft.mode (Acrit) is not an integrl multiple of the
high temperature unit cell length, the resulting low
temperature structure is incommensurate with the
original high temperature crystal lattice, and
therefore, translational lattice periodicity becomes
lostx4) This situation is shown schematically in
Figure 1-2,

On further cooling a transition to a commensurate
phase (A rit~*Ag) usually occurs at a temperature To- At
this transition temperature the wavelength of the soft
mode is locked in to a multiple of the high temperature
unit cell dimension. Therefbre, this transition is
called the "lock-in" transition.(4)

Tizumi et al. discovered a soft mode condensation
in KéSeO4 for the first time by neutron. scattering
study as shown in Figure 1-3.03) The inbommensurate
phase can be generally characterized by the soft mode
wavelength Nerite The occurrence of the.
incommensuration can be observed also by X-ray
~diffraction studyjz) On cooling the sample through T;
satellite reflections appear together'with the Bragg
reflections which appear generélly at the same place as
in the high tempéfature normal phase. The wave number
ki (=1/X.pit) corresponding to the satellite is

. . . . *
incommensurate with the reciprocal lattice vector a ,
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Figure 1-2. Dispersion relation (Frequency plotted
against thé wave vector k) for a typical optical
lattice mode. If mode instability occurs a~ta general
wave vector kg in the Brillouin zone, an incommensurate

phase appears at low temperature. (after Blinc)
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Figure 1-3. Condensation of the incommensurate soft
mode in the high temperature normal phdse of K,Se0y

observed by an inelastic neutron scattering study.

(after Iizumi)
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b*, or c*.’kI, the wave vector of the incommensurate
modulation wave, has been determined in various
compounds as listéd in Figure 1-4. In an incommensurate
phase, kp varies with temperaturer) This means that
the incommensurate structure changes gradually with
temperature. For example, in RbyZnBry kg changes
rapidly on approaching the 1lock-in tfansition
temperature as shown in Figure 1~4. Such a behavior of
kI can be explained by a soliton model which will be

described in the next section.

1-3 Theoretical treatment

of the incommensurate structure

In incommensurate phase, two basic problems arise:
What kind of structure, which is related to the
sétellite reflection mentioned in the previous section,
stabilizes this phase? What kind of thermal excitation
exists, which corresponds to phonon in periodic
crystals ? Theée problems are extensively studied from
the theoretical aspect. |

McMillan(18) reported that two kind of modulation
waves could stabilize this phase. One is a plane wave

and another is a soliton wave as shown in Figure 1-5
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Figure 1-4. The incommensurate Qéve-vectdrs kr and the
incommensurate to commensurate transition points in
. various compounds; (after Yamada) These»tempefature
scale is reduced by the incommensurate transition

temperature Ty
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plane wave limit

multi-soliton limit

Figure 1-5. Variation of phase P(x) of the
incommensurate modulation waveJu:sinP(x) with distance
. X 1in the plane wave (a) and the multi-soliton (b)

limits. (after Blinc)
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su= A-cos P(x)

(a) P(x)= kix+ Po plane wave
(b) P(x): solution of
f%-—dﬂsntcﬁparo -~ soliton wave

The static incommensurate structure isbrepresented by
either a plane wave or a soliton wave. Many
incommensurate systems, however, can not be singly
described by either one of the above two models. The
incommensurate structure in Rb;ZnBry is described by
fhe plane wave model in the high temperature region,
whereas it is more properly describéd by the soliton
wavel7) at 1lower temperature as was shown in
Section 1—2.

To describe the incommensurate modulation both the
amplitude and the phase of the wave are neceséary.
Thus, the excitation associated with the incommensurate
structure consists of two modes:.One is the
"ampiitudon" mode, which corresponds to the space and
time variation of thé displacement, that 1is,
oscillation of- the amplitude as shown in Figure 1-6a.
The other elementary excitation is the "phason"(Tg)-
mode which corresponds to the oscillation of the phase
- of each displacement as shown in Figure 1-6b. The
amplitudon mode behaves like an optic soft mode bﬁt its
frequency increases with decfeasing temperature. The
phason mode is like an acoustic mode and is gapless in
the continuous limit, and it consumes no energy to

slide the whole modulation wave throughout the crystal.

ot
\
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These two aspects ,that is, the static and dynamic
properties of incommensurate phase, can. be both

examined by NMR and NQR effectively, as shown in

1-4 NQR and NMR in incommensurate phase

As was mentioned in a previous section the NQR
frequency depends on the arrangement of atoms or
molecules which reflects the site symmetry of the
resonant nucleus. Hence NQR is one of the most powerful
tools to study subfle changes associated with phase
transition phenomena in crystalsJG) When the substance
of interest undergoes a second-order phase transition,
irrespective of structural, displacive type or order-
disorder type, the crystal symmetry as well as the site
éymmetry is lowered on cooling in most cases: In such
cases the NQR lines split into some multiplets on the
transition, corresponding to the site symmetries of the
lower tempera£ure phase. The NQR frequency shoWs,
however, no discrete: change at the transition point but
varies continuously through the transition. An example
of such second-order transition is shown Figure 1—7J6)
The magnitude of the splitting of the these lines has
the property of the order-parameter of the transition
and the number of multiplets can be used to leérn the

symmetry of the lower temperature phase. In some cases
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phase transition is accompanied with only a change of
temperature coefficient of the frequency but with'no
line splitting. On the other hand, first order phase
transition is generally accompanied with a change in
the nﬁmber of lines and also discontinuous change in
the resonance frequency at the transition point as
shown in Figure 1-%, for exampler) Thus one can
distinguish the order of the phase transition by
looking at the behavior of resonance lines near T..

The second-order phase transition is usually
accompanied with so-called critical fluctuation of the
order parameter near TC.(6) The critical fluctuation
has the long wavelength components and causes the
fluctuatién of the electric field gradient around the
resonant nucleus which acts to increase‘the
spin-lattice relaxation rate dramatically near T,. So a
sharp dip in T4 is usually detected in the vicinity of

T Thus, the spin-lattice relaxation measurement near

c*
T, sheds light into the mechanism of the second-order
phase transition.

Next, we consider the incommensurate phase from.
the NQR aspect. Blinc et al.(7) investigated the line
shape of 87Rb resonance in the incommensurate phase in
Rb,ZnBr, and Rb,ZnBr, and developed a method to analyie
the NMR data phenomenologicélly. They determined the
soliton dehsitiés near the lock-in fransition,by the

use of the line shape data and also showed a method to

detect the phason in the spin—lattice relaxation time
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measurements.

1-5 A,BXy type of compounds

Since the discovery of the incommensurate phase in
KZSeO4,(1) many compounds which assume F-K;SO0y4 type of
crystal structure (Pnma) have been systematically
studied.(2) These are classified into two groups. The
first group is A,BX, (A=K, Rb, Cs B=Se, Zn, Cd, Hg,
X=0, Cl, Br, I) and the second is A'5BXy4 A'=NHy,
(CH3)4N, B=Co, Mn, Zn, Cu, Ni). Among substances which
belong to the first éroup KZSeoé,(10) RbZZnCl4,(20)
RbZZnBr4,(21) and K2ZnCl4(22) have been extensively
studied. Cs,CdBr, also belongs to the first group. Its
crystal structure is shown in Figure 1-9 as an example
of the first group of the compounds. The mirror planes
exist perpendicularly to the y-axis at y=1/4 and
y=3/4f16) Two Cs* cations are inequivalent, and are in
the mirror p1a1:1e with the site symmetry m. The B aﬁd X1
and X2 atoms in a distorted tetrahedron, BX,, are also.
in the mirror.plane with the site symmetry m. Two X3
atoms are at general positions and related to each
other by the mirror plane.. The B-X1 bond axis is
approximately parallel to the a-axis. The most
compounds in group 1 undergo cell tripling traﬁsition

into the commensurate phase at T,. Therefore,



BRI BR 3

( D.Altermatt, et al., 1979)

Figure 1-9. Projection of A,BX, structure on the y-z
(b-c) plane (Pnma, Z=4). Mirrdr planes pefpendicular to
the b-axis and to the plane of the paéer exist at y=1/4
and 3/4. Two cations(A), the central metal(B), and two
of the X atoms(X; and X5) are in one of these mirror

planes.
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modulation wave vector is about a*/3 in these
materials.(2) 1t is interesting to see that the
existence of the soliton, phason excitat%on and
amplitgdon excitation , was also confirmed by NMR .(23)

The translational displacement of cation is responsible

for the modulated structure for these compounds.
1-6 CSZMBr4 (M= Hg,.Cd, Zn ) and (CH3NH3)2CdBI‘4
C52CdBr4

An X-ray diffraction study(16) has shown that at
room temperature the crystal structure of Cs,CdBry is
orthorhombic and iﬁs space group is Pnha (Z=4). The
lattice constants are a=10.235 3, b=7.946 5,
c=13.977 A. At room temperature three NQR signals have
been observédJ12'13) On cooling the sample through the
tranéition at 252 K, the incommensufate phase 1is
observed. In this phase the incommensurate modulation
wave number kI-was determined to be about 0.15 a* by X-

(12) and NQR signals are very weak. On

ray diffraction
further cooling through the lock-in transition at 237
K, strong four NQR signals were observed again. the
space group of this commensurate phase is P21/n and
four bromines of [HgBr4]2; tetrahedron are all
inequivalent by the loss of mirror plane symmetry. On

further cooling through the transition at 156 K, each

of four NQR lines splits into two lines. Recently,
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Yamada et al. reported the result of their X-ray and
dielectric measurements.(z)They pointed out that the
third transition occurs at 208 K in contrast to 156 K
reported earlier.(12) It is therefore necessary to

establish the phase relation.of this material.
CSZHgBr4

An X-ray diffraction study(24) revealed that this
substance is isomorphous to Cs,CdBry .at room
temperature. The lattice constants are a=10.248 i,
b=7.927 A, and c=13.901 A. The phase relation is
similar to that of Cs,CdBryg. On cooling through the
transition at 243 K, incommensurate phase was observed.
The incommensurate wave number ki of this phase is
about 0.15 a* by X-ray diffraction.{(12) NOR signal is
?ery weak in this phase. On further cooling through the
lock-in transition at 230 K four NQR signals were
observed again. And the space group of this phase is
P21/n. On furﬁher cooling through the transition at
165 K, each of four lines splits into two lines. As in
Cs,CdBry, the rotational incommensurate modulation of
[HgBr4]2’ is suggested(12) but has not been cdnfirmed

yet.
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CSZZnBr4

An X-ray diffraction study(zs) found that this
crystal is also isomorphous to the above two compounds
at roem temperature with the lattice constants
a=10.196 &, b=7.770 A, and c=13.517 A. An NOR study(1?)
did not detect any phase transition between 4 and 300

Kl.
(CH3NH3) ,CdBry

An X-ray diffraction study(16) shewed that the
crystal structure at room temperature is monoclinic of
unit cell of the space group P2;/c which is a subgroup
of Pnma. The lattice constants are a=8.1227 i,
b=13.4355 3, c=11.4194 i, and (e=96.194° . The atomic
parameters of Br and C were not determined due probably
to eome disorder. Recently, differential scanning
calorimetric and Infrared measurements(26) of this
compound showed that two successive phase transitions
occur at 167 K and 400 K with the transition enthalpies .
3.0 kJ/mol and 1.1 kJ/mol respectively. Therefore, this
- substance is a possible candidate of an incommensurate
structure. The nature of the two transitions has not
been clarified, but may be'closely.related to the

CH3NH3+ group.
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Chapter 2 Instruments
2-1 Introduction

As was mentioned in the preceding Chapter the
magnetic resonance methods(?) have widely been applied
to investigate the incommensurate systems in which
translationally modulated incommensurate structure is
realized. But only a few resonance works were done on
materials having incommensurate phases. due to
rotational modulation of molecules or ions.(2r3) since
NOR parameters are very sensitive to small angle
molecular rotation{(4) and the methods of analyses of
the NQR data with respect to the so-called rotational
transitions have been establishéd,(s) NQR is one of the
most effective methods to examine the mechanism of
incommensurate transitioﬁ associated with the local
rotétional modulation. In order to examine the
mechanism of the rotational incommensurate phase
transition I have applied the NQR method to Cs,HgBr,
and Cs,CdBry which are reported to undergo an .
incommensurate transition;accompanied with the rotation
- of [HgBr4]2' and [CdBr4]2' groups.(G) In order to
perform NQR measurements on‘these compounds, the
following three components weré constructed:

1. Electric'furnaée, ‘
2. Pulsed spectrometer for 81pr and 79Br,

and,
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3. FT pulsed spectrometer for 81gr and 7%Br.

2-2 Electric furnace
2-2-1 Organization of furnace

According to the phase diagrams of the ternary
systems, (CUsBr-MBr,-H,0, M=Hg,Cd), CszMBr4(778) (M=Hg,
Cd) do not crystallize in aqueous solution. But the
phase diagrams of binary systems (CsBr-MBr,,
M=Hg,Cd)(9'10) indicate that the above compounds can be
prepared from congruent melting solutions. The melting
points of Hg- and Cd-salts are 708 k(9) and 712 K,(10)
respectively. Therefore, an electric furnace which
works up to 1100 K was constructed. The schematic
diagram of.electric furnace is shown in Figure 2-1.

(11) and consists of

This'apparatus is of Bridgeman type

four components; furnace, temperature controller,

multimeter, and sample holder. In order to obtain

crystals with very high quality essential for NQR .

measurements, a furnace was designed which will satisfy

. the following conditions.

1. It works between 800 K and 1100 K.

2.The temperature 1is controlied within to +1 K for a
week or more. .

3. Temperature gradient larger than 10 K/cm can be

realized and is controlled.to within +1 K for a week.
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The details of the furnace and the temperature
controller are described in Sections 2-2-2 and 2-2-3.
'The temperature at various poinrs of the furnace was
' measured by the multimeter (Hewlett-Packard, 3465B) and
stability of temperature was checked by recording emf
of thermocouple with a pen recorder (National,

VP-65214).
2-2-2 Furnace

The structure of the furnace is shown in
Figure 2-2. It consists of three tubes (C,D,E) with
different diameters and a Dewar vessel (F). Its length
is about 1.0 m, and maximum diameter is»0.15 m. The
inside diameter of a pyrex glass tube (C)vis 30 mm.
Therefore maximum diameter of a sample tube (K) is
about 20 mm; The outermost stainless-steel dewar vessel
was surroundedvby asbestos to prevent thermal leakage
due to conduction and radiation. Inside this dewar
vessel (F) a srainless—steel tube (E) was set which
holds an outer heater (G) and a thermocouple (J) as
shown in Figure 2-3a. The outer heater (G) is made from
zonal nichrom wire and was used to heat the whole
space in the furnace uniformly up to a suitable
temperature which was lower than the melting points of
the sample by about 200°C. The value of resistanee of

the heater is 175% (3.5% /m) and can provide maximum



~34-

— e e o e = m. - e ma e o e e m E e o m— e




-35-

Figure 2-2. The structure of the furnace.
A stainless-steel wire

B coppérlblock cover

C pyrex glass

D ceramic tube

S = T S

E stainless-steel tube
F stainless-steel dewar
G heater (H-OUT)
H thermocouples for temperature control (T-A - T-D)
I heaters (H-1 - H-4)
thermocouples for temperature control (T-OUT)
sample
thermocouples for temperature moniter -
pulley 4 cm diameter) | |
N synchronous motor (4 rpd)

O glass-wool container
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electric power of 500 W. The whole heater'system was
surrounded by asbestos and glasé wool. The main part of
the furnace consists1of-a ceramic tube (D) with four
independent heaters (I) and four independent
thermocouples (H) as shown in Figure 2-3b. The values
of resistance of the heaters H-1, H—2, H-3, and H-4 are
15, 16, 18, and 215 respectively. Using these heates
(H-1 - H-4) the maximum electric powef of.2300 W can be
obtained. The heater H-1 was used to melt the Sample.
The currents of the heaters H-2 and H¥3 were
independently regulated using the temperature
controllers TYPE A described in Section 2-2-3 to obtain
a sharp temperature gradient in the narrow area between
the positions of the thermocouple T-B and of T-C. The
heater H-4 was used to anneal the product compound. The
Chromel-Alumel thermocouples were used as temperature
sensor to attain large electromotive fofce and high
stability around 800 K. The innermost pyrex glass tube
was used to fix thermocouples for monitoring
temperature. The positions of thermocouple are shown in

"Figure 2-3c.
-2-2-3 Temperature controller

Two types of temperature controllers were
constructed.
(1) TYPE A

Two temperature controllers of this type(12’13)

X}
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Figure 2-3. Practical wiring scheme of fhe ﬂeaters
H-OUT, H-1 - H-4, and the thermocouples T-A - T-D,
-T—OUT, T-1 - T-6, indicate vertical positions éf
thermocouples and heaters. a: the cuter stainless-
steel tube. b: the ceramic tube. c: the pyrex glass

tube.
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were constructed and employed to regulate the current
of heaters H-2 and H-3 independently. The basic
diagram of the circuit is shown in Figure 2-4. This
controller is a proportional-integral contoller with a
pair of thermocouples as the temperature sensor. The
details of the DC amplifier, the reference voltage
generator, the prportional-integral controller and the
current outpuf circuit are given in Figures 2-5,2-6,2-8
respectively, The emf of the thermocouples T-2 and T-3
are amplified by the DC amplifier, compared with the
reference voltage suitably divided with the resistance
network and fed into the logic circuit of the
proportional-integral controller. The control signal
from the logic circuit drives the triac which provides
the proportional-integral contfolled current to the
heaters H-2 or H-3. The electrical characteristic of
tHe logic circuit is shown in Figure 2-7. The wave form
of the each part of the output circuit is schematically
shown in Figure 2-9. Using this controller system it
was revealed thét the temperaﬁure can be controlled to
within * 1 K at about 800 K, which corresponds nearly
to the melting points of the specimens, for more than 7
>days.

(2) TYPE B

Three regulators of this type(14)

‘were constructed
"and used to regulate the currents of the heaters.H—1

and H-4 and the outer heater independently. The circuit
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T oN
> Linear
= e
T | AN
5—0_ i | OFF
o Lo
0 ’
INPUT/V

Is
T/ K

‘Figure 2-7. Principle of operation of PI logic
calculation unit. T4 is the setting temperature of the
furnace. The current of a heater is controlled to very

linearly to the temperature deviations from Tg.
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s 1

Figure 2-9. Waveforms at the portions 1-5 of output

circuit 5:0utput voltage.
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is simple on-off regulator as shown in Figure 2-10. The
controller can stabilize the temperature to within
5 - 10 K. which is sufficient in -the present

experiment.
2-2-4 Operation and performance

The five control system mentioned above were set So
as to attain the temperature distribution shown in
Figure 2-11 by adjusting the potentiometer in
"individual controllers. This temperature distribution
was confirmed to be maintained without significant
change for a week or more. The temperature fluctuation
during the operation was less than £1 K at the
positions 3 and 4. The sample sealed in a pyrex ampoule
was put in the position 1 for two days in order to get
complete mixing of the two components. Then the sample
was iowered gradually at the rate of 12 cm/day using a
synchronous motor (4 rpd.). The crystallization
occurred fromthe bottom and proceeded as the sample was
passed through the steep temperature gradient between .
the points T-3 and T-4. After 5 days the sample
- reached the positidﬁ'6; where it was annealed for a
day. Then the teﬁpéfatdrefbf the furnace was lowered to

the room temperature in one déy.
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Figure 2-11. Ideal'temperature distribution inside the
furnace. 1-6 are sensing positions of thermocouples
T-1 —‘T—6; T, is melting point of sample. Melt sample

is moved down through this steep temperature gradient,
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2-3 Spectrometer
2-3-1 Organization of spectrometer

One of the purpose of thevpresent work is to
measure precisely the NQR frequencies and the spin-
lattice relaxation time of 8'Br (or 79Br) of the title
compounds over wide temperature range. Kind et al.(6)-
reported that the 81pr NQR signals of these substances
lie between 50MHz and 120 MHz. Therefore a variable
frequency pulsed NQR spectrometer working in this
frequency rande was constructed. The block diagram of
the spectrometer is shown in Figure 2-12. An RF carrier
from a signal generator is divided into two channels by
a power divider. One channel leads, through an
attenuator and a phase shifter, to a broadband receiver
for phase sensitive detection and anotherrto an RF gate
which is controlled by a pulse programmer. The RF pulse
signals from the gate is used to drive an RF power
amplifier. This amplifier can supply RF pulses of the
power of 1 kW to the sample coil via matching network.
The free induction decay (FID) signal after the strong
" RF pulse is picked up by the coil and amplified by a
tuned pre-amplifier and a broadband receiver. The
amplified signal is then converted into a video signal
by a video amﬁiifier with the phase sensitive
detection. An active and an passive (15) dampere are

inserted between the probe and the pre-amplifier to
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protect the receiver from the high power RF pulses and
to supress the dead time of the pre-amplifier. An
active damper is also controlled by the pulse
programmer. The details of the matching network and the
pulse programmer will be described in Sections 2-3-2,
and 2-3-3, respectively. The other components used in

the present study are as follows:

1) A stable RF signal generator (Hewlett-Packard, 608C,
or Waveteck, Model 3000 ): The frequency drift is
less than one part in 106 per 10 minutes.

2) Frequency counter (Hewlewtt-Packard, 5314A) to
measure the resonance frequency, which was also
used to measure the time interval between two
pulses.

3) RF power amplifier or RF transmitter (Matec, 525).

4) RF gated modulator (Matec, 5100)

5) Diode expander (Matec, DX-3), which was used so that
the transmitter is electrically isolated from the
matching unit in the detection period of the FID
signal.

6) Pre-amplifier (Matec, 254)

.7) Wideband amplifier (Matec, 625)

8) Oscilloscope (Tektronics,: 79204) to-display FID
signal .- |

" 9) RF Attenuator (RA-74)
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2-3-2 Pulse programmer

The detail circuits of the pulse programmer
togethér with the quench are shown in Figure 2-13. The
repetition period for the pulse sequence is determined
by the use of the timer comprised in the RF gated
modulator . The pulse sequence for the two pulses for
the Tq measurements is genarated by TTL logic circuit.
Its interval and width can‘be adjusted»with monostable
multivibrators. The chart showing the timing of the
gate pulses and the quench pulses for active damper is

shown in Figure 2-14,

2-3-3 Matching circuit

The matching network containing the sample coil is
the most important part in the NQR apparatus. It must

satisfy the following conditions:

1. It transmit§ the RF power from the power amplifier
to the probe coil as efficiently as possible.

2. Ringing after the high RF power as well as spurious
noise should be supressed very quickly in order tq
detect FID signal immediately after the RF pulses.

3. The quality factor Q of the networkb should be very
high in the detection period in order to detect_very

weak FID signal.
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gate

[ ~  quench

J

t/ps

- Figure 2-14. The timing chart of pulse at positions
a-d of the pulse programmef.lois the gate pulse and d

- the quench pulse.
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4. The above condition should be realized over very

wide frequency range (50 - 100 MHz).

In order to design a practical matching network we
will begin with the analysis of a very simple LC
~circuit given in Figure 2-16. The tuning frequency f is
determined by thé equation

f e
where L and C are the inductance and the capacitance of
the tank circuit. In an actual NQR experiment one
connects the coil immersed in a cryostat and the
matching network which is located outside of the
cryostat with a long coaxial cable. In such a case the
stray capacitance of few pF usually exists in the
cable; This stray capacity is comparable with or lager
than C in the above equation at a frequency above
50 MHz. Sovit may become impossible to tﬁne the whole
circﬁit to the NQR frequency at high frequencies. This
difficulty can be avoided by putting the whole matching
network circuit into the cryostat. Since the output
impedance of the transmitter is 50 in the present
work, the maximum RF power can be provided to the
- probe coil if one can match the impedance of the
matching circuit to 5082. Consider two types of matching
circuits as shown in Figures é—17a and 2-17b which are
called ﬁappéd paféllel tuned circuit énd tapped series

(16)

tuned circuit, respectively. The input impedance of

tapped parallel tuned circuit. is given by
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Figure 2-16. Parallel tuning circuit.
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 Figure 2-17. Tappéd parailel (a) and tapped series (b)

matching networks.
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Xet- Xy — JXei- R
Ru + j(Xu— Xe1)

Z= "un"‘

Xe1 = Cwo Cey )71

XC: = (Weo ch)-‘

XL.b = wel

Using the condition 2 = 505, the following solutions

can be obtained with an appropriate approximation:

c [ WweXuy (50 + JSO'RI—- ) ‘]'l
@ 50— IR :

Cea-[ wo Xt - (50 + {50-Re ]-'
Qu+m

For the case of tapped series tuned circuit input

impedance is

Z‘.', o + ‘1
Xca Ru + ‘JCXL.—XCJ) -
Using the condition 2 = 508, the following solutions
can be obtained with an appropriate approximation:

Cep = [we ¢ Xu— 507D ]—l

Cca = [wo [50.R. ]-‘

Substituting the following values CC1 and CC2 are
estimated.
fo=we/am= 60MHz , L-0.4pH, RL=5ER

For tapped parallel tuned circuit, Cnq and Cgo, are both
- about 10 pF. For tapped series tuned circuit, Cgq is
about 20 pF and Coo is about 100 pF. Hence the tapped
parallel tuned circuit is ad&pted because small size
condition is preferable to be comprizéd in the limited
space of the cryostat.

The overall diagram of the probe is shown in
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Figure 2-18. J is variable condenser and its capacity
value can be varied remotely by handling the knob (B).
The detail of the condenser is shown in Figure 2-19.
The coaxial‘cylindrical condensers of 10 pF and 20 pF
were constructed. The capacitance of this type of

condenser is given by

C: _2LEL
108 Cb/a )

2-3-4 Operatibh and Performance

The impedance of the matching unit was adjusted
using a system shown in Figure 2-20. The reflected RF
is monitored on an oscilloscope and the variable
condensers are adjusted so as to minimize the reflected
RF.

In the tapped parallel tuned circuit mentioned
in Section 2—3—3 the impedance matching could not be
realized because of large stray capacity even when the
matching unit‘was placed in the cryostat. This
difficulty can be overcome by two methods. The first
method is to insert a resistance in series with the
Vcoil. This lowers the Q of the sample coil. And larger
capacity is needed in order to satisfy the matching
condition.~Theq( the impedance matching can be
"realized. But sensitivity of the tank circuit to dgtect

the FID signal becomes poor because of low quality



Figure 2-18. The sample prove.
A BNC connector

B condenser tuning knob

C 1liquid nitrogen inlet tube

D copper can

E sample

F RF coil

G .thermocouple junction for temperature measurement
H heater

I thermocouple for teﬂbératufe control

J variable condenser - - -

K teflon insulator -
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factor due to the fesistahce in_series to the coil. The
other methoa is to insertranother condenéer series to
the whole tank circuit. This method proved useful
because the signal loss is small. The whole matching
unit cénstructed in the present work is shown in
Figurg 2-21. The length of a coaxial cable is varied so
as to match the measuring frequency. For example, its
length is 10 cm at 90 MHz, and 60 cm at 60 MHz.

The performance of the matching unit was tested by
measuring the NQR signal of 1215p in SbClj. The 127gp
(I=5/2) resonance frequencies in SbhCl3 are 58.08 and
112.5 MHz at 304 K.{17) For the signal at 112.5 MHz,
the 90° pulse width was 20 micro sec and the pulse
height was‘500 V, peak-to-peak. Signal to noise ratio
was about 20 which is comparable with the value
obtained using a very short probe. Therefore, the
undesirable effect of the long cable which connects the
sample coil and the transmitter on the NQR signal can
be negligibly small. The dead time of this system is
10 micro sec which is short enough for this experiment
because T§ of the compounds studied in the present

research are longer than 30 micro sec.

2-4 Pulsed FT spectrometer

2-4-1 General design of FT spectrometer
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cable
T J}) ~ Jeryostat
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Figure 2-21. Matching network. The portion indicated

by ---is the coaxial cable made from stainless-steel

tubes of about 40 cm length.
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In incommensurate phase the NQR signal is expected
to be very small and so the accumulafion and the
averaging of the signal is necessary. Furthermore the
line shape_and linewidth measurements are necessary.
For these purposes a pulsed FT spectrometer was
constructed to throw light inté the structure of the IC
phase.

In the signal enhancement by data accumulation the
pulsed FT method is superior to usual CW method because
it can collect the_signal very quickly and, by Fourier;
transform (FT) of the FID signal, the frequency
spectrum with high S/N ratio can be obtained. The FT'd
signal is equivalent to the CW absorption spectrunm,

when the following conditions are satisfied.(18)

(1) All spins are equélly excited, that is, the power
of the RF pulse as high enough to invert all spins
simultaneously.

(2) High temperature approximation is satisfied for

spin systeﬁ.

In the present work the pulsed FT technique was
adopted to examine the NQR parameters in the IC phase.
The échematic diagram of the pulsed FT spectrometer
system is shown”in Figure 2-22. Almost all parts of
this systeﬁ is the same as that mentioned in

Section 2-3. A transient memory, a signal averager



-66-

casTyT1dwe-axd abeas
9291yl pounj ® S93edTPuT IS9TFTTdWE DPUBQOPTM ©Y] puS

UOTMS-JI SY3 US9M3OQ PO3ISSUT ITNOITD Y *I9jzswoxjosds

ad0D2S0TIIDSO

LJd ¥YON pesind o weabeTip HD0Td *22-7 ®eanbig
YILNING L I¥D ‘ LINN ¥SIA
. 1 ]
_ YALNAWOD TYNOSIAd “ FOVIHILNI
_ JIOVEIAY _
LHVY. YIIJIITIWY ANYEIQIM RYOWIW INAISNVHL
|
HOLIMS ¥

YILATHS FSVHA

ag0dd HONINO YIWWYYD0dd dST10d

— YIANVAXE IA0IA T||I| YILIOXI ¥OLV'INAOW QILVD |l— dodnos J4yu

— JOLVANILLY

¥ALNNOD OFud




-67-

and a personal computer were newly introduced in order
to perform the daﬁa acquision and the FT. The
components used are as lelows, |

.(1) FID is converted to digital signal and stored using
a traﬁsient memory (KAWASAKI ELECTRONICA, TM-1410).
The number of sampling points (N) of the transient
memory used was 1024, and minimum sampling interval
was 1 micro sec. If the sampling interval is.
1 micro sec, sampling time is totally 1024 micro sec.
As the inverse. of the sampling time corresponds to the
resolution of frequency spectrum,(19) the resolution is
1 kHz in this case. This conditidn leads to
sufficiently reliable data in the present study
because the.line width of 81Br NQR signalbis generally
about 20 kHz - 40 kHz. With the sampling interval of
1 micro sec there is not any difficulty that arises
from distortion of the FT'd signal because the time
consfant (T;)-of FID of 81Br NQR signal is‘40 - 100
micro sec.

(2) The digitized signals'stored in the transient
memory were accumulated by an averager (KAWASAKI .
ELECTRONICA, TMC-300). This averager can accumulate
~the data up to 1024 times but the number of
accumulation was not sufficient to obta@n NQR signal
with high S/N ratio in incomﬁensurate phase, so after
accumulation 0f"'1024 times the diéital data in the
averager was transferred to a personal computer, and

accumulation was continued in the transient memory.
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(3) Digital signal of averager Was transferred through
an .interface (CONTEC, PIO-1616(98)) to a personal
computer system (NEC, PC-9801E). The final data is
monitored on a CRT (NEC, pc-8841), hard-copied on a
printer (EPSON, RP-80I1I) and stored in the floppy disk

of the computer (NEC,PC-8881).

2-4-2 FID processing program

Flow chart of program is shown in Figure 2-23.
OFFSETCORRECTION : The digital data have only positive
values, so baseline of FID mﬁst be shifted to zero
before FT. , |
FFT : Two base FFT algorithm(zo) was used. It takes
five,minutes to get the Fourier transform of 1024 -
points. |
PHASECORRECTION : FID is expressed theoretically by the
expression ’

fct)= A-exp -t/m*r-cos amcfer- ot
where fpp is the carrier frequency and f is the NQR
resonance fréquency. Its Fourier transform produces
pure absorption in real part and puré dispersion
respectively shown in Figure 2-24. -But in a real

system FID is usually expressed by the expression

far- A exp-t/T*>.cosfoncfer~ Fot+ P 1
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INPUT INITIAL PARAMETER

SUB DATAINPUT

SUB OFFSETCORRECTION

GRAPHI

C FID DISPLAY ?

SUB

GR

APHICFIDDISPLAY

'SuUB

DA

TAREARRANGEMENT

FID

DA

TA DISPLAY ?

SuUB

FI

DDATADISPLAY

FID

DA

TA PRINT-OUT ?

SUB

FI

DDATAPRINTOUT

FID

DA

TA FILE-OUT ?

SUB FIDDATAFILEOUT
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FFT ?

SUB FFT

. SUB PHASECORRECTION

GRAPHIC SPECTRUM DISPLAY ?

SUB GRAPHICSPECTRUMDISPLAY

SPECTRUM DATA DISPLAY ?

SUB SPECTRUMDATADISPLAY

SPECTRUM DATA PRINT-OUT ?

SUB SPECTRUMDATAPRINTOUT

SPECTRUM DATA FILE-OUT ?

[ SUB SPECTRUMDATAFILEOUT :]

END

Figure 2-23. Flow chart' of FID processing procedure.
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where the phase p is introduced for purely instrumental
reason that the initial part of FID cannot be observed
due to the dead time of receiver system. Fourier
transform of such a signal gives a spectrum which is a
mixture of the absorption and the dispersion. In such
a case the center of the resonance line <can be
determined by calculating the modulus

M= (Im CTf62) ) + (Re (Tfct2) )

The program is given in Appendix 1. All is

written in BASIC language.
2-5 Temperature controller’

In the present study the temperature of the
specimen in the cryostat was controlled using the
circuit shown in Figure 2-25. The temperature of the
cryostat was monitored by a pair of thermocouple. The
différence between the emf of the thermocouples and the
output voltage of a mV generator (Ohkura Elec. Co.
Ltd., I-8160 ),- which was preset to the temperature of
measurement, was amplified by a D.C. amplifier (Ohkura -
Elec. Co. Ltd., AM-1001) and fed into the proportional
- current controller.(2') with this system the
temperature of the probe was controlled within #0.01 K

for few hours.
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Chapter 3 Sample preparation and measurements

3-1 Sample preparation
3-1-1 CszHgBr4

CsBr (GR) and HgBr, (GR, >99 %) were purchased
from Nakarai Chemical Co., Ltd. A sample of 10.642 g of
CsBr and 8.993 g of HgBr, were put in a pyrex glass
ampule and evacuated for one day and sealed in vacuunm.
As melting points of HgBr, and CsyHgBr, are 511 K and
708 K, respectively, a pyrex glass ampule was used as
the sample tube. As Cs;HgBry melts at 708-K,(1)
temperatures at the points 3 and 4 of Figure 2-3Db
were set at 748 K and 636 K within +1.0 K,
respectively. The electric currents of the heaters H-1,
H-2, H-3, H-4 were reqgulated around 0.8, 1.2, 0.3, 0.6
A respectively. Temperature was raised to 758 K
to make the sample melt, kept there for two days in
"order to get complete mixing, and then the sample tube
was lowered at a rate of 12 cm/day along fhe steep
. temperature gradient described in Section 2-2-1. After
5 days, a colorless, transparent single crystal of
1.0%1.0*%1.0 cm was obtained. Tﬁe crystal was identified
by oscillation, Weisenberg, and precéssion photograph
of the single crystal. The samples obtained were ground

and sealed in a glass ampule with helium gas of 60 mmHg
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(8.0 kPa) to be used for NQR measurements.
3-1-2 Cs,CdBry

CsBr of Reagent Grade was purchased from Nakarai
Chemical Co., Ltd. Anhydrous CdBr, of stated purity
better than 99.99 % was purchased from Kojundo Kagaku
Kenkyusho.

As CdBr, is hygroscopic, 16.518 g of CsBr and
10.564 g of CdBr, were put in a silica Ampule in a dry
box filled with.dry.nitrogen gas. As the melting point
of CdBr, is 853 K a silica tube was used. It was
evacuated for two days and sealed in vacuum. The sample
of Cs,CdBr, was grown by the similar procedure to the
case of Cs,HgBr, expect the initial temperature was at
913 K as melting point of Cs,CdBry is 702 K.(2) Sample
wefe ground and sealéd in a sample tube with helium gas

of 58 mmHg (7.7 kPa) for NQR measurements.
3-1-3 CSzanr4

CsBr of Reagent Grade and ZnBr, of Reagent Grade
were purchased from Nakarai Chemical Cé., Ltd.
Colorless, transparent crystals were obtained by slow
evaporation at room temperature of aqueous solution of
the stoichiometric amounts of CsBr. and ZnBr2J3) The

sample was recrystallized twice from aqueous solution,
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ground and sealed in an ampule with the outer diameter:
of 1.2 cm with 60 mmHg (8.0 kPa) helium gas for NQR

measurements.
3-1-4 (CH3NH3)2CdBr4

CH3NH3 (40 % aqueous solution) was purchased from
Tokyo Kasei Kogyo Industry Co.,Ltd. CdBr,°4H,0 (GR,
> 98 %) was purchased from Wako Pure Chemical
Industries, Ltd. HBr (GR, 47 - 48 %) was purchased from
Nakarai Chemical Co., Ltd. ‘

Sample was prepared in two steps.(4'5) First
CH3NH3Br was prepared in the following way: Hydrobromic
acid was added slowly to aqueous CH3NH, solution . This
reaction is very exothermic. By slow evaporation at
333 K colorless, transparent crystals of CH3NH3Br were
obtained. Next, the stoichiometric amounts of
CdBr2'4H20 and-CH3NH3Br were disolved in watef. By slow
evaporation at room temperature colorless, transparent
poly-crystals were deposited. The sample was purified
by recr?sﬁallization from aqueous solution, ground and .
sealed in a glass ampule with the outer diameter of

1.2 cm without He gas for NQR measurements.
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3-2 NQR Measurements

3-2-1 spin-lattice relaxation time, Tq,

and the resonance frequency, vg

The spin-lattice relaxation time (T1) and the
resonance freduency (VQ) were méasured by the pulsed
spectrometer described in Section 2-3. Since the
temperature coefficiénts of the NQR frequencies were
large, the temperature of sample was controlled to.
within +0.05 K so as to prevent the frequency shift
and/of broadening of the resonance line that might
. occur during each measurement. Also, the impedance
matching of fhe probe was made by the method mentioned
in section 2-2 in every measurement, to keep the
optimum condition of the matching unit. The 90° pulse
width was about 20 micrb sec and pulse height was about
500 V.peak—to—peak in all the runs. The spin-lattice
relaxation time was measured by either 90° -t-90°
method or 180° ft—90°‘, depending on the situation.
Both methods gave consistent results. Recovery of the
magnetization was always represented by a single
exponen?ial function with respect to the evolution
time. /So thé spin—lattice»relaxatiop time was
unambiguously determined at evéry temperature. At high
’temperatures above 200 K the FID signél became weak.
Therefore, the S/N ratio was hade to increase by

accumulating the FID using a transient memory and a
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'éignal averager. For (CH3NH3),CdBry, two upper
resonance frequencies of the four were closely spaced
'sb that the spin-lattice relaxation time could not be
measured by the direct method at a certain temperature
range. In such a case the pulsed FT method (see in

Section 2-4) was used to measure T1.
3-2-2 Line width

Line width was measured by the pulsed FT
spectrometer. The sampling interval of the FID was
1 micro sec, and the pulse width was 20 micro sec. The
line shape was very sensitive to temperature.
Therefore, the temperature was controlled to within
- +0.01 K during each measurement. ThevFID signals were
accumulated 1024 times or more prior to the Fourier

transform.
3-2-3 Resonance frequency in the incommensurate phase

The resonance frequency was searched using the
pulsed FT spectrometer described in Section 2-3. Since
'the FID signal could not be detected 1in thg
incommensurate phase without accumulation, the
following procedq;e was used to measure the resonance.
First, the spectrometer was set in the optimum

condition by observing the FID just below the
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incommenéuraté—comménsurate transition temperature. The
6ptimum'éondition was attained at the 90° -pulse width
of 23 micro sec and for the pulse height of 400 Vp_p{
Next the temperature was brought to the range of the
incomﬁensurate phase and, keeping the above condition
of the spectrometer system, the FID signals were
accumulated 10240 times with the repetition period,
0.1 s, and then Fourierftransformed. As the pulse width
was 23 micro sec, the spins which resonate at a
frequency lying within (fRp+40) kHz can be excited (fyp
is the carrier frequency). Therefore, search was made
in steps of 40 kHz. A typical example of the observed

signal is shown in Figure 3-1 by changing the carrier

frequency.
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T = 234.6K
Ve = 92.6473 MHz

1 /\ A“—} ‘*-7 IM

7 <1 ! 7

50 100 150 200
t/ S

Figure 3-1. Typical FID of 81pr NQR line in Cs,HgBry
in the incommensurate phase. The RF 90° pulse was
applied to the sample at t=0 for 20 micro sec and a
gquench pulse as shown in Figure 2-15 was applied to the
detector system the length of which was 30 micro sec.
After 30 micro sec FID signal is .detected. If the
quench pulse is absent FID sigqal appeared after 50
miéro sec. Thus the application of the quench pulse can

make the dead time shorten by 20 micro sec.



-83-

References

1.

V.I. Pakhomov, P.M. fedo;ov, Yu A. Polyakov, and
V.V, Kirilenkv; zh. Neorg. Khim., 22(1), 188
(1977). (Russ. J. Inorg. Chem., 22(1), 103 (1977).)
C.éinistri, R.Reccadi,'andIL Magistris, Ber.
Bunsenges. Phys. Chem., 71(4), 376 (1967).

B. Morroson, and E.C. Lingafelter,Acta Cryst., 12,
744 (1959). |

P.A. Daoud, and R. Perret, Soc. Chim., 5, 5 (1973).
H. Arend, W. Huber, F.H. Mischgofsky, and

G.K. Richter-van Leuwen, J. Cryst. Growth, 43, 213

(1978).



-84-
Chapter 4 Experimental results
4-1 Cs,HgBry
4-1-1 femperatgre dependence of 81pr NQR frequencies

Phase relation determined by Yamadall) and that
determined by Kind(2) isbinconsiétent in Cs,CdBry. And:
Kind showed the similar phase relation in CszHgBr4(2-4)
to that in Cs,CdBry. Therefore the temperature
dependence of 81py NQR frequencies was reinvestigated
and the result is shown in Figure 4-1. Our result
agrees with the result by Kind(2) withint20 kHz in the
whole température'range of measurement. Our transition
temperatures shown in Figure 4-2 agree with those
determined by Kind(2) within® 2 K. Selected resonance
frequencies in each phase are tabulated in Table 4-1.
In the normal high temperature phase above 245 K, three
resonance lines were observed and the signal intensity
of the lowest resonance frequency line 03 wag about
(twice as strong as that of the other two signals,‘01
and 02. These results are consisteﬂt witﬁ the X-ray
.stxnlcﬁt;re data(4); There exist three
crystallographically nonequivalent bromine sites. Two
bromines (site 1 and site 2) ére on the mirror plane
and the 'number of the equivalent atomé in the unit cell

is 4 for each site. The other bromine (site 3) is at

general positions and the number of the equivalent
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:fTable 4-1

®1Br NQR frequencies in Cs;HgBr,

‘T/R T v/MHz 3 CT/RK . v/MHz

Normal phasg : ‘ Commensurate phase
280.0 91.549 . 200.4 " 93.679
280.1  81.099 _ 200.2 84.480
280.5 78.469 : : 200.1 80.662

| C . 200.1 80.464

IC phase
232.7 . 92.742 , Low temp phase
233.7 92,703 . 105.1 97.149
235.0 92.664 ' 98.9 94,111

92.454 . - -
_ 100.2 88.546

236.1 92.624 ,
237.2  92.582 o 100.4 86.298
237.5 92.403 100.7 83.812
238.5 92.463 100.7 80.223
240.0 92.485 . 100.2 78.055
239.8 92,362
241.2 92.325
242.0 92.403

243.0 ‘ 92.300
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atoms in thé_uhit cell is 8. Therefore signal intensity
ratio of'1f1:2 is expected. The lowest resonance
frequency line ¥3 can obviously be assigned to the site
3. Assignment of the other sites were made by referring
to the results of the Zeeman experiment on CSZCdBr4(5)
which is isomorphous with CsZHgBr4(6). Thus the highest
frequency line V¥q was assigned to the site 1, and the
’meaium frequency line 02 assigned to £he site 2.The
resonance frequencies in the incommensurate phase were
measured by the FT pulsed spectrometer and will be
describedvin Section 4-1-4. In the low temperature
commensurate phase four signals were observed. Bromines
which .are related to each other by the mirror symmetry
in the normal phase become inequivalent in this phase
because of the loss of the mirror symmetry. So the four
atoms in [HgBr4]2' are inequivalent in this phase. The
ffequency difference of lower two resonance lines VC
and v becamé small on cooling, and, coalesce into a
éingle line at the transition point between the
commensurate aﬂd the low temperature phase. On further
cooling through the commensurate - low tempeature phase
transition at 165 K, each one of four lines Vv, - ¥p
 splits into two lines and so eight resonance lines were
observed below 165 K. The lower four resonance lines V¢
- 08 could not bg‘observed near the phase transition
- point at 165 K for, perhaps, the following reasoanhe

temperature coefficients of these resonance lines are

e
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‘extremely large (100 kHz/K) near the phase transifion
point so that the lines become very broad even if only
slight temperature gradient exists through the sample;
>The fact that there is no discrete change in the
resonaﬂce frequency at the transition point indicates

that the transition is of second—orderJ7)
4-1-2 Line width

In order to examine the critical nature of the
phase transition in the normal-incommensurate and the
incommensurate-commensurate phase transitions, the line
width of each line was measured in the normal and the
commensurafe phases by'the pulsed FT spectrometer
mentioned in Section 2-4. Results are shown in Figure
4-3, In the commensurate phasg, the line width 6f the
four resonance lines were almost constant except near
the éommensurate-low temperature phase transition
point. Especially, any significant line broadening was
not detected near the lock-in transition temperature.
This fact and also the fact that the resonance
frequencies show discrete change at the commensurate-
~incommensurate transiﬁién suggest that the lock-in
Vtransition’of this‘compoqnd is of first—qrdérj7) This
is consistent with the Qidely;accepted notion that the
lock-in transition is of first orderJB) In the normal
phase, line broadening of the lowest frequency line was

observed, while the upper two lines showed no critical
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broadening. These facts suggest that the normal-
incommensurate phase transition is of second-order(7)
with anisotropic critical fluctuation; The full
discussion on the nature of this phase transition will
be given in Section 4-1-4 in relation to the NOQR

parameters in the incommensurate phase near T:.

4-1-3 Temperature dependence

of spin lattice relaxation time

In order to throw light into dynamical properties
of the successive phase transitions in the CszHgBr4,‘
the spin-lattice relaxation time T; was measured as a
function of temperature. The results are shown in
Figure 4-4. In the incommensurate and normél phases,
spin-lattice relaxation times were shorter than 100
micro sec, which was the 1limit of the measurement. In
the low temperature phase, the spin-lattice relaxation
times for 01 and 02 were almost the same, decreasing
monotonously oﬁ heating, and both show no anomaly in
the commensurate - low temperature phase transition
region. This fact indicates that the relaxation in the
low temperature phase is governed by librational
motion of the [HgBr4]2" tetrahedron.(®) It can be seen
in Figure 4-4 thatjxlthe low temperature region of the
" low temperature phase the spin-lattice relaxation times

for the 03 and Vv, lines are significantly different
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from each other. But on approaching the commensurate -
low temperature phase transition pbint the difference
between their Tq's becomes smaller: The‘témperature
variation of the difference resembles that of the
so-called oider parameter  of a secoﬁd—order phase
transition. There are many substances in which the T1's
of NQR show some interesting critical decrease
associated with their phase transitions(10), But there
has not been found any compounds in which T1's behave
like an order parameter of phase transition: CsyHgBry
is the first example which shows such a behavior. It is
supposed that the peculiar temperature dependence of T
in this material is closely related to the mechanism of
the phase transition between the low temperature and
the commensurate phases. The T1's of 05 - 08 tend to
behave like those of 03 and 04 on heating but they
could not be determined accurately near T, due to poor
signal intensities. Near the lock-in transition
temperature there was not any significant anomaly,
probably suggesting that the spin-lattice relaxation
due to stochastic origin is very efficient and overcome .

the critical cohtribution in the commensurate phase.
4-1-4 81pr NOR frequencies in incommensurate phase
In order to characterize the structure of the

incommensurate phase, the 81Br nuclear quadrupole

resonance signals were searched by pulsed FT
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spectrometer described in Section 2-4, Only a pair of
resonance lines were observed near 92.5 MHz. A typical
" spectrum is shown in Figure 4-5., The temperature
dependence of the resonance frequencies in the‘
incommensurate phase together with those in the normal
and the commensurate phases is shown invFigure 4-6.
Three characteristic features are seen in this figure:
First, the normal-incommensurate phase transition is of
second-order, corroborating the previous postulate in
Section 4-1-2. The second is that the lower frequency
line in the incommensurate phase can be connected
smoothly to the line in the normal phase at Ty. The
third chachter is that the higher frequency'line in
the incommensurate phase is , on the»other hand,
smoothly connected to the line ¥ in the commensurate
phase at T,. Furthermore, the fact that any gesonance
Iine which correspond to either of two lower lines in
the normal bhase could not be observed in the
incommensurate phase is also an important information.
These charactefistics will be more fully discussed in
relation to the mechanism of the successive phase.

transitions in the material in Chapter 5.
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T =234.9K
Ve =92.6473 MHz

R .w
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Figure 4-5. Typical FT spectrum of a 81py NQR line in
Cs,HgBry in the incommensurate phase obtained by
10240 times signal averaging. On the deformed base
line spectrum is seen at the frequency separated by

about 25 kHz from the carrier frequency Ve
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4-2 CSZCdBr4
4-2-1 Temperature dependence of 81py NQR frequencies

This material is isomorphous to CszHgBr4(4'6) and
NQR parameters in both compounds behave similarly to
each other. The temperature dependence of the 81pr
nuclear quadrupole resonance frequencies is shown in
Figure 4-7. The data agree with the result by Kind(2r5)
within 100 kHz in the whole temperature range
measured. Comparison of the data in this figure with
those in Figure 4-1 shows that this substance behaves
similarly to Cs,HgBry. The transition temperatures
determined shown in Figure 4-8 agree with those by
Kind(z's) within 2 K. ‘Typical resonance frequencies
in eaéh phase are tabulated in Table 4-2. The absolute
value of thé frequencies are reduced by factor of about
7/1d-from those in Cs,HgBr, probably due to the
difference of the electronic structure in the two
[MBr4]2' tetrahedrons. The normal phase gives three
resonance lines with the intensity ratio 1:1:2 as in
Cs,HgBr,: vq, v,, V3 were assigned to the bromine at’
- the sites 1, 2, and 3 by referring to the previous
Zeeman ekperimental result.(>) The resonance
frequencies in the incommensufate phasé)will be shown
later. On céoling“the sample through éhe commensurate—
low temperéture phase transition each_of four lines VA

- VD split into two lines and so eight resonance lines
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Table 4-2

®1Br NOR frequencies in Cs,CdBr,

T/K v/MHZ ' T/K . v/MHz
Normal phase Commensurate phase
279.6 © 66.051 200.3 67.347
278.7 59.914 201.5 62.038
279.5 " 57.520 - 200.5 60.227
201.3 ~ 58.347
IC phase
240.4 . 66.685 Low temp phase
240.4 66.554 - 100.9 69.399
242.2 66.648 100.9 68.099
242.2 66.527
100.7 64.505
244.0 66.610 :
.244.0 66.504 101.0 63.791
245.8 66.571 7 . 100.6 62.226
245.9 66.479 ' 100.6 61.399
249.4 66.478 - 100.9 © 60.872
249.4 66.432
100.7 57.519
251.2 66.418

251.4 66.407
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were observed. The resonance lines Oj'and vg were not
observed near the transition temperature for  the same
reason as - in CsyHgBry4. 'The commensurate - low

temperature phaééftranéition‘is of the second-order.
4-2-2 Line width

The results of the line width measurement are
shown in Figure 4-9. In the commensurate phage the line
width of four resonance lines were almost cénstant and
no significant line broadening was observed near the
lock-in transition temperature. This suggests that the
lock-in transition in this compound is also the first-
order as in Cs,HgBr,. In the normal phase the highest
frequency line did not show any anomaly in the line
width whereas the other two lines broadened near T; due
pfobably to an - anisotropic critical fluctuation as in

the case of Cs,HgBr,.

4-2-3 Temperature dependence

of spin-lattice relaxation time

The Results of the T, measurements are shown in
Figure 4-10. As in Cs,CdBry the spin—lattice relaxation
times were too short to measure in the incommensurate
and the normal phases. Therefore T4 were measured only

in the commensurate and the low temberature phases. The
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spih—lattice relaxation time of v4, ¥v,, and v, behave
similarly to those of Cs5CdBry, suggesting that the
relaxation is governed by librational motion of
[CdBr4]2“ tetrahedron(9), Although order parameter-like
behavior'of T4y was not recognized in the low
temperature phase contrary to the case of CsyHgBry,
steep decrease of Ty was pbserved for v5 and V¢ in the

commensurate phase near Tg.

4-2-3 81pr nuclear quadrupole resonance frequency

in the incommensurate phase

Only two resonance lines weré observed near 66.6
MHz. Temperature dependence of the resonance
frequencies in the incommensurate phase together w;th
those in the normal and the commensurate phasesris
shoWn in Figure 4-11. The characteristic features of
the frequency data are the same as those in CsyHgBry,
i.e.,

(1) The normal-incommensurate phase transition is of .

the second order.

. (2) The frequency of the lower resonance line in the
incommensurate phase is smoothly connected to that
in the normal phase at Ti.

(3) The fréquenéy of the higher résonance line is
smoothly connected to that in the commensurate

phase at Te.
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(4) The resonance lines corresponding to the two lower
lines, 02 and 03, in the normal phase could not be

observed.
4-3 CsyZnBry

4-3-1 Temperature dependence of 81pr

nuclear quadrupole resonance frequencies

In order to elucidate the mechanisms of the
successive phase transitions including the
—incommensurate transitions on the basis of dynamical
nature of the crystal lattices as studied by, for
example, NQR it is of help to compare the_NQR data of
Hq-end Cd-salts mentioned above with the other
isomorphous compounds which do not undergo any phase
tfansition. Cs,ZnBry is chosen fof such a reference
substance and the temperature dependence of its nuclear
quadrupole resonance frequencies and the spin-lattice
relaxation timee were measured. Temperature dependence
of the nuelearquadrupoleresonance frequencies is shown
in Figure 4-12. Three resonance lines were observed in
-the temperature‘range between 77 K and 300 K as
expected from the X-ray strueture datai(11). Their
frequencies decrease monotonously with temperature with
‘'no indication of phase transition in the whole

temperature range of tlie measurement. Our frequency
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Table 4-3

8lpr-and 7 °Br NQR frequencies in (CH;NH,),CdBr,

Nuclear , T/K v/MHz
79 ‘ ' _ 119.9 - 76.803
119.9 | 76.821
120.1 ' 68.577
©120.0 68.099
81 | 119.9 64.160
119.9 64.177

120.1 57.286 -
120.0 56.890
79 220.0 . 75.528
219.9 | 75.470
) 220.0 69.338
220.2  67.808
81 - 2201 63.095
220.1  63.045

220.0 57.925

220.1 56.646
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data are consistent with those by Kind (2) within 100

kHz in the temperature range measured.

4-3-2 Temperature dependence of 81pr

spin-lattice relaxation time, T4

Temperature dependence of the spin-lattice
relaxation time is shown in Figure 4-13. According to
the theory of quadrupole relaxation by librational
motion(g), the spin-lattice relaxétion rate, T1‘1 is

expressed as

T."=(i’§ﬂﬁT’-[-~ 1. Ca-1)

where the last term is dependent on the librational
mode. The temperature dependece of the relaxation time
obeys this T1"1= c*T? law for all the lines. Therefore,
relaxations of Bromine nuclei at all sites are governed
by the libratiqnal motion of the [ZnBr4]2' tetrahedron
in the temperature range between 78 K and 300 K. The
spin-lattice relaxation time of the highest frequency
line 01 is long compared with those of the 02 and 03
lines. The quadrupole coupling constant, equ/h, is

-related to Vv by the expression(7)
2 { -
v = (-e—éerq—)-(l-(-‘la-’l.z)z ] ' 4-2)

The asyhmetry pérameter 1]+ is zero if the nucleué
interested is located at the three-fold symmetry site.

And Vv is equal to equ/h.”If the last terms in the
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Equation 4-1 are the same for all the lines, -the
Equation 4-1 expectlthe following relation
T17V(99):T1 1 (95) 71 "1 (93)= v12:9,2:932. And the
relaxation time of the ¥vq¢ line should be shorter than
those of the other lines, V¥, and v3. And the result
that the relaxation time of the ¥4 line is relatively
longer than those of the other lines, 02 and 03, can
not be explained, if the last term is different for
each line.-This result indicates that an anisotropic
librational motion is excited. The line intensity of
the 03 line is twice as large as that of vq or 02 line.
Therefore the v3 line is assigned to the site 3. The
frequency of the Oi (i= 1-3) line in Cs,CdBry is
approximately equal to the frequency of the v; line in
Cs,2ZnBr, at room temperature. Therefore,‘the'same site
assignments are allowed for both compounds. The 01 line
is assigned to site 1. The Cd-Br(1) axis is parallel to
the a-axis. The libration about this axis may cause
only small fluctuation of the main components of EFG
at the site 1,'but large fluctuation may result for 02
and 03 lines. The fluctuation of EFG brings about the
quadruoplar relaxation(7). Therefore, such an
-anisotropic librational mode does not cause efficient
quadrupole relaxation at the site 1, but can bring
about strong qua@rupole relaxation at. the other sites.
- This mechanism therefore accounts qualitatively the

order of the experimental Tq¢ values. Hence we can
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conclude that these librational amplitude about the a-
axis is large compared with other two‘modes. This mode
is mainlyvexcited.Ae will be mentioned in Chapter 5, -
the rotation of [MBr4]2’ (M=Hg, Cd) about the a-axis is
causes. the normal-incommensurate phase transition .
Therefore in three isomorphous compounds, Cs,;ZnBry,
Cs,CdBry, and CsyHgBry, the libration abeut the a-axis

plays an important role for their physical properties.
4-4 (CH3NH3 ) 2CdBr4

4-4-1 Temperature dependence of 81Br and 7%Br

nuclear quadrupole resonance frequencies

A preliminary X-ray analysis(G) of (CH3NH3)2CdBr4
revealed that the anionic motion is highly anisotropic
with a large amplitude in the direction of the
crystallographic a-axis and then predicted that this
compound is a candidate of special family which
undergoes incommensurate phase transition. Furthermore
a receht differential scanning calorimetry work (12)
reported that this compound undergoes a first order
.phase transition with large enthalpy of transition at
167 K and another one at 400 K. Hence the §1Br and 7%Br
NOR measurements on this material were undertaken to
examine these phase transitions. The frequencies of
four resonance 1lines found in this compound vary

smoothly with temperature and didnot show any anomaly
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between 77 K and 300 k, indicating that there is no
phase transition, contrary to the previous DSC result_
in this temperature range (12}, There are four
crystallographidally inequivalent sites by X—ray
analysis(G), being consistent with the number of the
resonance lines in the present work. The resonance
frequencies at selected temperatures were shown in
Table 4-3. The temperature dependence of the 81Br and
79Br nuclear quadrupole resonance frequencies are shown
in Figures 4-14 ans 4-15, respectively. Below 200 K the
frequencies of the upper two resonance lines ’ 01 and
V5, almost coincide with each other: The frequency
differences between these two lines are plotted in
Figure 4-14 and 4-15 in an enlarged scale. At about 80
K and 180 K two frequencies cross each other
accidentally . The frequencies of the V3 and 04 lines
behave in a curious mannér, i.e., thé resonance
frequency of §4 assumes a maximum value at about 120 K
and the resonance frequency of the 03 increases
monotonously with an increase in temperature up to 300
K. Such an anomolous temperature dépendence has been
observed in systems in where the hydrogen atom is

(13). The anomalous behavior

involved in hydrogen bonds
of ¥v3 and Vv, will be analyzed.later together with the

spin-lattice relaxation data.

4-4-2 Temperature dependence of the 81pr ana 79Br
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‘nuclear quadrupole spin—lattice relaxation time

In order to learn the static as well as dynamic
nature of possible hydrogen bond and molecular motion
the spin-lattice relaxation time for both 81pr and 7%Br
were_measured as a function of temperature. The results
are shown in Figures 4-16, 4-17, 4-18, and 4-19.
Because the frequency différence between 01 and v, was
very small below 200 K, their spin-lattice relaxation
times could not be measured accurately. The temperature
dependence ofvthe spin-lattice relaxation timesrof 03
and V4 suggest that the librational motion of [CdBr4]2"
governs the spin-lattice relaxation below 200 K, which
fact will be discussed in Appendix 2. But above 200 K a
sharp decrease in the spin-lattice relaxation time was
observed due probably to the onset of some
reorientational motion{(14). The T, of ¥; and 02 also
showba steep decrease though experimental errors were
relatively large.

As was pointed out above the physical properties
of this compounds are apparently different from those .
of the other three.compounds. Therefore the close
- examination of the NQR data for this compound will be

deferred to Appendix 2.
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Chapter 5 Structure of incommensurate phase
5-1 Introduction

The NOR of Cs,HgBr, and Cs,CdBr, revealed the four
following features of the incommensurate phases as
mentioned in Sections 4—1-4 and 4-2-4,

(1) The normal-incommensurate phase transition is of
the second—o:der.

(2) Among a pair of resonance lines detected the lower
frequency line in the incommensurate phase is
smoothly connectea to‘the highest resonance line of
the normal phase at Tg-

(3) The higher frequency 1line in the incommensurate
phase is( on the other hand, smoothly connected to

" the resonance line of the commensurate phase at T..

(4) Resonance lines corresponding to the other two

iower lines, 02 and 03, in the normal phase were

undetectable in the incommensurate phase.

Nuclear gquadrupole resonance frequency 1is in
general very sensitive to environment around the
‘nuclei of interest.(1),Tﬁerefore, the above features
(2) - (4) are considered‘to reflect the structure of
the incommensurate phase in fhese compounds. In this
- chapter thé incommensurate structufe in these two
substances is examined on the basis of NQR data by two

different approaches: The first is to analyze the NQR
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frequencies in the incommensurate phase by applying a
phenomenological theory of transition.(2) The second
approach is to perform a model calculation of the
electric field gradient at the bromine sites aiming at

the microscopic nature of the incommensurate phase.

5-2 Analysis by phenomenological theory
5-2-1 Brief reView of theory(z)

The resonance frequency of a given atomic species
in the incommensurate phase can be expressed as

V= Vo + Qill + 5 Qa2+ --- L U= ACOS P(X)) 5-1
where u is the displacement of the atom at a giyen site
from the original position in the normal phase, 00 the
resonance frequency in the normal phase and a; and a,
are some cénstants. Equation 5-1 can be a good
approximation only wheﬁ the wave}ength,of the
incommensuraté modulation is sufficiently 1ongvcompared
with the region of the atoms which contribute to thé
EFG significantly. In order to calculate V¥ the
analytiéal expression of u is necessary. The
theoretical treatments so . far proposed for usual
incommensurate structure may be classified into two:
One is a model which expresses u as a "plane wave" and

the other introduces a '"phase soliton'" concept to
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represent u. In the present compounds X—ray analysis(3)
suggests that the incommensurate modulation is one
dimensional and so it is believed that a simple one

dimensional model will be considered below.

(1) plane wave modei
According to the plané wave model

W= ACOS PX)= ACOSC kix+ po) | (5-2)
where p is a linear function of X, the coordinate of
the atom measured from an appropriate~origin along the
direction of the modulation, and kp is the
incommensurate modulation wavé vector. Inserting
Equation 5-2 into Equation 5-1 we obtain
5-3)

V = Vo + QuA COS PCX) +—§_—a:A’coszpcx)+
The density of spectral line f(V) is obtained from

{(\J)d\) <P <p}dp 5-4)
where P(p) is the phase density. The incommensurate
phasé is characterized by the atomic displacements
which vary from an atom to another.atom almost
continuously.. In other word;, this‘situafion is
represented by cos pw which varies continuously between .
+1 and -1. In such a case p(p) assumes a constant value
- over the domain of p. By reducing the domain of p to
the intervnal (0, 2%) the relation, p}p)=1/2m, is
obtained. Hence | |

fewr= 1/ cantdvsdp ) C5-5)
The.derivative of Equation 5-3 is

g%=-cu.*+ Va'COSP + ) SR, 5-6)

s R L T e e e



where O?:a{*A and 0§=a2*A2;'
(i) linear case

Let us consider that the nucleus occupies a
general positioﬁliﬁ the normal phaseiand assume that
only the linear.term is dominant. Then

V= Ve+ ViCas pex) .
The frequency distribution can be obtained from
Equation 5-5 as

- -]—__ = ‘ 1
$ev)- 2wV¥ I sin pi 2ILV* ()— (L;—l)b‘—)’ )=

The edge singularities appear at

\) * Vst \)l*

f(Vv) is shown in Figure 5-1a.
(ii) quadratic case
Let us consider that the nucleus occupieg a
special position in the normal phase and assume that
ohly-the guadratic term is dominant. Then
V= Ve + 50 cos? pex)
The frequency distribution can be obtained from

Equation 5-5 to be

1
fevy- 1 - n
- . Y — Ve - M=\o
o 2T V2" Icosp-sth P 21Vz 2 ¢! \)z‘/zo )

f£(¥) is shown in Figure 5-1b. The edge singularities

occur at 0:00 and V=00+9§/2.

(2) soliton case

In the soliton model,(4) p(x) is one of the
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f(V)/arbitary

f(v)/arbitary

o) 1
2(V=V,)/ Vs

Figure 5-1. Theoretical lineshape in one-dimensionally

modulated incommensurate structure in the plane wave

| limit: (a) linear case, (b) quadratic case.
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solutions of one-dimensional time-independent

Sine-Gordon equation:

2

%%'- d2sin(2x) =0 ¢ U= Acos pxs )

For single soliton
Pex)+ —f&arcfan exp (~algx )
For.multi—soliton case, the solution can be
approximately described as
P(X)f%%[ﬁ-\' Pscx— RBb) R 2, -
By differentiating the Equation 5-1
dv

dx
In the soliton case the commensurate line which

= — (V* + V2" cas pex)+tt )-Sin paxX) - %—%

corresponds to %%&IJ will appear because %%
becomes zero and edge singurarity appears. The

schematic f(V) is shown in Figure 5-2.

5-2-2 Application of phenomenological theory

to Cs,HgBr, and Cs,CdBry,

According to the theory mentioned above a broad
NQR line with sharp singular edges will be expected in
the incommensurate phase. The width between two edges
corresponds to 20; or 0; depending on the.theoretical
Amodel. In the present ekperiment, however, only a pair
.‘ef weak resonance lines were observed (Figures 5-3 and
5-4). |

This ekperimental result may be interpreted in
three ways: The first is to consider that the th lines

observed in the incommensurate phase are due to 81pr in
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Figure 5-2. Typical lineshape in an incommensurate

system where soliton plays the main role.
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frequencies in Cs,CdBry in the incommensurate phase.



-137-

crystallographicaily different sites generated by the
normal-incommensurate transition. If this
interpretation is true the incommensurate phase might
have the distinctly defined atomic sites contrary to
the widely-accepted models of the incommensurate phase
in which the atomic positions are modulated in an
incommensurate manner. In such case, however, the
intensity of the pair of the lines‘should‘be comparable
with those in the normal or the commensurate phase. The
fact that the line intensity is very low in the
incommensurate phase excludes the above idea. The
second interpretation is to regard the incommensurate-
phase as some mixture of the normal or the commensurate
phase and the highly defective incommensurate phase and
to assume that the NQR lines come only from the normal
phase. With such a model of the incommensurate phase
the poor NQR signals may be accounted for. But this
model demandslthat the fraction of the incommensurate
phase is decreased on heating so that the increment in
the intensity of the lines with temperature is
predicted. This expectation conflicts with the fact
that the line intensity does not vary significantly
with temperature. The third interpretation is to accept
the previous uniform model of -the incommensurate phase
but, on account of a large amplitude of the
" incommensurate modulation, the NQR line as seen in

Figures 5-3 and 5-4 broadened to an extent that the
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central lower intensity part can not be observed and so
only the parts of the high singular edges were
detected.

The maximum line splittings were 300 kHz and 400
kHz in Hg- and Cl-salts, respectively, while the line
width of 01 in the normal phase was about 20 kHz and so
the intensity of the incommensurate phase is expected
to become 1/20 of those in the normal phase. Therefore
the abovelinterpretation that the central part of the
NQR line is:lost into the noise level whereas the
singular edges " have poor but detectable intensities
can be accepted.

Comparison of the experimental data with‘the
theoreticél line shape in Figure 5;1 shows that the
structure of the incommensurate phase in both Hg- and
Cd-salts can be described by the plane wave model in
which the quadratic term is dominant and no
soliton effect exists. As was mentioned in Chapter 4
the signal in the incommensurate phase comes frdm those
atoms which would be at the site 1 in the normal phase
which is a special position in the mirror plane. From.
group theoretical consideration, the rotation of the
[MBr4]2' tetrahedrons which move the bromine atom at
the site 1 out of the mirror plane is represented by
the quadratic term as appearéd in Equation 5-3. Hence
the incomﬁensuréte phase transitioﬂ in both salts is
associated with the rotation of the anion groups. This

behavior is similar to NaNOz,(S) but different from



-139-

RbyznBry and RbyznCly.(6) That 'is, 'in Nano, '4n
resonance line splits into two lines in the
incommensurate phase, and the low resonance line is
smoothly connected to the line in the normal phase at
T;y. On the other hand, in Rb,;ZnBr, and Rb,ZnCly,, 87Rrp
lines show the behavior predicted by the linear case of
the phenomenological theory.

The splitting éf frequency

AO*%’('%azﬁz»
is proportional to the square of the amplitude of the
incommensurate distortion wave which can be clearly
taken as the order parameter of the incommensurate
transition(7): According to the Landau-type
‘phenomenological theory of the incommensurate
transition the order paraméter A forms the leading term
of the Helmholtz free energy when expanded as the
fﬁnction of the displacement and is simply exXpressed by

A=*C1=-Tx)%
In many real systems, however, such a simple relation
fails and insfead A can be represented by a more
general form,

Ao ¢T-T1)f
where ,3 is the critical exponenf for thé order
parameter./g is a very important quantity relating to
the mechanism of phase transition on the basis of the
scaling law, i.e. any proper theory on the transition

will be required to reproduce the value of the
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parameter . Using the above general expression, av can
be written as

av=cr- T Of
By fitting the experimental ¢V to this relation ﬁ's
were determined to be 0.27 for both Cs;CdBry and
CsyHgBry, which is similar to the value 0.36 for

Rb,ZnBr, and Rb,znCly.(®)

5-3 Model calculation

Iq the preceding section the NQR frequencies V in
the incommensurate phase was used to look into the
'structural characteristics of the incommensurate phase
of Hg- as well as Cd-salts: There was revealed that the
incommensufate modulation is expressed by a plane wave
which is generated by some rotation of the [MBr4]2"
anions. However, about which axis does each anion
rotate ? In order to answer this question a model
calculation of the electric field gradient at each
bromine site in a model incommensurate structure was

made.
5-3-1 Method of calculation

Before considering the model, the method of
calculating the efg will be.described. In order to
calculate the electrostatic potentidi, electric field,
and electric field gradient in ionic crystals one must

take the lattice sum over the particles undergoing the
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Coulomb interaction. It is well known that convérgency
of such a latticé sum is poor in the real space.
Usually the lattice sum is calculated using the Ewald
method{8) Which'takés the lattice sum over the real:
space in one'part and over the reciprocal space in
another part to obtain a rapid convergence. On the
other hand, Bertaut(9-11) proposed another ingenious
method which.calculates the lattice sum over the whole
reciprocal space. The convergence in.fhis method is
much more efficient than the usual Ewald method. Here
the Bertaut method is applied to calculate electric
field gradients in the incommensurate phase.

The Bertaut method introduces a sphero-symmetrical
continuous charge densities qjo1?—?3) to obtain rapid
convergence instead of point charge qji(?—?j). This
treatment is valid according to a well-known theorem
iﬁ electrostatics. In the following a brief account of
the method wiil be reviewed. The charge distribution in
a crystal lattice can be expressed as

PP~ %‘_gjcr'c?-”—?p

- —-> ; .
-Vl = FCM deh) exp c-oniR-F) .

Here @P() is the Fourier transform of 0(?—5}), the
distribution of charge around any atomic site ?}, and

f(g) is the structure factor of point charge
corresponding to the reciprocal lattice vector R
FCR )= %qi exp Ca2milk- ) )

Using these quantities the electrostatic interaction
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energy between ions in the entire crystal is expressed

as
4

rd

/lF(h)<P(h)l 4 (e’
TwRE %) m’l’ dh’ Zq, }

1
W"%'ut &

(—‘

{(2\4)

Here qj is a charge at ?g in the unit cell, g4 is the
charge of ion at a lattice site i in the crystal, and
Vo is the volume of the wunit cell in the real space.
The summation % is taken over all the charges in the

unit cell., The electrostatic potential at theAj site is

derived from W as

= \PE
Ve s 72 fanvert 27 FR) ‘ﬁ»‘ﬁ"e*rc-zm’- k2= qjce) ?mzxdah f,

where V, is the volume of an unit cell in real lattice,
and the electric field,

-2 ' —3
Ecﬁﬁ=_.8mm verg)
PE) oMk T )-2iVeE KEN, 1.

ZT‘t?{ 2TV X F(R) G5 B expe2mib- Iy U T f
This expression is rewritten as follows:

2R S ]rg
E(rj,) —L' f Q-Vc qul gin 27‘:1’7 (r'r"'r:J )k'pﬁol:). h-i'

The gradlent of E(r ) in the direction of a unit vector

=]
n is given by

gradaB (Fj )= X QB R-)
Here g(ﬁ) is defined by
' - hA? 1=
3(?)*1&1_& {Mw L (F(R)- qj exp cawih 1y Fy ))%a exp -2 W-rj )
The components of the efg tensor 6%ﬂin the reciprocal

space is finally given, using g(ﬁ), by

| gdlg} - % 3(71")/)“ he

To calculate the potential, the electric field,
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and the electric field gfadient with efficient
convergence a suitable distribution of W(?) must be
selected. Previous works(9) employed the parabolic
charge density distribution

gCP)= ISCR-t)Y* /(2T R>)
as one of the best_functions to obtain rapid
convergence. Here the charge is non-zero within the
sphere of radius R from the site of interest. In this
case $(R) is calculated to be

PR 60 [hcosd — 3Sihal + 24 1/ A5
with ’

d=om IFI/R
As seen from this expression<b(ﬁ) varies as the inverse
of ﬁﬁ to the power four. Therefore, convergence is
good compared with the point charge model where‘?(h)=1
is assumed. Bertaut confirmed that the Madelung
constant of NaCl can be accurately calculated by taking
the lattice éum up to only (h,k,l)=(5,3,1) with the

parabolic charge distribution.
5-3-2 Structural model in the incommensurate phase

In order to define the model used, possible
displacement of each atom on .cooling the normal phase
through T will pe considered. At room temperature, the
space group is ana(12'13) and three 81Br resonance

lines were observed. In the commensurate phase four
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resonance lines were observed indicating that no cell-
doubling occurs owing to the phase change. Acqording to
the Landau theory the irfeducible representation at the
point of the reciprocal lattice in the first Brillouin
zone ié associated with the hypothetical direct phase
change, from the normal phase‘to the commensurate
phase. Irreducible representation at the [T point is
shown in Table 5-1. The 93 line in the normal phase-
splits into two lines in the commensufate phase. This
indicates that the mirror plane symmetry my is lost in
the commensurate phase. Therefore, one of the
repreéentationsI:*,TZ*,IT' and [2 is concerned with the
phase transition. These representations correspond to
the space groups P21/a, P24/n, P242424, and Pn2;a,
respectively. Recent X-ray analysis of the commensurate
phase(13) determined the space group to be P21/n.
Therefore the representation F:.brings about the phase
change from the normal to fhe commensurate phase. This
representation corresponds to an in-phase rotation of
all [MBr4]2' tetrahedrons about the a-axis. Figures 5-3
and 5-4 show that the NQR line shifted by 02 (i.e. one .
of the edge singularities) from the "normal" line in
-the incommensurate phase connects smoothly to the
intrinsic line ¥ in the commensurate phase at T This
suggests that the rotational aisplacement of [MBr4]2'
anions that has taken place in the coﬁmensurate phase
corresponds to the upper limit of the incommensurate

modulation amplitude. Hence the calculation of the efg
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Table 5-1
Irreducible fe?resentation at the I'-point -

the space grdup Pnma

Brillouin zone for

I 2, ZY 2, I m, my my,

r+ 1 B 1 1 1 1 1 1
ri 1 -1 1 -1 1 -1 1 -1

+
ri 1 1 -1 -1 1 1 -1 -1
r¥ 1 -1 -1 1 1 -1 -1 1
rt 1 1 1 1 -1 -1 -1 -1
r} 1 -1 1 -1 -1 1 -1 1
rs 1 1 -1 -1 -1 -1 1 1

M 1 1 1 -1
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in the incommensurate phase was cafried out by
referring to the structure of the commensurate phase in
which the magnitude of the rotation angle of the anion
is known. The angular displacement in the commensurate
phase is schematically shown in Figure 5-5:
All the [MBr4]2' tetrahedrons rotate about the a-axis
in_the same direction by 7.5° from the original
orientation in the normal phase.

The X-ray diffraction experiment on the
incommensurate phase (3) revealed that the
incommensurate wave - vector §toni? which is close to
(1/7)a*. Therefore the calculation of the structure
factor fkﬁ) was performed by assuming q=(1/7)a* (
0.143a*) which corresponds to the unit cell super
lattice with seven subcells, that is (7a*b*c). Here a,
b, and ¢ are the lattice constants in the normal phase.
The rotation angle about the a-axis, which is fakén as
the order parameter, is expressed as;

6-A sin(F-r+p) L=0. -, & P-ZFL+r)
Here A is the maximum angle of rotation, i.e., the
amplitude of modulation and P is the phase constant. By
choosing an appropriate value of F£,, various
displacements for each of the seveﬁ sites can be
realized. This idea is confirmed like this. As shown in
Figure 5-6 the efg value is only dependent on ¢, that_
is, on rotation angle of the interested atom around a-

axis. By choosing P, efg of an atomic site in various
\
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Figure 5-6. Calculated NQR frequenqy at the site 1 in
the incommensurate phase as a function of cQ&Lf where
@ is the rotation angle of the [Cdﬁr4]2" about the
Cd-Br axis which is nearly parallel to the a-axis:
@ =A-sin(2n/7)-L+p,) where A=7.5° ,L=0, ~ ,6. The
calculated frequencies in the normal and the
commensurate phasééﬂare indicated by RT and LT,

respectively.
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environment can be realized. For example, Qhen P, is
equal to zero , @ will be - P

0, 0.78A, 0.97A, 0.43A, -0.43A, -0.97A, Z.78A.
When p, is equal-to m/14, § will be® = i

o.ézA,?o.9A,=o;9A, 0.22A, -0.62A, -A, -0.62A.
If A is chosen to be £ /28, G will be

0.11A, 0.86A, 0.94A, 0.33A, -0.53A, -0.99A, -0.71A.
In this way , the electric field gradient at thé
bromine site which involved in the large unit cell can
be calculated in various phase:constant . L
is the site number along the a-axis, that is, the
number of the subcell contained in the incommensurate
unit cell. A assumes an angle between 0° and 7.50
because in the commensurafe phase the rotation angle is
about 7.5° J13) Original fractional atomic coordinates
in the normal phase are shown in Table 5—2J12) Atomic
coordinates of the bromines were generated in the
incdmmensurate superlattice in the following way. The
anions were rotated about the axis which runs through
cd ofr[CdBr4]27 tetrahedron and parallel to the a-axis.
The cadmium and cesium atoms were fixed in their.
original positions in the normal phase. The coordinates
in the b and c directions of the bromine site is given
by the following expressions:

YC=(Y(Br)—Y(Cd))*cosAA—(Z(Br)-Z(Cd))*sinAA+Y(Cd)

ZC = (Y(Br)—Y(Cd))*sinAA+(Z(Br)¢z(Cd))*cosAA+z(Cd)
Here AA is equal to 2C*8/180° . The coordinate'XC along

the a-axis was left unchanged. Formal charges on the
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Table 5-2

Atomic parameters and the effective charges

used for model calculation

atom ’ position | ) charge/e
| . x/a y/b z/c
ca .2225 .25 .4236 | 2.0
Br(1) —;0243 .25 .4119 -1.0
Br(2) 9 .3204 .25 . .5926 -1.0
Br(3) .3209 -.0094 .3426 -1.0
Cs(1) .1236 .25 .0960 1.0

Cs(2) -.0170 . .25 .6762 1.0




-151-

component atoms shown in Table 5-2 were employed in the
calculation.

. The FORTRAN program for the EFG calculation
_was-used . = -~ Calculation was carried out using
ACOS-1000 (NEC) of the Computer Center of Osaka
University. The lattice sums for the potential, the
electric field, the electric field gradient were
calculated fbr eacﬁ bromine site in the modulated
structure forzrunning the indices h, k, 1 between +105,
+15, and +15, respectively. The convergence of the sum
is sufficiently good and the significant figure is

four.
5-3-3 Results and discussion

In order to examine the Validity of the model
célculation-the electric field grédient were first
calculated for‘the normal phase. The electric field at
the bromine sites, and the principal components of
electric field éradients obtained are shown in Table 5-
3. The NQR frequency can be related to the nuclear
quadrupole coupling constant equzz and the asymmetry

parameter 7,

for the nuclear spin I=3/2(14), where

IQZZ‘Z lAyy | Z 19« |
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‘Tgble 5-3

EFG tensor of'principal‘component calculated

? ‘ - 9xx qyy - 9zz

- site_1

’ '~ Normal phase

-.29922 .14910 .15011
Commensurate phase '

. -.29804 .14761 : . .15043

. IC phase ' ‘ ' L
A=7.5. 0 ~-.29916 .14860 . .15056
2u/7 -.29850 .14876 .14974
an/7. -.29816 .14800 . .15016
6m/7 -.29897 .14817 .15080
8u/7 -.29895 .14886 .15009
10m/7 -.29814 .14838 .14976
12m/7 -.29852 .14791 .15062
m/28 -.29914 .14869 - .15045
9n/28 -.29838 .14868 .14970
17u/28 -.29822 .14794 | .15028
25m/28 -.29905 .14828 .15078
. . 33n/28 -.29885 .14887 ' .14998
o 411/28 ~.29811 .14827 .14983
49T/ 28— -.29864 .14794 .15070
| 1m/14 -.29910 .14877 .15033
In/14 . -.29829 .14859 .14969
171/14 -.29831 .14791 . .15040
- 25m/14 -.29911 .14838 . .15073
33n/14 -.29873 .14886 .14988
a9m/14 -.29810 .14817 .14993

49m/14 -.29876 .14800 .15076
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A=5.0° 0 ©-.29919 .14888 - 15031

3 /2 -.29872 .14869 .15003
A=2.5° 0. _.29921 .14905 .15016
3 /2 -.29909 .14900 .15009

site 2

Normal phase

.15326 .11786 ~.27112
Commensurate phase 7 :
_ .15366 .10935 . ~.26301
IC phase ’ a
A=7.5° 0 | 15385 .11787 -.27172
217 .15374 .11266 ~.26641
41/7 .15349 .10945 -.26294
6 /7 .15369 .11608 -.26978
8 W7 .15385 .11635 * ~.27021
10 W7 .15360 .10959 -.26319
12n/7 .15352 .11234 ~.26586
A=5.0° 0 . .15352 .11786 ~.27139
A=2.5 0 .15333 .11786 -.27139

/2 . .15328 .11689 - —-.27016



)

site 3

Normal phase

.10665

'Commensurate_phase
.11387

A=7.5°

A=5.0°

A=2.5°

IC phaée
0

2n)7
4n/7
61/7
8mn/7
10m/7

12n/7

m/2

3n/2

.10626

.10892

_154;

.10517

11291

.10507

.11288
.10709
10762
.10765
.10433
.11908

.10632

.11370
.10729
.11061

.10808
.10557

.10733
.10607

©.10837-

.10574
.10574
.10837

-.26567 .

-28771
.24857

.26727
.26474
.28410
.25091
.28631

.27424
.25803
.25625
27701
.24875
.28715
.25187
.28191

.26666
.26497

-.26613
-.26528
-.27312

--.25874

~.25874
-.27312

.24904 .

.15901

.17384
.14231

.15835
.15957
17119
.14584
.17343
.14195
.16661
.15038
.15193
.16602
.14243
.17345
.14458
.17130

.15858
.15940

.15880
.15921
.16476
.15300
.15300
.16476




-155-

and §® is the Sternheimer's antishielding constantJ15)
We can calculate \?Q(l- r?)/eQ and 7 from the table. The
Sternheimer's anti-shielding factor, §®, obtained from
the egperimental Vo and the calculated d4,, was -66,
Which.is larger than the reported value -35 for the Br~
‘ion(16)_ The ™ is related to the shielding effect
of the inner shell electron density of Br, which is
very sensitive to the bond structure. As the simplest
charge density was adopted in our model calculation in
[CdBr4]2‘ complex anion, the two values fall withiﬁ a
reasonable range of agreement. The calculation of the
absolute value of OQ needs the knowledge of Q and r”,
but the latter varies depending on the bonding nature,
the configuration of the surrounding ions, etc.
Moreover the covalency between the central metal and
the bromine contributes to some extent té g as well as
the éurrounding charge distribution does. Therefore the
absolute values of calculated OQ may contain some
ambiguities. We will hereafter discuss the relative
values of Vo at the three different sites. The.
calculated V) were 0.2992 at the site 1, 0.2719 at the
. site 2, and 0.2674 at the site 3. The largest value was
obtained for the site 1, and the'smallest‘value for the
site 3. The relative order of the values agrees with
the experiméntal"results. Furthermore,.the experimental
frequency ratio at 300 K is 1:0.908:0.873 whereas the

frequency ratio obtained in)ﬁhe model calculations is
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1:0.909:0.894. The agreement between the experimental
and thé calculated frequéncy ratios ié suprisingly good
in spite of the crudeness of the model. |

-Next, the electric field gradients in the
incommensurate phase were calculated at the site 1. The
efg's were computed, as a function of the orientation
of the anion,'for three modulation ampiitudes, A=2.5°,
5.0° rand 7.5 ; The results of the computation of the
electric field gradient are recorded in Table 5-3. In
order to compare the values of efg with 02 in the
phenomenological theory (Section 5-2-2), Qé, which were
calculated from Equation 5-9 are plotted against sinzp
in Figure 5-6. The approximately linear relation is
obvious. The frequencies distribute betweenrthe highest
frequency where p=0 aAd the lowest one where p=t/2 or
(3/2)c. Furthermore, the highest frequency where p=0
appears near the frequency in the normal phase. These
results are in good accord with the phenomenological
theory. In order to evaluate the frequencies at the
edge singularities the calculation of the only the
electric field grédients at the site where p=0 and
p=K/2 or (3/2)T are necessary. Hence the calculation of
’fhe efg for A=5.0° and A=2.5° was performed only in
the cases where p=0 and 1/2.

In order to reproduce the observed temperature

dependence of the frequencies at the edge singularities

the computed frequencies were plotted against A2, in
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Figure 5 - 7. . 'The frequeney difference 1is
proportional to the.square of A in agreement with the
phenomenological theory. The temperature dependence
could 5e reproduced except that the one singularity
edge leading to the vq of the commensurate phase and
calculated V¥, itself come on the lower side of the
other edge, opposite to the experimental result. Except
for this, this Figure reproduces the temperature
dependence of the frequencies. That is, one resonance
line is smoothly connected to the resonance line in the
normal phase at Ty and the other resonance line is
smoothly connected to the resonance line in the
commensurafe phase at T,. Furthermore the maximum
frequency difference relative to the frequency, av/V
where p=0 is calculated to be 3.5*10‘3, which is
compared with the experimental value of 2.3*10'3.‘The
agreement between them is very good. Therefore the
behavior of the NQR parameters in the incommensurate
phase is accounted for by this model satisfactorily.
The above analysis of the NQR data leads to an
important conclusion about the structure of the
~incommensurate phase: The tetrahedral anions are
rotated about the a-axis. The model that .the angle of
the rotation of each anion is fegularly modulated by a
sinusoidal.wave'With a period of about 7a and the
maximum angle, i.e. , the amplitude of the modulation

varies linearly from zero at Ty to about 7.5%at T, upon
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y /arbitrary unit

{
: d__o
1496 - —o -
| —O0 |
S
1494 F | -
| o
1492 | . -
0 site 1
| /e |
1490 | -
l .
2 1 0
100-A%*/rad®
Figure 5-7. Calculated NQR ‘frequencies in the

incommensurate phase for the site 1 plotted against
A2, This figure represents the temperature dependence

of NOR frequencies: @ =A sin((2L/7)L+p) is used.
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cooling can produce the experimental NQR data.

In order to find the reason why the signal
corresponding to the sites 2 and 3 in the normal phase
could not be observed in the incommensurate phase, the
electric field gradients in the incommensurate phase
were calculated at the sites 2 and 3 using the same
model as for the site 1. The results of the computation
are shown in Figufes 5-8, 5-9, and 5-10. In order tor
compare with the phenomenological theory, Oé are
plotted agginst sin2p for site 2 and against sinpP for
the sites 3 and 4. These two sites correspond to OC and
Vp in the commensurate phase. For the site 27a linear
relation between VQ and sinZPholds approximately as can
be shown in Figure 5-8. The frequency difference in
. Figure 5-8 roughly proportional to AT Therefore the 02
line is cénsidered to behave similarly to 01 in the
ihcommensurate phase but the splitting between the two
edge singulafities is larger than that of ¥, by a
factor of 10. As to 03 and 04 plotted against sin?p
(Figure 5—115 an obvious deviation from the
phenbmenological theory is observed, The reason for
this discrepancy is not clear in the present stage.
.Anyway, the splitting between the edge singularities
amounts to 100 times that at .the ¥y. It 'is therefore
suggested that the large broadening of thé line at
sites 2, 3, and 4 weaken the signal intensifies of

these lines by less than 10 and so no signal was
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Figure 5-8. Calculated NQR frequencies in the

incommensurate phase

for the site 1 vs e/a) where g is

the rotation angle of the [CdBr4]2‘ about the Cd-Br

axis which is nearly parallel to the

a-axis together

with frequency in-'the normal phase (RT) and the

commenSuraté”pﬂaséH]ﬁT):w.
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T [ ]
1450 N
.i
1400 |- . site 3 -
, o
1350 F . L
RT - |
1300 . -
o
site 4
° . [
1250 0 ' LT —®
1 i 1
-1 0 1
sin@

Figure 5-9. Calculated 'NQR frequencies in the
incommensurate phase for the site 3 and 4 vs &/4

where @ is the rotation angle of the [CdBr4]2" about

'the>Cd—Br axis which is nearly parallel to the

a-axis together with frequency in the normal phase (RT)

and the commensurate phase (LT).
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1360 |-

1340

v/ arbitrary uni

i 2 site 2 _

1320 F /

|
2 1 . : 0
100-4*/rad? |

Figure 5-10. Calculated NQR frequencies in the
incommensurate phase for the site -2 ¥s A2 which
corresponds to the temperature dependence of NOQOR
frequéncf in the incommensurate phase together with

frequencies in the normaikfnd commensurate phasegi
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Figure 5-11. Calculated NQR frequencies 1in the
incommensurate phase for the site 3,4 v.s A2 which
corresponds to the temperature dependence of NQR
fréquency in the incommensurate phase together with

frequencies in the norma%kand commensurate phases
i . : oR
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detectedvfor thesersites;

In this way, the spectrum in the incommensurate
phase can be well accounted for by the above model
calculation: It isvfirst confirmed that the rotation of
the aoions about the a-axis occurs in the
incommensurate phase and the rotation angle of each
site is regqularly modulated by the incoﬁmensurate wave.,
This picture also accounts for the difference of line
broadening at each site oeér the normaléincommensurate
phase transition temperature. 1In thié‘temperature
range, the fluctuation of the rotational mode of anions
becomes large and its amplitude may be iarger when the
amplitude of the incommensurate wave is larger. Due to
such a fluotuating mode the electric field gradients at
the sites 2 and 3 fluctuate very effectively, compared
with that at the site 1 at which the incommensurate
wave has the smallest amplitude. Therefore relatively
largé line-broadening occurs at the sites 2 and 3, but
negligible at the site 1. In Cs,ZnBry, anisotropy of
spin-lattice relaxation is observed. This can be also
accounted for by the large amplitude libration about .
the a direction. That is, this mode fluctuates the
- electric field gradient at the sites 2 and 3 more
effectively than that at the site 1. Therefore, the
spin-lattice relaxation timé at the site 1 is longer
than that af the ‘sites 2 and 3. It was thus revealed in
Cs,HgBr, and Cs,CdBr,, that the motion of the [MBr4]2'

is is highly anisotropic in the normal phase and its
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libration about the a-axis becomes the incommensurate
modulation wave at the incommensurate transition. The
anisotropic librationai motion was also observed in
CSZZnBr4 which is isomorphous with the above two

substances as was already mentioned in Section 4-4.
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Chapter 6 Classification of compounds of A,BX4 type

Since the report was published on the existence of
an incommensuréte—commensurate phase.transition in
KZSeO4(1),'the variety of compounds which exhibit
similar transitions have been found. These aré‘
classified into the following types.

1) a,Bx,4(2) |

2) (TMA),Bx,(?)

3) NaN02(3)'

4) thiourea(4), biphenyl(s)
and so on.

The series of compounds of the type A,BX, are
especially interesting in that they assume isomorphous
structures (/3—K2804) wifh the space group Pmna and
undergo similar sequence of transitions to each other.
Three compounds studied in the present work, i.e.,
CszHgBr4(6), CsZCdBr4(7), and CsZZnBr4(8) belong to
this group. As shown in Chapter 5 CséHgBr4(9) and
C52CdBr4(10) show successive phase transitions and
become incommensurate in.some temperature region. Their .
physical properties, for example the transition
-temperatufes, the length and direction of the
incommensurate wave vectors, the behavior below T,
etc., are very similar. On the other hand, CsZZnBr4(9)
shows no bhase'transition althoﬁgh the crystal
struéture at room temperature is isomorbhous to

Cs,HgBr, and Cs,CdBry. In other member of the compounds
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of A,MX, type such an extreme, essential difference
between substances exists that is some compounds undergq
successive phase changes whereas some others do not
show any transition despite that their composition as
well as the structural data resemble one another: These
facts suggest that the structure of any crystal of this
- type of substance is realized on a very delicate
baiance,of intermolecular or interionic forces and that
the phase transition phenomena happen to occur when
such an intricate balance is destroyed. Hence it will
be an essential point to understand the phase change
phenomena in.order to examine possible correlation
between the crystal structures of the above series of
materials and the presence of phase transitions in
~them and to find out some factors which govern the
" phase transition.

.The space group of the highest temperature phase
of each of AéBX4 type compounds (A= K,. Na, Rb, Cs;
B= Hg, Cd, Zn; Co, Mn, Cu; X= Cl, Br, I) is listed in
Table 6-1. From this table two interesting
characteristics can be extracted.

1) A,CoX, and A,ZnX, have the same space group when A
.and X are common. Thus, the space group of both
CsZCoCl4(11) and CsZZnC14(12) is Pnma, and the space
group of RbZCoI4(13) and Rb2ZnI4(14) is P2¢/m. The
lattice censtants and bond lengths in A,CoXy and A,ZnXy

are almost the same as shown in Table 6-2. The similar
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Table 6-1

Space group for varicus compounds

catiocn
anion complex Na K Rb Cs

HgCL, | Pnma
HgBr 4 Pnma
HgTy /P2,
cacl, Pbam I4/mmm
CdBry Pnma
cdr,

znCl, Pnma Pnma Pnna Pnma
ZnBr, Pnma Pnma
ZnI, P2:/m Pnma
CoCl, Pnma Pnma Pnma Pnma
CoBr, Pnma/P21/m Pnma Pnma
Col P2:1/m P2:/m Pnma
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relations can bé seen between AjHgX, and A,CdXy in
Table 6-1. The above experimental facts and close
examination of the structure of other substances in
Table ‘6-1-"and Table 6-2 strongly suggost that the
: compouods with the common cation and with the anion of
the same or almost‘samersiZe crystallize in the same
~space group even if the central metals are chemically
quite different.

2) This kind of structural correlation is also
reflected on the nature of the incommensufate phase in
some compounds which undergo the normal to the
incommensurate structure. For example, both RbZZnBr4
and RbZZnCl4(15), assume a translationally modulated
incommensurate structure whereas Cs;HgBry and Cs,CdBry
undergo a transition into rotationally modulated
incommensurate structure. There must be something more
involved than the simple law of isomorphism. Hence we
can first assume that the crystal structure of the
highest temperature phase, and the existence and the
mode of the modulation in the incommensurate phase are
governed by the relative sizes of the cation and the .
complex anion.

- 3) Table 6—3 also suggeéts that the condition for a
-highest temperature phase to unde;go a phase
transition, not restricted to the incommensurate
) transition; concerns the relative size of cation and
complex anion. In order to elucidate such a condition

in somewhat quantitative manner a simple calculation of
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Table 6-2

Space group and lattice parameteis of A,ZnX, and A,CoX,

compound space group lattice constant
. ° [ o -
a/A b/A c/A
. Na,znCl, Pnma 8.053 6.402 13.695
Na,CoCl, . Pnma 8.073 6.428 13.713
K,2znCl, . Pnma 8.926 7.256 12.402
K,coCl, ‘Pnma 8.933 7.240 12.421
Rb,znCl, Pmcn 7.282 12.726 9.257
Rb,CoCl, Pmcn 7.283  12.723 . 9.272
Cs,znCl, Pnma 9.758 7.400  12.970
Cs,CoCl, Pnma 9.737 7.392 12.972
Rb,ZnBr, Pmcn 7.656 13.343 9.708
Rb,CoBr, Pmcn 7.651 13.371 9.718
Cs,ZnBr, “Poma  10.196 7.770  13.517
Cs,CoBr, Pnma 10.181 7.723 13.492
Rb,ZnI, Pé;/m
Rb,ColI, P2 /m 10.383 8.144 7.657
Cs,ZnT, Pmcn  8.29 14.45 10.84

Cs,CoI, Pmcn 8.297  14.414  10.833
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Table 6-3

Existence of phase transition or transitions in A,MX, compounds

cation

-anion compiex - Na K Rb Cs
HgCl, A : ~ YES
HgBr, : . YES
HgI, ' NO
cdcl,
CdBr, YES
cdr,
znCl, ? | YES YES NO
ZnBr, ' _ YES NO
ZznI, } ' YES
CoCl, ? ? ? NO
CoBr,, ? ? ?

)

CoI, ' ' , 2 ?
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the relative sizes of the cation and the anion was made
on each of a series of compounds shown in Figure 6-
1.(16-27) the structural data and the information about
the phase transitions are recorded in - Table 6-2 and
Table 6-3. The ionic radii for A* were taken from ref.
28 as 1.52 A for K*¥, 1.66 A for Rb*, and 1.81 A for
Csf(zs). The ionic radii of [MX4]2" complex anion was
obtained by édding the interatomic distance of M-X and
the atomic radius 6f X atom(29), The ratio between the
ionic radii, R([MX4]2‘)/R(A2+) was calculated from
these data and is shown in Figure 6-1, where the solid
lines represent compounds which undergo any phase
transitions and the broken lines thosé without
transition, although small overlap exists.This gréph
-indicates that the compounds with the ratio between 1.9
and 2.2 shows phase transition but for one éxception
(CSZZnBr4). Next, the volume occupied by the cation is
plotted against the volume occupied by the complex
anion, both reduced by the unit cell volume, in Figure
6-2. This Figﬁre reveals that only compounds with

-1 undergo

V([MX4]2')/Vunit cell larger than 1.72%10
some phase transition irrespective of the value
| V“1\‘2—+)/Vunit cell-

Above calculations revealed that V([MX4]2_)/Vunit
cell=1._’72*10—1 is an important critical value for

compounds with A, MX, type as an index for existence

to undergo a phase transition. However, this result
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2.'2- B === ( Cs;HgId
_K,ZnCl.,Cs2Znl.
— . Rb,ZnBr, o
[ - Cs,HgBr.,
2 o TR
= === (Cs2:ZnBra
i N Cs,HgCl,
e e f—— CS,COC
[ I s P
_
Figure 6-1. Ratio of the effective radius of the

complex anion [MX4]2"to the radius in cation A‘f for
Various compounds. —— indicates a compound which has
phase transition.. and - - - indicates a compound which

- has no phase transition.
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o 1
L ¢ CsaCoCls,
L %cs,zncl, f
I 1
2.5 e ] o CSzHgCh_
o |
i » 1
|
" .CszZnBr‘
|
- ;szanlq.o CSzHgqu.
- ' [o] .
= : Cs,CdBr.
= 8
hus | |
X 2.0 | |
= Rb2ZnBra
< . i o) o .
i ! Cs.Znl.
S E . ® K.ZnCls
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= |
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- | .
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‘ | |
L ] L ] 1 |
1.6 1.8 20

10-V(MX2)! V(unit)

Figure 6-2. The effective volume'of‘( the complex anion
[MX4]2" is plotted against the volume of the cation A *
both reduced by the volume of the unit cell.

indica‘tes a combound which has phase transition and

indicates a compound which has no phase transition.
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does not providé'any informations about the effect of
the anisotropic nature of the crystal on the phase
change phenomena whereas the incommensurate transition

which is the main-interest of the present work depends
on a highly anisotropic properties of the crystal. In
order to examine such anisotropic nature of the
correlation between the phase transition and the
crystal stability. The ionic radius R(A *) or R([MX4]2—
) redﬁced‘by éach one of the lattice constants was
drawn in Figure 6—3.‘The compounds with and without
any phase transitions were distinguished by the solid
and broken lines, respectively. These show that the
compound which is composed of a cation with a small
size and complex anion with large size compared with
either one of the lattice constants undergo a phase
change. This tendency is distinct in the quantity
R([MX4]2')/a, i.e., only compounds with this ratio
greater than about 3.5*10—1 undergo some kind of phase
transition. This fact looks very significant for the

transition to oecur because the crystal data of several

substances show that the incommensurate wave vector or

soft mode vector is directed in the a-direction.
-Moreover, the cell tripling, if occurs. at the
transition, occurs along the a-direction at a low
temperature.

This fiﬁding"is consistent with recent microscopic
theoretical research on incommensurate phase. Bak et

al. presented an anisotropic Ising model with
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Table 6-4
Space group, lattice constants of the normal phase, and
the axis along which the cell multiplication occurs

on the transition to the low temperatufe phase

compound . space group lattice constant axis

: ] ] ‘o

a/A b/A c/A

CszHgClu. ‘ Punma . ©.798 7.585 13.384 ?
Cs,CABry - Pnma 10.237 7.918 13.882 a
Cs,CdBr, ~ Pnma 10.235  7.946 13.977 a
K2ZnCl, Pnam 8.926 12.402 7.256 a
Rb22ZnCly Pmcn . 7.282 12.726 . 9.257 c
Rb2ZnBry Pmcn 7.656 13.343 9.708 c
Cs2ZnBra  poma 10.196  7.770 13.517 no-
Cs2CoCly  Prma 9.737  7.392 12.972 no
Cs22nly Pmecn 8.29 14.45 10384 ?
Cs2ZnCly Pnam 9.758 12.970 7.400 no
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Table 6-5

Lattice parameters, and calculated ionic radii

a

icompdund . lattice parameter R(qu)lg R(A)/g
a/g b/g c/g :
Cs,HgCL, ' 9.798  7.585 13.384 3.46 1.81
Cs,HgBr, . 10.237 7.918 13.384 3.68 ;.81
Cs,CdBr, 10.235  7.946 13.977 4,04 1.8
K,zZnCl, 8.926  7.256 12.402 3.26 1.52
'Rb,2ZnCl, 9.257  7.282 12.726 3.29 1.66
Rb,ZnBr, 9.708  7.656 13.343  3.49 1.66
Cs,ZnBr, 10.196 7.770 13.517 3.51 1.81
Cs,CoCl, 1 9.737 7.392 12.972 3.29 1.81
Cs,2nI, 10.84 8.29  14.45 3.87 1.81

Cs,znCl, 9.758 7.400 12.970 3.25 1.81
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Figure 6-3. Ratio Qf the radius of the complex anion
[MX,12~ and that of to the cation A * to the individual
lattice constants in various compounds’. are shown in the
upper and the lower figures, respectively.
———-indicateé a'CSmpound which has phase transition.
and - - - indicates a compound which has no phase

transition.
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competing interactions (ANNNI model)(30) to interpret
the occurrence of ?arious types of incommensurate

phases. The :ANNNI model is shown in Figure 6-5. An
assembly of spiné S which can assume the value +1 or -1
interact with one another through a ferromagnetic
nearest neighbour interaction Jq¢ in two or three
dimensions. In a particular direction, however, there
acfs betweéﬁ two spins,’in addition to J4;, an
antiferromagnetic next-nearest-neighbour interaction
Jy. The calculation of the phase diagram by Eak et al.
indicated that the competitiqn between J4 and J2-works
to stabilize various structures. The work of Bak et
al. therefore points out that highly anisotropic
interaction is important for the crystal to undergo an
. incommensurate phase change, being'consistent with the
preéent result. Using this conclusion the following two
deductions can be made.

1) One can ﬁredict the presence of some phase
transition in a compound with AZBX4 structure (Pnma) by
examining the felative size of the complex [MX4]2—
anion to its lattice parameter a. For compounds
Na,zncly, 31 Na,coci,, (32) kycoc1,,(13) kycoBr,,(33)
'RbyCoCl,,(34) Rb,coBr,,(33) cs,coBr,,(33) cs,cor,,(13)
which are space group Pgma, R([MX4]2")/a is plotted in
Figure'§—5.. ‘

- 2) It is also predicted that compounds in which the

value of,R([MX4]2_)/a is slightly samller than 0.35 is
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(a) (b)

Figure 6-4. ANNNI model for two dimensional {b) and
three dimensional (a) lattices. J3 and J4 repfesent the
nearest neighbor interactions and Jj the next nearest

neighbor interaction.
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Figure 6-5. Ratio of the radius of the complex anion
[Mx4]2‘ to the lattice constant (a) in various
compounds. -— indicates a compound which is expected
to- have phase transition. and - - - indicates a

compound which is expected to have no phase transition,

indicates the compound on the boader line.
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a condidate which undergoes a phase tfansition at high
pressure, because the ratio can be increased up to
>0.35 by pressure. If the complete crystal structure

data are not available on some particular substances
the quéntity R([MX4]2")/R(A'+) as shown in Figure 6-6
can be used to predict whether it undergoes any .phase
change or not. As an example R([MX4]2‘)/R(A'+) is
plotted in Figure 6-6 for various substances including
compounds whose crystal structure aré unknown. We can
thus predict that RbyCoBR4, CsCoIl,4, and RbyCoCl, have
at least one phase transition below room temperature.
In this way, we can interpret the fact that both
Cs,HgBry and Cs;CdBry undergo sgccessive phase
transitionslwhile Cs5ZnBry isomorphrous to the former
two compounds does not exibit any phase change. The
anisotropic interaction along the crystallographic
a-axis in Cs,ZnBr, is smaller than the crystal one
représentedby R([MX4]2')/a =0.35 whereas in the former
compounds a strong interaction along the a-axis drives
these materials to undergo phase transitions on

cooling.
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~ Figure 6-6. Ratio of the radius of the comblex anion
[MX4]2" to the radius of the cation A°* in various
compounds. — indicates a_compouhd-which is expected
to have phasé transition. énd -~ - - indicates a

compound which is expected to have no phase transition,

indicates-the compound on the boader line.
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