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ABSTRACT

STRUCTUKES AND DYNAMICS STUDIES

OF LATerED SOLIDS

{13ing Fan, Ph.D.

Department of Physics and Astronomy, 1988

The structural and dynamical properties of graphite intercalation com-
pounds and vermiculate clays intercalated with trimethylammonium were
studied by x-ray scattering, elastic,inelastic and quasi-elastic neutron
scattering.

We have measured the in-plane and c-axis elastic neutron scattering
from the ternary potassium-ammonia graphite intercalation compound
K(ND3)H.3C2'-| at room temperature. The c-axis scans establish that the
graphite layers stack in an eclipsed configuration and that there is no cor-
relation between the intercalant layers. The in-plane diffuse scattering
from the intercalant layers is well accounted for by a computer-generated
structural model in which each potassium ion is symmetrically 4-fold coor-
dinated to ammonia molecules to form closely-packed, five-membered clusters.
This model had been previously applied to explain the in-plane diffuse X-ray
scattering results from K‘”“3)u.3aczu' Discrepancies between the calculated
and measured diffraction patterns are attributed to a relaxation of the U-
fold symmetry of the l\'—ND3 clusters.

The results of an inelastic neutron scattering study of the [001] L

lattice dynamics of stuge-1 potassium-ammonia graphite compounds K(ND3)KC,“



with % = 3.1 and 4.3 4are presented in chapter [[[. The results snow that 4
librational mode splits the acoustic phonon branch ot these compounds at an
energy of 7 mev. The mechanisms of this coupling are discussed based un 4
force constant model and the split phonon dispersion curves are descrited by
a linear chain model coupled with a transverse crotational oscillation of the
potasstum-ammonia complex. [In addition, tne 1nterlayer force constants in
the compound are found to be appreciably softer than in the stage-2 binary
counterpart.

The quasi-elastic neutron scattering results ror K(NH3)XC2u,'wh1cn show
the coexistence of molecular rotational and transliational diffusion of the
ammonia are reported in chapter IV.

For clays, neutron scattering has been used to study the basal spacing
and vibrational excitations of high oriented samples of (CH3)3NH’-
Vermiculite and its deuterated form (CD3)3ND*-vermiculite. Both forms
exhibit a basal spacing of 12.71A and a rich vibrational spectrum in the
range 20-140 mev for Q perpendicular and parallel to the c-axis. Peaks at
28 and 37 mev are assigned as tortional modes of the methyl group, while the
peak at 51 mev is identified as a 6(C3N) bending mode. The peaks above 80
mev are assigned as the inplane optical modes of the silicate sheet. These
results are compared with infrared measurements over the same energy range

and a good agreement is obtained.
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Chapter I. OVERVIEW

For last two decades, one of the major themes of condensed matter
physics has been the study of the low dimensional, particularly two-
dimensional, phenomena. To explore the fascination of two-dimensional
physics, many efforts have been made on layered materials, such as superlat-
tices, graphite intercalation compounds, boron nitride, transition metal
dichalcogenides, and layered silicates. As a mater of fact, advances in the
synthesis of layered materials have led to many exciting discoveries,
including the Quantum Hall Et‘f‘ect1 for which Klaus von Klitzing won the 1985
Nobel prize in physics. Additionally, the anisotropy of layered solids en-
riched the study of effects of dimensionality in physics. In fact, most
efforts have centered around the dimensional cross-over phenoména, i.e.;
from one to two dimensions, and two to three dimensions. Moreover, such
studies have led to some practical new devices such as the MOSFET. Thus,
this author believes that the study of low dimensional- phenomena will con-
tinue to be a major focus for a long time to come as an area of basic

physical phenomena.

1.1 Graphite Intercalation Compounds
The family of layered materials, can be divided into two general
categories, naturally layered materials and deliberately structured layered
materials. The former are characterized by strong intralayer interactions
and weak interlayer interactions. Examples of this type of material are
graphite, transition metal dichalcogenides, some silicates and metal
chlorides, clays, polymers and gels. The latter are typically prepared by

advanced techniques through a controlled layer by layer deposition of the



constituent species under high vacuum conditions and computer control such
as sputtering, metal organic chemical vapor deposition (MOCVD) and most im-
portantly, molecular beam epitaxy (MBE)Z. Since our interest is on the
graphite intercalation compounds and clays, I will only briefly mention the
studies of other layered materials with the stress on the structural and
dynamical properties. However, the connection between graphite intercala-
tion compound (GIC) and clay intercalation compound (CIC) to the other
layered materials will be noted where applicable.

During the past century graphite has become one of the most well
studied solids known to physicists and chemists. It has a prototypical
layered structure which is shown in Fig. 1.1. The carbon atoms are
covalently bonded into a hexagonal lattice plane with a C-C distance of
1.42A, and the planes are then bonded by Van der Waals interactions with an
ABABee+ or ABCABCee stacking period of 6.70A along c-axis direction. The
anisotropy engendered by the strong covalent intraplanar bonding and the
weak van der Waals interplanar bonding is clearly reflected in the in-plane
versus the out-of-plane atomic spacings. The weak van der Waals bond can be
easily broken by charge transfer to or from the graphite carbon layer with
the resultant formation of the so called graphite intercalation compounds
(GIC)3'u. It has been reported that more than a hundred chemicals have suf-
ficient chemical activity to form GIC's3. Depending upon the charge
transfer to or from the host, the GIC is classified as a donor compound if
charge is transferred to the host while it is an acceptor compound if charge
is transferred from the host. Some of the chemical species that can form
GIC's are listed in Table 1.1 under the category of donor and acceptor.

An unusual characteristic of GIC's is the phenomenons of staging in

which a periodic sequence of host galleries is filled with guest species. A
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The structure of pristine graphite.



Donors : Acceptors

Li, K, Rb, Cs, Ba, Eu, Yb, | NiCl,, CoCl,, MrCl,,, FeCl, |
Sr, Sm, Ca AsF 5, HNO,, SECl¢

Table 1.1 Some examples of donor and acceptor intercalants of graphite.



stage n compound is one in which n carbon layers separate two adjacent in-
tercalants layers as shown in Fig. 1.2. Staged structures with n up to 10
have been reported for alkali-metal GIC's3. The physical basis for the
staging phenomenon6 is the strong interatomic intercalant-intercalant inter-
action relative to the intercalant-graphite interaction, thereby favoring a
close-packed in-plane intercalant arrangement. The introduction of each in-
tercalate layer adds a substantial strain energy as the crystal expands to
accommodate it, thereby favoring the insertion of a minimum number of inter-
calate layers, consistent with a given average intercalate concentration.
In addition, the ionized intercalant produces a static electric field giving
rise to a long range but screened repulsive interaction between intercalants
in different layers, also favoring their maximum separation. Thus for a
given intercalate concentration, the minimal energy state corresponds to a
close-packed in-plane intercalate arrangement with the largest possible
separation between a minimum number of intercalant layers. This collective
interaction results in the staging phenomenon. The fact that the only
stage-1 intercalated clays have been reported is probably due to relatively
strong ionic bonding between intercalant and host. The situation for the
intercalate transition metal dichalcogenide, where only stage-1 and stage-2
have been reported, is between the above two cases. The staging phenomenon

undoubtedly enrichs the study of layered materials.

The most heavily studied GIC system is the alkali-metal intercalation

compounds. These donor compounds are easily synthesized and display a

variety of interesting physical phenomena including staging disorder7'8, two
dimentional melt:ingg-l1 and diffusion]2-13, complex in-plane
14-16 17-19

discommensuration-domain structures , and superconductivity The
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so called two-zone method for synthe51520 of the alkali-metal compounds is
shown in Fig. 1.3. Fig. 1.4 shows the K/C ratio vs. temperature difference
between the two zones. The plateaus in the diagram correspond to pure
stages. As can be seen, the higher the stage, the narrower the temperature
range over which it exists. This means that the synthesis of pure high
stage samples is more difficult than that of low stages. Although stages as
nigh as stage-10 have been reported, these are not likely to be pure stage
materials and no doubt consist of an admixture of several stages7. The
relative temperatures of the zones for different alkali metals and different
stages are listed in table 1.2.

Recently, solid state physicists have shifted their attention from the
binary compounds (BGICs), in which a single chemical species is intercalated
into the host, to ternary compounds (TGICs) which contain two different
intercalants. The TGICs dramatically extend the range of composition which
can be studied at constant stage and, therefore, enhance the variety of
properties and phenomena that can be explored using these layered solids.
These TGICs can be generally divided into four type321, namely: homogeneous,
heterogeneous, trilayer and localized TGIC's (Fig. 1.5). The structures
shown in Fig. 1.5. are limited to the stage-1 stacking sequence and repre-
sent only the most highly ordered inplane structure in each type. Several
other structural forms within a given category are possible since the par-
ticular structure which a given TGIC exhibits will depend on external
parameters such as pressure and temperature. For instance, K(NH3)u.3C2u is
a type I TGIC, it exhibits a disordered in-plane structure at room tempera-
ture and shows an ordered in-plane structure below 185 K. We now discuss

the four types of TGIC individually.
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Fig. 1.3 A schematic diagram of the two-zone method used to make alkali-
graphite intercalation compounds. 'I‘A is the alkali temperature and TG is the

graphite temperature, and W is the heater wire.



K/C (x10°2%)

L L L
100 200 300
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indicated for different stage compounds.
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K Rb ('s
T.=250°C T.=208°(C T =194°C

Stage T.°C) T.(°C) T.0°0)

225-320  215-330  200—425
350400 375130  475-330
450—430-  450—180 5510)

w ) r—

Table 1.2 'l'“ and TG for preparation of alkali metal compounds with stages

1<n< 3,
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HOMOGENEOUS HETEROGENEOUS TRILAYER LOCALIZED
inPlane C-Axis C-Axis island
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Fié. 1..5 A schematic representation of the four basic types of ternary
graphite intercalation compound. The solid lines represent the carbon layers
and indicate the lateral displacement of the carbon atoms (small solid
sircles). The large open and closed circles and rectangles represent inter-

calated species.
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The type I TGIC is the homogeneous (Fig. 1.5a) form in which the mixed
intercalant layers in each gallery are indistinguishable from one another.
The two intercalating species form a monolayer in the same gallery and they
can form commensurate, incommensurate, discommensurate ordered structures or
disordered structures depending upon the external parameters and the inter-
nal interactions in the compound. Non-crystalline layers can also exhibit
both compositional and topological disorder. In the compositional disorder
case, the hexagonal sites of the graphite layers are randomly occupied by
species A or B for which the terms "lattice-gas" or "lattice-liquid"
apply22. In the topological disorder case, the 2D structure of the interca-
late layers may be that of a binary liquid or even a glass both of which may
exhibit short-range correlations. The lateral positional c-axis correlation
between layers in a type I TGIC may be long range ordered or short range or-
dered or even uncorrelated as is the case for a lattice-gas/liquid or glass.

When the two intercalating species are confined to different galleries
in the host structure, the second type of TGIC is formed, i.e., the
heterogeneous structure shown in Fig. 1.5b. As in the case of the
homogeneous TGIC's the most highly ordered form is a 3D superlattice. There
are derivative structures of lower order in which the intercalate layers are
incommensurate, or topologically disordered. A new form of disorder, the 1
dimensional lattice-gas/liquid, may result from a c-axis random stacking
sequence. In addition, many other variations are possible. As is the case
in the homogeneous TGIC's, the c-axis correlations in the heterogeneous torm
span the gammut from infinite range to very short range order.

When the two intercalating species form separate layers within the same
gallery, the resultant compound is referred to as a trilayer TGIC. The most

highly ordered form is 3D superlattice structure shown in Fig. 1.5c. Many
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derivative structures from that shown in Fig. 1.5¢ are possible and the c-
axis correlations will vary correspondingly. Since the detailed discussion
of each of these structures is not of import in this thesis, and the reader
is referred elsewhere for this inf‘ormat:ion21

The last type of TGIC depicted in Fig. 1.5d is the localized TGIC. In
this type of TGIC , each intercalating species appears to be a single phase,
and they are phase separated structurally or chemically into two distinct
entities or islands. In principle, the two types of islands may have ‘a 3D
superlattice form in analogy with the other TGIC's and will also have many
deviative structural forms and their associated c-axis correlations.

The TGICs no doubt broaden the field of GIC study as noted above. One
of the important features of the TGIC is the ability to vary the composition
at constant stage. The BGIC's, though simple in their structural and chemi-
cal properties and in the ease with which they can be synthesized impose
intrinsic limitations on the types of measurements and phenomena which can
be explored using them. For instance, the staging phenomenon which is so
fundamentally intriguing gives rise to a relatively narrow range of composi-
tions over which a given stage can exist in BGIC's. However, this intrisic
limitation encountered in BGIC's can be eliminated if one considers the
TGIC's. Because TGIC's can contain two species in the same gallery, the
stoichiometry of one of them, relative to the carbon atoms, may be held con-
stant while the stoichiometry of the other may be varied over a large range
without altering the stage of the GIC. The composition "handle" makes
TGIC's an ideal arena for studying order-disorder and order-order structural
phase transitions in a 2D binary alloy in analogy to the famous studies of
3d Cu,Au 23. The pr-o'totypical study of this problem can be addressed by

3

forming the dual-alkali TGIC's system M -xM'ny where M and M' are heavy

1
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alkali metalszu where y = 8 for the stage-1 compound and 12n, n 2 2, for
higher stages, and 0<x<1. Of further significance is the fact that the

structure of the mixed intercalated layer in at least one TGIC K(NH
25-217

3y 3%y

instead of the complex domain structures
28

is that of a simple 2D liquid
or the BGIC's. This system also provides a testing ground for 2D kinetic
studies.

The TGIC'S not only expand the range of structurally based properties
and phenomena which can be probed with graphite materials, but also provide
new opportunities for electromagnetic investigations. With TGIC's it is
possible to prepare mixed donor-acceptor compounds which exhibit intriguing

behavior. For example, K(NH )xC24 exhibits a constant stage composition de-

3
pendent metal-insulator transitionzg. Another TGIC which contains an
admixture of magnetic and nonmagnetic species displays very unusual magnetic

phenonmena3o.

1.2 Neutron Scatterlng3l-3u

The neutron scattering technique has been one of the most powerful
tools in condensed matter physics because of the basic properties of
neutron.

The enebgy E of a neutron with a wave vector k is

E = h%k%/2m (1.1)
where m is the neutron mass. Using m = 9.383x108ev, we have
(h2/2m) = 2.08 mev A% (1.2)
From this equation we see that a neutron with a wave vector k a few A'] pos-

Sesses an energy of about a few meV which is the typical energy of a lattice

vibration and of spin excitations in magnetic insulators. If we rewrite the
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energy in terms of the neutron de Broglie wavelength, we have the following
relation:

A= (n/2m€)'/? = 9.0ue” 1240 (1.3)
where E is in units of meV. From this formula we see that a neutron with
energy E = 25meV has a wavelength A = 1.81 A which is on the order of the
interatomic distance in condensed matter. In consequence, the diffraction
of neutrons from condensed matter can display pronounced interference
effects.

There are other energy units frequently used in neutron spectroscopy.

We list the conversion of them for convenience.

1THz = 1072 s™! = 4. 14mev
1meV = 0.24 THz = 8.07 cm™' = 11.61 K (1.4)
1 THz = 33.35 cm™ | = 48.02 K.

The penetration depth of neutrons in matter is very long, because they
are uncharged, and are only scattered by nuclear forces. Therefore, neutron
scattering is well suited to the study of bulk properties. The nature of
the nuclear force results in a random variation of the scattering cross sec-
tion for various nucleii, in contrast to the smooth dependence of the
scattering cross-section on atomic number as in the case of x-ray
diffraction. The scattering length for different isotopes can be very dif-

ferent, for instant, hydrogen has a scattering length of -.37 cm'lz, while

the deuteron has a length of 0.667 em™ 2. This rfact provides us an ad-
vantage for many neutron scattering studies.

In a neutron scattering event, there are two conditions that have to be
satisfied, namely, energy conservation and momentum conservation. The con-

Servation of energy requires that the energy transferred to the target be

€qual to the energy loss of the scattered neutron, i.e.,
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he = E-E' = (h%/2m) (k% -k'¢

) (1.5)
where E and E' are the initial and final energy of the neutron respectively.
The conservation of momentum requires that

Q = k-k' = G+q (1.6)
where 6 is defined as the scattering vector, k and k' are the initial and
final neutron wavevectors, § is a reciprocal lattice vector and a is the
deviation of § from the reciprocal lattice vector. Note that if q = O and k
= k', we simply get Bragg's Law, written as

A = 2dsin® (1.7)

where O is the half scattering angle and d is the interplanar spacing.

In a neutron experiment, one actually measures the so called double

2
differential cross-section %ﬁ%ﬁ’ this quantity can be generally expressed as

3Ep ) (1.8)

E%é%-= E'&A.px|<i'x-|§|ix>|2 5(hw+E, -E
where V is the scattering potential, k> and |k'> are the initial and final
states of the neutron, and |A> and |A'> are the initial and final states of
the target system. The weight P for the state |A> satisfies a normaliza-

tion condition.
Zp = 1 (1.9)
X A

The horizontal bar stands for any relevant average over and above those
included in the weights Py

We can calculate the scattering intensity for any neutron scattering
process for a specific system from Eq. (1.8), however those calculations are
usually very lengthy. There are many texts where this is done in great

31

detail§1'3u Here, following the treatment of Lovesey~ , we reiterate a few

of the highlights.
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STATIC APPROXIMATION

The static approximation amounts to neglecting the term EA—E in the

X
§-function in Eq. (1.8). This means that the energy transferred to and from
the scattering system is much smaller than the energy of the incident
neutron or equivalently the condition for the validity of the static ap-
proximation is that the time taken for the neutron to cross from one atom to

the next is small compared to the characteristic oscillation or relaxation

time of the scattering system. The cross-section then reduces to
d o . - :
m: Z pA |<k'}'|VIk)\>I2b(hu). (‘10)
)V
Note that the factor (k'/k) in (1.8) is unity since the scattering is

elastic. Integration with respect to E', yields the final form

do_ _
- =

Here we have used a notation that will be used throughout this chapter,

Ak VIR 1G> . (1.11)

namely,

(oool)> = [pA<AI(....)|x>,
A

and the condition

T = 1. (1.12)
A

It is worth noting that the static approximation is distinct from
purely elastic scattering. In the latter case, the final states are identi-
cal with the initial states, i.e., A' = X in (1.10). In contrast, the
static approximation includes all possible final states.

In chapter 2, we use this approximation to determine the structure of
K(NH3)C2u where the rotational energy of NH3 is small compared with the in-

cident thermal neutron energy, therefore it would be valid to sum over all

the rotational states.
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COHERENT AND INCOHERENT SCATTERING

The scattering interaction between a neutron and a nucleus can be

described by the Fermi pseudopotential35.

In a system with a rigid array of
N nuclei, the position vector of the 2th nucleus being denoted by ﬁ, and the

scattering length of ¢th nucleus being described as b,, then the interaction

Q,
potential is
. 2nh2 -
V(r) = —a—-Zst(r-ﬁg). (1.13)
] ‘

Insert (1.11) into (1.12), and after some manipulations, one has

do .- *

Tl Qg'exp{w'(ﬁﬂ—ﬁg,)}bz.bg. (1.14)
For 2:z%', we have

#* # 2
byiby = by, by = Ibl
. . o 2
But if &'=%, bQ, Ib,1"=Ibl
so that in general
g2 2 =2
bQ,bQ = |bl +52,2.(Ibl -ibl%). (1.15)

The scattering which derives from the first term in (1.15) is called
coherent scattering, and that from second term refers to incoherent
scattering. Then from (1.15) and (1.14) we have
dQ ( ]coh [ ]incoh’
where the coherent cross-section is
89, - I5I2'§exp(i§-ﬁ2)'2 (1.16)

and the incoherent cross-section

do 2 =2, _ =2
(3 ]incoh N(Ibl“-1BI°} = NIb-bl (1.17)

There are two physical origins of incoherent scattering. First, it

°Pigiﬁates from different isotopes of the atom from which the neutron is
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scattered. Since the neutron interacts Wwith the nuclei, the scattering
power varies from isotope to isotope. Because these isotopes are randomly
distributed throughout the sample, the scattering length varies from site to
site. The second source of incoherent scattering is the coupling of the
neutron spin with the nuclear spins. If the nucleus has a spin of I, then
the neutron-nuclear system posesses two spin values [ + ; or I - % . These
two spin states produce different scattering lengths, and they are randomly
distributed in the sample resulting in spin incoherence. Table 1.3 lists
the scattering lengths, the coherent and total cross-sections for the ele-
ments involved in this thesis.

As can be seen from Egs. (1.16) and (1.17) coherent scattering reflects
strong interference effects allowing the study of collective properties
whereas incoherent scattering only contains information about an individual
nucleus. The physical reasons for this are as follows: Because the scat-
tering length varies from one isotope to another and also depends on the
nuclear spin orientation (relative to the neutron), the neutron does not see
a crystal of uniform scattering potential but one in which the scattering
length varies from one point to the next. It is only the average scattering
potential that can give interference effects and thus coherent scattering
proportional to |5I2. The deviations from the average potential are ran-

domly distributed and therefore reflect the individual nucleus; they
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=24
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Table 1.3 Scattering lengths, coherent and total cross-sections for

the isotopes and elements of relevance in this thesis.

° % tot
0.58 4.23 4.2y
H -0.374 1.76 81.50
D 0.667 5.59 7.60
Mg 0.52 3.40 3.7
Fe 0.95 11.34 11.8
Al 0.35 1.54 1.5
Ca 0.49 3.02 3.1
Si .0.42 2.22 2.2
o 0.665 5.6 5.6
N 0.937 11.0 11.5
K 0.379 2.19 2.30

Scattering length b in units of 1072

cm .

2

cm, cross-section in units of
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therefore give incoherent scattering proportional to the mean-square devia-

tion, i.e. to 1b-512.

DOUBLE DIFFERENTIAL CROSS-SECTION

In the previous paragraph, we discussed the coherent and incoherent
scattering in the static approximation. This approximation does not hold in
general. We now write the double differential cross-section in terms of the
coherent and incoherent scattering cross-sections. Then
%é%f' = N E'(;% Scoh(a’u) * ;% sinc(é’m)l (1.18)
Here Scoh(d,u) and Sinc(c'w) represent the dynamic structure factors for the

coherent and incoherent parts of the scattering including both elastic and

inelastic contributions. One finds that

Scoh(ﬁ.w) : _§%Ei J§'£:<exp(-i6°FJ.(O))exp(id-FJ(t))>e-imtdt (1.19)

and

SinelQw) = 2;hN § £:<exp(ia-FJ(O))exp(id-FJ(:))>e‘i““dt (1.20)

For most complex problems it is convenient to deal with the intermediate
scattering function I(Q,t) defined as

1(Q,t) = 3] <exp(-18eF |, (0))exp(id:F,(£))> (1.21)
JJ'

Then

o]
scoh(a'w) - 2nh

{ exp(-iwt)1(Q,t)dt (1.22)
We can further express I(a.t) into the § space Fourier transform of a func-
tion of real space and time, the pair correlation function,G(F,t), which

represents the ensemble averaged probability of finding a particle at posi-

tion r, at time t if a particle was at the origin at time 0. Therefore,

J
)
scoh(é’w) = 2mh

11(8, t)e” e
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Znh I[IG(r t) exp(léor dr]e dt (1.23)

Similar arguments apply to the incoherent scattering, in this case, we have
the time dependent self-correlation function GS(F,t) which in turn is the
probability of finding a particle at r at time t if the same particle is at

the origin at t = 0. Then

s nc(a’w) - —iutdt
= 2nh [IG (r,t)exp(iQer) dr‘e-kwtdt (1.24)
where Is(é,t) defined as
1,(Qt) - bIJ[«exp(.id-F (0))exp(ider (t))> (1.25)
j J J

Now we are going to calculate the coherent and incoherent one-phonon
scattering function. In general we can write
G(r,t) = G(r,=)+G'(F,t) (1.26)
So that |
lig G'(r,£) = 0
where G(F,@) is known as the Patterson function giving rise to the elastic
scattering and is used as an aid to structure determination in x-ray scat-
tering and neutron diffraction by crystals.
Similarly, we define
G (F,t) = G,(F,®) + G' (r,t) (1.26a)

Here again Elg G;(F,t) =0

Therefore,
0 ' -i - -> ->
[dnds']mel - ﬁ 3 ::_Eli T.at e raf exp(idF)a (7, t) (1.27)
0 .
inel _ N "¢ k' 1 ~lwt, - 2w
(G inet e kL T o G e8P0y (R (1.28)

One-phonon process
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Now we consider a Bravais lattice of N atoms with their equilibrium
positions given by the lattice vectors
1:2151+2252+Q353,
The displacement of the atom at the &th site is denoted by G(Q). Thus
the position vector of this atom is
Ry=8+d(n) (1.29)
[t can be shown that the correlation function is

G(r,t) = e X Idﬁexp(-iﬁ-?)exp{iﬁ-(5'-5)]<exp[iﬁ-&(ﬁ)}exp[ii-&(l‘,t)}>
2,

(1.30)

and that

1
(21)°N

[ fdkexp(-ikeF)<exp(iksu(2)}exp(ikeu(2,t))> (1.30a)
g

To calculate the double differential cross-section we need to evaluate the

cs(F,:) =

relation

<exp(-ikeu(2))exp{ikeu(2',t)}>

exp[;<-{E-&(a))2-{E~&(a-)}2+2E-G(Q)Eo&(a',c)>1

exp{-2W(k)}exp{<keu(2)Eeu(2’, t)>}

exp(-2W(K) ] e[ 1+<ikou(2)kou(2’,t)>. . ..] (1.31)

R

where exp{-2W(k)} is the Debye-Waller factor, and the formula is expanded to

the one-phonon process, and we also need

° . h 172 3= 2 BV (n (ZVant( 2
u () = Jgalzmj(q)} og(@exp(1d+f)(a,(q)+a;(-q)) (1.32)

which describes the displacements in terms of annihilation and creation

+

operators a,(q) and aJ(&), the polarization components oi(a) and a mode in-

J
dex j. In other words, we expand the displacements by normal modes.
Subtracting the elastic scattering from Eqs. (1.26) and (1.26a), we obtain

the one-phonon coherent and incoherent inelastic scattering cross-sections
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[0 ' . J 2

(deE' Tk v, J(q)
x[nJ(a)s[wJ(a)}a<6+a-r>+[nj<q)+1}o{w-uj(qna(b-a-?)1 (1.33)
0. J -
inel _ _i k' ! 1Q+07(q) |2
[deE']lnc 81 k E—exp[-ZH(Q)iza uj(q)
"[nJ(Q)S[MUJ(Q)}+(0J(Q)+1}5{w-wJ(Q)}] (1.34)
where nj(a) is the Bose-Einstein thermal occupation factor given by
n.(3) - ! (1.35)
J exp(hu (3)/kT)-1

The cross-section in Eq. (1.33) is the sum of two terms. The first, which

contains the expression §{w+w,(q)}8(8+q-1), represents a scattering process

J
in which one phonon is annihilated and the second term, containing
S[u-uj(a)}é(b-a-?), represents a process in which one phonon is created.

The two 8-functions in each process represent conservation of energy

and momentum, i.e.

Ez hwj(q)

k' = k& ¢ §-1. (1.36)

El

These conditions determine the phonon dispersion relations w,(q) as a func-

J
tion of a. In chapter 3, we will address to this equation again.
The one-phonon incoherent cross-section Eq. (1.34) can be further

reduced to

N©
Z
(dgdg.li;;gl s B ep-m@ 0183 @1%), E Wy (1.3%)
where the average {Id-aj(a)lz}av is taken over modes with frequency w, Z(w)
is the phonon density of states.

The generalization of these results to non-Bravias lattice is
Straightforward. It can be shown that the one-phonon inelastic coherent

cross-section becomes
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2
d%o )inel _ k' (21)° 1 = _ viBedtBezd(zyin-172]2
(deE']coh Tk v, ; J%& ij(q)'gbdexp{ Hd(G) iQ-d}(Q 03(q) M
x[n () 8(wew (D)18(F3-T)+ln,(@)+1)8(u-0,(8)}8(3-3-1)] (1.33a)

where d is the dth atom in a unit cell, and we define the dynamic structure

factor for the unit cell,

1@ = [Bexp(-W (§)+18-3} (-3 w2 (1.37)
d

q
Similarly, we can obtain the one-phonon inelastic incoherent cross-

section
2 . , _ .
(E%E%Tlizzl = E‘ Z[lbdl2-lbd|2}exp[-2wd(6)}%— Z.|6. g(q)|2
d d J,q
x 2m](aj{nj(a)5[w*wj(a)}*[nj(a)+1}S{m-wj(a)}] (1.3Ub)

J

This formula is not as useful as that for a simple lattice, because the
weight |6-ag(a)|2 in general is unknown. However, for a hydrogenated
sample, the incoherent scattering will be dominated by the contribution from

the protons, so we get back to the Eq. (1.34) approximately.
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1.3 Neutron Scattering Instruments

The neutron scattering measurements in this thesis were performed with
a triple axis spectrometer (BT-4) at the National Bureau of Standards
Reactor. The total power of the reactor is 105 W giving a total flux of
1015 neutrons 3-1. A schematic diagram of a triple-axis neutron
spectrometer is depicted in Fig. 1.6. A beam of neutrons from the reactor
passes through a collimator and impinges on a monochromator which selects a
particular wavelength from the distribution in the reactor by use of a Bragg
reflection. The monochromatic beam then passes through a second collimator
before being diffracted by the sample, where the angle ¢ in Fig. 1.6 defines
the sample orientation with respect to the incoming beam, and the angle ¢
defines the scattering angle. A third collimator was placed before an
analyzer crystal which measures the final energy of the scattered neutrons,
again via the Bragg law. The neutrons then pass through a final collimator

3

before entering a “He detector. Several crystals can be -used as
monochromators and analyzers, the most common being pyrolytic graphite and
copper as is the case at BT-4.

The triple axis spectrometer is ideal for constant scattering vector
(§) measurements and for quasi-elastic scattering. Two modes of operation
are possible. The most desirable one is the fixed final energy mode so that
the analyzer crystal is fixed at a certain angle selecting a constant final
energy and the monochromator is scanned giving a varying initial energy.
The energy resolution for this mode is shown in Fig. 1.7. There are two
distinguishing features in this diagram. First, the energy resolution is
degraded as the energy transfer increases, and second, the resolution change

takes place before the monitor detector placing just before the sample. The

first feature gives an advantage for phonon creation measurement, since the
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Fig. 1.6 A schematic representation of a triple-axis spectrometer.
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Fig. 1.7 The resolution of one-half of a triple-axis instrument as a func-
tion of the energy passed by that half for two different collimations and
two different cystals for BT-4. (By one-half of an instrument, we mean
collimator-monochromator-collimator/collimator-analyzer-collimator.) To ob-

tain the total instrumental resolution, one has to find both half instrument

resolutions then add them in quadrature.
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intensity of a phonon group decreases with increasing w as shown in Eq.
(1.35), and the reduced resolution at the larger energy transfer compensates
for the intensity loss giving an enhancement overall. The second feature
obviates the need to correct the data for the varying resolution function.
The changing reflectivity of the monochromator is corrected by the monitor
detector. However, it is necessary to make one correction in this mode,
which comes from the higher order harmonic contamination. A filter is used
to remove the harmonics from analyzer and must be placed after the éample.
Therefore, the harmonic contamination in the incident beam causes the
monitor detector to overcount. This effect can be simply measured by using
a powder sample without a filter and comparing the intensity of a given
Bragg peak with its A/2 counterpart. This gives the first order correction
since we ignore the higher order contamination as well as the changing
reflectivity of the powder sample. Fig. 1.8 gives the correction factor as
a function of incident energy, determined using a Si powder sample ((111)
reflection) for BT-4 at NBS.

The other mode of measuring phonon groups, which is less often used, is
fixed initial energy. In this method, the main advantages are using the
high flux part of the neutron distribution from the reactor, and the
avoidance of swinging the entire instrument around the monochromator since
the monochromator angle is fixed in this case. However, one has to pay the
price of making more corrections including corrections for the varying
resolution function, the varying reflectivity of the analyzer crystal, and
the fact that the efficiency of the detector may depend on the final energy.

Another type of neutron scattering instrument for inelastic and
quasielastic work is the time-of-flight spectrometer (TOF). The schematic

outline of a time-of-flight spectrometer is shown in Fig. 1.9. A
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Fig. 1.8 The monitor correction factor in the fixed-final-energy mode as
function of the initial energy. This particular figure was obtained at BT-4,
a triple-axis instrument located at the NBS reactor. When data nave ceen
taken in the fixed-rinal-energy mode, they must be mutiplied by tnis ractor

to account for the \.2 contamination Ln the monitor detector.
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Fig. 1.9 A schematic outline of a time-of-flight spectrometer.
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monochromator selects an initial energy EO by a Bragg reflection. Then the
monochromatic neutron beam is chopped in short bursts, the energy of the
néutrons is measured by the flight time of the neutrons from the chopper to
the detectors. An array of detectors is placed in the scattering plane al-
lowing one to simultaneously collect data for several wave vectors. This
type of instrument is well suited for studying the dynamics of liquids or
powder samples for all wave vectors can be measured at once. Single crystal
work is also possible, but the interpretation of the spectra is not straight
forward. In this case, the triple-axis spectrometer is more suitable.

For the study of the structure of GIC's by use of elastic neutron scat-
tering, three major scattering configurations, i.e. the [00R], inplane, and
c. scan are employed. They are schematically shown in Fig. 1.10. The inci-
dent neutron wave vector is E, and the scattered neutron wave vector is i',
where for elastic neutron scattering k, = k'. The inplane scan can be
achieved simply by rotating the sample 90' about an axis perpendicular to
the scattering plane from the [002] scattering configuration. The [002] and
inplane scans are also called 8-20 scans. The c'-scan is more complicated
and computer control is used to keep the scattering vector along the AB line
(Fig. 1.10.).

For inelastic neutron scattering, constant-Q mode measurement has been
used most often. From Eqs. (1.33) and (1.34), we know that the dynamical
structure factor is proportional to (6-88)2, therefore, Q selection can be
employéd to measure different polarized excitations. Fig. 1.11 illustrates
three configurations for phonon dispersion measurements. With configuration
I the frequencies of the longitudinal modes propagating along the ¢ direc-

tion can be measured unambiguously as a function of wave vector. Using
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configuration II, we can determine the frequencies of the transverse acous-
tic modes and the low energy optic modes propagating along the [00¢]
direction, i.e., TA(0,0,§) and TO(0,0,§) modes. In configuration III, the
shear modes can be measured. Note that all of the aforementioned configura-

tions can be used the for constant-energy method.
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Chapter II.
Elastic Neutron Scattering Studies of the Structure of
Graphite Intercalated with Potassium and Ammonia
2.1 INTRODUCTION

The ternary graphite intercalation compounds (GIC's) K(NH with

3042y
compositions in the range 0 S x < 4.38 are a class of GIC's which exhibits

1,2 3

unusual structural, '~ optical, electricalu and kinetic5 properties. For

instance, diffuse X-ray scattering studies1’2 coupled with Monte Carlo com-
puter modeling indicate that the potassium-ammonia layers in K(NH3)u 3802u
constitute the two-dimensional (2D) structural analogue of the extensively

studied bulk three-dimensional (3D) metal-ammonia solutions6 which are

6

notable for the metal-insulator (MI) transition which they exhibit. In

2

this recent study,1 it was shown that a semiquantitative fit to the

"liquid" structure factor can be obtained from a structural model in which
all potassium ions are symmetrically 4-fold coordinated to ammonia
molecules. One very interesting aspect of this work was that, unlike all

7,8

binary GIC's studied to date, the scattering could be described without

including any modulation of the intercalant layer due to the graphite host.
Thus, the potassium-ammonia layers could be treated as a "simple" 2D liquid
at room temperature, presumably due to an enhanced intercalant-intercalant
interaction. The origin of this increased interaction may be the back-
transfer of electron charge from the carbon layers to the intercalant layers

3,9,10

when Kczu is ammoniated. This back-transfer, which amounts to about

0.2 e/K for x = 4.38, has been established by (002) X-ray diffraction

9 proton NMR measurements,10 and optical reflectivity measurements.3

o

Studies,
This effect may increase the intralayer binding in the K-NH3 liquid while it

wWould decrease the graphite-intercalant interaction. The back-transfer of
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charge could therefore partially explain the reduction of the C33 elastic
force constant in K(ND3)“.38C2“11 compared to the corresponding binary com-
pound KCZM'

In addition to exhibiting some structural properties which are
analogous to bulk metal-ammonia solutions, recent electricalu and optical
reflectivity measurement:s3 of K(NH3)XC24 indicate related electrical
behavior. Thus the opportunity exists of employing potassium-ammonia-
graphite to study the 2D MI transition as well as the electronic crossover

from 2D to 3D behavior by varying the stage of the K-NH, GIC as well as the

3
composition. (A stage n GIC is one in which nearest pairs of intercalant
layers are interspersed by n graphite layers in a structure that exhibits
long range c-axis stacking order.) Moreover, the K-NH3 graphite system has
been shown to be the first GIC in which the intercalation and staging

5

kinetics are dominated by simple 2D diffusion” rather than by the complex

Lifshitz processes12 associated with the formation of multidegenerate 2D

domains13

characteristic of binary GIC's.

Since each of the unusual properties of the K-NH3 ternary GIC's is
intimately related to the structure of the intercalant K-NH3 layer, it is
imperative to determine that structure as completely as possible. But it is

14,15 that a

well known from many studies of A-B binary disordered systems
definitive structure is difficult to determine from X-ray data alone because
the structure factor is the convolution of three pair correlation functions
which result from A-A, A-B, and B-B structural correlations. Thus, in
principle, it is necessary to carry out three distinct scattering experi-
ments to sort out the individual contributions to the structure factor. To

date, however, our knowledge of the K-NH3 intercalant structure derives

solely from an in-plane (hkO) and c-axis (h = const., k = const., %) diffuse
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scattering X-ray diffraction study. Accordingly, the purpose of this paper
is to report elastic neutron scattering studies of K(ND3)xC2u and to use our
results to further test the X-ray derived structural model of the 2D
potassium-ammonia liquid intercalant layer. In this case, the use of
neutrons complements the X-ray results quite well since the neutron scatter-
ing mostly reflects the ammonia-ammonia correlations while the X-rays are
almost equally sensitive to K-K and K-ammonia correlations. Therefore, by
referring the results to a particular structural model, it should be pos-

sible to reasonably characterize the structure.

2.1 EXPERIMENTAL METHODS AND RESULTS

Pyralytic graphite with a typical mosaic spread of about 5° was cut

3 which were intercalated

16

into thirty pieces of dimension 1.5 x 1.0 x 0.1 c;
to form binary stage-2 Kczu GIC's using the standard 2-bulb method. These
pleces were then transferred in a glove box to an aluminum sample can and
assembled in a package in which the specimens were separated by thin
aluminum spacers and stacked with their c-axes well aligned. Care was taken
to provide a region for subsequent expansion of the sandwich height upon
ammoniation. The aluminum can was compression-sealed with a tapered stain-

7 to which was welded a stainless steel bellows valve for

less steel cap1
evacuation of the sample holder and admission of ammonia vapor.

To reduce the incoherent neutron scattering cross section, but enhance
the coherent neutron scattering cross section, deuterated ammonia was used
to synthesize the ternary GIC's studied here. The ND3 which was purchased
with a stated purity of 99.95% was further purified by repeated exposure to

sodium metal using procedures that are described i~ detail elsewhere.6’9



43

The neutron diffraction studies reported here were performed with a
triple-axis spectrometer located at the National Bureau of Standards re-
search reactor. All of our measurements were carried out with incident
neutrons monochromated to an energy of 35.0 meV by a pyrolytic graphite
monochrometer [(002) reflection]. A 2 inch thick pyrolytic graphite filter
was used to remove higher orders from the neutron beam. No analyzer crystal
was used for the in-plane scans. The transmission of the sample was es-
timated to be in excess of 95% making multiple scattering corrections
unnecessary. The Placzek corrections, 18 which arise from inelastically
scattered neutrons, were also estimated to be less than 2%. The fast
neutron background was found to be negligible as well. All measurements
were performed at room temperature.

The ammoniation of Kczu was carried out by in-situ exposure of the
sample to ND3 at a vapor pressure of ~9.5 atm. which was provided by a
remote liquid ammonia reservoir held at room temperature. Intercalation to
the 9.5 atm. saturation composition of K(ND3)4.3C2Q required a post exposure
period of approximately three hours during which repeated (00%) scans were
taken to monitor the intercalation process. These scans are shown in Fig.
2.1. Note first from Fig. 2.1a that the reflections observed prior to ex-
posure to ammonia can be indexed to a pure stage-2 structure and provide a
confirmation that tl"te specimen was not degraded in the glove box transfer
process. During the first hour of exposure, the system evolved from a pure
stage-2 binary xczu phase through a coexistence region (Fig. 2.1b) to a
stage-1 ternary phase with composition K(ND3)3.2021‘. The ammonia content
was determined by comparing the measured basal spacings of the stage-1 ter-

9

nary phase with previous X-ray measurements” of the variation of basal

spacing with composition. The post exposure period from approximately one
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Fig. 2.1 The time evolution of the (00%) elastic neutron scattering
diffraction patterns of K(ND3)xC2n over the range 0 < x ¢ 4.3 corresponding
to an elapsed time ofthe exposure of Kczu to NH3 from 0 hrs (panel a) to >
3 hrs (panel c¢). The rerlections are indexed according to the notation
kn(00%) where k = B or T signifying respectively a binary or ternary GIC and
n is the stage number. The abscissa is normalized in units of Q , the wave

vector corresponc.  to the (001) reflection of KC,,.
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to three hours is characterized by increased ammonia uptake of the pure
stage-1 ternary phase until the saturation composition of K(ND3)M‘3C2,4 was
reached as indicated in Fig. 2.1c.

In addition to (002) scans, two other types of diffraction scans were
employed in our studies. To measure the mosaic spread of the ternary phase
and at the same time establish the c-axis stacking sequence, a (2.94 0 )
so-called c* scan was taken. The results of this scan are shown in Fig.
2.2. The central broad peak of that figure indicates a mosaic spread of
about 10° while the sharp carbon layer Bragg reflections at Q/Qc, = %]
result from an eclipsed ...A/A/A/... c-axis stacking sequence where A and /
represent, respectively, crystalline carbon layers and liquid K-ND3 interca-
late layers. The small shoulders at :tO.8A°1 in Fig. 2.2 are Bragg
reflections from the aluminum sample can and spacers.

We carried out an additional c* scan along the (202) direction in order
to ascertain the degree of c-axis correlation between the disordered inter-
calate layers. The details of this scan which are shown in Fig. 2.3 will be
discussed in section III. but we note here that it was chosen because it
contains no carbon layer-derived Bragg reflections.

To conclude the presentation of our experimental results we show in
Fig. 2.4a (solid line) an in-plane (hkO) scan of the diffuse scattering from
the K-ND3 liquid layers. For clarity, the graphite and aluminum Bragg
reflections have been removed from the diffraction pattern of Fig. 4a. For
comparison and reference we also show in Fig. 2.4b (solid line) the cor-

responding X-ray measuremem:" 2

of the in-plane diffuse scattering from the
potassium-ammonia layers in graphite. As can be seen from Fig. 2.4, the X-
ray and neutron diffractiion patterns are quite similar, the major

distinction between them being the strength of the first peak at 0.8A-1.
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*
Fig. 2.2 A (2.93 0 2) ¢ scan of K(ND

is the c-axis repeat distance.
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3'y.3%y

Note:

Q

= 2nd, where d
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21 24

COUNTS*10°
9 12 15 18

-128-1.0 -75-5-25 0 25 .5 .75 1.0 128
Qz(A™)

Fig. 2.3 A (2.0 0 ) c* scan (dots) of K(ND) 3Coye The solid line was
computed from the square of Eq. (2.6) of the text. Note: Q = 2%/d, where

d is the c-axis repeat distance.
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INTENSITY(ARBITRARY UNITS)

Q(&™)

Fig. 2.4 (a) A comparison of the calculated (dashed line) and measured

\ ~

(solid line) in-plane Jiffuse neutron scattering intensity from K(NDB;“ 3524

(b) The X-ray diffuse scattering result (solid line) and the calculated

fit (dashed line) from the U-fold cluster model.
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This peak results from K-K scattering contribut:ions1’2 (see section V below)
which, given the similar numbers of electrons on potassium and ammonia, are
similar in strength to the K-NH3 and NH3-NH3 contributions that generate the
second peak. In contrast the neutron crossection for potassium is much
weaker than that of ND3 and the first peak in the in-plane scattering is

correspondingly much weaker than the second.
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2.3 CALCULATIONS AND ANALYSIS

Two methods of analysis were applied to the data of Fig. 2.4a. 1In one,
the real-space structural model of the atomic coordinates which had been
previously applied]’2 to explain the in-plane diffuse X-ray scattering data
of Fig. 2.4b was used to calculate the corresponding neutron diffraction
pattern of Fig. 2.4a. [n the other, the planar radial distribution function
(RDF) of the K-ND3 liquid was determined from the Bessel-function back-
transform of the neutron data. Although this latter method yields an RDF
which is the sum of three pair correlation functions as noted above, the
neutron scattering intensity is dominated by ammonia scattering and the

back-transform represents primarily the ammonia-ammonia pair correlations.

A. The Real-Space Model Method

In a static neutron scattering experiment, the basic quantity that is

measured is the structure factor given by18
doyel _ = R 2
(36) con = <I)J: by exp (18 KJ)I > (2.1)

j is the position of the Jth nucleus, bJ

denotes that b, is averaged over random nuclear spin-oriented and random

J

isotope distributions and the angular brackets represent the average over

where § is the scattering vector, R

all possible configurations of the nuclei. Using an appropriate structural
model for the scattering medium (see section 3.4), we can calculate the
coherent elastic cross section from Eq. (2.1).

We index the ammonia molecules by the label 2. The position of the v‘h

nucleus relative to the center of mass of the ch molecule is Fu(ﬂ)' We

denote the position of a potassium atom by the label IK‘ So
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-1« rv(Q) - rv'(Q) for A-A
R, - R = - iK' + ;u(ﬁ) for A-K

IK - IK, for K-K

where A and K represent, respectively, ammonia and potassium. The cross

section then becomes

A P L . R
(30 con * <Q§,e"°[‘° (2-2 ”v%“ v.(§.)bv(ﬂ)bv'(ﬂ')exD{lé.(rv(Q)v'rv'(Q')”>

+ < b, exp ((ide(Z-1 ,)) b ,..exp(iQer )>

2.2

v [ b expl(ide( I D> (2.2)
k%! :

Averaging over all 2D directions and separating the intramolecular and in-

termolecular scattering, we have

el

do w2 . 2 R '

(30)con = NgPk * B¢ . §Q, Io@1% - L)
't

+ b, < b ,.exp(iQer ) [ J (&8 -1 1)
K v%l) v(t) v(R) Q'!K o K

s N (B2 +30,7) +N< L B, explide(F ~F )b
v()zv'(?)
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+ <L b, exp(i@e(F -f )} [ I (@&d-INDb (2.3)
w'! 'R

In Eq. (2.3) the first term is the self-scattering from the potassium
nucleus, the second term is the internuclear scattering from potassium, the
third term is the scattering from potassium-ammonia correlations, the fourth
term is the self-scattering from the ammonia molecule, while the fifth term
is the scattering from the correlations of different nuclei in the same
molecule, and finally, the sixth term is the intermolecular scattering from
ammonia.

To further clarify the important fifth and sixth terms of Eq. (2.3) we

introduce the molecular form factor
F'Q = [ b exp(iQF ) (2.4)
v

which describes the self interference within a single molecule and is due to

the fact that a molecule is not a point scatterer of neutrons. From NHR‘O

19 it is known that the ammonia

and quasielastic neutron scattering results,
molecules are rotating rapidly about more than one molecular axis.
Therefore, for the fifth term in Eq. (2.3) it is possible to treat the am-
monia molecule as a uniform sphere of scattering length density. Then for

the intramolecular scattering term one obtains

__ 33,(QR} )

3J,(QR} )
2 — 2 29)\¥ 7 5
N,[6 bybp( QR} >

bD (——aﬁz————) ]2. (2.5)

where N, is the number of ammonia molecules, J1 is the spherical Bessel

A

function, and RA is the radius of the ammonia molecule which was used as a

fitting parameter.
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To calculate the form factor in the sixth term it is also possible to
consider the ammonia molecule spherical in the intermolecular scattering
term with an average radius RA if one assumes that there are no directional
correlations between the ammonia molecules. Then the molecular form factor,
which contains no information on the orientation of the ammonia molecule

Wwith respect to the graphite planes, is given by

o 350ery :
F'(Q) = (by + 3by) &, (2.6)
and the sixth term in Eq. (2.3) becomes
YRR . '
IEH(@217 o gdfQ e (2 - 1) (2.7)

Note that in the fitting proceedure used, the radii R, and R"\ were varied

A
independently and that a best fit was obtained with the values 1.434 and
1.55A, respectively. The slightly larger value of R;\ is not unexpected
since it is the average radius derived from the distribution P(r) of 2D
;‘ is the fixed
radius of a 3D molecule. Moreover, the background scattering is sensitive

discs which are used to model the in-plane structure while R

to the value of R"\

fit included only a constant background term small variations due to the

while the structure in the scattering is not. Since our

Debye-Waller factor, multiple scattering, Placzek effects etc. may influence
the derived value of R"\. Finally, inspection of the intramolecular scatter-
ing fifth term shows that this term contains virtually no features at the

small Q's in question and yields only a sloping feature peaked at Q=0
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which is characteristic of any form factor. Thus there is no physical sig-
nificance of a small difference in the ammonia molecular radius between the
fifth and sixth terms.

From Eqs. (2.3)-(2.6) we obtain the final form we need to calculate the

diffuse scattering pattern.

doyel _ | = 2 =2
(30 con = NPk~ * Bp KEK.N(FKK') JoQrgg)

+ Ek<s'(o)> ) N(ry ) J,0Qr,,)

A, K
3J,(Q R}) 3J ( QR')
-2 -2 —_ — 1 A’.2 2 2
+ NA(bN + 3bD ) + NA[6bNbD(T) + 6b D (—Q—R,—) ]
' 2
+ I<F @] A§A-N(r“") Jo(Qry,). (2.8)
where N(rij) is the number of atoms (molecules) at a distance r from an

1)
atom (molecule) of type i to an atom (molecule) of type j. We use this for-

mula in section V below to calculate the neutron scattering crossection from

the computer-generated liquid structure of Fig. 2.6.

B. The Back-Transform Method

Now we address the theoretical method of the Bessel-function back
transform. In Eq. (2.8), we change the sum into an integral and rewrite the
formula as

do)el NB 2 =2 -2

@ con - MPr - NA(bN + 3b) )

= 21 Ig EK PKK(r) JO(Qr)rdr + 21 I; Ek<F'(Q))PKA(r) Jo(Qr)rdr
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e 2 05 I (@) 1%R,  (r) I (Qr)rdr (2.9)

where Pi (r) is the pair correlation function for atoms of type i and j, and

J
has a similar physical meaning to N(rij)’

The last term in Eqg. (2.9) was derived from the last two terms of Eq.

(2.8) as follows
3J1(QRA) > — > 3J1(QRA)

— - 2
N, [6byb (—gmr—)" + 6by (—ggr—)1 + [<F'(Q>1T [ N(r,,,) J_ (Qr,,)
A""°ND QRA D QRA AZA" AA o T AA
= 1<EN(QIPN(Q,r)d (0) + IE (@12 [ N(ry,)d (Qr,,,)  (2.10)

AZA'

Since NO(Q,O) is a slowly varying function of Q, Eq. (2.10) can be ap-
proximated as

B (Q)1%N,(0)3,(0) + [ N(ry,,)d (Qr )]
A£A'

= 1 Q12 [ N(r, )0, (Qr )
A A

= IKF' Q) » 21 Iy Paa(r)d (Qr)rdr. (2.11)

0202

We now introduce a convergence factor e’ and a sharpening factor

1/32(0)15 into Eq. (2.9), where g(Q) decreases with increasing Q and a is an
adjustable parameter. We take g(Q) = I<F'(Q)>| and define 1(Q) as

(gg)el 2
dQ’ coh

- N_b,
1(Q) = & KK

- =2
- N, (b,, + 3b,")
g N D_ . (2.12)
I<F'(Q)>1

Then, the Bessel-function back-transform is given by
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® 2.2
P(r) = | Qi(Qe® Y

. JO(rQ)dQ

—2
b.°P, (r) 22
—K——K—2 J (arye™ Q 4rdq

= an émor
I<F'(Q)>I

® o b |<F'(Q)>IP,,(r)
s2f | Q =X g“
0 0 | <F'(Q)>|

-2
JO(QP)JO(Qr)e drdQ

.20 10 10 Qr P, (r) J_(Qr)J (Qr)e™ Q4rdq

= 2M Py, (r) « P, (r) (2.13)

In the last step of Eq. (2.13), we used the fact that contributions from K-K
and K-A are negligible. In our calculation, the scale factor is not impor-

(r)

tant, and the transform of a constant background only contributes to Pi

J
at r = 0.

In computing the back transform of the experimental data of Fig. 2.4a,

do,el

we normalized (Ea)coh to 1 at large Q and normalized F'(Q) to 1 at Q = 0, so

do
(Eﬁ)data -

1(Q) =
1<F'(Q)>1°2

(2.14)

do .
where (dQ)data - 1 is equal to zero at large Q. To avoid the difficulty as-

sociated with zero values of the sharpening function (the denominator) in

M



57

Eq. (2.14), we incorporate an appropriate cut-off value, Qm, in the in-
tegrals of Eq. (2.13) when calculating the back-transform of the neutron

data.

2.4 THE STRUCTURAL MODEL

We now discuss briefly the computer-generated structural model which we
used to fit the in-plane X-ray scattering1'2 (Fig. 2.4b) from potassium-
ammonia liquid layers in K(NH3)H.38C24 and which we now futher test by
incorporation into the Real-Space Method to calculate the corresponding
neutron diffraction pattern (Fig. 2.4a). The salient features of that model
are illustrated in Figs. 2.5 and 2.6 and are enumerated below.

1. The K' ions and the (NH3) ND3 molecules are treated as hard in-
finitely thin discs oriented with their planes parallel to the
carbon planes and located at the mid-point of the gallery along the
graphite c-axis.

2. The radii of the K* discs are identical and fixed at a value of
1.46A which gave the best fit to the x-ray diffraction pattern con-
sistent with the charge exchange to the graphite layer.

3. The model assumes a distribution of intermolecular distances, r

KA

and r which is justified by the liquid dynamics of the

AA’

system1°’11

for which S(Q) represents an ensemble average.

4. There are two types of ammonia molecule in the liquid, those which
are 4-fold coordinated to potassium ions (open circles in Fig. 2.6)
and those which are dynamically unbound (hatched circles in Fig.
2.6). The U4-fold coordinated K-ND3 clusters which result are as-
sembled in a symmetric configuration so that the lines connecting

the center of the K disc to each of the ND3 discs in a cluster

make equal angles of n/2.
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|
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b-——6.63 A——

(a)

(b)

1.3 143 2.0
r (l)

(e)

Fig. 2.5 (a) A schematic view of the tilted ammonia molecule between the
graphitic planes. The arrows indicate rapid rotation of the molecule about
its 3-fold axis which rapidly precesses about the graphite c-axis. The cilt
angle'becueen these Ewo axes i3 a. (b) The maximum cross-sectional
projection of the ammonia molecule onto a plane parallel to the graphite
planes. This projection defines the "hard disc" radius r. (c) The
distribution of hard disc radii that results from the tilt angle

distribution.
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Fig. 2.6 Schematic representation of the mechanism by which U4-fold
coordinated potassium-ammonia clusters are assembled to simulate a 2D liquid
structure. Open (hatched) circles represent bound (free) ammonia molecules
while the solid circles represent potassium ions. (b) Labels for reference

.in the text. (c) A portion of the simulated liquid structure.
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5. The computer-generated collection of K—ND3 clusters and free ND3
discs is assembled (Fig. 2.6) in such a way as to maximize the in-
plane density. The model contains 500 K" discs and 2165 ND3 discs
satisfying the stoichiometry K(ND3)M.33C2H where 2165/500 = 4.33.

6. The effect of the graphite substrate potential on the structure of

the K-ND3 liquid has been ignored.

We also generated O-fold and 3-fold cluster models of the liquid struc-
ture of the K-NH3 layers using the proceedures described above. The X-ray
diffraction patterns calculated from these models yielded significantly
inferior fits to the measured patterns as discussed in detail elsewhere.2
For the 0-fold cluster model, the most notable deficiencies were a total
loss of the first diffraction peak at 0.81\‘1 and a shift in the second peak
from the correct position of 2.0A "o 2.30°". similar discrepancies oc-
curred with the 3-fold model but the loss of intensity in the first peak was
not total. It is also noteworthy that the U-fold cluster model was the only
one tested which yielded an in-plane density which was in agreement with the

experimentally measured value.

2.5 CALCULATING THE DIFFRACTION PATTERN

In order to apply Eq. (2.8) to the above described structural model, it
is necessary that there be no c-axis correlation between the individual
potassium ammonia layers that contribute to the scattering. To experimen-
tally confirm this point which has been initially established using X-ray
scatterin32 we measured a (2.0 0 R) c' scan in the manner described in sec-
tion 2.2. This scan is shown in Fig. 2.3 and the lack of short range order
diffuse scattering is direct evidence that the potassium-ammonia layers are

uncorrelated. The solid line in Fig. 2.3 represents the square of the

1
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molecular form factor calculated from Eq. (2.6) for the corresponding posi-
tions in reciprocal space and provides an excellent fit to the experimental
data.

The results we obtain by applying Eq. (2.8) to the 4-fold cluster model
of Fig. 2.6¢c are shown in Figs. 2.7 a, b, and ¢ which correspond respec-
tively to the potassium-potassium, potassium-ammonia and ammonia-ammonia
contributions. Notice immediately that the K-K contribution is only about
1/80 of that from A-A and that the sum of the three contributions (Fig. 2.7d
and Fig. 2.4, dashed line) is essentially indistinguishable from that due to
A-A alone. Moreover the weight of each contribution is only dependent on
the stoichiometry of the sample and the stoichiometry of our model was
chosen to be the same. Clearly then, ammonia contributions do indeed
dominate the neutron scattering. This gives us the advantage of treating
the system as monatomic and greatly simplifies the analysis of the back
transform (see section 2.3).

In Fig. 2.4 we compare our calculated diffraction pattern with the ex-
perimentally measured pattern. -Only four fitting parameters were used to
achieve the fit shown in that figure. These are the molecular radii RA =z
1.43A and Ry = 1.55A, a constant background, and a scale factor. Note that
the molecular radii are indeed quite similar and are both physically
reasonable. As can be seen, the fit is excellent in the range Q 2 O.BA—1
but reveals serious discrepancies at lower values of Q. There are two
reasons why these discrepancies did not appear in the X-ray studies. First,
in X-ray diffraction the contribution from ammonia was much weaker, only
half of the contribution from potassium. Second, x-ray data was obtained
from the difference of two x-ray scattering intensity profiles using a

"sample in/sample out" technique which may yield a large error at low Q.



(a)

] L 7

3 4
Q(X-)

Fig. 2.7 Calculated contributions to the inelastic neutron scattering
intensity from (a) potassium-potassium correlations, (b) potassium- ammonia

correlations and (c) ammonia-ammonia correlations together with (d) the sum

of (a), (b), and (e).
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We can gain insight into the low Q discrepancy by considering the
Bessel-function back-transforms shown in Fig. 2.8. In that figure the solid
curve (Fig. 2.8b) is the ammonia radial density distribution deduced from
the back-transform of the experimental data of Fig. 2.4 while the dashed
curve (Fig. 2.8a) is the corresponding function determined from the 4-fold
cluster structural model. Clearly, the latter exhibits much more sharp
structure, the envelope of which is similar to the former. The sharp struc-
ture in Fig. 2.8a has physical meaning and corresponds to prominent
distances in the model. For instance, the first peak in Fig. 2.8a cor-
responds to the nearest neighbor distance, a-b of Fig. 2.6b, the second peak
represents the next-nearest neighbor distance, a-d of Fig.. 2.6b, etc. But
the broad first peak of Fig. 2.8b indicates that in the real potassium-
ammonia 2D liquid, the first and second neighbor peaks are indistinguishable
as are the third and fourth neighbor peaks. Thus, in the real fluid, the
correlations are not as strong as indicated by the model.

The strong correlations in the model are a direct manifestation of the
4-fold symmetry imposed on the K-ND3 clusters. If that symmetry was to be
relaxed so that the angular position of the ammonia molecules around the
central potassium was random, interneighbor distances would be much more
dispersed and the first two peaks in Fig. 2.8a would merge as would the
third and fourth peaks. Note, however, that the second and third peaks
would not merge since there is a K* ion between atoms a and e in Fig. 2.6b.
Also note that the high frequency component of Fig. 2.8a is a characteristic
of the symmetric cluster while the low frequency component (the envelope)
results from the 4-fold clustering and is independent of the angular sym-
metry in the cluster. 'Therefore, from the Bessel-function back-transform,

it is clear that the high frequency components contribute to the
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Fig. 2.8 The radial density distribution of K(ND3)u 3C2“ deduced from (a)

the 4-fold coordinated cluster model (dashed line) and (b) the Bessel-

function back-transform of the experimental data (solid line) of Fig. 4a.



65

low Q discrepancy. Thus, if those components were absent from the radial
density distribution as they are in Fig. 2.8b, the low Q discrepancy in the
calculated diffraction would be minimized if not altogether absent.
Finally, it is worth pointing out that the oscillations in Fig. 2.8b extend
to large r due to the damping in Q-space which is imposed by the ammonia
molecular form factor. Those oscillations are certainly not real, but

rather are an artifact of the Bessel function back transform.
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2.6 SUMMARY AND CONCLUSIONS

While the 4-fold cluster model contains the essential features of the
structure of the 2D K-ND3 liquid in graphite, the real liquid contains
clusters with a much lower degree of rotational symmetry. This is, of
course, to be expected since we know from NMR and quasielastic neutron scat-
tering measurements that at room temperature the ammonia molecules are
simultaneously rotating rapidly about their 3-fold axis while it precesses
rapidly about the graphite c-axis. The molecules are also diffusing
rapidly. An additional stimulus to reducing cluster symmetry is the pres-
sure from unbound molecules which nudge between clusters and angularly
displace their bound neighbors. Thus it would indeed be puzzling if the
clusters preserved a high degree of internal symmetry. In principle, we
could take the symmetry breaking into account analytically by parameterizing
a probability distribution for the angular displacement of the ammonia
molecules in a cluster. But we maintain, as in our X-ray work, that such an
approach would require enough additional parameters to mask the essential
physics and its structural consequences.

A few additional comments are warranted. In our 2D model for the dif-
fraction, we used a 3D molecular form factor to compute the scattering.
This approach is valid because the 2D model only relates to the positions of
the molecular centers of mass in the graphite galleries. We have also
tacitly assumed that the ammonia molecules are "rigid". Also our treatment
of  the molecules as spherical is very reasonable since they are in complex
rapid motion and the structure factor takes an ensemble average over all
orientations.

Finally, the calculated X-ray pattern1’2 exhibits a peak of excess

amplitude at 4.88"" while no such peak is evident in the neutron
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1
calculation. Though the X-ray data does show a small peak in the 4.8A4°
region the calculated peak may result from the use of an oversimplified X-

ray form factor which was computed from fNH = f‘N + 3f‘H. That form factor
3

decreases much more slowly wWwith increasing Q than does the more accurate
spherical type of form factor. Therefore, a high Q peak could have been in-
adaquately quenched in the X-ray calculation. In addition, a convergence
factor was not used in the X-ray analysis. Thus the X-ray calculation ex-

hibited more noise than did the neutron calculation.
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CHAPTER ITI.
Inelastic Neutron Scattering Studies of stage-1

and stage-2 K-Ammonia Intercalated Graphite

3.1 INTRODUCTION

In this chapter we address the time correlated properties of the
K-ammonia graphite intercalation compound, or in other words the information
contained in G'(r,t) and G;(r,t). The use of coherent inelastic scéttering
allows one to investigate the properties of G'(r,t) which gives dynamic in-
formation such as phonon dispersion and librational excitations. One can
measure the gq-dependence of the excitation modes, which will yield informa-
tion on their propagating nature. The phonons always display some
dispersion which indicates that they are a collective excitation with a
specific phase relation between the vibrating particles. Librations may or
may not display such dispersion depending on whether or not they are collec-
tive excitations or are Einstein oscillators due to single-particle motions
with no coherent phase relations.

Layered solids and some anisotropic molecular crystals have been exten-

1-3

sively studied due to their variety of kinetic, dynamical phenomena

including orientational phase transitions, translation-rotation coupling,
ete. Solids of this type are characterized by tight binding between atoms
in a molecular unit which in turn is loosely bound to other molecules or to
the. surrounding atoms and by the strong anisotropy between interlayer and
intralayer interactions. Some systems which have been heavily investigated

include organic compounds adsorbed on the surface of graphiteu'7; ammonia

intercalated in TaSza; H2 and HNO3 intercalated in graphit;e9°11

12-14

; and water

intercalated in various forms of clay
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Neutron scattering has been a powerful tool to study elementary excita-
tions such as collective lattice vibrational modes, intramolecular modes,
librational modes ("vibrational" excitations of a molecule which oscillates
as a single unit in a hindered potential), molecular rotations, rotational
tunneling and translational diffusion in a molecular crystal. One of the
most important advantages of the neutron scattering technique is the ability
to study the details of the interaction between those excitations. A fruit-
ful system for such a study is the mixed alkali halide-cyanides. An
interesting result from this system is that, in the low cyanide concentra-
tion limit, the [110] transverse acoustic branch (polarization [110]) splits

due to phonon-libron hybridization15'16. Another split phonon dispersion

curve has been report:ed17

in the BGIC Rbc8 but the mechanism of this split-
ting has not been determined unambigiously. It is probably due to coupling
between the transverse optical mode of Rb and the [001]L phonon of graphite.
Recently, we reported a coherent inelastic neutron scattering study of
phonon-libron coupling in the layered TCIG, K(ND3)xczu18. In that paper,
several models have been proposed to explain the splitting. However, none
of these models could consistently account for all of the experimental
results. Here we present a more detailed analysis of the experimental data
and provide a new model which consistently explains all of the data accumu-
lated to date.

Despite the fact that the first K-ammonia TGIC was synthesized over 30

9

years ago1 , Systematic physical studies of this material have appeared only

very recently. X-ray and neutron diffraction studieszo'22 have revealed
that the structure of the intercalant layer is a two-dimensional liquid at
room temperature and that the liquid structure factor can be reasonably well

accounted for by a model in which four ammonia molecules are attached to a
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single K-ion forming an ammonia-K cluster and the rest of the ammonia
molecules are treated as free. The structure is depicted schematically in
Fig. 3.1. In addition, NMR spectra have indicated on the average, the
three-fold symmetry axis of the ammonia molecule lies parallel to the basal

23’25. A neutron quasielastic scattering study26 (see

plane of the graphite
Chapter IV) has shown that there are three different diffusion modes in the
liquid layer. First, the ammonia molecule diffuses translationally in the
gallery; second, it spins about its C3-symmetry axis; and third, the C3 axis

reorients or precesses about the graphite c-axis. Resistivity27

and optical
reflectance measurements28 as a function of ammonia concentration have
recently been interpreted in terms of a two-dimensional metal-insulator
transition analogous to the three dimensional metal-insulator transition in
bulk metal-ammonia solutionszg. This transition was attributed to the back
transfer of electrons from the carbon plane to the intercalant-layer where
they are localized at lower ammonia concentration and delocalized above
xzu.127. The intercalant-graphite force constant ¢ are expected to be
reduced by back charge transfer and the associated lattice expansion which
results from ammoniation. 1In this chapter, we will present inelastic
neutron scattering measurements of the [001] longitudinal phonon dispersion
of K(NH3)xC2u’ and discuss the effects of charge transfer and lattice expan-

sion on the force constant. We also will provide a detailed discussion of

the mechanism for the libron-phonon coupling in K-ammonia TGICs.

3.2 EXPERIMENT AND RESULTS
Details of sample preparation have already been addressed in Chapter II
and the general methodology for neutron scattering has been considered in

Chapter I. Therefore, we will only briefly address here some additional



Fig. 3.1 A schematic Diagram of the inplane structure of K(NH The

. 3435
circles represent K* ions, the open triangles represent NH3 molecules which

are associated with a K' ion, and the shaded triangle represents a "free"

ammoniua molecule.
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aspects of the experimental procedure. After all measurements of K(ND3)xC24
were performed at x = 4.3, the ND3 concentration was reduced to x = 3.1 by
slowly removing ammonia vapor until a pressure of 0.20 atm was reached in
the sample can. The ammonia fraction was determined using the results of

York and Solin30

who measured the composition dependence of the c-axis lat-
tice parameter. The lattice parameter shift upon cointercalation was
measured by repeated (00%) scans and was found to be consistent with that

measured by York and Solin30.

The stage-2 sample was prepared in the same
way as the stage-1 specimen but at a lower ND3 pressure. Neither the
K(ND3)3.1C2u nor the stage-2 K(ND3)2.3C28 compounds were pure stage
samples31. Although the stage of interest was the dominant phase in each
sample, care must be taken so that all phonons were measured in more than
one Brillouin zone to assure that they were indeed associated with the peri-
odicity of the phase of interest.

The neutron scattering results presented here were obtained using two
triple axis spectrometers (BT-U4 for stage-1 and BT-9 for stage-2 ) located
at the National Bureau of Standards Reactor. Pyrolytic graphite was used as
monochromator and analyzer crystals in both stations. All coherent scatter-
ing data present in this section were obtained in the constant Q mode with a
fixed final energy of 13.7 mev and collimation of 40'-20'-40'-40' for the
acoustic branch and 40'-40'-40'-80' for the optic branch, respectively. A
one inch graphite filter was used to remove harmonic contamination. Other
instrumental configurations were also used to eliminate the possibility of
spurious observations. All of the measurements were performed at room
temperature.

The measured [001] longitudinal phonon dispersion curves of stage-1

32

K(NDS)N 3C2u are shown in Fig. 3.2. It is well known that for a stage-n
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compound there are n optical branches, and 1 acoustic one, of longitudinal
phonon modes. In Fig. 3.2, we see clearly three phonon branches. Careful
examination and comparison with the stage-1 binary counterpart indicates
that the lower two branches of K(ND3)Q.3C2M actually belong to the same
acoustic branch which has been split into two parts due to the coupling of
the phonon to a libron with an energy of about 6.7 mev. This phonon-libron
coupling will be discussed in detail later. The [001] L phonon dispersion
of the stage-1 compound K(ND3)3.1C22 are shown in Fig. 3.3. As can be seen,
the phonon-libron coupling is also present in this compound but the libra-
tional energy has increased slightly to 7.1 mev and the splitting of the
acoustic branch has been slightly reduced in comparison with K(ND3)u.3C24.
The representive phonon-libron coupling effects are shown in Fig. 3.4
for three different values of wavevector q in units of 21/10. The solid
line in that figure represents a two Gaussian fit to the experimental data.
For q = 0.275 and 0.325, two peaks are evident. The less intense peak is
broadened compared to the resolution function of the instrument while the
more intense one is nearly resolution limited. At q = 0.30, the two peaks
are almost equally intense and their combined width is broad compared to the
resolution. Since the phonon lifetime is so long. that all phonon peaks
should be resolution limited, we assume that the broadened weak peak is a
libron-like excitation. An attempt was made to observe the librational mode
directly. The result of this effort is shown in Fig. 3.5. We performed the
measurement at § = (0,0,3) (q = 0) in order to avoid inelastic scattering
from nearby phonons. The solid line in Fig. 3.5 again represents a two
Gaussian fit to the data. The first fits the "background" from other in-
elastic scattering as well as elastic scattering, the second fits the

librational mode yielding an energy of 7.1 mev and a width much broader than
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Fig. 3.3 [001]L phonon dispersion of stage 1 K(NH3)3 1C2u‘ The solid line

represents a fit using the dynamical matrix, A, described in the text.
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the instrumental resolution of 1.1 mev. The libron excitation energy of 7.1
mev is in good agreement with the value of libron-phonon coupling deduced
directly from the phonon dispersion curves. This indicates that the libron
is essentially dispersionless along the c-axis, implying that there is no
collective motion in adjacent galleries. This is consistent with the ab-
sence of positional correlations observed in the elastic scattering22

The measured phonon dispersion of the stage-2 compound K(ND3)2.3C2u is
shown in Fig. 3.6. In spite of considerable effort, neither the uppe% opti-
cal branch nor the phonon-libron splitting was found. The failure to
observe the upper optical mode could be due to the higher excitation energy
and the lower concentration of ND3 in the stage-2 compound. The absence of
the splitting is due to the fact that the energy of the librational excita-
tion, which exists at ~ 10 mev according to our model (see next section),
falls within the Brillouin zone boundary gap of the stage-2 compound causing
the phonon-libron coupling to disappear. Therefore, in order to determine
the existence of this libron mode, one would have to observe the excitation
directly and unambiguously. Hougver, several facts make this impossible.
First, the K(ND3)2.3C28 was not a pure phase, so that some stage-1 regions
were also present; since the libron is dispersionless, it is impossible to
distinguish whether the observed scattering was due to a libron from stage-2
or if it came from the stage-1 regions. Second, the lifetime of the libron
is short and its intensity is very weak. Finally, the ammonia concentration
is low and this in turn causes the total scattering cross-section to be

reduced so that the observation becomes even more difficult.
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3.3 DISCUSSION

In order to interpret the observed phonon dispersion relations, a 3x3
dynamical matrix, A, was employed in Ref. [18] to account for the split
phonon dispersion curve. The dynamic matrix A contains a virtual crystal,
one-force constant Born-von-Karman model, an Einstein oscillator of energy a

representing the libration, and a coupling term with strength coefficient Y.

——Q— —Q—(1+e I) Ya(1-ei2ql)
A= —5’—(1ei ) 7:—— 0
Ya(1-e~ 12qI) 0 02

Here ¢ is the intercalate-graphite force constant per carbon atom, M is the
areal carbon mass density, m is the areal intercalate mass density per carb-
on atom, and the I is the c-axis lattice constant. The best fit to the
measured phonon dispersion relations using this dynamic matrix yielded the
parameters given in Table 3.1. From this table we see that ¢, the force
constant per carbon atom, is essentially independent of the ND3 concentra-
tion, x. This implies that the K-graphite interaction is the dominant
factor in determining ¢ since the ratio of K to C is nearly constant in the
two stage-1 compounds, and also that the elastic interaction is probably
more important than the electrostatic interaction in determining ¢. This is
in agreement with the fact that the K-ND3 interaction is strong and the ND3-
C interaction is weak. It should be noticed that the increase of back
charge transfer and lattice parameter with ammoniation tend to decrease ¢.
On the other hand, the increase of x must strengthen the ammonia-graphite

interaction. Therefore it is difficult to draw any unique conclusion from

the charge transfer effect, since it depends on the
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Table 3.1. Best fit parameters for the (001]l. modes of two stage 1 K-

ammonia intercalated graphite compounds by use of dynamic matrix A.

Compounds $ (ayn cm) 2 (mev) Y (mev)
K(ND3)L‘.3CQu 2090 6.7 0.70
K(ND3)3.1C24 2120 7.1 0.49
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competition between those interactions. The slight reduction of the libra-
tion energy with increased x can be interpreted by the fact that the c-axis
lattice parameter increases as x increases, reducing the curvature of the
potential and therefore the energy of the libration.

In Fig. 3.6, the solid line represents the fit with a two parameter
Born-von-Karman model for the stage-2 compound K(ND3)2.3C28. Because of the
lack of the upper branch of the optical mode in this sample, we were unable
to fit the data in an unambiguous way. A graphite-graphite nearest-neighbor
force constant of 2900 dyn/cm, consistent with the values obtained for the

stage-2 binary compounds:‘}3

, was assumed, and the intercalate-graphite force
constant, ¢=2100 dyn/cm, obtained from the stage-1 results and determined to
be independent of the intercalate concentration, gives the best fit.

The sound velocity Vg aﬁd elastic cons;ant C33 , determined from the
initial slope of the acoustic branch is gi;ren for K(ND3)XC2“ as well as the
values for thke stage-1 KCB in Table 3.2. It clearly shows that there is es-
sentially no difference between the two compositions of the K-ammonia
compounds studied here, but both Vg and 033 are substantially reduced com-
pared to the binary KCS' Two possible reasons accounting for this reduction
were proposed. The first, and most important effect was the large expansion
of the c-axis of the ternary compound. The second possible reason may be
the back charge transfer to the intercalate layer in the K-ammonia compound.
From the previous discussion concerning ¢, we know that the electronic ef-
fects are unimportant within the accuracy of the present data. The sound
velocity and C33 for the stage-2 ternary compound are also shown in Table
3.2 along with the results for the binary stage-2 compound Kczu' The reduc-

tion of C,., for the ternary compound compared to the binary compound is

33

apparent for the stage-2 compounds, though it is not as dramatic
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Table 3.2 Elastic constants and sound velccities for K-ammonia inter-

calated graphite along with the analogous binary compounds.

Compounds  Stage ij(‘10]1dyn'cm) Vj(‘1H5 cm/sec)
Kczu(ND3)u,3 1 1.71 0. 19 3.22 0.10
KCZQ(ND3)3.1 1 1.¢2 0. 10 3.18 0.10
KC‘2“(ND3)2.3 2 2.94 0.10 3.90 0.10

KCg ] 4.85 0. 142 4.91 0.072
KC,), 2 3.71 0.15% 4.33 0.15%

3after H.Zable and A.Magerl, Phys. Rev. B25, 2463 (1982).
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as it was for stage-1. The fact that stage-1 ternary compound is softer
than the stage-2 ternary compound is because stage-1 contains more "soft"
intercalate-graphite bonds than does the stage-2 ternary.

The large width of the librational peak indicates that the librational
potential is probably quite anharmonic so that the splitting between levels
is not at all constant.

Note that the coupling constant Y scales approximately with the ammonia
concentration18. This seems to be evidence that the librons couple to the
phonons individually. However, further study shows that this scaling
phenomenon may be an artificial effect since this phenomenological descrip-
tion is not universal.

Consider a dynamical matrix B which is similar but not identical to A:

B= —!-(1+e ) -ﬁ—- Ya(1-e21q1)
l I
| 0 Ya(1-e12q1) a2 I

In this matrix all terms are the same as in matrix A, except the coupling
term is placed at a different position (compare with A). The quality of the
fit for both matrices is equivalent and the fitting parameters are given in
Table 3.3. As can be seen, the force constant ¢ and the libration energy a
are the same to within experimental error as those from matrix A given in
Table 3.1. The only difference is in the coupling constant Y which for
matrix B is independent of ammonia concentration. This leads us to conclude
that the coupling interaction is due to K-graphite, which contradicts the
previous model. Thus, both dynamical matrices are deficient and any inter-

pretation for the libron-phonon coupling based on them is necessarily
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Table 3.3 Best fit parameters for the [UO!]L modes of two stage 1 K-

ammonia intercalated graphite compounds by use of dynamic matrix B.

Compounds o (dynscm) 1 (mev) 1 (mev)
K(ND3)u'3u2u ' 2099 | 0.7 | 1.22

[ | |
K(ND | 20 7.1 | .23

3)3.1C24
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ambiguous. In addition, the coupling term contains exp(2ql) which imply
that there are coupling interactions between second nearest layers. This is
physically unreasonable and in conflict with the fact that the intercalate
layers are uncorrelated and the intercalate-intercalate interaction is very
weak. Therefore, a new approach to the problem is warranted. In that ap-
proach we construct a dynamical matrix according to a vibrational model and
test the resultant fit to the phonon dispersion curves.

Several possible models which are independent of the description by the
dynamical matrix A were discussed in reference [18]. We consider those
models first. As discussed in reference [18], it is unlikely that the
libration is due to the oscillation of an individual ammonia molecule dipole
in a potential provided by the K-ion since the energy estimated for this mo-
tion is much higher than the measured value of ~ 7 mev. In contrast, the K-
ammonia bond-bending (umbrella) mode in which motion occurs principally out
of the basal plane was estimated to be roughly in the right energy range.
We approximate this bond-bending mechanism by the force constant model
depicted in Fig 3.7. The dynamical matrix for this model can be determined

rigorously and is given as C below.



89

Fig. 3.7 A schematic diagram for the umbrella model described in the text.
K represents K* ion, A represents ammonia molecule, and C represents a carb-

on layer.
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(20,00, o (1ee'I) g, (14e9)
MC /MCMK /MCMK
-iql ,
C: ¢K( 1"9 ) ‘(2¢K"’¢ ) Q'
/HCHK MK /MAMK
o (1ee”th) ~(20,+0")
/MCHA /MAMK MA

Here the carbon-ammonia interaction is represented by ¢A’ the K-ammonia
interaction (out-of-plane) by ¢k and the carbon-potassium interaction is by
$¢. Although, there are three fitting parameters in this matrix, it can not
fit the split phonon dispersion curves of Figs. 3.2 and 3.3. Even when ad-
ditional fitting parameters are employed, using the dynamical matrix C'

where

iql iql
a, Yl(l*e ) Y2(1+e )
- -iql
C'= Y‘(l+e ) ?2 Y3
-iql
Y2(l+e ) Y3 03

a satisfactory fit cannot be obtained. Thus we conclude that the bond-
bending model of Fig. 3.7 is not applicable to the libration in K(ND3)XC2u.
Now consider the "washing machine" mode in which the K-ammonia cluster
rotates about an axis which passes through the K-ion and is perpendicular to
the graphite basal plane. The fact that this excitation would only take
place in the basal plane does not eliminate it from consideration since the

observed splitting of the [001]L acoustic phonon branch in the stage-2 RbC8
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compound was found to be attributable to a coupling between the in-plane mo-

34

tion of the Rb and the out-of-plane phonon. NMR results indicate that the

graphite layers provide an out-of-plane potential which prevents the am-

monia's C, axis from lying out of the basal plane. This result as well as

3
the fact that the graphite carbon layer and the K-ammonia cluster have dif-
ferent symmetry would provide a coupling to the [001]L phonon. The coupling
Hamiltonian can be determined easily

H = -Ya(xn-xn_])v + %azv2 (3.1)
where v is the third degree of freedom representing the angular displacement
of K-ammonia cluster. Y is the coupling constant. The term containing

X indicates that the narrower the gallery is the stronger is the hin-

n"*n-1

derance to rotation. The dynamical matrix, D, for "washing machine" motion

can be derived by use of Eq. (3.1). We have

—3— 7?;(14»eiq1) Ya(l-eiql)
D= ﬁ( 1+e-iql) —3— 0
Ya(1-e'1ql) (14 a2

Here all symbols have the same physical meaning as in the dynamial matrix A.
Notice that matrices A and D are almost identical except for the coupling

ql 1201 1ne former derives from the

term, which now contains ei instead of e
term LIS S in Eq. (3.1) and is apparently more physically meaningful. The
positive square roots of the eigenvalues of this matrix are shown as the
solid curves in Figs. 3.8 and 3.9 . As can be seen, the fit is as good as
the one obtained from matrix A (see Figs. 3.2 and 3.3, all fits have ap-
proximately same chi square). The best fit parameters corresponding to
these dispersion relations are given in Table 3.4. Comparing Table 3.4 with

Tables 3.2 and 3.3, we see that the force constant and the libration energy
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Table 3.4 Best fit parameters for the [001]L modes of two stage 1 -

ammonia intercalated grapnite compounds by use of dynamic matrix 0.

Ccmpounds ¢ (dyn cm) L {mev) Y (mev)
k<““5’4,5“24 PRIV 0.7 0.78
K(ND ), ,C 2280 7.1 0.78
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for all these matrices are the same to within experimental error. The force
constant and the sound velocity are determined by the slope of the lowest
energy branch and are the same as those determined from dynamical matrix A.
Discussion of these parameters has already been presented. We will now con-
sider the mechanism of the libron-phonon coupling.

Notice that the libration energy scales approximately with 1//m (Fig.
3.10), where m is the areal intercalate mass density per carbon atom, and
that the energy is independent of dynamical matrix used to describe the
libron-phonon coupling. This is evidence that the libration excitation is
due to the K-ammonia complex. The coupling strength can be represented by
Ya which also scales with 1//m. Nevertheless, it is consistent with the
fact that the c-axis lattice parameter increases as the ammonia concentra-
tion increases, reducing the coupling interaction. It is worthwhile to
point out that the fit depends crucially on the coupling term whether it
contains (1-exp(iql)) or (1+exp(iql)). The former come from the out-of-
plane to in-plane coupling (without displacement of the center of mass along
the c-axis) and the latter represents a coupling between two out-of-plane
excitations. A reasonable fit can be only achieved for the former case
which strongly suggests that the splitting is due to transverse mode cou-
pling to the longitudinal phonon. This conclusion is also consistent with
the fact that the librational mode can barely be observed in the [001]
direction without coupling.

We conclude that the actual physical motion of the observed librational
excitation is best characterized as a "washing machine" mode: The K-ammonia
clusters tend to partially reorient themselves about an axis through the K*
ion and parallel to the graphite c-axis in response to a force which is

provided by the reorientational activation energy. The clusters can not
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rotate freely since sterically (see Fig. 3.1) other clusters block rotation.
The cluster thus bumps back and forth and this motion constitutes the libra-
tional excitation. The relaxation of these excitations forms the
reorientational motion of the complex. Quasielastic neutron scattering
results (see next chapter) show that the characteristic time of reorienta-
tion is of the same order as the libron lifetime. This is evidence that the
reorientation happens on a much slower time scale than the libron does and
is thus a mechanism for libron damping.

Let us consider a simple model of a K-ammonia complex rotationally os-
cillating in the potential of the reorientational activation energy. For a
= U 35

classical oscillator , 2T and the oscillation frequency is

U 172
w=(3-)
where I is the moment of inertia of K-ammonia complex about the rotational
axis. Using a metal-ammonia distance of roughly 3 A and an average complex

4 mev-AZ/cz.

K(ND3)u.3, we obtain I=7.54-1O1 With U = 80 mev3u (see next
chapter), this will give an energy for the libration of about 6.4 mev which
is in good agreement with the observed value of 6.7 mev for x = 4.3,
Similarly, for K(ND3)3.] we have w = 7.5 mev which is also in good agreement
Wwith the observed value of 7.1 mev. The quantitative values for this over-
simplified model are not very meaningful. The important thing is that such
a simple model gives the right order of magnitude for the librational ex-
citation energy. This simple calculation suggests that the model for
libration is reasonable.

It is worthwhile to point out that other mechanisms can also fit the
phonon dispersion data since the description is still phenomenological. For

instance, in the bond-bending model, if we introduce two transverse degrees

of motion for ammonia and K-ion, the dynamical matrix C will become 5x5, and
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the transverse longitudinal coupling term will contain (1-exp(iql)).
Apparently, it will fit the dispersion data with two more extra transverse
branches of phonon. However, the energy for this model would be at higher
frequency since the stretching force between K and ammonia is strong. 1In
addition, one would expect that the energy will be independent of ammonia
concentration. The more realistic mechanism is the stretching mode between
K-ammonia complex. The Hamiltonian for this model will be same as Eq.
(3.1). The energy of excitation will scale with 1/V/m and the coupling con-
stant will be independent of ammonia concentration. All these predictions
agree with experimental observation and make the model very promising.
However, if we use a barrier of 80 mev, calculation shows that the mean
square displacement for this model will be about 2.3 A, which is an unaccep-
tably large value. The barrier is about two orders of magnitude higher. If
the barrier was 100 times lower, the thermal energy would be much higher
than the barrier and one would expect that the lifetime of the libron would
be so short as to render the definition of libron meaningless. In other
words, the stretching mode in the present barrier has a much higher energy

than 7 mev.

3.4 CONCLUSIONS

We have examined the [001]L phonon dispersion in three K-ammonia TGICs
and have shown that the previously proposed bond-bending mode model of the
libron motion is deficient. The libron-phonon coupling has to be associated
with a transverse mode. The coupling mechanism which is most consistent
with all experimental data acquired to date, is the "washing machine" mode

of the K-ammonia complex coupled to the [001]L acoustic phonon.
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Chapter IV,
Quasielastic Neutron Scattering Study of Rotations and Diffusion

in Stage-1 K-Ammonia Intercalated Graphite

4.1 Introduction

In Chapter I, we showed that many properties associated with the motion
of individual atoms can be determined by incoherent neutron scattering.
Dynamic properties, such as rotations and diffusion in molecular crystals
are typical subjects for this type of study. Usually, a large incoherent
neutron scattering cross-section is required. This makes the K-ammonia sys-
tem, which contains hydrogen, an ideal candidate for the study of rotational
and translational diffusive motions of molecules confined to a plane1'3.

The so called quasielastic neutron scattering (QENS) technique has
greatly enhanced our knowledge of the miscroscopic details of rotations and

diffusion in molecular crystalsu'7.

The actual quantity measured by QENS is
given in Eq. (1.28). The incoherent scattering function slnc(d’w) is the
space and time Fourier transform of the self-correlation function GS(F,t),
now we return to Eq. (1.24)

$;00(@w) = Fa=i1 (@, t)e T at (4.1)
where the intermediate scattering function Is(ﬁ,t) is the space Fourier
transform of GS(F,t) and can also be expressed by Eq. (1.25). In order to
understand the microscopic details of rotations and diffusion, we will
derive the incoherent scattering function for three simple models.
8

4,2 Translational Diffusive Motion

The diffusion motion is simply governed by Fick's law

ﬁfigtil- = DV2P(F,t) (4.2)
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where P(r,t) is the particle density at position r at time t and D is the
diffusion constant. A solution of this equation is given by the self cor-

relation function
6 (7,0 = ____l__—§7§exp(-re/ua(t)), (4.3)
(4na(t))

where a(t,1) = D(t-1). For true diffusive motion, t>>t. We can then
neglect 1 and do a space Fourier transform of Eq. (4.3) yielding the inter-

mediate scattering function
2

Is(é,t) 2 e A0t (4.4)
which in turn yields a Lorentzian scattering function
2
1 DQ
S, (Qu) = o/ ——=—5—. (4.5)
inc th (DQ2)2+u2

Thus, a diffusive motion of particles is characterized by a Lorentzian line
shape with an energy width
I = 2nDQ°(4.6)
and zero energy scattering function
$;c(80) = 1/7hDQ°. (4.7)
These results have been experimentally verified for liquid argon at 85K by

Skold, et al.9

4.3 Translational Jump Diffuslonlo

This is a hopping type motion of atoms on lattice sites in a crystal.
For the simplicity of mathematical treatment we assume that the jump motion
is random, the jumps are instantaneous, i.e., the residence time is much
longer than the flight time to the next lattice site, and the available lat-
tice sites form a Bravais lattice. Then the particle motion can be derived

from the rate equation

(5]
hg e]
QI3 ¢
(o4
cr
| N’
]
nrH~—s

[P(F+Ei,c)-P(F,t)l, (4.8)

1
oo
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where P(r,t) has the same meaning as in Eq. 4.2, 1 is the residence time and
the sum is taken over all n next nearest neighbor sites at distance Ei‘
Using the boundary condition P(r,0) = &(r), the probability P(r,t) becomes
equivalent to GS(F,t). Using the Fourier transform method to solve Eq.

(4.8), we obtain

exp(- )y (4.9)

F(Q)t
IS(G,t) —=

with

£(8) - (1-e 1015y

1

Fourier transformation with respect to time yields a Lorentzian line shaped

1
i (4.10)

nw s

i

scattering function

IR I U )YA
sinc(b,u) z , (4.11)

M p8)/1)% 08

with a FWHM

Cine ° 2he(§) /1, (4.12)

in
and a zero energy scattering function
1 1
Sinc(b'O) “ nh £(Q)° (4.13)

For Bravais lattices, each lattice site is an inversion center and we obtain

1 n/2
£(Q) = ~[n-2 ) cosGOIi]
i=1
n/2
= % ) sin? Q%E. (4.14)

i=1
Therefore the line width is an oscillatory function with nodes at the

reciprocal lattice points d- ZuI/QZ and the zero energy scattering function
has singularities at reciprocal lattice points where the line width vanishes

(see Fig. U4.1). Notice that at small Q's F¢Q2/t, one can compare this with
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Fig. 4.1 Incoherent scattering from random jump diffusional motion,.
(a)Full-width at half-maximum [ plotted against Q2 from relation (4.12). (b)

Zero-energy scattering function Sinc(Q'O) from eq. (4.13)
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the pure diffusive motion, I = 2hDQ2, obtaining an equivalent diffusion con-
stant for jump diffusion, D¢1/111. This makes it possible to compare the
QENS results with those obtained using other methods and also to discern the
activation energy E, via the Arrhenius relation

D = Doexp[ig%—] (4.15)
B

4.4 Rotational Jump Diffusion'®

We now consider the case of a particle motion which is constrained to
instantaneous jumps on an available lattice, forming a closed ring. For ex-
ample, benzene rotates by 60° around its c6-axis or ammonia rotates by 120°
around its c3-axis, and the rotation takes a time much shorter than the
residence time (see Fig. 4.2). For illustration, we only derive the scat-
tering function for the three site case (ammonia's jump rotation), as
sketched in Fig. 4.2. A general discussion of more complex models can be
found in Refs. 12 and 13.

The self-correlation function can be written as

.n
Gy(F,t) =IL [ 1f‘i(t)6(r-§i) (4.16)

where Ri are the sites which form a ring and the function Fi(t) is the prob-
ability that a particular atom is at site i at time t. Assuming that the
jump rate is 1/t and the initial condition F1(0) = 1 which means that the

particle 1 is at site 1 at t = 0, we have the rate equation
af, (t)
dt

1
= 57 . g , [fi(t)-f1(t)]. (4.17)

and the conditions

£5(t) = £,(¢), ' % £,(e) =

3

The solutions for Eq. (4.17) are
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- an

(a) (b)

Fig. 4.2 (a) Closed ring of lattice sites for rotational jump aiffusion,
(b) triangular arrangement of lattice sites for the model discussed in the

text.
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£,(t) = %(1+2exp(—3t/2r)

(4.18)

2 3(t) z 3(1 -exp(-3t/21).

For small t, the probability to find particle 1 at site 1 is greater than
that of other particles, and when t-=, all fi(t) are identical and finite,

which give rise a 8(w) spike in the energy spectrum of Sinc(a,w)- From Egs.

(4.16) and (4.18), we can then obtain the intermediate scattering function

3
I_(Q,t) = ~(1+2exp(-3t/21)) »x(1-exp(-3t/21)) | exp(ideR.). (4.19)
s 3 3 iz i

Fourier transform of Eq. (4.19) with respect to t, yields the scattering

function

{(2- Z exp(iQe ﬁ y—2L

=2 (3/21) %402

exp(iQeR. RILICNE
2

The scattering function consists of two components, a broad Lorentzian with

|

Sinc(@w) =

«yl(1+ (4.20)

3

[N eage VN f\)

i

FWHM I'~1/1 due to the jump diffusion within the triangle, and a narrow §
component caused by the finite value of the correlation function at infinite
times.

Using lﬁzl = I§3|, and taking the powder average of the scattering

function we obtain

1 /21
Sinel@w) = 1= ([1-1g(QR) —220—
(3721) " +w

33+35(QR)18(w) ) (4.20a)

The intensities of the two components are oscillatory functions of the scat-

tering vector, and the sum of two is a constant (see Fig. 4.3).
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C~l/r

Sinc (Q,O)
a

Sinc (Q,0)

Fig. 4.3 Scattering function for rotational jump diffusion. (a) energy
spectrum of broad and narrow component, (b) dependence of sinc(Q’O) on the

scattering vector for the broad component (solid line) and the narrow com-

ponent (dashed line).
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4.5 General case

Apparently, the microscopic diffusion mechanism is not limited to the
above three simple examples. For instance, if the thermal energy is of the
same order as the static potential barrier separating the wells, the jump
diffusion rate 1/1 becomes a distribution function of time, therefore the
jump diffusion can be replaced by rotational difffusionu. In this case the

scattering function becomes1u

r

S, (G = Jg(stinG)o(u)*% L Jf(opsine) (4.21)

2 2
1 1 Fl*w
where p is the radius of the rotating molecule, 6 is the angle between the

axis of rotation and §, and I, = l(l+1)DR with D, representing the rota-

1 R
tional diffusion constant. We see that the main features of the scattering
function in Eq. (4.21) are same as those of Eq. (4.20), however, the broad
peak now is composed of many different Lorentzians of varying widths, thus
making the total width of this component a function of 4.

Besides the molecular motions discussed in previous sections, there are
two other types of molecular motions, which have been extensively studied by
QENS, i.e. quantum mechanical frge rotations and tunneling6’15. The quan-
tum mechanical free rotation can only occur when the molecule interacts so
weakly with its environment that it can be treated as a free rotator.
However, tunneling involves excitations between energy levels which are
split due to the overlap of the wavefunction between adjacent potential
wells. This provides a new method to measure the local potential. The
energy transfer for these two types of motion usually is of the order of
pev's. Therefore the measurement requires high resolution spectrometer such

as a backscattering spectrometer and has to be carried out at very low

temperature.
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Usually, a system displays more than one type of diffusive motion. In
this case the total scattering function is the convolution of different
types of motion6 in which case the intermediate scattering function can be
written as
vib

Is(é,t) = I (G,t)nls §,t) (4.22)

J
vib 2 2 .
where Is (§,t) = exp(-Q“<u“>) is the Debye-Waller factor and the product

is taken over different diffusive motions. The motions can be separated, if
they occur on different time scales, because they have different widths.
Even if they happen on the same time scale, some information can also be
deduced since they have different Q dependences of the zero-energy scatter-

ing functions.

4.6 Experiment

The samples of K(NH3)XC2u addressed in this chapter were prepared in
the same way as those described in Chapter II. The differences are the size
of the sample and the fact that hydrogenated ammonia has been used here.
For quasielastic neutron scattering, the rule of thumb is that the multiple
scattering from the sample has to be less than 10%, so that the sample
thickness was estimated to be less than 0.7 mm. We used a 2x1.5x0.05 cm3
piece of pyrolytic graphite to form the stage-2 BGIC KCZQ using the 2-bulb
technique described in Chapter I. The sample was then placed into an
aluminum sample can and ammonia vapor was introduced to form the stage-1
TGIC K(NH3)u.302u. The results presented here were again obtained using a
triple axis spectrometer (BT-U4) located at the National Bureau of Standards
Reactor except for a fixed window scan [see Fig. 4.13 and associated dis-

cussion] which was obtained on the backscattering spectrometer IN10 at the

Institute Laue-Langevin, Grenoble, France. For the triple-axis
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spectrometer, pyrolytic graphite ((002) reflection) was used for both the
monochromator and the analyzer. The fixed initial energy mode was used with
the incident neutron energy at either 4.9 mev (collimation 40'-20'-20'-40')
or 3.69 mev (collimation 40'-40-'40'-U40') yielding instrumental resolution
about 120 uev respectively. A cooled Be filter was placed in the direct
beam to remove all harmonic contamination and also to eliminate the fast
neutron background. The data were corrected for the varying resolution
volume.

For reference, we also measured the elastic neutron scattering patterns
of K(ND3)Q.3C2H at 5K (Fig. 4.4) and 200 K (Fig. 4.5). These patterns were
obtained using the deuterated sample discussed in Chapters II and III. We
already know from Chapter II that the inplane structure of the K-ammonia
layer is liquid-like at room temperature. As the temperature is decreased,
the inplane structure shows a disorder-order transition as evidenced by
Figs. 4.4 and 4.5. The ordered phase cannot be determined unambiguously
from these neutron scattering patterns alone. It is possibly a multiple
phase structure or a modulated 3x3 structure. In this chapter, we will dis-
cuss quasielastic results in both the low temperature ordered phase and the
high temperature liquid phase. We will further consider this ordered struc-

ture below.

4.7 Results and discussions

In Fig. 4.6, the quasielastic scans for several different Q's at room
temperature are shown. They were fitted by two component peaks (two
Lorentzians) broadened by the Gaussian instrumental resolution. The broader

Lorentzians have a width of 1.2 mev which is independent of Q indicating the
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Fig. 4.4 Inplane elastic scans of K(ND3)“"Kzu at 5K, showing an ordered

phase, possibly multiphase structure.
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Fig. 4.5 1Inplane elastic scans of K(ND3)u IK24 at 200K, showing that the

intercalant is essentially a liquid at this temperdcure.
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Fig. 4.6 The quasielastic spectra of K(NH3)u 3C2u at 300K for a scattering

vector at Q=0.6 A'1(a), Q=1.10 A~ (b), Q=2.3 g (¢). Each spectrum was

fitted by two Lorentzian functions giving the widths plotted in Fig. 4.7.
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existence of rotational diffusion of the NH3 molecule. The central peaks
are broader than the instrumental resolution which is evidence of transla-
tional diffusion. The widths vs. Q for T = 300K are given in Fig. 4.7. As
expected,the width of the rotational component is independent of the scat-
tering vector, and the width of translational component is apparently
proportional to 02 for small Q. From the Q-dependence, we estimate the
translational diffusion constant to be l~10'6cm2/sec at T=300K.

Quasielastic scans for different temperatures are given in Fig. 4.8.
At T = 10K, a good fit to the data was achieved by the use of a two com-
ponent peak (a §-function and a Lorentzian) broadened by instrumental
resolution. The width obtained from the fit is still 0.4 mev even at 10K.
As the temperature is increased, the width of this component increases. At
T = 150K, a width of 1.3 mev was obtained from the fit. As the temperature
is further increased to T = 200K, it is found that the first Lorentzian has
broadened into a flat background, but another Lorentzian with a width of 0.2
mev is clearly manifested in the scattering function. At room temperature,
this Lorentzian component has a width of 1.2 mev. The only reasonable ex-
planation for this is that the first Lorentzian at lower temperature is due
to the rotation of the NH3 molecule with lower activation energy and the
rotation which persists at room temperature has a higher activation energy.
Arrhenius plots indicate that the activation energy for these two rotations
are 2 mev and 80 mev respectively (Figs. 4.9 and 4.10).

. Fig. 4.11 shows the zero-energy transfer scattering function for the
second rotational component and the translational component of the
quasielastic line at room temperature. The fact that both components

quickly drop to zero intensity instead of oscillating indicates that the
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Fig. 4.7 The width (obtained from the fits in Fig. 4.6) of the high tem-
perature rotational and translational components of the scattering plotted
as a function of the scattering vector at 300K. From the Q dependece of the
broadening of the translational component, we obtain a diffusion constant of

1.0-106 cmzlsec.
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Fig.4.8 (a) A quasielastic spectrum of K(NH,), .C,, at 10 K. The open
circles are the experimentally measured points, %:h&}uﬂ‘ curve is a fit to a
§-function plus a Lorentzian, both convoluted with the Gaussian instrumental
resolution, and the full sqares represent the Lorentzian contribution to the
scattering. A scattering function of this type is indicative of a rota-
tional motion of the ammonia molecules. (b) A quasielastic spectrum at 150
K. This shows the broadening of the Lorentzian component of the scattering
function. The activation energy of this motion is estimated to be about 5
mev. (c) A quasielastic spectrum at 200 K (above the intercalant melting
transition). Here the previously observed Lorentzian has broadened into a
flat background. However the peak still includes both §-function and a
Lorentzian component due to the appearance of a different reorientational
motion. (d) A quasielastic spectrum at room temperature. The elastic com-

ponent has also been broadened due to translational motion of the ammonia
molecules.
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Fig. 4.9 Arrenius plot which shows the ln of the peak width as a function
of 1/kT for the low temperature rotation. The solid lines are drawn for ac-
tivation energies of 1.3 mev (best fit ) and 3.2 mev. From this we estimate

the activation energy to be 2 mev.
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Fig. 4.10 Arrenius plot for the high temperature rotation. The solid line

represents an activation energy of 80 mev.
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Fig. 4.11 The intensities of the high temperature rotational and the

translational compounds of the scattering plotted as a function of Q for

T=300K.
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motion is highly complex and cannot be easily separated into rotational and
translational components at these scattering vectors.

It is clear that the current results, obtained with a triple-axis
spectrometer located at a thermal neutron reactor, do not include quasielas-
tic spectra at enough values of the scattering vectors, to allow a
comparison of the intensities and widths of the various components of the
scattering function to a particular model. Thus it is difficult to deter-
mine the jump vectors of the rotational or translational motions, and to
assess if jump vectors are a valid concept for any of these motions in any
of the temperature ranges studied. Nevertheless, it is possible to give a
reasonable assignment to each of the diffusive motions with the aid of other
experimental results.

The quasielastic scattering observed at low temperatures is almost cer-
tainly due to rotations of the hydrogens about the threefold molecular axis.
The rotation observed at high temperatures is assigned to the reorientation
of the K-NH3 complex and the translational motion is either the motion of
the complex as a unit, or of the individual ammonia molecule, or both. This
assignment is consistent with the fact that the scans performed with ) per-
pendicular to the carbon planes show that the two motions appearing in the
liquid phase take place mostly parallel to the basal plane. This assignment

17 which indicate that at room tem-

is also in accord with recent NMR results
perature both spinning of the ammonia molecule about its threefold axis and
precession of this axis about the graphite c-axis are present and that both
motions occur wWwith frequencies greater than 105 Hz. When we include the

librational motion discussed in Chapter III, the overall motion of ammonia

can be described in Fig. 4.12.
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Fig. 4.12 A schematic diagram of the motions in K(NH3)u'3C2u. The molecule
spins about the three-fold molecular axis, reorients about a given K atom,
and translates either through the motion of the entire K-NH3 cluster or by
the ammonia moving between adjacent cluster. Note that only the spinning

motion occurs in thellow—temperature ordered phase.
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The ammonia molecule spins about its threefold axis at low temperature;
reorients about a given K-ion; and translates either through the motion of
the entire complex or by the ammonia moving between adjacent complexes; and
librates about the K atom (see Chapter III).

Fig. 4.13 shows a so called "fixed window'" scan taken on the backscat-
tering spectrometer IN10 at the Institute Laue-Langevin with an energy
resolution of about 0.5 uev. The energy window for the scan is 15 pev.
Here we display the total intensity of the elastic component'of the
quasielastic line in this window as a function of the temperature for
Q = 1.68 A-1 directed both in and out of the basal plane. At high tempera-
ture above 185K, the inplanar structure is liquid-like so the elastic
component is weak, the scattering is mostly inelastic due to the Doppler
effect. When the temperature is decreased to 185K, a dramatic increase in
the elastic intensity occurs for Q parallel to the basal plane. This is a
clear signal of an inplane liquid-solid transition. Recalling that the
order-disorder transition we presented in the previous section occurs at
about the same temperature, leads us to conclude that this effect must due
to the same mechanism, i.e., the onset of translational diffusion and pos-

sibly also the reorientation of the NH, molecule discussed earlier. As the

3
temperature decreased from 185K to about 30K, the intensity increases
linearly, this temperature dependence is consistent with the thermal Debye-
Waller factor in the high temperature limit. Below 30K the elastic
intensity increases for both Q in and out of the basal plane, indicating
that another low energy motion is frozen. The best candidate for this mo-

tion is certainly the rotation of the ammonia about its three-fold symmetry

axis since it would display components in both of the directions
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Fig.4.13 The elastic intensity as a function of temperature for two direc-
tions of scattering vector Q both having a magnitude of 1.68 A~'. This
'intensity includes all of the counts within the resolution width of 1/2
uev.For T<30K, the increases quickly as temperature decreases, possibly in-
dicating the presence of rotational tunneling. For 30<T< 180K shows a linear
decrease in the intensity with increasing temperature. Then For T=185K,
there is a sudden drop in the intensity of the elastic component for Q
parallel the graphite basal plane, which is associated with the inplane

transition.
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and since the temperature for this motion to appear is at 30 K which cor-

responds to the 2 mev activation energy of this motion determined from Fig.

4.10.

I[n conclusion, the model of the spinning, reorientation and libration

qQualitatively explains the quasielastic neutron scattering data. In araer

to unambiguously determine the dynamics of this system more data a4re necded

ror dirferent temperatures and Q's.
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Chapter V.
Neutron scattering studies of (CH3)3NH*-Vermiculite

5.1 INTRODUCTION

Recently, clay intercalation compounds (CIC's) have drawn the atten-
tions not only of chemists but also of solid state physicists due to the
novel chemical and physical pr‘opert:ies1°6 of these materials. Layered sili-
cates such as vermiculite as well as it's intercalation compounds, which are
the focus of this chapter, are unique among lamellar solids in their ébility

to be pillared3

by robust intercalated guest ions which occupy specific lat-
tice sites in the interlayer galleries. These materials provide a testing
ground for the study of 2D layer rigidity and pillaring, the latter of which
is a special example of the more general phenomenon of intercalation.
Pillared clays also provide a unique system for the study of 2-dimensional
microporosity. The distinguishing feature of pillared clays is that the
gallery cations are robust 3D species which function in the water-free in-
terlayer space as molecular props. The pillaring cations can be uniform in
size and spacing within the galleries. Therefore, the enormous free volume
of accessible interior space that is derived from such an open structure has
significant practical applications in the field of catalysis and sieving.
In addition, the microporous structure provides a possible system for prob-
ing the 2D percolation process because one can accurately control (to one
part in 105) the number of open "bonds" in the planar network by controlling
the concentration (X) in a mixed ion pillared clay such as Al-xBx'

Vermiculite. This control is especially important near the percolation

7

threshold where f‘ractal8 behavior dominates the structural arrangement of

the intercalated species.
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Mixed ion compounds of the type, A1_xBx-Vermiculite also provide a sys-
tem for the study of the dynamics of 2D molecular crystals formed by the
intercalant. Such a study can give information about the pillaring
mechanism. One expects that the molecular motion can be separated into two
parts, the external modes related to displacements of and rotations about
the molecular center of mass, and the internal modes of much higher fre-
quency, related to vibrations with respect to the center of mass. Neutron
scattering is a powerful tool to elucidate these properties.

Vermiculite is built up from sheets of corner shared SiOl4 tetrahedra
and sheets of edge shared AlO6 octahedra to form a 2:1 layer structure such
as that shown in Fig. 5.1. Such a clay has a cation exchange capacity which
depends upon the substitution of lower valent atoms for aluminium in the oc-
tohedral sheet. The 2:1 clay layers are thus negatively charged because of
this and charge neutrality is provided by the cations which are present in
the galleries. Note that unlike graphite which is amphoteric, the clay
layers have a fixed negative charge. The intercalation process in these
compounds is equivalent to ion exchange but does not involve charge transfer
between the guest and host species. The basal oxygen layers are arranged in
a Kagome lattice whose hexagonal pockets form a triangular lattice of gal-
lery sites. In the interlayer galleries of vermiculite as well as other
clays chemical reactions can be selective, specific, and quite distinct com-
pared with the corresponding reaction in the free space.

9-11

* Recently, attention has been focused on the structural and dynami-

1_xBx-vermiculite, 0sSXs 1, with A-

trimethylammonium = (CH3)3NH+ and B = tetramethylammonium = (CH3)uN*. The

cal properties of the ternary CIC A

guests in this system area sufficiently robust to be considered as pillars

but structurally tractable enough to illucidate the physics of the pillaring
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02
Si, Al

O1

Mg
O1

Si, Al
02

Fig. 5.1 A schematic illustration of the tetrahedral and octahedral sites
in a 2:1 layered silicate (after ref [3]). Open circles are oxygen, closed
circles are cations in the tetrahedral (Si,Al) and octahedral (Al, Fe, Mg,
Li) positions. Hydroxyl groups are represented by doubl circles. On the
right side, the structure seen by [00¢] defraction is shown. The scattering

length of each layer is treated as a fitting parameter B. and the position

i
of each layer can be derived from the 0-0 distance do-o shown in table 5.1.
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process. The concentration dependence of the normalized basal spacing dn(x)
of pillared vermiculite has been measured11 for the mixed layer system
[(CH3)uN’]x[(CH3)3NH’]1_X-Vermicu11te compared with that of Cg_ Rb -
Vermiculite. A phenomenological model which relates dn(x) to layer rigidity
and the binding energies of gallery and defect (non gallery) sites yields
excellent fits to the basal spacing data. However, the micromechanism which
determines the layer rigidity and the binding energies of the gallery and
defect sites remains to be clarified.

10,12

Theoretical and experimental lattice dynamical studies of interca-

lated layered silicates have been reported. Gupta, et al.12 investigated

the lattice dynamics of Cs be-Vermiculite using a force constant model

1-x

which included both central and angular force and the virtual crystal
approximation. Experimentally, Raman scattering studies of the torsional

modes of the tetrahedral sheets of Cs be-Vernlculiteu and

9

1-x
[(CH3)3NH*]1_x[(CH3)uN]x-Vermiculite have been reported.

From the molecular crystal point of view, the multimethylammonium-
vermiculite clays are closely related to multimethylammonium halides. The
internal modes of multimethylammonium would, therefore, be expected to be
similar for these two type of materials, and their differences would reflect
the different environment of the multimethylammonium. Numerous studies have
been reported on the vibrational spectra of multimethylammonium halides
using IR, Raman and neutron scattering13'17.

In this chapter, we will present an elastic neutron scattering study of
the structure of trimethylammonium-Vermiculite intercalation compounds. We

also address the internal mode properties of the guest species using the in-

elastic neutron scactering and IR spectroscopic techniques.
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5.2 EXPERIMENTS

The [(CH3)3NH*]-Vermiculite used in this study was made from natural
Mg-Vermiculite from Llano, Texas, by using an ion exchange method. Selected
crystals of Mg-V were ground into powder in which the crystallites were a
tcw microns in size. [(CH3)3NH+]—Vermiculite was prepared from this powder
),NH* in the presence of the EDTA anion and then

3°3
sedimenting the exchanged particles on a glass plate to form a self-

by ion exchanging with (CH

supporting oriented film with its c-axis perpendicular to the plate. Water
was removed by heating the sample in an oven over 12 hours at a temperature
of 100 C°. The large film was cut into many smaller pieces of size about
2x3 cm2 and these were mechanically stacked together with their c-axes well
aligned. A total weight of the sample was about 3gm. The deuterated sample
was prepared with same method using (CD3)3ND* instead of (CH3 )3NH*. The
typical mosaic spread of the crystallite c-axes for both samples was about
30°.

All neutron scattering results presented here were obtained using a
triple axis spectrometer (BTU4) located at the National Bureau of Standard
Reactor. The elastic scattering was acquired with a fixed energy of 13.7
mev and a collimation of 40'-20'-40'-40'. A one inch PG filter was used in
front of an analyzer to remove high order contamination. The diffraction
patterns of hydrogenated and deuterated trimethylammonium vermiculite were
obtained at room temperature and are shown in Figs. 5.2 and 5.3
respectively.

The vibrational density of states was obtained from the inelastic

neutron scattering data using the incoherent approximation, that is , we can

replace the dynamic coherent scattering function with its incoherent
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Fig. 5.2 The elastic neutron scattering pattern in the [00%] direction for
h.ydrogenar.ed trimethylammonium-vermiculite. The peaks labeled by [(00n) are
associated with an umpurity phase. The horizontal axis is normalized to the
first Brillouin zone which corresponds to a lattice period of 12.71A. P2aks
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18,19

counterpart Within this formulism, the scattering function is given

by220

d3%o k' n(w)+1
o o )i:xixi(w)gi(u)], (5.1)

where Ii(u) is defined by

(VR oW

I (w) = \<6-Ei)2e‘ i>. (5.2)

1
m,

i
Here k and k' are the magnitudes of the incident and final neutron wave vec-
tors, n(w) is the Bose occupation factor for a vibrational state of energy

w, and xi, mi, 0., and ei are the atomic concentration, nuclear mass, total

i
scattering cross section and displacement vector of the ith atomic species,
respectively, Hi is the Debye-Waller factor, which can be assumed to be neg-
ligible at the sample temperatures in this study. The angle brackets
indicate an average over all sites of type i and over all ques of energy w.
Finally, 8(“1) represents the density states for the ith type of atom, which
is defined by

glw; ) = L8(w-u; ), (5.3)
a ’

where the sum is taken over all normal modes. Therefore, the scattering
does contain information about the vibrational density of states; however,
the contributions from different species are weighted by the value of Ii(w)'
From Eqs. (5.1) and (5.2), we see that the scattering cross section is
proportional to xloi/mi, thus, for our system the scattering from hydrogen
will be dominant in the spectra.

The vibrational spectra were obtained using a Be-graphite-Be filter
analyzer assembly (the "trash" analyzer ). The analyzer was placed at a
scattering angle of 90° allowing Q to vary as a function of energy. For the
energy range from 20 to 40 mev, pyrolytic graphite [(002) reflection] was

used as a monochromator. The collimation was 40'-20'-20'-40', yielding a
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resolution of about 2-3 mev. At large energy transfer (35 mev 2 E 2 140
mev), a Cu monochromator [(220) reflection] was used with a collimation of
60'-40'-20'-40"', yielding a energy resolution of about 2-5 mev. Since the
samples have a very large mosaic, out-of-plane vibrational mode measure-
ments, i.e., o} parallel to the c-axis, were made with the sample fixed with
the c-axis parallel to the incident beam. For the in-planar modes, i.e.,
with § perpendicular to the c-axis, it was rotated by 90°. The spectra for
both samples were obtained at liquid nitrogen temperature.

The contribution to the scattering from fast neutrons was measured and
subtracted. The scattering from the sample can was found to be negligible
and the multiphonon and multiple scattering were sufficiently featureless to
be ignored. A single vibrational density of state was obtained by scaling
the two different energy ranges according to the overlapping energy regions.
The "trash" analyzer spectrum of hydrogenated trimethylammonium with o] per-
pendicular to the c-axis of vermiculite is given in Fig. 5.4 and that with Q
parallel to the c-axis is given in Fig. 5.5. The patterns for deuterated
trimethylammonium-vermiculite are given in Figs. 5.6 and 5.7 for 4 perpen-
dicular to the c-axis and § parallel to the c-axis respectively.

The IR spectra were obtained on a IBM PC-AT based IR/4Y4 infrared
spectrometer. The peak positions are given by a built in data processor.
The IR spectra of the hydrogenated and deuterated samples are shown in Fig.

5.8. All IR data were collected at room temperature.

5.3 DISCUSSIONS
Elastic scattering
The elastic neutron scattering pattern along the [001] direction for

both the deuterated and hydrogenated are shown in Fig. 5.2 and Fig. 5.3,
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The spectrum of vibrational density of state of hydrogenated

trimethyl ammonium vermiculite with scattering vector ] parallel to the

basal plane of the silicate sheet.
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respectively. The horizontal-axes of these diagrams are normalized to the
reciprocal lattice in the c-direction which corresponds to a repeat distance
of 12.71 A. The peaks at 5.4 and 6.30 are identified as the (111) and (200)
peaks from the sample can. Notice that there is another set of Bragg peaks
labeled as I(00n) which refers to an impurity phase from the original clay
mineral11. The peak at 4.6 has not yet been identified, but is probably due
to an inplanar peak leaking into [001] direction since our samples have a
very large mosiac. All Bragg peaks have an instrumental resolution limited
width indicating that the layers are well ordered in the c-direction. In
order to obtain c-axis structural information, the structural form factor is
calculated according to the structure shown in Fig. 5.1.

The unit cell composition of trimethylammonium-vermiculite is

[(CH3)3N"']2‘(“lo.3oéeo.o3"35.66)2(515.73“12.28)020(0“)u'

The form factor can be written as

F(Q = [ b,n,  exp(QR,)
15 JiJ i

where the sum is taken over all layers in a unit cell, n,, is the number of

i
is the scattering length of the type j atom
th

atoms of type J in ith layer, bJ

and R1 is the distance of the i

tion the Mg layer was chosen to be the origin.

layer from the origin. In this calcula-

Let B1 = ijnlj which represents the total scattering length of layer i
J

in a unit cell. Then

F(Q) = [Biexp(QRl).
i

The Bi and R, are listed in Table 5.1 for the ideal clay structure. The in-

i
tegrated intensities of the Bragg peaks are related to the form factor as

follows

i
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Table 5.1 A comparison between the calculated total scattering lengths Bi
of layer i in a unit cell of tne ideal structure shown in Fig. 5.1 and tnat
derived from a fit to the data of Figs 5.2 and 5.3 using a model described

in the text.

Bi Calcoulation fit
BMg 6.15 5.90
BO1 2.73 2.83 .
BSi,Al 1.60 1.89
802 3.48 3.37
BI(H) -1.63 2.63
BI(D) 19.19 8.50
RI 1.50 1.54
do-o 2.64 2.64

All B,'s are in units of 10712 cm, R, and d __ are in units of A.
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2
Line (Q=IEQ)I. (5.2)

The integrated intensities were corrected for the Lorentz factor, which in

this case is approximately21

1A
L « *7Q (5.3)

sin®

where A is a factor independent of Q and can be treated as scaling factor.
Since the trimethylammonium is expected to be rotating in the gallery at
room temperature17, it is not a point scatterer and a molecular form factor
has to be used in the calculation. We treat the trimethylammonium as a
spherical molecule (many other models have been tried and the spherical
model is the best choice) with a radius of RI (see Table 5.1). Therefore

the molecular form factor can be written as

33,(QR))

F(Q)=B
TMA a,

(5.4)

where R, is the radius of trimethylammonium.

I

However, the calculation according to this ideal clay structure cannot
fit the observed experimental results, therefore we treat the Bi's as fit-
ting parameters. Since the fitting parameters are correlated for deuterated
and hydrogenated samples, fhese two sets of data have been fitted
simultaneously21.

The best fit to the integrated intensities of the Bragg peaks are shown
in Figs. 5.9a and 5.9b for the deuterated and hydrogenated sample,
respectively. The fitting parameters are also given in Table 5.1 for com-
parison with the ideal structure. As can be seen from Figs. 5.9a and 5.9b,
the'ftts are reasonably good, and the parameters derived from these fits are
comparable to those for the ideal structure except for the intercalant

concentration. This deviation can be explained by the assumption that the

trimethylammonium has not fully substituted the ions which were originally
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in the gallery. The percentage x of trimethylammonium intercalated into the

clay gallery and the total scattering length of remaining ion Bto-rem in a

unit cell can be found by solving the following equations

Bto-rem’BH,calcx : BH,Fit
Bto-rem+BD,calcx : BD,Fit
i.e. (5.5)
Bto_rem+2x(-0.815)x = 2.63
Bto-rem+2‘9 .59x = 8.50

These equations give a solution B = 3.1 and x = 28%. This result is

to-rem
consistent with the recent x-ray experiment and calculation that the per-

centage of nongallery sites in trimethylammonium is 70% 11. Bto-rem = 3.1
corresponds to about one Mg plus one Fe ion remaining in the gallery, which
is very likely the case. Thus we conclude that the concentration of

trimethylammonium is about 30 %, and that the ion exchange is not complete.

Inelastic scattering

The spectra of the hydrogenated trimethylammonium-vermiculite for
two § directions are given in Figs. 5.4 and 5.5. In comparing them we see
that the peaks at 28 mev and 37 mev are isotropic whereas the peaks in the
rest of the spectrum are mostly associated with inplane modes. In fact,
some of the peaks for Q parallel to the c-axis (Fig. 5.5) are simply the
leakage from the 4 perpendicular configuration into o} parallel. This can be
shown simply as follows. The scattering intensity is proportional to (6-5)2
where e is the polarization direction of the mode. Assume that the mosiac
has a Gaussian distribution and that the mode measured is totally inplane.
We can calculate ﬁhe ratio, R, of the peak intensities for the two

directions.
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) [g—g]|| ) Jsin*@exp(-0/63)d8 5 6
‘3—3)L fcos?exp(-67/67)d0 '

For a mosiac of 35°, Gd = 0.734 and we obtain R = 0.3. This value is about
the same as the measured peak intensity ratio for all peaks above 50 mev.
So we conclude that the peaks above 50 mev in the 4 parallel spectrum are
indeed leakage peaks and the bands at 80 mev and 102 mev are from inplane
mode. Moreover, the bands around 51 mev are partially polarized.

By comparing the spectra of the hydrogenated and deuterated samples, we
see that the peaks at 28 mev, 37 mev, 51 mev and 58 mev are absent from the
deuterated sample indicating that those peaks are associated with
trimethylammonium. Since the peaks above 80 mev are present in both samples
they are associated with the vermiculite host. The broad peak at 27 mev in
Fig. 5.7 is of the same origih as the peak at 37 mev in Fig. 5.5 but is
isotope down shifted due to the heavier deuteron mass. The peak at 44 mev
in Fig. 5.7 is also isotope down shifted from the 58 mev peak in Fig. 5.4.
The peaks at 80 mev and 102 mev are also observed in the IR measurements for
bot;h hydrogenated and deuterated samples. The fact that their positions are
independent of the isotope indicates that they are associate with the host.
Until now, we have identified the internal modes of the trimethlyammonium
guest in terms of their nonhost origin and their polarization.

Since the intramolecular interaction is much stronger than the inter-
molecular interaction, the intramolecular modes are effected very weakly by
the coupling between different molecule. Therefore, a comparison with other
solids which contain trimethylammonium will be helpful to identify the na-
ture of the internal modes of the ion in a clay host. The trimethylammonium
ion has C3v point group symmetry as do the methyl groups from which it is

composed. The internal modes of this ion have been heavily studied in the
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13

ionic salts which it forms The methyl groups are known to execute tor-
sional oscillations about their threefold axis with a characteristic energy
of typically 30 mev. In addition, the torsional mode coupling between these
methyl group rotors gives rise to a 5 mev splitting of the tortional mode
into components with a relative intensity ratio of 1/2 for the low energy
band relative to the high energy band. We have observed a similar effect in
the inelastic neutron scattering spectra of (CH3)3NH*-verm1culite. Notice
that the 28 and 37 mev bands of hydrogenated trimeltrylammonium vermiéulite
(see Figs. 5.4 and 5.5) have the requisite average energy » 30 mev and a 1:2
intensity ratio for us to confidently assign them to the tortional split
mode. Specifically, we assign the 28 mev band as the v(A2) torsion mode
With A2 symmetry and the 37 mev band as another torsion mode v(E) with E
symmetry. Again by comparison with the salts of trimethylammonium, we can
also assign other (non torsional) modes. The 51 mev band is assigned as the
v(E,SNC3) bending mode of the N-C bonds with E symmetry and the peak at 58
mev is assigned as the v(A,,SNC,) bending mode. These trimethylammonium
modes have also been reported by several authors for other materials13'15.
A summary of the above specified mode assignments is given in Table 5.2. As
can be seen, the splitting between the torsional modes increases con-
siderably in trimethylammonium (TMA)-Vermiculite relative to that in the
trimethylammonium halides. The splitting comes from the coupling of top-top
interaction of the methyl groups and thus reflects the strength of this
interaction. The enhancement of the splitting in vermiculite could be
caused by the following reasons: first, the intercalated trimethylammonium
has changed its shape so that the top-top distance is effectively reduced

and this in turn increases the coupling; second, the indirect interaction

mediated by the clay layer has
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Table 5.2 A comparison of the internal modes of trimethylammonium in
different materials. The splitting of the torsional modes in
trimethylammonium-vermiculite nas increased relative to that in trimethyiam-

monium salts.

r
Torsional
| torsional modes | bending modes |  mode
splitting
—-

u(A2) v(E) v(E,éNC3) v(A],SNC3) I v(E)-v(Az)

I | I | I I |
This work . 28.0 37.0 51.0 58.0 9.0
(CH3)3NH*-V

| | [ | [ | I

a .
| (CHy) NHCL | 30.9 | 36.4 49.3 I 57.7 5.5
| | | | | | |
b
| (CHy) SNHCL | 32.6 | 37.7 | 50.1 | 5.1
| | |

3 from Ref. 13, bfrom Ref. 16.
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increased. Whatever its origin, it is surprising that these interactions
are stronger in the clay intercalation compounds than in the halide salts.

Since the lack of the detailed mode calculations on trimethylammonium-
vermiculite have not yet been carried out, we draw insight from mode
calculations on the alkali vermiculites12. According to these calculations,
the bands near 60 mev are due to the optical modes of brucite layer of the
host and the bands above 80 mev are assigned to inplane optical modes of the
silicate sheet. The large intensity of these peaks in our spectra is a con-
sequence of the fact that the oxygen layers contain OH groups which enhance
the scattering cross section.

The IR spectra for both the deuterated and hydrogenated samples in the
same energy range as the neutron measurements are shown in Fig. 5.8. The
absorption band near 65 mev correspond to the inelastic neutron scattering
peaks around 60-70 mev which are associated with the brucite layer modes.
Another strong absorption band from 80-90 mev also corresponds to peaks
around 80-90 mev in the neutron spectra. These bands are due to the inplane
optical modes of the silicate sheet. The peak at 102 mev in the neutron
spectra is also observed in the IR measurement. The two features at 102 and
105 mev in the IR spectra correspond to the broad peak at 103 mev in Figs.
5.5 and 5.6, but are not resolved due to the poor resolution of neutron

spectra in that energy range.

-
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5.4 Conclusions

The elastic neutron scattering study shows that the trimethylammonium-
vermiculite clay has a c-axis repeat distance of 12.71 A. However, its
structure has not been determined unambiguously. There is evidence that
trimethylammonium has only partially substituted (30% of full exchange) for
the cations in the gallery of natural clay host. In order to determine the
structure unambiguously, additional Bragg peaks at higher Q values are
required. The inelastic neutron scattering data shows that the internal
modes of trimethylammonium in vermiculite are consistent with the measure-
ments for trimethylammonium halides, but the top-top coupling interaction of
the methyl groups is stronger in vermiculite than in halide salts. In addi-
tion, the host modes determined from inelastic neutron scattering data are

in qualitative agreement with theoretical calculations.



1.

12.

13.

.

15.

153

References

S.A. Solin, in Intercalation in Layered Matials ed by M.S. Dresselhaus,

(Plenum, New York, 1986) P.145.

R.E. Grimm, Clay Minerology, (McGraw Hill, New York, 1968).

T.J. Pinnavaia, Science 220, 365 (1983).

B.R. York, S.A. Solin, N. Wada, R. Raythatha, I.D. Johnson, and T . J.
Pinnavaia, Solid State Comm., 54, 475 (1985).

S. Lee, H. Kim, S.A. Solin, and T.J. Pinnavaia, Chem. Phys. of
Intercalation, (A.P.Legrand, ed.), Nato ASI, 1987, (to be published).
N. Wada, R. Raythatha, and S. Minomura, Solid State Comm., 63, 783
(1987).

R. Zallen, The Physics of Amorphous Solids, Wiley, New York, 1983,
Chap. 4. |

P. Wong, J. Howard, J. Lin, Phys. Rev. Lett. 57, 637 (1986).

S.A. Solin, H.X. Jiang, H. Kim, and T.J. Pinnevaia, to be published.

W. Jin, S.D. Mahanti, S.A. Solin and H.C. Gupta, Mat. Res. Soc. Symp.
Proc. Vol. 111. (1988).

H. Kim, W. Jin, S. Lee, P. Zhou, T.J. Pinnavaia, S.D. Mahanti, and
S.A. Solin, Phys. Rev. Lett. 60, 2168 (1987).

H.C. Gupta, S.D. Mahanti, and S.A. Solin, Physies and Chemistry of
Minerals, to be published.

C.I. Ratcliffe and T.C. Waddington, J. Chem. Soc. Faraday Transactiona
72, 1935 (1976).

Y. Imai, K. Aida, Ken-ichi Sohma, F. Watari, Polyhedron, Vol.1, No.d,
397 (1982).

P.V. Houng and M. Sclaak, Chem. Phys. Lett. 27, 111 (1974).



16.

17.

18.

19.

20.

21.

22.

154

M. Sclaak, M. Couzi, J.C. Lassegues, W. Drexel, Chem. Phys. Lett. 45,
111 (1977).

M. Sclaak, Mol. Phys. 33 125 (1977).

M.M. Bredov, B.A. Kotov, N.M. Okuneva, V.S. Oskotskii, and A.L. Shakh-
Bugadov, Fiz. Tverd. Tela. (Leningrad) 9, 287 (1967) (Sov. Phys. Solid
State 9, 214 (1967)].

V.S. Oskotskii, Fiz. Tverd. Tela. (Leningrad) 9, 550 (1967) (Sov. Phys.
Solid State 9, 420 (1967)].

N. Lustig, J.S. Lannin, J.M. Carpenter, and R. Hasegawa, Phys. Rev.
B32, 2778 (1985).

J.D. Axe and J.B. Hastings, Acta Cryst. 839, 593 (1983).

Functions f(x,a,B8) and g(x,a,Y) have same fitting parameters a, and the
best fit of f(x,a,B8) to data (fy,x,) (i=1,2,....,n) gives fitting
parameters a,. Usually, g(x,a,,Y) can not fit data (gl,xi) (i=1,...n)
no matter what Y used. In this case, simultanously fit is needed

(varying one set of a to fit both functions instead of fitting them

sequentially.



