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ABSTRACT

STUDIES OF THE MAGNETIC PROPERTIES OF CLAY INTERCALATION COMPOUNDS

AND DIFFUSION OF INERT GASES IN MIXED ION SYSTEMS

By

Ping Zhou

The magnetic properties of a clay layered silicate, vermiculite
(ver), intercalated with 3d transition metal ions ( Hn2+, 002+, N12+ and
Cu2+) as interlayer cations have been investigated by studies of the
magnetic susceptibility of these compounds. The paramagnetic behavior
of these magnetic ions in vermiculite with and without water molecules
coexisting in the gallery has been analyzed by using crystal field
theory. Numerical estimations of the crystal field strength with and
without water have been obtained from the Lande g factor measured from
the susceptibility. A substantial decrease of crystal field strength
has been observed when water molecules are removed from the gallery.

Mn2+—ver and Cu2+-ver are found to be paramagnetic systems for
temperatures down to 2K regardless of the hydration conditions.
Although 002+-ver and N12+-ver do not exhibit magnetic ordering while
water is present in the gallery, they show indications of

antiferromagnetic ordering at temperatures of a few Kelvin after water

is removed. The physical origin for such behavior has been discussed



from the considerations of anisotropy from spin-orbit coupling and
properties of various magnetic systems in different spatial dimensions.
In order to examine the percolation phenomenon in two dimensional
microporous media, we also have carried out a study of diffusion of
Helium and Argon in a mixed ion layered system

3

[Co +(en) Cr3+(en)3]x-PHT, here en is ethylenediamine and FHT is a

3]1-x[
layered silicate called fluorohectorite. The mass uptake of argon in
this system indicates a percolation threshold at x, = 0.8. We have
observed the complete blockage of Argon by enlarged cations for the

first time which shows a strong evidence of dynamical movement of argon

in the gallery spaces.
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Chapter I

Ooverview
I.1 Layered intercalation compounds

Layered intercalation compounds have been the objects of interest
for scientists for many years. Intercalation means the insertion of
guest species into a layered material without disturbing the main
structural features of the host.1 The guest species are called
intercalants. These layered systems are interesting because they
provide a two dimensional arena to study physical properties such as
magnetism, percolation, electronic structure, optical and vibrational
properties and so on. They also have potential for practical

4,5 etc.

applications such as hydrogen storage,2 batteries,3 catalysis

There are many different ways to characterize layered intercalation
compounds depending on the physical properties one is interested in.
One can classify them into three classes by looking at the rigidity of
the layers themselves (see figure I.1).6 Class I contains "floppy"
layer hosts. Such materials for example can be graphite intercalation
compounds (GIC) or boron nitride. Materials in class II have layers
with intermediate stiffness. Examples are layered dichalcogenides such
CO012, and FeOCl-type compounds, etc.7 These two

as Tis Htsz, FeCl

2’ 2’
classes of layered intercalation compounds show an unusual "staging
effect"”™ meaning that two adjacent intercalant layers are separated by a
fixed number of host layors.a In the case of graphite the number of the
host layers (called stage number) between two intercalant layers can be

from one up to more than ten depending on the conditions under which the



Class I

GIC

Intermediate

Rigid

Figure 1.1 Classification of layered intercalation compounds.
Solid lines represent host layers. Dashed lines are
intercalants. GIC/CIC stands for graphite/clay
intercalation compounds.



samples are made.

Clay intercalation compounds (CIC) represent examples of class III
layered materials which have the stiffest layers. The layers in these
materials can be pillared by intercalants which are laterally far apart.
In most clay intercalation compounds, the gallery height is comparable
to the size of intercalant indicating that the host layers are stiff and
are propped apart. There is no staging effect in CIC compounds with
only one kind of intercalant. For some CIC compounds with two or more
different intercalants, the guest species segregate to form domains or
form separate layers of each kind between host layers. This effect
called interstratification is caused by the difference of either the
size or the charge of the intercalants.

Clay intercalation compounds are ideal for studies of physical
properties in lower dimensions. One particular interest is the magnetic
properties of these layered compounds with magnetic species inside the
gallery. They have several distinctive features compared with other
classes of intercalation compounds. First of all, in most clays, there
is some unbalanced negative charge in the host layers. These charges
are compensated by positively charged intercalants in the gallery
spaces. These gallery intercalants can be replaced by various ions
including magnetic ions whose collective magnetic properties are
determined by their locations in the host gallery. 1In contrast, other
magnetic intercalation compounds such as graphite intercalation
compounds exhibit magnetic properties of the pristine guest. An example
can be COClz-Graphlte in which sandwich-like Cl-Co-Cl layers are
intercalated between the neutral graphite layers.g-l2 The magnetic

properties of this compound are dominated by the mechanism which obtains
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in bulk 00012. Thus, clay intercalation compounds provide a better two
dimensional arena in which we can intercalate magnetic ions directly
into the interlamellar gallery spaces. Secondly, we can control the
magnetic moments and the distance between magnetic ions in CIC by
intercalating ions with different spins and charges. Thirdly, clay
intercalation compounds readily accept water layers inside the gallery
spaces.m’14 At ambient conditions, there are generally two layers of
water molecules coexisting with intercalants in the gallery of most CIC
compounds. The number of water layers can be reduced to one or zero
when these compounds are heated or water vapor pressure is reduced.
These water molecules affect the magnetic properties in a very

complicated way. Nevertheless, they still provide a channel to

manipulate the interaction between magnetic intercalants.

I.2 Magnetism in solids

Magnetism in solids has been extensively studied in many different
systems. Besides the classic dipole-dipole interaction, there is an
exchange interaction between two spins. The mechanism of the exchange
interaction was investigated first by l-le:lsenbe::g15 whose famous

Hamiltonian is

H 2 ¥ 3, 8,5 I.1
ex - 1,351°%5 (-1
i,3
where J is the exchange interaction energy between two spins. A

i,3

positive J results in ferromagnetic alignment of spins while a

i,3

negative J causes antiferromagntic alignment of spins.

i,]
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Many investigations for exchange interaction have been initiated
and various mechanisms have been developed in order to explain the
magnetic behaviors of different systems including transition metals,
rare earth metals, and insulators with magnetic ions. Figure 1.2 shows
all types mechanism which have been applied to various systems.ls In
transition metals and rare earth metals, the spins are delocalized.
Their magnetic behaviors are complicated and can be explained by
theories involving the itinerancy of these electrons. 1In magnetic
insulators, the spins can be treated as localized moments. In our study
here, we only concern the spin-localized systems.

Magnetic properties of insulator such as transition metal oxides
and rare earth metal salts are straightforward and systematic. It has
been found that almost all 3d and 4f ionic salts are antiferromagnetic
with only one exception, Euolg. To explain this universal behavior,

Kramerszo and Anderson21'22

invoked the superexchange mechanism in
19508. In this theory, virtual transfer of an electron from one lattice
site to another through a ligand is crucial and results in
antiferromagnetism. It agrees qualitatively with experimental results
on these ionic salts. Quantitative first-principles estimation of the
exchange energy is more complicated than expected due to various
correlations and many-body effects.

The magnetic response of the above systems at different
temperatures have been well studied. When kBT is higher than the
magnetic coupling between spins, a system will behave paramagnetically.

The magnetic susceptibility X follows follows the so-called Curie-Weiss

law:



METALLIC

MOMENTS
LOCALIZED

DIRECT
EXCHANGE
SUPER-
EXCHANGE

|

NON-METALLIC

Figure 1.2 Relations of four conventional exchange couplings.
Each cricle represents a different central idea.



X= 7% (1.2)

where O is the Curie-Weiss temperature which is closely related to the
interaction between nearest neighbor magnetic ions, and C is called
Curie constant which is related to the magnetic moment of each ion.
When kBT is lower than the interaction energy of two spins, the
magnetic properties become complicated. Basically, spins tend to order
parallel or antiparallel depending on the nature of the interaction.
But whether the system goes to a final ordered state or not is
circumstantial. The complication comes from the fact that the
interaction between spins can be either isotropic or anisotropic. And
they behave differently in different spatial dimensions. The

Hamiltonian can be generally expressed as

H = -2 Y Jij(axsixij + aysiysjy + azsizsjz) (1.3)

i3

where Jij is the exchange interaction between spins at sites i and jJj,
and (ax,ay,az) characterize the anisotropy. One can classify them into
three categories: the Ising system (azsl, axsay-O), the X-Y sytem23
(az-O, ax=ay=1) and isotropic Heisenberg system15 (axtaysazsl). Their
behaviors have been studied theoretically and are summarized in table
I.1.

As one can see, the highly anisotropic Ising system will order in
two and three dimensions but not in one dimension. Isotropic systems

only order in three dimension. The classical X-Y system is quite

unique, it orders in three dimension and does not in one dimension. 1In



1-D 2-D 3-D

Ising system No Yes Yes
X-Y system No No,x has a peak* Yes
Heisenberg system No No Yes

Table 1.1 Magnetic ordering for different systems in different

spatial dimensions. (*) for an antiferromagnetic system
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two dimension, there is no long range correlation between spins at
finite temperature. However, the susceptibility still show a peak at
certain finite temperatures although the spins are not ordered.23

The main reason that the exchange interaction becomes anisotropic
can be traced to the effect of spin-orbit coupling which results in not
only an anisotropic paramagnetic Hamiltonian ( the g factor is
anisotropic) for individual ions but also an anisotropic exchange
interaction between magnetic ions at different lattice aites.24 Despite
the fact that the orbital angular momentum is quenched by the crystal
field and exchange interaction tends to be isotropic in most solids such
as 3d ionic oxides, the ground state and excited states are mixed
through the spin-orbit interaction yielding an anisotropic g factor.
Also the spin-orbit coupling affects the exchange interaction between
two spins at two different lattice sites if the local symmetry for these

two ions are different.25'26

I.3 The scope of the thesis

The purpose of the work associated with magnetic clay intercalation
compounds is twofold. First we would like to study the magnetic
properties such as susceptibility, paramagnetic g factors, exchange
interaction, and magnetic ordering for different ions with different
spins in a similar environment. It will be facilitated by the ease of
inserting of different transition metal ions into clay silicates.
Secondly, it is important to study the effect of water molecules on the
magnetic properties. Accordingly, we present in Chapter III the most

recent experimental results of the dc magnetic susceptibility of a
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specific clay, vermiculite, with four 3d transition ion (namely Mn2+,
002+, N:I.2+, and Cu2+) as intercalants. The crystal field and magnetic
phase transition in these compounds under different hydration conditions
are also discussed in the chapter 1IV.

Since clay silicates are such rigid layered materials, the
intercalants prop apart the host layers which introduces a significant
amount of free space in the gallery. Thus these microporous system are
quite useful in catalysis. Furthermore one can intercalate two or more
different cations into the gallery. This makes these systems appealing
arenas in which to study physical phenomena such as percolation. Thus,
we have carried out a study of mass absorption and dynamical motions of

guest atoms in a ternary intercalated system A _xBx-Y (where A and B

1
present different intercalants, and Y is the host). The particular

system we have chosen is [Co3+(en) Cr3+(en)3]x-rluorohectorite

3l1-xl
(here en stands for ethylenediamine). In Chapter V, the most recent
results related to the absorption and diffusion of inert gases such as

Helium and Argon in this system have been discussed.



Chapter II

Structures of vermiculite and fluorohectorite

Clay minerals include a vast number of different natural layered
alumino-silicates.27 They all contain basic building elements of MO

4
4+ 3+
tetrahetra and M'O_ octahedra, where M is Si and sometimes Ai or

6

Fe3+ and M’ is a metal ion such as Mgz+, Li+, A13+, or res+. It is also
true that in some clays certain oxygen atoms in the octahedra are
replaced by hydroxyl groups such as OH or F . There elements form
infinite tetrahedral and octahedral sheets shown in figure II.l1. These
sheets are linked together through common oxygen planes to form layers.
All clay minerals are composed of layers of these sheets and they are
divided into two basic types based on the numbers of sheets in one
layer. Some of them contain layers which have two tetrahedral sheets
and one octahedral sheet. The octahedral sheet is sandwiched by the
tetrahedral sheets. This type of clay is called 2:1 layered silicate.
There is another type of silicate in which each layer consists of one
tetrahedral sheet and one octahedral sheet. This type of clays is
called a 1:1 layered silicate.

The specific layered host material we have used for magnetic
studies here is a natural vermiculite ( originally from Llano, Texas )
which is a typical 2:1 layered silicates (figure II.l).27 Its layers
are formed from a sheet of edge connected octahedra which is bounded to
two sheets of corner connected tetrahedra. The positive ions in the
center of octahedra are mostly divalent ions such as Mgz*. This is

called a trioctaheral 2:1 layered silicate in contrast to dioctahedral

2:1 silicates in which the positive ions in the octahedra are mostly

11
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4+

Fig. II.1 Schematic view of a 2:1 layered silicate. The c-axis basal

spacing d is normally 14.5 Angstrom for hydrated vermiculite.

0048
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+
trivalent ions such as A13 . The oxygen atoms which are between

tetrahedral and octahedral sheets and not shared by both sheets are
alternated by hydroxyl groups such as OH . PFor an ideal situation when
all ions in tetrahedra are Si.4+ and all ions in octahedra are divalent
(Mgz+), charge neutrality is satisfied within the clay layers. This is
a special kind of clay called talc in which there are no charged
particles in the intralamellar gallery spaces. Talc is rather
uninteresting because one can not insert ions into the gallery. For
vermiculite, however, some portion of Si4+ ions in the tetrahedra are
randomly replaced by trivalent ions such as A13+. This results in a
fixed unbalanced negative changes in the host layers. These residual
charges depend on the concentration of Al3+ and normally have a
magnitude of 1.2e to 2.2e per unit formula of vermiculite. It is
compensated by the positive cations in the gallery spaces. As mentioned
in the overview, these cations can be replaced by other ions by the
process of ion exchange.

The basal oxygen atoms from the tetrahedral sheet form a so-called
Kagome lattice (Figure II.2) in which the distance between two adjacent
hexagons is about 5.28 A. Each triangle represents the bottom surface
of the tetrahedra. Normally a rectangular unit cell (also shown in
figure II.2) obtains and it yields a stoichiometry
Sia_xhlxngsozo(on) 4.Ml-l (where M is the exchangeable ions in the gallery,
x is normally close to 2). The number of intercalants per unit cell, u,
depends on x and its charge. Each basal oxygen atom has sp2 type
hybridization, resulting in three orbits of which two point to si4+

ions in tetrahrdra to form chemical bonds and one points out of the

layer. These orbits are doubly occupied. There is a less perturbed p
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Figure 11.2

Schematic view of the Kagome lattice formed by the basal
oxygen atoms (located at corners of each equal lateral
triangle). Arrows indicate the directions of in plane rotation.
The in plane p orbit is also shown for some sites.
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orbital for each oxygen lying in the plane and pointing to the center of
two adjacent hexagons( see figure II.2).

Another important structural characteristics of vermiculite is the
inplane distortion.28 The oxygen-oxygen distances in these tetrahedra
and octahedra are not identical. This mismatch in the common oxygen
Plane between tetrehedral and octahedral sheets causes clockwise and
counter-clockwise rotations of adjacent tetrahedra within the
tetrahedral sheet (directions are shown by arrows in figure II.2). This
effect is common in other clays.27 The tilting angle depends on the
mismatch of the distance and the cations in the gallery. In our case,
it is about 5 degrees. This distortion lowers the symmetry and changes
the strength of local crystal field.

When water molecules are present in the interlamellar spaces, they
are bonded to basal oxygen atoms and form two layers sandwiching the
exchangeable cations. The C-axis basal spacing ranges from 14.5 A to
9.02 A depending on the temperature and water vapor pressure (see ref.
27, pll10). The dependence of the c-axis basal spacing on water content
in vermiculite has been studied extensivelyzg. Figure II.3 shows the
stacking sequence between host layers in vermiculite with interlayer
cations and water molecules in the gallery. Cations and water molecules
occupy only a portion of the sites depending on the charge density of
the host layer. At ambient conditions, there is a random tb/3 shift
between layers to accommodate the water molecules in the gallery. This
effect is called "Staggering” which is a common phenomenon in all
layered silicates. The a/3 shift within a host layer is the natural
consequence of putting two tetrahedral sheets together with an

octahedral sheet in the middle.
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Fig. I1I.3 The stacking sequence in vermiculite.
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X AXAXAXAXL
OB
SBETI0,

NIV
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T T \ / \ o
H,0 @ Basal Oxygen 1
S
H,0

Fig. II.4 The staggering between two basal oxygen planes shifted

relatively by b/3. The three possible gallery cation sites (ml, m,, m3)
are shown. Open circles occupy a rectangular lattice. The relative
positions between basal oxygens and interlayer water molecules at site
m., are also shown. An intercalant sits on the top of three water
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molecules and is covered by the other three water molecules(not shown).
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There are three different gallery sites for exchangeable cations
for b/3 staggering (illustrated in PFigure II.4). It has been found that
cations such as Mg2+ and N12+ are likely to be retained in the
tetrahedral cavity sites (ml) (see figure II.4, relative positions
between water molecules and basal oxygen plane are also shown.). And

+
for Na and cg2+, the cation positions can be all three sites(m and

1'™2

m More detailed discussion about this topic will be given in Chapter

3"
III.

Another important aspect is that in the vermiculite with charge
density of 2e per unit cell, the lattice structure formed by divalent
intercalants is rectangular as shown in fig. II.4. 1In reality, the
lattice arrangement of divalent cations can be thought of as a
rectangular network with site occupancy disorder.

Fluorohectorite (FHT) is also a trioctahedral 2:1 layered silicate.
Its structure is basically the same as vermiculite (Figure II.l). There
are three differences between them. First, in FHT the ion substitution
happens in the octahedral sheet instead of in the tetrahedral sheets.
Secondly, FHT has a charge density of about 1.6e per unit cell formula
which is less than in vermiculite. Thirdly, the oxygens in the common
plane between a tetrahedral sheet and an octahedral sheet and not shared

by both sheets are F instead of (OH)_. The interlayer cations can also

be replaced by other intercalants as in vermiculite.



Chapter III
The dc magnetic susceptibility of vermiculite intercalation compounds

with 3d metal ions as intercalants

III.1 Introduction

The magnetic properties of lower dimensional systems including
layered metallic superlattices and layered magnetic insulators are
particularly interesting relative to the behavior of the bulk hosts. An
example can be Lazcuo4 which has been attracting considerable attention
recently because of its relation to high-Tc materials. Layered
silicates such as vermiculite provide natural layered structures on
which one can carry out the same kinds of studies as well. The
advantages of the latter have been stated in the overview (Chapter I).

Although there are recent studies of the magnetic properties of
vermiculite (ver) with several 3d metal ions and 4f metal ions as
intercalants3o (namely Hn2+, 002+, N12+, Cu2+, Dy3+, and Br3+)
cointercalated with water, there are still significant questions
remaining. First, Niz*-ver shows a Curie-Weiss behavior in the high
temperature région and the Curie-Weiss temperature is positive ( = 10 K)
indicating that the intraplanar exchange interaction between Ni2+ ions
is probably ferromagnetic. But the magnetic susceptibility does not
diverge for temperatures down to 4.3K indicating there is no phase
transition corresponding to ferromagnetic ordering for temperatures from
4.3K up to 300K. Secondly, other compounds such as C02+-ver, Mn2+-vor
and Cu2+-ver exhibit negative Curie-Weiss temperatures suggesting an

antiferromagnetic interaction between these cations. But again previous

19
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authorsso have failed to observe any phase transition corresponding to
antiferromagnetic ordering. 1In other words, all these systems behave
paramagnetically at temperatures near 4.3K.

In order to clarify the behavior of these interesting compounds we
have conducted more careful studies on the magnetic susceptibility for
samples with higher intercalant concentration and under different
hydration conditions. Specific compounds studied here are Hn2+-ver,
002+-ver, N12+-ver and Cu2+-ver in which the magnetic intercalants are
all divalent and their spins are 5/2, 3/2, 1 and 1/2, respectively. As
one should expect, there are two major factors which influence the
magnetic properties dramatically. First is the distance between two
nearest neighbor intercalants which depends on the cation concentration.
Due to the fact that the magnetic exchange interaction will decay
exponentially as the distance between intercalants increases, we should
have a cation concentration as high as possible. Thus, we have
developed a new method to synthesize powder samples with higher
intercalant concentration than previously obtained. The second factor
is the presence of water molecules in the gallery spaces which will
affect the magnetic properties dramatically as well. Therefore, we have
conducted more careful studies of the dc magnetic susceptibility under

three different conditions: hydrated, dehydrated and rehydrated.

III.2 Experiments

III.2.1 Sample preparation
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The original sample starting material for our studies is
trioctahedral Mgz+—vermiculite (Llano, Texas) which has been ground
into very fine powders with particle size of a few micrometers. 1In
order to purify the gallery, the exchange sites are saturated with M92+
ions to replace other impurities ions such as Ca2+ or Nal+ in the

gallery. Chemical analysis by using Induced Coupled Plasma (ICP)

method shows the following unit cell stoichiometry

(Sig gAl, ) (MIg AL, -.Fe).036T10.03)020(CH) 4 M9y g9° (H0), ¢

which is abbreviated as x'Mu°(H20)u, where X stands for the host layer
matrix and M stands for the exchangeable metal ions in the gallery.

Here Si.d'+ and 1&13+ ions are randomly located at the centers of the

+ +
3,1"2

tetrahedra. There are some Al e and Ti.2+ ions in the octahedral

layer as impurities which can not be replaced.

To ensure complete exchange of gallery Mgz* ions with the desired
transition metal ions we have carried out a two-step ion exchange
procedure. In the first step, all the ng+ ions in the gallery have

been exchanged with alkyl-ammonium ions such as (CH NH+ ions, by the

33

reaction of the powdered parent compound with excess [ (CH NH]Cl. The

33

next procedure is to replace (CH m-l+ ions by the desired magnetic

33
ions. This is done by putting intermediate product into suspensions

with the desired ions. These two ion-exchange procedures are complete

and can be confirmed using their X-ray diffraction patterns (Figure

III.1). Due to the different sizes of Mgz+, (CH3)3NH1+ and 3d metal

ions, the c-axis basal spacings for these compounds are quite different

(the basal spacings are 14.5A, 12.81 and 14.5A for M92+-ver, (CH3)3NH“-
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33
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eye. These pattern were obtained at room temperature using Cu(Ka)

radiation.
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ver and M-ver, respectively. Here M stands for the desired magnetic
ions). By monitoring the c-axis basal spacing from X-ray diffraction
spectrum we are able to see the completion of the ion exchange
reactions. The purity of the final compounds has been further confirmed
by infra-red spectroscopy and by chemical analyses such as ICP.

Four different vermiculite intercalation compounds have been
synthesized with different cations such as Mn2+, Coz+, N12+ and Cu2+
ions. At ambient conditions, these compounds contain two layers of
water in the gallery spaces surrounding the cations. By heating these
compounds to 600 C one can remove water completely.31 At that
temperature, the host layers undergo dehydroxylation and this process is
irreversible. It has been found from thermal gravimetric analysis (TGA)
that most of water is removed at temperatures above 150 C (Figure
I1II.2). Therefore, we have annealed annealed our samples at between
170C and 180 C in vacuum for more than 12 hours. Figure III.3 shows the
X-ray diffraction spectrum of the hydrated sample at ambient condition
and that of a annealed sample. The basal spacing has decreased from
14.5 A to 10.5 A. All of our powder samples have been pressed into

pellets for easy handling.

III.2.2 DC magnetic susceptibility measurement and techniques for data

analysis

The DC magnetic susceptibility ( X(T) ) of these magnetic
intercalation compounds has been measured from temperature of 2 K to 300
K by using a Superconducting Quantum Interference Device (SQUID)

magnetometer from Quantum Design. The applied magnetic field H was 100
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Gauss. And the error bar in the susceptibility measurement is extremely
small ( about 1/1000 of the magnitude measured ).

Since there are some residual magnetic impurities such as Fez+ ions
in the octahedral layers and they contribute to the total magnetic
moment, we have first measured the susceptibility of the parent compound
Mgz+-ver to find out the contribution from these impurities. Figure
III.4 shows the susceptibility X of Mg2+-ver versus temperature. As one
expects, this system behaves paramagnetically indicating that the
impurities from the host layers are isolated and do not interact with

each other. By fitting the data with the Curie formula32
C
X = X. + ——;9—- (III.1)

where xO is the the contribution from the full shell electrons and Cg
is the Curie constant. We have found x0 to be -o.91x1o-7 emu/gram
which is obviously the diamagnetic contribution from the full shell
electrons. The next term is from the magnetic impurity from the host
layers. The Curie constant t::g of Mgz+-ver has been found to be about
1.33)(10-4 emu K /gram. The Curie constant is related to other

parameters as fol lows32

2 2
N ue P
1 _A _ B eff
Cy = 73 u . (III.2)
B

where NA is Avogadro’s constant, M the molar mass of the unit-cell

stoichiometry x.M(Hzo)x, uB is the Bohr magneton, kB is the Boltzmann

constant, and Pe is the effective magnetic moment defined a532

ff
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the least square fit to the Curie law.
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Peff=g(JLS)/J(J+1) (II1.3).

From cg obtained above and the concentration of Fe2+ ions in Mgz+-ver (
obtained from the unit cell formula ) , we have obtained the effective
magnetic moment to be 5.21uB. This is close to the value found in the
literature for Fez+ i.ons32 ( 5.4 uB). Since the impurities are very
dilute and located in the octahedral layer, we ignore any interaction
between them and the magnetic cations in the gallery and subtract out
the paramagnetic signal from them by using the parameters measured from
M92+—ver.

We have measured the dc susceptibility for Mn2+-ver, 002+-ver,
N12+—ver, and Cu2+-ver under three different conditions: hydrated,
dehydrated, and rehydrated. The dehydration procedure has been carried
out using the methods described earlier. The dehydrated samples were
transferred and sealed in polyethylene bags to prevent hydration. After
the measurement had been done for dehydrated samples, they were exposed
to air for more than 6 hours in order to regain water into the
intralamellar gallery spaces. Their masses have been measured in
different hydration stages to monitor how much water has been removed
and reabsorbed. The experimental data have been analyzed by least
square fitting the higher temperature portions of the susceptibility
curve to the Curie-Weiss formula (also see ref.32, p712)

C

- S S
X=X * 79 (III.4).
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Therefore, the Curie constants cg and Curie-Weiss temperatures 0 have
been obtained for each case. The relations in equations (III.2) and
(III.3) are maintained. Thus the effective magnetic moments Peff and

the Lande g factors for different ions under different conditions have

been also calculated as for Pez+ ions in the Mgz+-ver.

III.3 Results of the DC magnetic susceptibility of vermiculite with

magnetic intercalants
III.3.1 Mn2+-ver

The an+ ion has electronic structure 3d5 and spin 5/2. Five d
electrons occupy all five d orbitals and the total spin moment is 5/2.
Figure III.5 shows the inverse of the magnetic susceptibility, X, per
gram sample versus temperature for a pellet sample under three
conditions: hydrated, dehydrated; and rehydrated. The sample lost about
16% of the initial weight after annealing and regained all of the weight
back when it has been rehydrated. The impurity signal has been
subtracted by using the parameters obtained from Mgz+-ver. As one can
see, the inverse of X for the three different hydration linearly depend
on the temperature. This demonstrates that the system is paramagnetic
for temperatures down to 2K ( which is the lowest temperature limit of
the SQUID we use here) regardless of whether water molecules are present
in the gallery or not.

By least square fitting to the high temperature portion of X, We
have obtained cg and @ for various conditions and in addition we have

obtained the effective magnetic moments, P

eff’ and g factors from Cg.
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X° C g ec at low Tc
(emu/g) |(emuK/g)| (K) temp. (K)
Hydrated |1.59x10-5 |4.40x10-3 0.08 Paramag. None
Dehydrated|1.86x10-5 |5.23x10-3 -0.80 Paramag..| None
Rehydrated|1.61x10-5 |4.25x10-3 -0.10 Paramag. | None
(Continued) Peff (LB) g value
Hydrated 5.81 1.95
Dehydrated 5.87 1.98
R/eh ydrated 5.71 1.93

Table III.1 Parameters for Mn2+-Ver from a least square fit to

the Curie-Weiss formula.
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These physical quantities are summarized in Table III.1l. As one can
see, the Curie temperature O is close to zero and is scattered for the
hydrated compounds. The most important feature of table III.2 is that
the effective magnetic moments for different hydration conditions are
essentially the same. This implies that the magnetic properties of a
2+

Mn ion in vermiculite are apparently not affected by the change of its

hydration environment.

III.3.2 Coz+—ver

COz+ ions have the electronic structure of 3d7and spin 3/2. The DC
susceptibility X for different hydration states of this vermiculite is
shown in figure III.6. So is the inverse of the susceptibility x-l. We
can see a Curie-Weiss behavior for the higher temperature portions for
all cases. In lower temperature region, both hydrated and rehydrated
compounds are paramagnetic in agreement with other authors’ resﬁlts for
hydrated samplesao.

In the absence of Hzo molecules, the susceptibility X shows a peak
at around SK while X decreases with temperature. By fitting the higher
temperature portions of X(T), we have obtained cg and 0 for the
different hydration conditions and calculated the effective magnetic

moment Pe and g factors. They are listed in Table III.2. The Curie-

ff
Weiss O values are negative indicating that the nearest neighbor
interaction is antiferromagentic. Another feature one should notice is
that the Curie temperature 0 clearly depends on the hydration conditions
of the sample. When water is present in the gallery, © shifts from

about =7K to about -2K indicating that the interaction is weakened. The
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X° C, 6. at low Tc
(emu/g) |(emuK/g)| (K) temp. (K)
Hydrated |7.135x10-6|2.38x10-3 -1.98 Paramag. None
Dehydrated| 3.424x10-6]3.49x10-3 -7.07 Antiferro. ~5K
Rehydrated|5.722x10-6]2.37x10-3 -1.43 Paramag. None
(Continued) Pert (LB) g value
Hydrated 4.28 2.21
Dehydrated 4.80 2.48
ileh ydrated 4.28 2.21

Table III.2 Parameters for Co2+-Ver obtained from a least

square fit to the Curie-Weiss formula.
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effective moment increases from 4.28 uB to 4.8uB as water is removed
from the gallery. Peff for Coz* in the dry sample is consistent with
the literature value (see ref.32, pé658).

I1I1.3.3 N12+-ver

A N12+ ion has 8 electrons in the 3d shell and has epin 1. The
susceptibility X for a hydrated N12+-ver is shown in Figure III.7. It
also shows a Curie-Weiss behavior for higher temperatures for different
hydration conditions. Figure III.7 also shows the lower temperature
portions of the inverse susceptibility x-l. The curves corresponding to
hydrated and rehydrated samples behave in the same way as temperature is
reduced to 2K in agreement with previous work3°, indicating that
hydrated/rehydrated compounds behave paramagnetically. The inverse of
the susceptibility x-1 for dehydrated case levels off for T < 4K.
Although the signal fluctuates, a dramatic difference between the
dehydrated case and hydrated/rehydrated cases still can be seen. We
have fit the higher temperature portions of x for all cases and all
parameters are summarized in table III.3.

The Curie temperature 0 is negative for the dehydrated compound
which indicates antiferromagnetic exchange interaction between N12+
ions. And it becomes positive as water is admitted in the gallery.
This phenomenon demonstrates a dramatic change of the exchange

interaction from antiferromagnetic to ferromagnetic. The effective

moment also increases when water is taken out of the gallery.
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X0 C, 0. at low Tc
(emu/g) |(emuK/g)| (K) Temp. (K)
Hydrated |-6.26x10-7]1.22x10-3 4.13 Paramag. None
Dehydrated|-5.20x10-7 | 1.59x10-3 -0.66 Antiferro. ~ 3K
Rehydrated|1.04x10-7 |1.19x10-3 1.66 Paramag. None
(Continued) Pert (LB) g value
Hydrated 3.07 2.17
Dehydrated 3.24 2.29
Rehy,drated 3.03 2.14

Table III.3 Parameters for Ni2+-Ver obtained from a least square

fit to the Curie-Weiss formula.
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+
I11.3.4 Cu2 -ver

A Cu2+ ion has the electronic structure of 3d9 and spin 1/2. Since
the spin is small, one should expect so-called quantum fluctuation which
may quench any magnetic phase transition caused by relatively weak
interactions. The dehydrated sample has lost about 16% of its initial
weight and regained back this weight after it was exposed in air.
Figure III.8 shows the susceptibility X versus temperature for Cuz*-ver
under different hydration conditions. All three curves follow a Curie-
Weiss law for temperatures down to 2K regardless of wether water is
present or not. We have fit the higher temperature portions of X for
different hydration cases and the results are tabulated in table III.4.
As can be seen, the effective moment increases from 2.0uB to about
2.1511B when water is removed from the gallery. The Curie temperature
is negative for all cases indicating an antiferromagnetic interaction

between cations.
III.4 Remarks

In this chapter, we have present the DC magnetic susceptibility
data of hydrated and dehydrated vermiculites with four different

2+, N12+, and Cu2+ as intercalants. Data

transition metal ions an*, Co
have been analyzed by using Curie-Weiss formula. Therefore, the Curie-
Weiss temperature O and Curie constants cg have been obtained from the

least square fitting. Furthermore, the average g factors have been

extracted from the Curie constants.
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X° C, 0, at low Tc
(emu/g) |(emuK/g)| (K) Temp. (K)
Hydrated |2.18x10-5 |5.22x10-4 -1.16 Paramag. None
Dehydrated|2.39x10-5 |6.97x10-4 -1.16 Paramag..| None
Rehydr:ated 2.20x10-5 |4.97x10-4 |  -0.77 Paramag. None
» (Continued) Petr (HB) g factor
Hydrated 2.01 2.32
Dehydrated 2.15 248
Rehydrated - 1.96 2.26

Table III.4 Parameters for Cu2+-Ver obtained from a least square

fit to the Curie-Weiss formula.



Chapter 1V
Crystal field, exchange interaction, and phase transition in vermiculite

intercalation compounds with 3d metal ions as intercalants

IV.1 Introduction

In chapter III, we have presented the experimental data of the
vermiculite intercalation compounds with an*, 002+, N12+, and Cu2+ as
intercalants. As mentioned in the Overview, the paramagnetic properties
of a single ion are manifested in the high temperature portion of the
susceptibility. An important quantity is the Lande g factor which is
related to the electronic structure of the ion and the crystal field
environment. Although the paramagnetic properties of various ions in
different crystal fields have been studied by using crystal field
theory, there are no such detailed studies on our specific CIC
compounds. Therefore we present in this chapter a very detailed
investigation of the paramagnetic behaviors of the four ions in hydrated
and dehydrated vermiculite. PFurthermore, these four compounds exhibit
different behaviors when temperature is very low. Thus a discussion on

the magnetic exchange interaction and phase transition in these CIC

compounds will be also given to understand our experimental results.

IV.2 Lande g factors and anisotropic Hamiltonian

From the effective magnetic moments, we have calculated the Lande g

factors for various ions under different conditions by using equation

41
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(I1I.3). Because our samples are powders, we can only obtain average g
values. They are summarized in table 1IV.1.

As one can see, the g factor for an+ ions is very close to 2 for
all three cases. This is consistent with the results of many other Mn2+
complexes which have been investigated previously.33 The reason is that
a an+ ion has electronic structure of ds. The ground state of a free
Mn2+ ion is 68 which has no orbital momentum. In the solid, the ion
behaves like a single s electron and exhibits no splitting regardless of
the symmetry of the local crystal field. The g factor is always 2 for
an orbital singlet since the expectation values for E vanishes. Another
result is that this system is isotropic because the moment derives from
the spin only. un2+ ions are considered to form a classical Heisenberg
system since they have large spin moments (8=5/2) and interact with each
other isotropically.

The g factor for COZ* ions varies significantly between
hydrated/rehydrated states and dehydrated state. When water is present,
the g factor is about 10% greater than 2. This indicates that in the
ground state of a cO2+ ion, the orbital angular moment is quenched but
the spin-orbit coupling still contributes to the magnetic moment by
mixing in higher excited states. When water is taken out of the
gallery, there is about an additional 13.0% increase in the g factor.
There are two factors which will affect g: the symmetry and the strength
of the crystal field. A change of Symmetry will result in different
energy spectrum. A change of the crystal field strength can result in
less or more mixing of energy levels through L-S coupling.

For N12+ion, the g factor is about 7% higher than 2 when water is

present in the gallery indicating the effect of spin-orbit coupling as
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Mn2+ Co2+ Ni2 + Cu2+
Hydrated 1.95 2.21 2.17 2.32
Dehydrated 1.98 2.48 2.29 2.48
Rehydrated 1.93 2.21 2.14 2.26

Table IV.1 The Lande g factor calculated from the effective

moments of different ions under different hydration

conditions.
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well. When water is removed, the g factor increases by an additional 6%

to a value of 2.29. This result is close to what has been observed in

other N12+ complexes such as N12

2.25.34

+(H20)6 which normally has g value of

For Cu2+ ions, the g factor value is 2.28%0.3 when water is present
and increases by about 8.7% when water is removed. The study of Cu2+ in
many complexes has been reported35 and the g values are more or less the
same as what we have observed here.

As we can see, the g factors of these magnetic intercalants in
dehydrated CIC are always larger than that of hydrated/rehydrated
compounds (except Mn2+). This can be caused by either the change of
crystal field strength or the symmetry as mentioned. To address the
theoretical origin of the behavior of the g factors for these cations in
the gallery is quite difficult for following reasons.

First the localized wave functions of the electrons in a solid,
which are the spatial Fourier transform of the Bloch’s waves, are the
Wannier functions which may not be the same as the atomic wave
functions. They are atomic functions heavily perturbed by the crystal
environment and are difficult to obtain (one common numerical method is
the Hartree-Folk self-consistent method, see ref.32, p344). To first
order, one can approximate these functions by atomic wave functions and
apply crystal field theory to obtain the energy spectrum and other
properties by using symmetry argumentsas. This method is quite
successful to obtain the energy spectrum and explain the paramagnetic

behaviors of various magnetic compounds with localized spins.

Therefore, we will employ this method to analyze our data here.
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Secondly, the cation locations and their local symmetry are
essential to their magnetic properties and need to be understood. 1In
this particular clay silicate, there are two situations to be addressed:
with and without water in the gallery. As mentioned before, vermiculite
has a stable phase with two layers of water at ambient conditions
(normally referred as the 14.5A phase). Many detailed investigations
have been carried out to find out the arrangement of these interlayer
water molecules and their relation to the host layers and the
intercalants. The first postulation about the interlayer water
arrangement in vermiculite was made by Hendricks and Jeffetnon37 (1938)
in which water molecules were thought to be in planar hexagonal rings
with the oxygen of each water being tetrahedrally bonded to four
neighboring oxygens through hydrogen atoms. No provisions for cation
sites were made at that time. Later studies of the X-ray diffraction
spectrum by Mathieson and Walker (1954)38, Grudemo (1954)39, and
Mathieson (1958)40 have demonstrated that the water molecules and
exchangeable cations occupy definite sites in the interlayer spaces. 1In
1966, Shirozu and Bailey“ studied the interlayer water molecules in a
M92+-ver single crystal from Llano (Texas) and confirmed the conclusions
by Mathieson and Walker except for the delineation of different layer
stacking sequences. Recently, de la Calle et.al. showed consistent
results of the interlayer water arrangement and stacking sequences of a
Mgz+-ver from Santa-Olalla, Spain.42 They have found the random b/3
shift between adjacent host layers in their hydrated sample.

The structural aspects for vermiculite are as follows. There is an
a/3 shift within each layer along the X-axis parallel to the layer (see

figure II.2 for the definition of the unit cell). And alternate layers
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are displaced relatively to one another by +b/3 or -b/3 along the ¥-
axis. In the sample Shirozu and Bailey have studied, the c-axis
stacking sequence is regular (+b/3, =-b/3, +b/3, -b/3,...) with
occasional mistakes. And in De La Calle’s sample, there is no
regularity for the b/3 shift. The stacking view of two basal oxygen
layers on top of each other with a mutual b/3 shift has been illustrated
in Figure II.3 in Chapter II. The exchangeable Mg2+ cations lie in a
plane midway between adjacent host layers and have a plane of water
molecules on each side. These cations and water molecules take the form
of an incomplete octahedral sheet with only a portion of the sites
occupied. Exchangeable cations lie under or above the 1\13+/si4+
substitutional sites. Studies by Shirozu and De La Calle further showed
that cations probably reside at one of the three possible sites: m,
sites in Figure II.4. The relative positions between basal oxygens,
water molecules and cations are also shown in Figure II.4. Exchangeable
cations are surrounded by six water molecules and the crystal field is
dominated by these water molecules.

There are no detailed studies on the staking sequence of
vermiculite after water is taken out of the gallery spaces. It is
reasonable to assume that the stacking sequence is unchanged because the
b/3 shift is energetically favorable (the basal oxygens avoid each other
in this staggered stacking configuration). Therefore, one can suppose
that intercalants still reside in m, sites as water is taken out. 1In
this case, they are coordinated by six basal oxygens and the symmetry of
the crystal field is unchanged.

Let us first discuss hydration/rehydration compounds. Bleam has

shown that the static electric potential from host layers becomes



47
insignificant when an intercalant is more than 2 Angstrom away from the
host 1ayet.43 Therefore we only have to consider the potential
resulting from the water molecules themselves. The detailed arrangement
of a cation and its surrounding water molecules is shown in figure IV.1.
Basically there are six water molecules surrounding close to a cation
to form a distorted octahedron. The symmetry of the crystal field is

C and can be approximated as an O

Iv field with a trigonal distortion

h

along one of the C_, axes which is the c-axis of the sample.

3

The Hamiltonian for a single ion in a solid can be written as

2 2 2
He--d-yop2y 2, L vy & Ly )53
2m i ri 2 rij c
i i i#5
> >
=ni°n+vc+)u.os (IV.1)

where the first term is the kinetic energy, the second term is the
Coulomb potential, the third term is the electron-electron interaction
term, Vc is from the crystal field, and the last term is the spin-orbit
interaction (A is the coupling constant). For the first transition
group, the electron-electron interaction is normally stronger than Vc
and the spin-orbit coupling is the smallest term in (IV.1l) (see ref. 44,

pP58). Therefore, we start from the ground state of H and treat Vc as

ion
a perturbation. The spin-orbit coupling will be treated as a further

perturbation.

+
The detailed mathematical calculation of energy spectrum for a N12

and a 002+ ion in an oh field with trigonal distortion is explained in

Appendix I. We have chosen the c-axis, which is one of the c3 axes of

the octahedron, as the axis of quantization. The ground state of a free
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Figure IV.1  Schematic illustration of a gallery cation surrounded

by six water molecules at ambient conditions. (a) side
view. (b) top view.
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N12+ and 002+ ions is 3F and 4?, respectively. When they are put in the

crystal field, they behave as a single f electron with an orbital
degeneracy of 7. The corresponding atomic energy level splits into
three sublevels denoted as Azg’ ng, and Tlg' which are shown in Figure
AI.l1. The subscript g corresponds to those irreducible representations

of the O group which are invariant under the inversion operation. The

h
trigonal distortion causes both the ng and Tlg levels to split into a
singlet and a doublet. A Ni2+ ion has the electronic structure 3d8 and

+
it can be treated as a two-hole case. On the other hand, a 002 ion has

the electronic structure 3d7. It can be treated as a half-filled shell
with two extra electrons outside. It has been shown in Appendix I that
the energy spectra for a Niz* ion and a 002+ ion are just off by a sign.
Two important parameters are the strength of the O  field and the

h
trigonal distortion, Dq and Dt. They are defined as follows

Dg = Constant -—':%——- <r4> (IV.2)
van
Dt = constant <r2> (IV.3).
4 2
Here <r > and <r > are defined as follows
<™ = £ (r) £™ £, (r) r2dr, m = 2,4 (IV.4)
3d 3d ! !

while f3d(r) is the radial part of the 3d wave functions.
+
Without the trigonal distortion, the ground state for a 002 ion is
an orbital triplet (4Tlg' where the superscript indicates the spin

degeneracy) with wave functions 91, 0_, and 93 defined in equation

2'
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(AI.2) of the appendix I. It happens that the g value for this triplet

is very large (g=4.333).44 This is because the spin-orbit coupling

causes a very small energy splitting of this level ( of the order of the

spin-orbit coupling strength ACO, which is about 180 cm—l)44 which

results in a large g factor (the Lande g factor can be far from 2 as in
O with 002+ where the g factor is

about 2.5 along one direction and 6.0 along another.sz). When the

some compounds such as Mg(CHZCOOH)ZMH2

trigonal perturbation is switched on, the situation changes. The

triplet ground state T_. then splits into a doublet and a singlet (see

1g
figure AI.1). The new ground state is the singlet with wave function

8, = ll%— (v -4 Yg - 23 (IV.5).

3 V10 3

This ground state gives a g value of 2. Therefore, the trigonal
distortion transforms the ground state of COz* to a singlet and reduces
the g factor to 2. Our observation is that g is about 2.21. The
difference comes from the mixing between ground and excited states by
the spin-orbit interaction. The first excited state is the doublet from

Tlg with wave functions 91 and 92. And the energy difference between

the ground state and first excited state is —g'Dt.

For an orbital non degenerate ground state with spin-orbit

o>
coupling, the g factor is related to a second rank tensor K (see ref.24,

pl22) as follows:

gijaz(sij-AAij), (IV.6)
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where A is the spin-orbit coupling strength and sij is the Kronecker

delta function. The tensor A is defined as:

<0|Li|n><n|L1|o>
Ay = E o .0

(IV.7)

where |o> is the ground state, |n> is the excited state, Li is the
angular momentum operator, Eo is the ground state energy, and Bg is the
excited state energy.

To first order, we only consider the mixing between the ground
state (93) and first excited state (91,92). Other excited states are
located far apart and only gives small corrections to the g value.
Purthermore, we ignore the splitting of 61 and 02 caused by spin-orbit
coupling by assuming that this splitting is much smaller than the

splitting between the ground state and the first excited state. By

using relations such as Lx=(L++L_)/2, Lys(L+-L_)/2i and expressions of

->
, and 93 in Appendix I, we have obtained the K tensor as follows

91, 02
- 9/ (8AE) (o] 0
I = 0 9/ (8AE) (o] (1Iv.8).
0 o 0

Therefore, the g tensor is

2-9)_/ (48E) )

9o = 0 2-9ACO/(4AE) 0 (IV.9),

0 0 2

and the average g is



52

3
PR I S = 9 . —CO
9co % + %1~ 2" e (1IV.10)
where AE = ’%‘ Dt and ACO is the spin-orbit coupling strength which has

a value of -180 cm—l (spin-orbit coupling constants for various

transition metal ions are given in table 4.1, ref.24). Our experimental

result (g = 2.21) for 002+ reveals that Dt = 857 cm_l. This value is

much greater than the spin-orbit coupling constant IACol' However, we

will show shortly that it is much smaller than the O, field strength.

h

For a N12+ion, the ground state is an orbital singlet, 3A29, which

does not have any orbital angular moment ( i.e., the expectation values
for Lx' Ly and Lz are zero). The g value for such a state is 2.
Because of spin-orbit coupling, the ground state is mixed with excited
states such as ng. Using the same procedures as for 002+, we have

obtained the A tensor as follows

- 4/0E 0 0
I = 0 4/AE 0 (IV.11)
0 0 0

where AE = 10Dq - ‘%‘ Dt. Therefore, we can obtain the g tensor for
N12+ as follows

R 2-8x“i/Az 0

->

g = 0 2-BAN1/AE (o] (IV.12)

Ni 0 o

which gives an average g

(IV.13).
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Our results for N12+ ( ;Ni = 2,16, and )\Ni = - 324cm-1) reveals a AE of
10,800 cm-l. Notice that AE contains two parameters Dq and Dt. The
trigonal parameter Dt has been found to be 875 cm-l. Therefore, we find
that the oh field strength from water is 10Dqg = 13,000 cm-l which is
larger than the trigonal perturbation Dt. It is also larger but of the

order of what has been found in other complexes such as N12+(Hzo)6 (

10Dq is about 10,000 cm 1y.3?

The field strength parameters from water molecules can be further
verified by the average g factor from Cu2+ ions in hydrated/rehydrated
vermiculite. A Cu2+ ion has 3<‘l9 structure and can be treated as one 3d
hole case. The energy spectrum for a 3d hole in an octahedral field is
given in the literature and wavefunctions are given in Appendix II. The
ground state ( 2eg ) is an orbital doublet. As shown in Appendix II,
the trigonal distortion down shifts the ground state energy but will not
1ift the double degeneracy. The spin-orbit coupling )\f‘g does not lift
that degeneracy either. The Lande g value for such a state is still 2.
Our observation from susceptibility measurements for Cu2+ is that g =
2.28. Again the difference is caused by the mixing between the ground
state and higher excited states. Although there is a complication
arising from the fact that the ground state is a doublet, we treat each
Cu2+ ion as if it occupies each component of the ground state with equal
probability (see Ref.24, pl35 for detail). By mixing one component of
the ground state with the excited states, and by using the same type of

calculation as for 002+ and N12+, we have obtained the g tensor as

follows
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> 2-2)/(10Dq+Dt)-4)/ (10Dg-2Dt) 0 0
g = 0 2-6)/(10Dg+Dt) 0 |(1Iv.14).
0 0 2

And the average g is

- 8}‘Cu 4XCu
9eu™ 2 ~ T3(10Dq+Dt) ~ 3(10Dq - 2Dt) (IV.15).

+ - -
Using the parameters from 002 and Ni2+ (Dt=850cm 1, 10Dg=13000 cm 1)

and ACu = -83Ocm_1, we obtained ECu = 2.252 which is consistent with our
observation for hydrated Cu2+-ver.

Table IV.2 summarizes above calculated field strengths. The
experimental result for Cu2+ and the calculated values are also compared
in that table.

At this point we conclude the following. First, the fact that the
g value for Co2+ ions is slightly larger than 2 can be explained by a
small trigonal distortion on the Oh field. Secondly, the field strength

10Dg is of the right order of magnitude and is further confirmed by the

+
Cu2 data. The distortion strength Dt is about 1/15 of the oh field

strength. Thirdly, marked anisotropy for 002+, N12+, and Cu2+ is

evident.
When water is removed from the vermiculite gallery, as we discussed

before, the intercalants will most probably stay in sites m (see

1
figure II.3 in Chapter II) where they are coordinated by six oxygens
from basal planes of host layers. We can still treat the local symmetry
as an octahedron symmetry with distortion along one of the c3 axes.

The resultant energy spectrum is the same as with water present but with

different field strength. PFrom the g factor of Coz+, we have obtained
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Hydrated | Mn2+ | Co2+ Ni2+ 10Dq Dt Cu2+
Experiment| 1.95 2.21 2.155 2.26

Theory 2.00 2.21 2.155 13300 857 2.252
Dehydrated| Mn2+ | Co2+ Ni2 + 10Dq Dt Cu2+
Experiment| '1.98 2.48 2.29 2.48

Theory 2.00 2.48 2.29 6900 375 2.484

Table IV.2 The crystal field strength 10Dq and Dt (unit cm-1)calculated
from the g factors of Co2+ and Ni2+ for different hydration
conditions. Furthermore, g values for Cu2+ ion were

obtained from these parameters.
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the trigonal parameter Dt=375 cm-l. And from Niz+ , the oh field
strength 10 Dg has been found to be 6900 cm-1 which is about half of the
strength from water. The g value for Cu2+ has also been calculated by
using Dg, Dt values and is found to be 2.484 which is very consistent
with what has been observed in our experiment. These parameters are
also listed in Table IV.2.

As can be seen, the field strength of the Oh field and of the
trigonal perturbation decreases by a factor of 2 in the dehydrated
compounds. This explains why the g factors for three different
intercalants in dehydrated vermiculite are larger than in the hydrated
compounds. And the anisotropy increases because the effect of spin-
orbit coupling becomes more significant as the crystal field decreases.

The Lande g factor for these ions in vermiculite can be further

measured independently using EPR technique. This is left out as a

future work.

IV.3 The exchange interaction between magnetic ions and magnetic phase

transition

In these magnetic clay intercalation compounds, the Curie-Weiss

temperature 0 is affected by the presence of H20 molecules in the

gallery. Table IV.3 shows the Curie temperatures obtained from the
previous fitting. The numbers in parenthesis are from Suzuki et.a1.3o.
When water is present in the gallery, all compounds do not exhibit
any ordering for temperatures down to 2K although there are interactions
between these intercalants, qualitatively consistent with Suzuki’s

reau1t3.3°
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Mn2+.ver Co2+-ver Ni2+-ver Cu2+*-ver
Hydrated 0.08(-0.7) -1.98(-1.4) 4.13(10) -1.16(0.6)
Dehydrated -0.80 -7.07° -0.66" -1.16
Rehydrated -0.10 -1.43 1.66 -0.77

(b)

Mn2+.ver Co2+-ver Ni2+-ver Cu2+-ver
Hydrated 0.03 -1.60 6.2 -4.64
Dehydrated -0.03 -5.70° -1.00° -4.64
Rehydrated -0.03 -1.14 2.50 -3.08
Type of. Jex Isotropic Anisotropic Anisotropic Anisotropic
Predicted
ordering No Yes Yes Yes
(2D system)

Table IV.3 (a) The Curie temperatures obtained from X (T) for the

30

compounds studied. Numbers in parenthesis are from Suzuki et al. .

The asterisk indicates antiferromagnetic ordering observed. (b) The

exchange energy obtained from (a).
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In the case of Mn2+, 0 is very close to zero. When water is

removed, it is about -0.8K indicating there is a small antiferromagnetic
exchange interaction between two adjacent Mn2+ ions. This exchange
interaction is weak and can be easily affected by the presence of water.
© is * 0.1K about zero. The basic effect is that water tends to break
the antiferromagnetic interaction between Mn2+ ions.

For 002+ ions in the dehydrated sample, the Curie-Weiss temperature
is -7.07K which also suggests that the interaction between two adjacent
002+ ions is antiferromagnetic. As water is present, O is still
negative but its magnitude is reduced. This also demonstrates that
water weakens the exchange interaction between 002+ ions.

In N12+—ver, 0 shows a robust behavior. It is about -0.7K without
water, which is the same as for Hn2+. And it becomes positive when
water is added to the gallery suggesting that there is a relatively
strong ferromagnetic interaction between N12+ ions. Water appears to be
the agent responsible for the transfer of ferromagnetic interaction
between N12+ ions.

For Cu2+-ver, the Curie-Weiss O is always negative and of the order
of -1K regardless of whether water is present or not.

It appears that the overall effect of water is to weaken the
antiferromagnetic exchange interaction and to offers a channel for a
ferromagnetic interaction. A quantitative theoretical consideration
must be based on the exact structure of water molecules bonded to the
cations and the host layers. It is beyond the scope of this thesis.

All four magnetic vermiculite CIC’s without water exhibit a common
behavior. There is an antiferromagnetic exchange interaction between

adjacent cations. Thus, in the exchange Hamiltonian the J is negative

ij



59

(here J is the exchange energy defined in (I.1l) and i,j correspond to

i3

cations at ith, jth sites). This phenomenon is consistent with the
fact that almost all magnetic insulators are antiferromagentic and it
can be qualitatively explained by the Kramers-Anderson’s superexchange
t:heory.zo_22

The intercalants in CIC’s are far apart in these compounds so that
the direct overlap between electron wave functions at two adjacent sites
is too small to be considered( the distance between two adjacent cations
is about 5.28A ) « Also there are no itinerant electrons present to
mediate the magnetic interaction. The antiferromagnetic exchange
interaction results from virtual d-electron transfer from one
intercalant to another through the bridging anions, in our case the
basal oxygen atoms. The magnitude of this kind of interaction depends
on the hopping energy. Quantitative calculation involves an
understanding of localized wave functions for both electrons on the
cations and on the anions and involves an understanding of the lattice
structure of the intercalants. Numerical estimation of t and U for
compounds such as MnO by using atomic wave functions as the real

functions have been reported.“"46

In our magnetic CIC compounds, it is
not feasible because the lattice structure of the intercalants is not
clarified since the si4+/Al3+ substitutional sites, where the magnetic
cations reside, are random. Also multiple anions will be involved which
makes the calculation even harder.

Although there is always a weak interaction between spins in all
four of our compounds, they show different behaviors in terms of

magnetic ordering because of anisotropy. When water is present in the

gallery, all compounds do not exhibit any signature of a phase
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transition from a spin disordered state to an ordered state for
temperatures in the range of 2K to 300K regardless of whether the
exchange is ferromagnetic or antiferromagnetic. As we have found
before, the g factor for Mn2+ ions is close to 2 and it is an isotropic
system. For a two dimensional system with Heisenberg spin-spin
interactions, it has been shown rigorously by Hermin47 that there is no
phase transition corresponding to a spin ordered state for T>0K. Our
observation for Mn2+-ver is consistent with this theoretical conclusion.
For 002+-ver and Niz+-vet compounds, although they are anisotropic
systems, they don’t order either and need further theoretical
understanding. For Cu2+-ver, the failure to magnetically order may be
traced back to quantum fluctuation effect of an ion with small spin
moment (see p704, ref.32 and ref.53).

For dehydrated compounds, Mn2+-ver and Cu2+-ver do not exhibit a
phase transition for temperatures from 2K to 300K. The g factor for a
Mn2+ion is still close to 2 and ions interact isotropically while water
is present in the gallery. And the quantum fluctuation in Cu2+-ver may
still quench the magnetic ordering.

In contrast, there is a peak in the susceptibility curves for CO2+-
ver and N12+—ver compounds indicating the possibility of a phase
transition occurring. As discussed in section III.3.1, the spin-orbit
coupling will cause anisotropic g factor for 002+ and N12+ in a
distorted octahedral field. This anisotropy will also cause the spin-
spin interaction at different lattice sites to be anisotropic (Ref.24,
p250). Consider a pair of magnetic ions at lattice sites a and b, the
Hamiltonian is H = H,L + H, where Ho is the unperturbed term and H,  is

0 1 1
the perturbation which is defined as follows



(IV.16)

where Jab is the exchange interaction between two ions, )‘a and Ab are

the spin-orbit coupling strength for each ion, E and § are the angular
and spin momentum operators. By using Brillouin-Wigner perturbation
theory (Ref.24, Appendix 2), one gets the effective Hamiltonian up to
second order in the spin-orbit interaction and first order in the

exchange

H _=H +J .5 o5 =223 efes -2
a a a a b

eff- Ho * JabSa®Sp (1v.17)

>
§ oRes + Mes x8
b b a b

<>
where the second rank tensor K is defined in section IV.2. The last

term is called antisymmetric exchange interaction with

e e . . Aob <00 |L pln
n=n-n, where n b " -—‘—i ) _e_b_._g..u._e_e.x_o 0 (IV.18)
E_-E
n n
a,b

where a,b stands for two different lattice sites, |0> is the ground
state, and |n> is the excited state. As Moriya pointed out,26 such term
will vanish if there is a inversion center between two spins and will
exist otherwise. This effect forces spin a and b to lie in the plane
perpendicular to ﬁ. Thus, the exchange interaction will be anisotropic
and yield an X-Y system or even an Ising system.

Figure IV.2 shows the distorted Kagome lattice ( only one hexagon
is shown). As one can see, there is no inversion center between two

cations located two adjacent m, sites. One thus should expect an
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Figure IV.2 The Kagome lattice (only one hexagon is shown) with
in plane distortion. Each tetrehedron is rotated 6
degrees clockwise or counterclockwise.
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anisotropic exchange interaction between these two intercalants.
Furthermore, the crystal field in dehydrated compounds is weaker than in
hydrated/rehydrated compounds. This gives rise to additional anisotropy
in the exchange interactions and may cause stronger correlations between
spins in the 002+ and N12+ compounds.

Finally, we consider the peak position( Tc) in X for 002+-ver and
N12+-ver ( about 5 £ 1 K and 3 £ 1 K, respectively). As we recall, CO2+
and N12+ ions have spins of 3/2 and 1, respectively. And Tc represents
the transition temperature at which the magnetic ordering occurs. To
gain insight into the phase transition in these two CIC compounds, we
make the following assumptions. First we simplify the lattice as an two
dimensional rectangular lattice, which is the possible lattice
arrangement of the interlayer intercalants for the half-filled Kegome
latticeao ( there is one divalent ion per unit cell ; x S in figure
I1.2), with anisotropic exchange interaction J1 and J2 along two
directions (see figure IV.3). Secondly we treat the interaction to be
Ising-like since the interaction between two intercalants in CO2+—ver

and N12+-ver are anisotropic. These assumptions are the simplification

of our systems. The Hamiltonian is

Hox =~ 293 28, 4 55, 141,5 ~ 292 L8, ¢ 55, 4,441
i,3 i,3
= - 23, 2 Yo o - 23,82 Yo o (IV.19)
1 z i,j z i+1,3 2 z i, z i,3+1
1,3 i,3

where i,j correspond to a cation at ith raw and jth column.” The 2D

Ising system has a closed analytical form for the transition



64

:th

J column
b / 4
/ d
a

.th Jl

1 TOW );./
12
8 B <

/ Ve

Figure IV.3 A rectangular Ising system with anisotropic
interactions. J; is the exchange coupling along
rows and J, is along columns
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temperature48 +49
2 2
2)a.|s 2]a,|s
smh(—l—)-sinh(J—) =1 (IV.20)
kB‘rc kBTc

J1 and J2 are the exchange interaction between two electrons at two
lattice sites and they are the same in 002+-ver and N12+-ver. There is
an unique solution of SZ/TC in above equation for a fixed Jl and Jz.
Therefore, ’rc should be proportional to sz. Thus a system with larger
spin moment will have a higher transition temperature. This is
consistent with our experimental observation. Furthermore, the 82/‘1'<=
ratio for 002+ and N12+ is 0.4510.1 and 0.3810.1 respectively. They are

almost equal within their errors showing that our observations are

consistent with the theoretical predictions.
IV.3 Concluding remarks

In this chapter, the average Lande g factors for different
intercalants under different hydration conditions have been obtained and
analyzed by using crystal field theory. We have estimated the crystal
field strengths for hydrated/rehydrated compounds as well as for
dehydrated compounds. Substantial decreases in crystal field strengths
have been found when water is removed from the gallery. Furthermore we
have vertified the physical origin of the anisotropy and discussed the
effect of spin-orbit coupling on both the paramagnetic g factors and the

spin-spin exchange interactions in these compounds.
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The effect of water on the magnetic interaction in these compounds
has been investigated and discussed. All hydrated/rehydrated compounds
do not exhibit magnetic ordering consistent with previous workso. Water
molecules weaken the antiferromagnetic interaction and destroy the
ordering. We have observed for the first time the antiferromagnetic

2+ 2+
ordering in Co -ver and Ni -ver when water is removed from the
gallery.

Hn2+—ver is found to be a Heisenberg isotropic system under either
hydrated/rehydrated or dehydrated conditions. Therefore, there is no
phase transition for temperatures down to 2K. On the other hand, the
exchange interactions in cO2+-ver, N12+-ver and Cu2+-ver are

2+ 2+
anisotropic. Co  -ver and Ni~ -ver exhibit signatures of a phase
transition at very low temperature ( ~5K and ~3K, respectively) without
water in the gallery. The spin dependence of the transition
temperatures for dehydrated 002+-ver and N12+-ver has been explained by
a very simple 2D Ising model. Although Cu2+-ver is an anisotropic
2+ 2+
system as are Co -ver and Ni -ver, it does not exhibit magnetic
ordering for temperatures from 2K to 300K. This phenomenon may be

related the fact that it is a quantum fluctuating system.



Chapter V
Diffusion and absorption of inert gases

in mixed ion systems
V.1l Introduction

Heteroionic clays with different cations in the gallery are
particularly interesting for studying access phenomena in 2D microporous
systems by probing the conduction and absorption of atomic and molecular
species. In percolation experiments on real systems, the dynamic
physical quantity measured is, for examples, the electrical conductivity
or the mass conductivity as a function of disorder. For the systems of
interest here which are ternary intercalated layered silicates Al_xsx-r,
where Y is the host layer, and A and B represent the cation with
different phy-ical properties such as size, the mass conductivity of a
third guest species is studied. The basic picture is quite simple and
can be described as follows. The third guest is denoted as C in this
thesis. Suppose that the gallery structure is such that species C can

easily diffuse though the A B _-Y system and the mass conductivity is

1-x x

finite when x=0. On the other hand the gallery space does not allow any
C particles to move through for x=1. With increasing x there exists a
critical value, which is the percolation threshold x_ at which the mass
conductivity for C is zero and remains so for X < x < 1. Therefore, by
studying the permeability of the host to the guest species C, one can in
principle probe interesting physical phenomena such as anomalous
diffusion at the threshold concentration x, which has attracted

considerable theoretical and experimental interest in recent years.56

67
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In addition to diffusion studies, one can also study the access
phenomena by measuring weight uptake and the absorption isotherm. The
physical quantity measured here is Wc(x) (= M(x)/MT(x), where M(x) is
the absorbed mass of C for a given x, and MT(x) is the total absorption
mass that can be obtained when all available interlayer surface is
occupies by C). There is an xc above which there are no percolation
channels through which C can pass to the available spaces in the
gallery. The exact form of Wc(x) and the value of x_  can be determined
from percolation theory.

It is very important to understand the structural aspects of our
ternary mixed ion system. The porosity in pillared lamellar solids such

as B -Y is crucial for percolation to happen. The method used to

Al-x x
characterize microporosity in terms of the sizes and the spatial
distribution of the cations is as follows: Assume that the cation A and
B and diffusing molecule C can be represented as ellipsoids of
revolution with diameters (er’hA)' (ZrB,hB), and (2rc,hc). The
topological constraints on the access of a guest C in the the gallery
spaces will depend on the geometric property of the pillars and the

adsorbate through the following five parameters: SAA = (a - ZrA)/ZrC,

§._ = (a - (rA+rB))/2rc, 888 = (a - 2:8)/2rc, )

AB = hA/hc and SBC =

AC
hB/hc. Here a is the distance between two gallery cations. Any given

geometric condition for the diffusion of C inside A Bx-Y is completely

1-x
determined by the five member set of the above specified parameters

(porosity parameters). Define the porosity parameter set S as

S =[8,,8,,8,5,8,,8.] = {8,} (V.1)
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and assigning s_=+1 if GAA >1 and 8, = -1 if if 8AA < 1, and so on for

1 1

other si. There are total 32 distinct porosity sets for some of which
there is no conduction and for some of which the intergallery space is
completely permeable for all x. They are given in table V.1. As one
can see, many of them are not physically significant. Those that are
significant can be selected by a judicious choice of the species A, B,
and C.

The choice of the porosity parameters is limited by the available
pillaring agents. Table V.2 lists dimension of some of the agents one
can insert in to the gallery of a clay host. 1In order to perform the
mass conduction measurement, the diffusing spices should be such that
they do not have any chemical reactions with the host or with
intercalants. 1Inert gases are thus an ideal choice for the diffusing
species.

We have chosen [Co3+(en)3]1_x[0r3+(en) 3]x-?luorohectorite (where en
= ethylenediamine, and fluorohectorite is a layered silicate denoted as
FHT) as the ternary mixed ion system and Argon as species C under the
following considerations. First, pillaring agents such as Co(en)§+ and
Cr(en)§+ have very large dimensions as can be seen from table V.2. They
prop up the gallery to a height of 5.4 A which is suitable for Argon
atoms (dynamical size = 4 A). Secondly, they are trivalent ion
complexes which are far separated in the gallery so that the lateral
dimensions between them are large enough for Argon to pass through (the
average distance between two adjacent intercalants is about 10.22 A).
Thirdly, there are no water molecules in the [Co(en)§+]x[0r(en)§+]l_x-
FHT because three en ligands fully coordinate the Cr3+ and 003+i.ons.

These structural characteristics indicate that this system should be
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Porosity S1 S2 S3 Ss Ss Percolation
set
Sy + + + + + Open
St - + + + + L-S
S - - + + + L-B
Siv + + + - + V-S
Sv - + + - + L-S/V-S
Svi - - + - + L-B/V-S
Svir + + + + - V-S
Svinn - + + + - L-S/V-S
S1x - - + + - L-B/V-S
Sx All remaining 23 combinations Closed
Table V.1  Porosity sets and their corresponding behavior.

L=laterally controlled, V=vertically controlled,

S=site, B=bond. Open=non-percolative systems.
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Ion Diameter Height
MegN+ 4.8 4.2
MesNH+ 4.0 3.2
MeNH+4 3.2 2.8
NH+4 2.8 1.5
Co(en)33 + 5.4 54
Cr(en)33+ 5.4 5.4

Table V.2

Dimensions of pillaring agents.

Diameters and

heights are in unit of Angstrom.
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open to Argon atoms for all concentration x.

The most interesting and important characteristics of these two
pillaring agents are as follows. Cos+(en)3 and Cr3+(en)3 have
different responses to heat. When the sample is heated at between 100C
and 150C, a Co3+(en)3 complex will be break into [Coa+(en)2+en]. What
happens is that an en ligand is dissociated from its parent complex and
this ligand remains in the vicinity of the original complex cation,
while Cr3+(en)3 cations remain unchanged. It turns out that
[Cos+(en)2+en] has smaller vertical dimension ( about 3.8 A) and larger
lateral dimension ( more than 6 A) than the parent cation. Argon atoms
can not pass through the lateral space between a pair of [Co3+(en)2+en]
and between [Co3+(en)2+en] and Cr3+(en)3 (see figure V.1 for schematic
view), while they still can pass between two Cr3+(en)3 cations. Thus,
the annealed system ( [Co3+(en)2 + en ]x[c::3+(en)3 ]l_x-PHT ) has
porosity parameter set { -, -, +, -, +}, which is identified as SVI in
table V.1. As we can see, this system should be percolative. Figure
V.1l shows the inplane structure of FHT with C03+(en)3 and Ct3+(en)3 as
intercalants before and after annealing. The actual distance between
two adjacent intercalants is larger than illustrated because the
charge/unit cell for this particular FHT is 1.6e instead of 2.0e .

We now present our experimental results for mass absorbtion of

Argon in [Co(en)g+]x[0r(en)§ =FHT bulk. It has been found that the

+
ll-x

=FHT shows

mass uptake of Argon in the annealed [Co(en)§+]x[c::(en)g+]1_x

an interesting behavior which indicates a percolative process.s4
In order to obtain direct evidence of the dynamical movement of
Argon atoms in the gallery of this mixed ion clay system, we have also

performed studies of mass conduction of Argon in the unannealed and
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annealed [Co(en)§+]-FHT films. Although Argon atoms can move in the
gallery space of this particular sample before annealing, they are
blocked after annealing since the gallery collapses and the gallery
space is blocked by the dissociated ligands. Besides diffusing Argon,
we have used Helium to prob whether the sample is complete blocked by
undesired reasons such as the seal off by glue. Since the diffusion
rate of Argon is expected to be very small, we have perform the
diffusion studies of Argon in a thin [Co(en)§+]-FHT membrane. A special
experimental set up with high sensitivity and a unique technique to
diffuse gases through thin membranes has been developed. We have
successfully observed the complete blockage of Argon in the annealed
film which gives a strong evidence for the dynamical movement of guest

species in the gallery spaces between the cations.
V.2 Experiment and results

The starting material is Li+-F1uorohecteriteso which is a
trioctahedral 2:1 layered silicates with following unit cell

stoichiometry (here Li+ is the gallery cation):
Lij 6 M9y 414 .6) Sig %0 Fy

The main structure is essentially the same as vermiculite.
Samples for mass absorption measurement were made through an ion
exchange reaction by putting the parent compound to solutions with
3+ 3+ r
desired concentrations of Co (en)3 and Cr (en)3. Water molecules

swell the gallery so that the ion exchange can take place. Once these
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large complex particles enter the gallery, the compound stops swelling
and reaches a state in which no water molecules are present inside the
gallery. CO3+(en)3-FHT films for mass conduction experiment were made
by immersing a self supporting L12+-FHT film into a dilute 003+(en)3
solution. As the ion exchange process terminates, the film stops
swelling and do not ingest water even when immersed in the solution.
The film thickness is about 15 um. Annealing has been done by slowly
heating samples in vacuum ( starting from room temperature to 120 C with
AT/At = 15 C/hour, and remaining at 120C for another 6 hours). The in

[Cr(en)g+]x-FHT before and after heating

plane structure of [CO(en)g+]1_x

is schematically shown in figure V.1 which includes all structural
aspects of the system as stated in introduction.

Figure V.2 shows the X-ray diffraction pattern of CO3+(en)3-FHT
before and after it has been annealed. The c-axis basal spacing
decreases from 14.45 A to 12.82 A. oOther features in this pattern are
broadening of (00l1) Bragg peak and the disappearance of higher Bragg
peaks after the film has been annealed indicating shorter coherence
length along c-axis and basal spacing fluctuation.

Figure V.3 presents the surface morphology of an oriented film
sample and a bulk sample from a scanning electron microscope. As can be
seen, the clay particles orient very well in the film while the bulk
sample exhibits considerable amount of large voids ( with dimension of
order of micrometer). This is the other reason that we have chosen film
sample. Even in the oriented film, there are small defects such as
micro-cracks and voids which are unavoidable resulting in difficulties
in the experiment.

The diffusing gas is applied perpendicularly to the surface of the
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Argon atoms

=
CR X XKD
(XX XXX
X KO OO
XA

/\

Figure V.1  The in plane structure of [Co>*(en)s],.,[Cr**(en)s],-FHT.
Single cricles represent Cr**(en);. Concentric circles
present Co>*(en)s, in which smaller circles are for
before annealing and larger circles are for after
annealing. a=5.28 angstrom, b=9.15 angstrom. Actual
cation density is less than shown because unit cell charge
is 1.6e" instead of 2.0e".
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Fig. V.2 The X-ray diffraction patterns of 0o3+(en)3-FHT before and
after annealing (the c-axis basal spacings are respectively 14.45A and
12.824 ). These patterns were acquired at the room temperature using Cu

Ka radiation.
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(a)

(b)

Fig. V.3 The surface morphology of Co3+(en)3-FHT. Picture (a) is the
surface SEM image of an oriented film and (b) is the image of a bulk

sample.
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oriented film. There are three possible channels for Argon to pass
through in this particular geometry (illustrated in figure V.4). Path 1
can be a hole on the film or a channel of connected voids. This type of
defect results in a huge background signal instantly. Path 2 is a so
called void-grain boundary-void path. Diffusion through these two
channels will not depend on whether or not the film is annealed. Path 3
is the void-gallery-void path. Diffusion through this channel will be
different before and after the gallery is blocked as a result of
annealing. The last situation is desirable and depends on the quality
of the membranes.

Mass conduction measurement was carried out on an apparatus which
is equipped with a residual gas analyzer and is automated by a personal
computer (see figure V.5). A constant pressure of gas C is maintained
in the reservoir and applied to the membrane, which is mounted on a
sample holder to avoid leakage from other sources (also shown in figure
V.5). The sampling chamber is always pumped to maintain a vacuum of
normally 10-7 torr. The partial pressure of the interested gas is
measured by a quadrapole residual gas analyzer and signals are sent to a
IBM PC. Valves are controlled by the computer to accomplish certain
specific functions at desired times. The mass absorption of Argon has
also been conducted by using conventional gravimetric method.s4

Figure V.6 shows the amount of Argon absorbed for samples with
different x ( x is the concentration of Cr3+(en)3) and for samples which
are the direct physical mixture of two pure compounds.54 They have been
heated to the correct temperature range beforehand. As one can see, the
amount of Ar absorbed in the physical mixtures shows a linear dependence

on x because the amount of available gallery spaces are from Cr3+(en)3-
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Path 2 Path 3 Path 1

Figure V.4  Three possible path' ways. Each clay particle is presented
as a block.
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Figure V.5 Schematic illustration of experimantal set up
for mass conduction experimant. Sample is
mounted as illustrated.
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FHT and they are all accessible. When the two kinds of cations coexist
in the gallery, the absorption isotherm is quite different and deviates
from that of the physical mixtures. For 0 < x < 0.8, the system does
not take up Argon. As x exceeds 0.8, there is a sudden increase
indicating that the system begins to open up to Argon.

In our diffusion experiment, we have found that Helium gas can
quickly penetrate the unannealed CO3+(en)3-FHT film. The partial
pressure of Helium in the sampling chamber goes to a saturation value
within less than 30 seconds. As can be seen in figure V.7(a), the
Helium saturation pressure show a linear dependence on the applied
pressure in the reservoir. After annealing, Helium atoms still can
penetrate the membrane, but with a much slower time scale (2000 seconds)
and much smaller saturation pressures (see figure V.7 (b)).

Argon atoms penetrate the unannealed membrane as well. The time
scale is about 2600 seconds for the partial pressure of Ar to reach a
saturation value. After annealing, no Argon signals can be seen from
the sampling chamber except the residual level ( see figure V.8). This
demonstrates that Argon atoms are totally blocked in the annealed film
and the Argon signal we have seen in the unannealed membrane derives

from the third possible path (void-gallery-void ).
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Fig. V.6 The amount of argon absorbed by [Co3+(en)3)1_x[Cr3+(en)3]x-FHT

and by the physical mixture of pure samples.( from Kim, et.al.)s4
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Fig. V.8 Argon partial pressure in the sampling chamber before the
membrane is annealed ( dashed line ) and after it is annealed ( solid

line).
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V.3 Discussions

It appears from the mass absorption data ( figure V.6) that the
mass uptake in annealed [Co(en)g+]l_x[Cr(en)g*]x-PHT shows a
percolative behavior with critical threshold x, ~ 0.8. This is
consistent with the results of simulation studies in which the two types
of cations, Co3+(en)2+en and Cr3+(en)3, are randomly distributed on a
triangular lattice while only the space between two adjacent Cr3+(en)3
intercalants is enough for the third species to pass through.s1 These
simulation studies reveal a percolation threshold at X, of 0.8 in
agreement with experiment. This value is relatively large and it is
related to the fact that only the space between one of the three
possible cation pairs (AA,AB, and BB, A = 003+(en)2+en, and B =
Cr3+(en)3) is large enough for Argon to pass through.

The diffusion experiment reveals some details of the dynamical
movement of Argon and Helium in the 003+(en)3 -FHT film. To analyze our
diffusion data, we have to divide them into four different situations

for Helium (or Argon) in unannealed (or annealed) films and treat them

separately since the dynamics will be different in each case.
+
V.3.1 Helium in the unannealed 003 (en)3-FHT membrane
In this case the gallery is wide open to Helium atoms. Therefore,

we can use the following diffusion equation to characterize the

process:
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V.dn (n,-n.) Y
——i;—l— =D —-—23—1—- A-58 n, (V.2)

where the subscripts 1 and 2 correspond respectively to the sampling
chamber and the reservoir, S is the pumping speed ( in unit of

liters/second), D is the diffusion coefficient, n_ is the number density

2
in the reservoir and it is related to the applied pressure in reservoir
Pset through ideal gas law, and £ is the average distance traveled by
atoms inside the membrane. A’ is the effective surface area which is
much smaller than the total surface area because of the specific
geometry of our experimental method (A’ = Y A, where A is the total

surface area and Y is the reduction ratio). By solving (V.2) with

initial condition nl(O) = 0, one obtains

DYA n
Qvl 2
= - _,DYa_  _s_
nl(t) YA +_§_ {1- exp| ( 2V1 + vl ) ]} (v.3).
nvl vy
Assuming —%l%— << -%— (which will be confirmed latter), we obtain the
1 1
following relation
= DYa _1_ _ _ St
P (t) = kT n, gvl r {1 - exp ( v, )]
\'/
1
= - _ St
PBat [1-exp( V1 )], (V.4)

As one can see P1 will reach the saturation pressure Psat within a time

scale determined by the pumping speed. The saturation pressure Psat is

related to other parameter as follows



- DYa _1
Peat = ¥gT My I w, s ]

v
1

= DA’ 1

get [ “gv - ] (V.5)
1
Vi

Different applied pressures Pset in reservoir result in different
saturation pressures in the sampling chamber and they are listed in
table V.3. By using the equation (V.5) and other known parameters ( A =

6 2

8X10 ° m° and s/v1 ~ 30 seconds, V_ = 9.5x10-3m3), we have determined

1
the quantity (DY)/% to be 1.62 * 0.02 X 10 > m/sec. The effective
surface area is unknown and has to be estimated from the Helium data in

the annealed membrane. We will return to this point shortly.
+
V.3.2 Helium in the annealed Co3 (en)3-FHT membrane

When the membrane is annealed the gallery height collapses to 3.82
A and the gallery spaces are blocked by the dissociated ligands. But
since Helium atoms are very small (1.5 A in diameter), they still access
the membrane but with a slower speed and a lower diffusion rate. The
saturation time is much longer than the time scale determined from S/Vl.
So the diffusion equation should be modified as follows
V_.dn (n,-n_)

-1 1 _ _ _ —2 1 ., _
a D [1- exp(-t/Tj)] 2 A Sn, (V.6)

where TO is the time to reach a stead flow inside the gallery. The

definitions for other parameters are the same as in (V.2). By solving

Eqg. V.6 with the initial condition nl(O) = 0, we find
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Pset(psi) _Pgat(torr) T (sec.) n; (/m3) | (Dy)/1 (mks)
1.91 0.44x10-8 30 0.342x102$ 1.64x10-9
3.87 0.86x10-8 30 0.678x1025 1.62x10-9
5.67 1.28x10-8 30 1.016x1025 1.60x10-°
7.54 1.73x10-8 30 1.352x1025 1.63x10-9

Table V.3  Parameters for Helium in unannealed Co3+(en)3-FHT

membrane.
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Pi(¥) = kgT n, v, exp [ v, t w, To exp( 10) v, t]

X J.; [1 - exp (- %‘)] exp [ ’%&t' + DYa T exp(-—‘tt—') + %t‘] dt’
0 1 0o 1

(V.7)

By least squares fitting Eq. (V.7) to our Helium data for different
applied pressures Poot in the reservoir, we have found (DY)/% to be 5.5
t 0.5 X 10-13m/sec. Other parameters are listed in Table V.4. The fit
is shown in figure V.9. The time scale TO is about 1900 seconds which

is related to the diffusion coefficient D and distance £ as follows
2° ~ D1 (V.8)

We can estimate the diffusion coefficient D from TO with the assumption

that 2~ 100 um. This is reasonable because the particle sizes are about
10um by lum and the thickness of the membrane is about 15um. Therefore
D is estimated to be around 10.8 cmzlaec. Then the surface reduction
factor Y is estimated to be then about 10-5.

We have obtained the quantity (DY/% = 1.61(10-"7 cm/sec) for Helium
in the unannealed membrane. Assuming the average distance 2 is also
about 100um, we have obtained D for helium in unannealed membrane to be

“'10_4 cm2 /sec.
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Fig. V.9 Helium partial pressure in the sampling chamber for different
applied pressures (turned on at t=0.0)when the membrane have been

annealed. Solid lines are the fit by Eq. (V.7).
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Pset(psi) 1 (sec.) n; (Im3) | (DY) (mks)
1.40 2000 0.25x102 5 5.60x10-13
2.78 1900 0.50x1025 | 5.92x10-13
5.68 1800 1.02x1025 | 5.12x10-13
Table V.4

Parameters for Helium in annealed Co3+(en)3-FHT
membrane.
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+
V.3.3 Argon in the unannealed CO3 (en)3-FHT membrane

Since the average dimensions of pathways in the gallery of the
unannealed membrane are just slightly larger than the dynamical size of
an Argon atom ( 4.0) in diameter )» one should expect the same behavior
as for Helium in the annealed membrane. Fitting our Argon data to the
Eq. (V.7), we have obtained (DY/2) and other parameters for different
applied pressures Pset in the reservoir. They are listed in Table V.S.
The fit is shown in Fig. V.10. By using the same technique used in

S

session V.3.2, we can estimate D and Y to be 10-8 cmzlaec and 10 '

respectively.
V.3.4 Argon in the annealed Co3+(en)3-l"H'r membrane

The X-ray diffraction pattern reveals a decrease of the c-axis
basal spacing from 14.45h to 12.82A yields a gallery height that is
smaller than the dynamical size of an argon atom. There is no signal of
Argon penetrating through the membrane indicating total blockage by the
dissociated ligands and the collapsed gallery. This proves that the
previous Argon signal seen in the unannealed film is from the void-
gallery-void paths. Our observation demonstrates for the first time
that Argon atoms actually move in the gallery spaces and can be blocked
after the gallery spaces are closed. Essentially, the mass conduction
of Argon in the mixed ion system with different x will also pin down
the percolation threshold x,. These have been left as the future work.

All estimated diffusion coefficients are listed in table V.6.
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Fig. V.10 Argon partial pressure in the sampling chamber for different

applied pressures (turned on at t=0.0)before the membrane has been

annealed. Solid lines are the fit by Eq. (V.7).
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Pget(psi) T (sec.) nz (1/m3) | (D)1 (mks)
1.83 2800 0.326x1025 | 1.85x10-13
3.65 2300 | 0.653x1025 1.90x10-13
5.48 2600 0.980x1025 1.86x10-13

Table V.5 Parameters for Argon in unannealed Co3+(en)3-FHT

membrane.
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Sample conditions D (cm?/s)
Helium Unannealed 10-4
Annealed 10-8
Argon Unannealed 10-8
Annealed Blocked

Table V.6  Diffusion coefficients for Helium and Argon
Co3+(en)3-FHT membrane.
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V.4 Concluding Remarks

We have measured the mass conductivity of Helium and Argon in a
Co3+( en)s-FHT membrane to demonstrate the dynamical movement of guest
species inside the gallery. The annealed film became less permeable to
Helium, for which the diffusion coefficient D decreases from 10-4
cm2/sec to 10.8 cmz/sec. Moreover, whereas Argon readily diffuses
through the virgin film with D of the order of lo-ecmzlsec, the annealed
film was impenetrable to Argon atoms. Therefore, We have proved that
the observed permeability changes are due to a blockage of pathways by
the dissociated ligand and collapsing of the gallery. This constitutes
offers the first direct evidence of the movement of Argon and Helium in
the gallery spaces for the first time. In absorption measurements, the
sudden increase of Argon mass uptake by the ternary intercalated
compounds at x=0.8 indicating a possible percolation threshold which is
consistent with the theoretical eimulation51 based on the physical

model of a two dimensional ternary mixed ion system.
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Appendix I Divalent Co and Ni ions in an octahedral field

with trigonal distortion

Although the detailed calculation of the energy spectrum of 3d
divalent ions in a crystal field with 0h symmetry is available in the
li.t:er:at:m:e,44 the quantization axis is normally chosen to be along the

c4 axis of the Oh field. However, in our case the trigonal distortion

is along the c3 axis. So it is convenient to choose the distortion

direction as the quantization axis. A comprehensive description of the

energy spectrum and eigen functions resulting from the oh field with a

distortion along one of its c3 axis ( which is chosen as the
quantization direction) is unavailable in the literature. Thus, we have
derived all eigenstates and energy spectra by using symmetry arguments
and perturbation theory.

Free Coz+ and N1'.2+ ions have ground states of 4!’ and 31'

respectively which have orbital degeneracy of 7. When they are in a

crystal field, the Hamiltonian is written as

f,z 2 222 1 e2 > > > >

- o ———— - — = o .

H 2 ) Vi ) r, + 5, )) T tV_+ AL*S = Hj + V ¢+ ALes
i i i#j

(AI.1)

Ho is responsible for the atomic energy spectrum and Vc is the crystal
field potential. For first iron series transition metal ions, we treat
vc as a perturbation and spin-orbit coupling as a further perturbation.

The c<:2+ and Ni2+ ions will behave as an f electron and the seven

degenerate wave functions are Yr;, m=-3, -2,...,+3. In an Octahedral
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field they form a reducible representation I' consisting of several

irreducible representations (IR) of O By applying the symmetry

ho

operations of O group we can obtain the traces of these operations on T

h
using the relation X(®)=(sin(2+1/2)®)/8in(®/2), here ¢ is the rotation

angle of each operation and £ is the orbit quantum number (£ = 3). Thus

we have

0h E 803 302 6C4 6C2

X($) 7 1 -1 -1 -1

To obtain the IRs of oh appearing in I', we use the relation n(i)- 1/h Z

xi Ve xk where h is the order of the group, i stands for the ith IR, k

stands for the k operation, X( ) is the character of k operation for

ith IR, and X, is from the above table. It turns out I' = T_ +T_ +A_ ,
k 1g 29 2g

where T and T are the two three-dimensional IR of O, and A is a
1g 2g h 29

one-dimensional IR. Furthermore one can obtained the basis functions

from Yg for these IRs as follows (Note: the z-axis is along the c3 axis

of the Oh)

I i R el |
01 = V5/6 Y5 v1/6 Y,
— -1 - -2
Tlg: 92 = vY1/6 Y, +/5/6Y ' ;
—_ 0 -3
03 = V10 /6 (Y - 4//10 Y, - Y5
— 2 = -1
¢1 = Y1/6 Y3+/5/6 Y,
— 1 ;- -2
ng‘ ¢2 = -/5/6 Yy +/1/6Y3 ;

¢3 = /1/2 (r Y, )
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0 -3
Azg. v2/3 (y + 5//10 Lo A (AI.2).

The crystal field Vc can be expended in terms of spherical

harmonics

=) An r Y (9 ¢). (AI.3)
£,m

Since Vc is an even function under the inversion operation, % only

equals 0,2,4,6.... Again by applying the operations of 0h one can

obtain the leading terms for the octahedral field

0 — .3 -3
voh Y, + v10/7 (Y, - ¥,7)

(AI.4)

For holes the crystal field potential is off by just a sign.
We treat a N12+(3d8) ion as a two-hole case and the wave functions

in (Al.2) are composed of two individual holes wave functions as follows

- |2+,1+I
+
= |2%,0%]

y;- vass|2t,-1%|+v2/5)1t,0%)

3
3
2
3

For NiZ': Ygs /I7§|2+,-2+|+/Z7E|1+,-1+| (AI.S5)
Ysi vass|1t,-2%|+v2/5)0%, -1

-2 + +

Y, "=]o",-27|

-3 + _+
Y '= |-17,-27)
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where say 2" stands for a wave function d2 with spin up, and |a+,b+|

stands for the Slater’s determinant for two electrons or holes with all

spin up. Further operating with St (S:t = Sxi isy) can reveal all 7X3

wave functions.

We treat a C02+(3d9) ion as a three-hole case and the wave

functions in (Al.2) are composed of three individual hole wave functions

as follows

v2 = |2%,1%, 0%
3
2

y;- v27s|2*,1%,-2%| + v375]2%,0%,-17]

2+

co ygs vass|2t,07 -2*| + viss|it,0) -1t (ar.e)

;2 v27s)2) -1t -2+ V375 |aT o', -2
Y;2=|1T-IT-2+|
-3-

+
3 I

Y= |o; -1%,-2

Further operating with Si can reveal all 7X4 wave functions.
The matrix elements between two 3d states can be calculated from

the C-G coefficientsss and it is straight forward

<x2| v_ |t2> = -2/3 Dq
%n

<t1| v_ |t1> = 8/3 Dq
“n

<o| v°h|o> = -4 Dq

<t2| v  |32> = <32| v, |£2> = £ 10/3 V2 Dq  (AL.7)
h

\'/
oh
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where Dg is normally defined as Dg = constant <r4>.

Evaluation for the energy levels for CO2+ and N12+can be carried

out by using (AI.2), (AI.5), (AI.6) and (AX.7). The procedure is

lengthy but straight forward and the results are as follows

2+ 3 3 3
Ni%': E( Azg) 12 Dq; B( ng) = -2 Dq; E( Tlg) = +6 Dq

2+ 4 4 4
Co : E( Tlg) = -6 Dq; E( ng) = +2 Dq; E( Azg) = +12 Dq.

As we can see the ground state for N12+ in an Oh field is an orbital

singlet ( Azg) and the ground state for 002+ is an orbital triplet

2+

(T And the energy spectra for Co and Niz* are off by a sign.

lg)'

When the trigonal distortion along the c3 axis (z-axis) is turned

on, the crystal field becomes V. =V_ + V_ where V_ = a r2 YO to first
c 0h 1 1 2

order. Two triplets both break into a doublet and a singlet. To first

order, we only need the matrix elements as follows

<yt3| v |Yt3> = 5Dt
<;t2| ; |3t2> =0
ni2* B A R .
14
<Y§1| VT|Y§1> = -3Dt
0
<t | v |y;> = -apt
(AI.8)
<3| v ¥ =-spe
<3:2| . |3tz> - o
2+ Y3 1 Vel¥;
co

+1 +1
<t 7| v ]¥;7> = 30t

3

0
<y, | vT|y3> = 4Dt

which can be obtained by using (AI.5), (AI.6), and the proper C-G

coefficients. Dt is defined as Dt = constant <r2>. The energy
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splitting can be evaluated by calculating the expectation value of arng

and results are as follows:

Ni2*: T 6Dg + Dt (1) -2Dq + 5Dt (1) -12pq (1)

1g | epq - 1/2 bt (2)! “2g | -2pq - 5/2pt (2)} “2g

co®*: A. 12pq (1); T
. 2g q( )I

2Dq + 5/2 Dt (2) 6Dq + 1/2 Dt (2)
2g | 2pq-5spt (1)) "1g | épq - Dt (1)

where the numbers in parenthesis indicate the degeneracy. The energy
spectrum is shown in Fig. AI.1l. The corresponding wave functions are

still the functions in (AI.1l). 01 and 92 are for the doublet of Tlg and

63 is the singlet. ¢1 and ¢2 are for the doublet of T, and ¢3 is the

2g

singlet. As can be seen, the ground state of a 002+ ion is an orbital

singlet (93) when the trigonal distortion is turned on.
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Octahedral field Trigonal
perturbation
3 1)
Tig 3) 6Dg+Dt
oDq —l:(z-_)— 6Dg-1/2 Dt
F(7) (1)
-3Dq+5Dt
3T,, 3
Free Ni%* ion 25 ) 2Dq ——
(2)
-3Dg-5/2 Dt
3Age (1) (1)
-12Dq -12Dq
Figure AI.1 Energy splitting of a Ni* ion in an octahedral field

with a trigonal perturbation. Numbers in parenthesis
present orbital degeneracy. For a Co** ion, the spectrum

is off by a sign and the spin degeneracy becomes 4.
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Appendix II Divalent Cu in an octahedral field

with trigonal distortion

A free Cu2+ ion has electronic structure of 3d9 and a ground state
of 2D which has an orbital degeneracy of 5. It behaves as a d hole and
the five degenerate wave functions are Y:, m=-2,...,+2 (normally denoted

as dtn ) - In an oh field these wave functions form a reducible

representation I' consisting several irreducible representations of oh.
The energy splitting for a d hole in an °h field is the most common

example given in crystal field theory literatures.“ I' splits into a

doublet called eg and a triplet called t Here we use lower case

2qg°
since we deal with a single hole. The energies for each levels are:
E( eg ) = =6Dq; E(tzg) = 4Dq, here Dq is defined exactly the same as in
Appendix I. And the basis wave functions are as follows ( assigning the

03 axis as the z-axis)

t;g = \/?/5 d(xz-yz) - \/1/—3 d(xz)

2g tzg = v2/3 d(xy) + V1/3 d(yz) ;
0 2
t2g d(z")

(AII.1)

e; = \/-]73 d(xz-yz) + \/m d(xz)

e 3

g
e; = v/2/3 d(xy) + Y1/3 d(yz)
where d(xz-yz)sl/JE (d,+d_,), d(z2)=do, d(xy)=1/(i/3 )(dy=d_,), d(xz)=-

1/v2 (d,-d_)), and d(yz)=-1/(iv2) (d;+d_)).
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The ground state of a Cu2+ is an orbital doublet (eg). When there

is a trigonal distortion along the C_, axis, the crystal field is changed

3

by a term V,t (VI' -arzyg). Useful matrix elements are

t t
<tzg|v1|tzg> = Dt

0 0

<t29|v1|t29> = -2Dt

<et|v |et> =0 (AII.2)
g T g
4 + -

<tzglvt|°g > = V2 Dt

As we can see, the trigonal perturbation mixes t;g and e:. By solving

the 5X5 secular equation, one can obtain the new energy eigenvalues and

eigenstates (in parenthesis)

4Dq + Dt + 2Dt2/(SDq); (A t::t + B et)
2g 0
4Dq -2Dt; (t2g)
(AII.3)
E(e ) = -6Dq - 2Dt2/(5D )3 (-B tt + A et)

where A = 1 - Dt2/(1000q2), B = /5 Dt/(10Dg). The perturbed levels are
plotted in Fig. AII.1. The most important feature is that the ground
state energy is down shifted but its orbital degeneracy is not removed.
Spin degeneracy can be added to the wave function sets by
multiplying the spin eigen functions @ and B, where @ is for spin up and
B is for spin down. So the total degeneracy of the ground state is four

and we can rewrite it as

c1 d(x2-y2)a + 02 d(xz)a
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c; d(xz-yz)B +c, d(xz)B (AII.4)
c1 d(xy)a - c2 d(yz)a

c, d(xy)B - c, d(yz)B

where c1=/1/3 A -V2/3B, and ¢, = V2/3 A + V1/3 B. By evaluating the

2
matrix elements for AI°;, one can easily show that all matrix elements
are equal to zero ( see appendix II in chapter 6 of ref.44). Therefore,
the spin-orbit coupling can not 1lift the degeneracy of the ground state.

It is straight forward to evaluate to expectation value of the g

factor operator (i + 2;) and obtain the g factor to be exactly 2 for the

degenerate ground state.



107

Octahedral field Trigonal

perturbation
) ) 2
4Dq+Dt+2Dt /(5Dq)
te (3)
abq —
1)
4Dg-2Dt
D (5)
Cu2+ free ion
% @)

D —— @ o ansDo)

Figure AIl.1  Energy splitting of a Cu”" ion in an octahedral field
with trigonal perturbation. Numers in parenthesis
present the orbital degerenacy of each state.
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Dynamics of exciton transfer between the bound and the continuum states
in GaAs-Al;Ga, - : As multiple quantum wells

H. X. Jiang, E. X. Ping, P. Zhou.® and J. Y. Lin
Depariment of Physics. Cardweil Hall. Kansas State Umiversity, Manhauian, Kansas 66506-2601
(Recsived 2 January 1990; revised manuscript received 21 May 1990)

Experimentally observed two-exponential decay of excitomic transitions in GaAs-Al,Gai-.As
multiple quantum wetls has been successiully interpreted in terms of the excitoa transier between
the coatinuum (fres carners) and the bound states. The calculation resuits obtained from this
excitoa-transfer model are in exceileat agreement with expsnimentali observations. The rates of
the exciton transfer and the free-carrier recombination have besa obtained. We have demoastrat-
od that the emission-energy dependence of the decay time comstant of the slower decay com-
pooeat is caused by the variatios in exciton binding energy induced by interfacs roughness in the

quaatum weils,

Optical properties of semiconductor quastum weils
(QW"s) and superiattices (SL's) have been inteasively in-
v-u'puddnrinﬂhcpasfnymsb-amdmdrm

iss.! =) The decay of excitoaic transitions in QW's
was found to show exactly two-exponential behavioe.*~¢
Nevertheless, the physical origin of this two-exponeatial
duyadmdynmkmdexdminQW'sm
oot yet weil understood. [n this paper, the origin of the
two-expooeatial decay of excitoaic transition in a QW has
besn studied by using time-resolved photoluminescencs.
We demoastrate that the origin of the two-exponential de-
‘aydadmmmeW’shcaMbyexciwn
transfer between the bound and the costinuum states
(fres carriers) via acoustic phonon-exciton (phonon-{res
carriers) interactioa.

The sample used for this study was a GaAs-
Al sGaasAs MQW which was grown by molecular-beam
epitaxy on a GaAs(100) substrate without growth inter-
ruption. [t comsists of aiternate 250-A well layers and
278-A Al sGaosAs barrier layers with a total of ten
pu'iod.s. Experimental details have been described previ-
ously.

Figunlshovsasemilo‘aﬁthmicphtofumponl
of photoluminescence of 3 GaAs-AlasGaasAs

MQW measured at thires representative emission energies
around the heavy-hols exciton transition peak. The inset
shows the time-integrated emission spectrum with heavy-
hole and light-hole exciton luminesceacs peaks at 1.5253
and 1.5297 eV, respectively. These values are consisteat
with thoss calculated by using the transfer-matnx method
with the conduction-band offset parameter being 0.65 and
the binding energies of heavy- and light-hole excitons be-
ing 5.8 and 6.2 meV, respectively.” The shouider at about
1 meV below the heavy-hols exciton peak is due to cither
impurity-bound exciton or biexciton transitions.*? [t is
known that the exciton emission linewidth is predominant-
ly caused by interface roughnesses.'® Therefore, lumines-
cence signals measured in the vicinity of the exciton traa-
sition peak correspond o exciton recombination occurring
in different QW domains.*'® [n Fig. 1. the nonexponen-
tial decay of photoluminescence is clearly observed with

4

Mmdaymmﬁ:;udﬂmm“-

gies.

Figure 2 plots the luminescencs as a function of delay
time ¢ measured at the beavy-hole exciton transitios
peak. The rise part of the luminescencs is oot shown here
and f¢ =0 has besn chosea at the peak position in the
luminescencs temporal respoases of Fig. I. Crosses show
the measured values while the dashed and solid lines are
fittings using one- and two-exponsatial decay, respective-
ly. From Fig 2, it is clear that the decay of the beavy-
hole excitons cannot be described by a singie-exponeatial

)
10 T T T T
300
s = 200
. A S ]
g- 104 B s < 100 -
2 N =
3 : ;'. O ’ :
= - : 1.52 1.538 1
3 . " \Swzy (o) ]
s ! ~
= .03 L .
g0 f e —Ie15284eV © \ 3
E ¢ oo zeis2ssev O\, -
B ~
b : + 2e1.5239eV e, %
I ““" }
ng K] | 1 i i Vi
0 2 4 6 3 L2
Time (ns)

FIG. 1. Semilogarithmic plot of photoluminescencs intensity
vs delay time for thres representative emission energies around
the beavy-hole exciton transition peak of 3 GaAs-GaesAlasAs
muitipie quantum weil. Well and barrier thicknesses are 250
and 278 A, respectively. The excitation energy was 2.125 eV
with an average power deasity of 0.2 W/cm?. The inset shows
the low-temperature (8.5 K) time-ategrated photoluminescencs
emission spectrum showing the hesvy- and light-hole exciton
ermussson bands.

12949 1990 The Americas Physical Society

)



12950

'
(3

ne (107

o
A
(,.01) *u/fru
JUON PR

[®]
“w
[e]
w

Q b}

3 2 ¢ 5 310
te (n3)

intensity (arb. units)

-t
o
MRAAML |

-
-

0 2 4 8 8 10
tq (ne)

FIG. 2. Lumissscesce ss 2 fusctioa of delsy time ¢ mes-
sured ot the hesvy-hols excitoa traamtion psak. Crosses show
using one~ and two-expoosatial decay, respsctively. (¢ =0 has
besa chossa st the peak positios ia the luminescencs temporal
responsss of Fig. |. The inset shows the relative (res carrier
population as and the ratio of 2/ to the exciton population , as
hﬁ:ddﬁyﬁ-m Ry + 8, has besa normalized to uaity
L 7]

form. However, the two-exponential decay fits perfectly
with the experimental data. Therefore, in general, the de-
cay of the heavy-hole exciton ransition in QW caa be
writtes as

1@)=Aexp(=t/t))+Bexp(—t/1q), 1)

where r; and r; are the two decay ume constants repre-
senting faster and slower decay components and are about
0.9 and 4.2 as measured at the heavy-hole exciton transi-
tion peak, respectively. Furthermore, decays of the exci-
toa recombination in entire heavy- and light-hole excitoa
emission bands are also exactly two exponential. We have
obtained the two decay time constants as functions of
emission energies in the heavy-hole excitoa emission band
shown in Fig. 3. We ses that ¢, to be shown mainly dus to
the radiative decay of excitons depends only weakly oa the
emission energies. [a contrast, r; depends strongly oa the
emission energies and decreases moaotonically with in-
crease of emission energy from 6.4 ns at 1.5232 ¢V o
about 2.2 as at an energy of 1.5268 ¢V. We want to indi-
cate here that the time coastants of the slow decay com-
poneat at the lower-energy side are even larger than the
exciton lifetime in the bulk GaAs (3.3 ns)."!

It is known that at room temperatures, optical non-
linearities in absorption spectra of GaAs-Al,Gaj-;As
multipie and single quantum well structure under high
laser excitation intensity is due to the ionization of exci-
toas after their creation, '*'’ and the transfer between the
bound and the coatinuum states becomes important.'*
The excited states of excitons (including the continuum
states corresponding to the ionization threshold of exci-
tons) in QW's have also been observed at low tempera-
tures under low laser intensity excitation.'>'¢ [a this
Rapid Communication, we interpret that even at low tem-
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-FIO.J. Decay time coastasts of v emis-
£08 energies ia the emission basd of the heavy-hoie exatce
lumiasscence. The asterisks represeat the experimental mes-
sured n (lower vaiues) and 1) (higher values). The solid lise of
1 is 8 least-squares fitting (ses text). The solid line for v is the
caiculation resuits.

peratures excitons are not oaly occupying the bound states
of lowest energies, but also higher dissociated states (ion-
ized excitons or fres carrisrs) due to thermal ionization.
Here, we concentrats on the behavior of the fres excitos
decay after 1, =0. which is about SO0 ps after laser excita-
tion. It is known that hot carriers initially generated by
above band-gap excitation relax to the bottom of the sube
band and thermally distributed to generate excitons
within about 200 ps at 1.8 K.'” and thus our system is i
thermal equilibrium at 7y =0. Under the above considera-
tioa, the rate equations for the excitoa populations in the
bound and the continuum states at delay time t¢ > 0 cas
be written as

dn,
7 Yeg =Une+0nyp,

dnr

7 v =Dne+Un, ,
where n, and n- denote. respectively, the exciton populs-
tion in the bound state (1S ground state) and the [res-
carrier population in the conduction band. 7, and yy are
the recombination rates of excitons and free carriers.
U(D) is the rate of exciton transfer from the bound (con-
tinuum) to the continuum (bound) states. [n writing Eq.
(2), we have included all other excited states into continu-
um states since experimentaily observed transition from
excited 2§ exciton state is cocresponding to the continuum
edge and the transfer time of the continuum to excited
states is expected to be negligible. Effect due to
impurity-bound excitons or biexcitons have been neglected
since their populations are very smail in our case. The
solution of Eq. (2) is an exact two-exponential form of Eq.

()
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4 DYNAMICS OF EXCITON TRANSFER BETWEEN THE BOUND . .. 12951
(1) with v a;e functions of exciton binding energues, £,, which de-
e D2 pend on emission energies as a resuit Jf interface rougne

th = rly, +y+0+U=((y,+U=y,-D) ness. The recombination rate of free carrers ‘excxtongzn
+4DUIVY . (3) the continuum states) y, is assumed to be independent of

In order to compare with experimental resuits, we need to
know two more quantities among four unknowns, y,, 77,
U. and D. Exciton transfer rates U/ and D can be calculat-
ed by using quantum theory and consider that the exciton
transfer process is assisted by emission or absorptioa of
acoustic phonons. D and { thus can be written as .

D=(22/A )§§2 | M 137k In(q)+1)
q
x§(k =k ~q)8(E, ~E;~Aw),

@
u-(z:/u){:{;; | A€ 131 (ks)n(q)

x8(ky =k +q)8(E; = £, +Ae).

Here M is the matrix clemeat depending oa the interac-
tion, n(q) = {exp{A@(q)/kT =1}l ' is the probability of
finding an acoustic phonoa of wave vector q at tempera-
ture T, and f(k) the probability of the initial excitos
stats being occupied has besn assumed to be a Boitzmana
distribution. £, and £ are the excitoa energy and k; and
k3 are the two-dimensional wave vectors of excitoas in the
plane perpsadicular to the growth 2 axis in the initial and
final states, respectively. Here the bound state preseats
initial (fnal) siate for U'(D). The detailed calculation
procedure will be published in s forthcoming paper.'$
However, an important result obtained is that D and U are
reiated by the following expression:

D=Uexp(AE/kT) , (s)

where AE is the energy differencs between the continuum
and the bound states. which is the binding energy of exci-
toa £,. With an approximatioa of the matrix element M
being a constant and independent of k, (i=1,2), from
Eqs. (3)=(5), we can caiculate r; and ;.

The key factor which causes r; to be strongly dependent
oa emission energy is the emission-energy dependencs of
the exciton binding energy AE(=£,) as a result of inter-
face roughnesses. The observed exciton emissioa
linewidth corresponds to a weil width fluctuatioa of about
20 A at 250 A, we therefore use an approximation of a
linear reiatioa for £, as a function of weil thickness L,
EyzL)=E,(Lo) =alL=Ly), where Lo=250 A is the
average well thickness and & is about 0.012 meV/A in this
region of L' We also use an expression., 1 =t
=A(L = Lg), to account for the changing of the radistive
recombination rate with L, where §=3.08x 10"} n/A
and 19 =0.35 ns, which are consistent with those deduced
from the exciton transition peak position shift with delay
time.* However, taking r, as a constant will not aiter the
behavior of r;. Strong dependencs of r; on emission ener-
gies is a direct consequence that the traasfer rates D and

well thickness in this region. ¢; as a function of emission
energy has been caicuiated and the result s piotted as a
solid line in Fig. 3, which 13 in good agreement witn exper-
imental data. The best fitting between expenmental data
and calculation yields y,"' =20 ns consistent with the
value obtained previousiy™® and the matnx element
M=1.39%10 "* meV. Based on these results, the physi-
cal origin of the two expoaential decays have been com-
pludy resoived. The fast decay rats is mauniy due t0 the
radiative recombination of excitons. The slow decay com-
poneat is dstermined by the recombinatioa rats of fres
carriers and the rates of excitos transfer between the
bouad and the coatinuum states.

At L =250 A, the transfer rates U and D are 7.52x10*
and 2.06x10° s ~', respectively. Although the transfer
rats of D is 3 orders of magnitude larger than that of U,
the absolute sumbers of excitoas transferred betweea the
bound (coatinwum) and the coatissum (bound) states are
compatibie, since the populatioa of excitoas in the bound
state (r,) is about 3 orders of magnitude larger than thoss
in the continuum state (n/) ia our case, as shown in the
inset of Fig. 2. In the inset of Fig. 2, we piot the variatioas
of ny and ns/r, as functions of delay time ¢y. Here, n,+n,
has besn normalized to unity at 1 =0. We ses that the
relative population of excitoas in the continuum stats
(fres carriers) increases with the increass of 7,. This is
caused by the fact that the transfer rates U and D. as well
as the fres-carrier recombination rate, are much smaller
than the exciton radiative recombination rate ia the bound
state, which aiso leaves ) being hardly affected by the ex-
citoa transfer Setwesn the bound and the coatinuum
states. Ancther point we want to indicate is that the pop=
ulation of excitons in the bound and the coatinuum states
are in thermal equilibrium only at ¢y =0 due to the
transfer rate being smaller than the radiative decay rate in
the bound state. The discrepancy between the calculated
and experimental results of r; in the high-energy side of
Fig. 3 is caused by the luminescence inteasity overiap be-
tween the heavy- and light-hole exciton transitions. The
absencs of the transitioa line from the free carners, espe-
cially at high temperatures, may be dus to the (res carrier
recombination rate being much smaller than the transfer
rate D, yet remains to be investigated.

In conclusion. the origin of two-exponential decay of ex-
citonic transition in GaAs-Al,Gs, -;As MQW's has been
investigated. Our resuits demonstrate that the two-
expoanential decay of exciton transition is a direct conse-
quencs of the exciton transfer between the bound and con-
tinuum states (free carriers) via acoustic phonon-exciton
(phonon-free carriers) interaction. The recombination
rate of free carners as well as exciton transfer rates are
obtained.
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Time-resolved photoiutmunescence has been used to study the effects of interface roughness on ex-
citomic tranmaons i GaAs-Al,Gs, . ,As multple quantum weils. [a addition to the luminescence
linewndth broadening and Stokes red shuft, the interface roughness also strongly afects the dynamuc
procass of optical transitions 3o that the excitonic tranmnon peak shifts with delay time. However,
mmmcxammmmmMum«hymmmﬁnamubm
deilsy times. A maximum shuft of about 0.1 meV at 3 delay time of 4 ns was obtained. We have
demonstrated that the peak siust is caused by interface roughness in the quantum weils. Further-
more, the decay of the excitonic :ranniuon is found to fit a two-exponential form. Based on a model
involving interface roughness and two-expoaential decay, we calculated the position of the excitonic
transition pesk as a function of delay time. Qur caiculstions are consistent with experimental re-

sults.

L INTRODUCTION

Recently, quantum-well (QW) and superiattice (SL)
structures have attracted 3 great deal of attention because
of their novel properuies. !=* Since the proposal of these
exciting new structures, ¢ they have been studied exten-
sively, and thus many important features have been
discovered. For fundamental physics. quantum-well and
superiattice structures have been used to explore the
physical properties of 8 whole new fleld of low-
dimensional systems and quantum effects. Many novel
phm n the quantum regime have been discovered,
such as cesomant tunneling of doubie-btmet quancum

" wells with negative differential resistance.”* By separat-
ing the impurities with charge carriers by modulation
doping, a significant mobility enhancement in GaAs-

Al,Gs,_,As quantum weils has been achieved.”'® Ap-
plications of these quantum wells and superiattices in-
clude high-speed electronics, optoelectromcs aad photon-
ic devices, such as quantum-well lasers,'"'? modulation-
doped fleld-effect transistors'’ (MODFET), photodetec-
tors, ' ete.

Although much work has been done in this fleld, there
are only a few investigations that concentrate on the dy-

40

namic processes of excitonic transitions in QW and SL.
The lifetimes of excitons in GaAs-Al,Ga, _,As quastum
wells were Arst reported by Christea er al. 1 An increase
of almost one order of magnitude in the traasition rate of
excitonic recombination in GaAs quantum wells with a
well width of 52 A compared with bulk GaAs has been
observed. They also found that the decay of the excitonic
recombination is nonexponential.

Molecular beam =pitaxy (MBE) techniques can be used
to grow QW and SL with very high quality but roughness
at the interfaces of :wo materials of QW and SL caa still
not be complietely eiiminated. [t is of interest and impor-
tance to know how this roughness affects the optical pro-
cesses in QW's. The interface roughness {or interface de-
fects) in QW’s has been studied previously by low-
temperature continuous-wave (cw) photoluminescence
and by photoiuminescence excitation spectroscopy.'®'’
The main effects so far observed due to the interface
roughness were exciton linewidth broadening and the red
shift (Scokes shift) of the emission: the emission of the
lowest heavy-hole exciton generally is slightly shifted to
low energy (typically a few meV) with respect to the ab-
sorption or excitation spectrum maximum. This was at-
tributed to localization of excitons within potential fluc-

11 862 ©1989 The Americaa Physical Society
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tuattons due to interface roughness. The cw lumines-
cence and pnotoluminescence excitalion SpecIroscopy
used to date to study the interface rougnness of the QW
yieids very little understanding about :he role of the in-
tertace roughness in the dynamic process of optical tran-
siuons.

In this paper we investigate the effects of interface
roughness on the dynamic process of opticai transiuons.
Low-temperature time-resolved photoluminescence of
GaAs-Al,Ga, . As muitipie QW's has been studied. The
peak positions of heavy-hole exciton uminescence shift-
ing with delay time has been observed. The shift is ac-
counted for by interface roughness. A caiculation based
on interface roughness and a two-exponenual decay
forms fits the experimental resuits very weil.

L EXPERIMENT

The sample used for this study was a GaAs-
Al, sGag sAs muitipie quantum well (MQW) which was
grown by molecular beam epitaxy on 2 GaAs(100) sub-
strate without growth interruption. [t conmsts of aiter-
nate 278-A Alg ;Gay JAs barmier layers and 250-A well
layers with a total of ten periods. The x-ray diffraction
MM:MI&.&«SZS&wMumM
agresment with the design parameters.

Ezxcitation pulses of about 7 ps in duration at a repeti-
tion rate of | MHz were provided by a cavity-dumped ul-
trafast dye laser (Coberent 702-2CD) with an average
power of 10 mW, which was pumped by a yrtrium alumi.
num garmnet (YAG) laser (Quantronix 416) with a frequen-
cy doubler. The puise duranon was continuaily moni-
tored by using a rapid-scan autocorreiator.'’ The Lans-
ing photon energy was 2.125 eV with a spectral width of
2 meV. A time-correiated single-photon counting system
with a double monochromator (Jareil Ash 25-100) and a
computer were used for the measurements. The efective
time resolution of the system is about 0.2 ns. The sample
was mounted strain free inside a closed<cycle He refri-
gerator and maintained at a temperature of 8.5 K.

L RESULTS AND DISCUSSION

Experimental results of low-temperature (8.5-K) time-
resolved photoluminescence at three different delay times
for a Ga.A.s-A.lu,Ga‘,Aa MQW are plotted in Fig. 1.
The exciting photoa energy m 2.125 eV at an average
power density of ~%0 mW/cm?. The luminescence at
different delay times bas been rescaled for presentation.
The peaks at 1.5252 and 1.5295 eV are ascribed, respec-
tively, to transitions of s heavy-hole (n=1, ¢-HH) and
light-hole (n=1, ¢-LH) excitons, which are composed of
an electron and a heavy (light) hole belonging to the
lowest state (n=1) in the QW. These values are con-
sistent mth those calculated by using the transfer-matrix
method'*® with the conduction-band offset parameter
being 0.65 and the binding eaergies of heavy- and light-
hole excitons being 6.0 and 6.2 meV, respectively. The
observed spectral width (about 1.78 meV) is attributed to
the interface roughness of the QW.'!" [n Fig. | there is
a shoulder at about | meV below the heavy-hole exciton

117

11363

. Teds ¥
. o '=30 a3
as

=22 as

« =33 s

Lumines. lutensity (arb unils)

'—'-r—r-l—-'—"‘ L] l L Sl ] 1] [ l ] v
\\ "B
s
~ Zle
{ . 'y
VR I

[

.52 1.52251.5251.527S 1.53 1.5328
E (eV)
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peak which has 1iso besn reported by Miller and co-
workers. -2 Basea an the excitation intensity, tempera-
ture, and polanzauon dependencies of this low-energy
peak (shouider aere), they conciuded that it was due to a
biexciton transition with s binding energy of about 1
meV. By using excitation-intensity-dependent lumines-
cence and time-resolved spectroscopy, Charbonneau and
co-workers™ recentiy showed that the lower-energy com.
poneats of heavy-hoie excitonic transitions have different
origins in different samples and can be attributed adur
to biexcitons or to impurity-bound excitons.

One important feature depicted in Fig. | is that the ex-
citom transition peak shifts toward lower energy as the
delay time increases. This is manifested as the intensity
ratio of two data points at the exciton luminescence max-
imum changing with increasing delay time. Here, delay
times were measured from the end of the excitation
pulses. The origin of this shift cannot be correlated with
the filling state phenomena**’ because of the temporal
behavior as will be discussed lacer.

In order to fully explore the fact that the exciton tran.
sition peak shifts with delay times, we have performed a
high spectral resolution experiment around the peak posi-
tion of the heavy-hole exciton transition. The results are
shown in Fig. 2, where all the parameters and expenmen-
tal conditions are the same as those in Fig. 1. The solid
lines in Figs. | and 2 are a guide to the eye. Figure 2
clearly demonstrates that the peak position of the heavy-
hole exciton transition shifts toward lower energy with
increasing delay times. We have used a least-squares fit
for the expenmentai data to find the peak positions at
different delay times. The effect of the lower energy
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FIG. 2. High resolution time-resoived photoluminescence
spectra around the peak pomtion of the heavy-boie exciton tran-
sitiom at three different delay times. The slit wideh and
stsp width were, respecuvely, 0.4 and 0.5 A. Other parametars
and experimental conditions are the same as those in Fig. 1.

shoulder on the peak position of the heavy-hole exciton
transition have been eliminated by deconvolution. This
effect is shown to be negligible. Only a few data points
around the maximum intensity of the excitonic traasition
were sufficient to obtain the peak position at differeat de-
lay times. The results for the heavy-hole exciton peak
position at differnt delay times are shown in Fig. 3 (cir-
cles). From Fig. 3 we see that the maximum shift is only
about 0.1 meV at about 4 ns. Another feature is that the
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F1G. 3. Energy position of the emission intensity maximum
of heavy-hole exciton as a function of delay time for GaAs-
Aly sGaq jAs multiple quantum weils. The quantum well pa-
rameters are the same as those in Fig. 1.
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peak positions shows i red shuft at the snort deiav ume
(0= ns). and then turas over sevond 4 as. One notices
that the shift at short detay umes :s aimost linear. The
amount of shift is smaul: aeverthe:ess. it contains very .m-
portant information. The :xperimental resuits shown :n
Fig. 3 can be interpreted :n terms of the :ntersface rougn.-
ness in QW’s and 1 :wo-exponenuiai decay Jf the exc:ton-
ic transition.

Figure 4 presents a schematc diagram of the :nterface
roughness in 3 QW along the growtn axis ‘a), and :he
concomitant effect on the photoiuminescence linewidth
broadening ib) and exciton lifetimes ‘c). The fluctuation
in well (barner) thickness can only be integral muitipies
of one monolayer. [n the quantum-weil laver plane, there
are domains formed by the different well thicknesses with
sizes varying from a few qundred angstroms to a few mi-
crometers. Different emussion energies around the pninci-
ple excitonic peak correspond to excitons recombined in
different spatial domains. As we have shown in Fig. 4,
line 4 represents the lower photon energy which corre-
sponds to excitons recombined at the location of a mider
quantum well while line B represents the higher photon
energy which corresponds to che excitons recombined at
the location of 2 narrower quantum well. In Fig. 4b)
FWHM indicates the full linewidth at the half maximum.
There was no investigation carried out previously ad-

(@)

(b)

> - - - -

(¢)

FIG. 4. A schematic diagram of the interface roughness in J
quantum well shown aiong the grewth axis (a). (b and :c! show
effects of roughness on the linewidth broadening and excitor
lifetimes.
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dressing the fact that excitons recomouned at line {4 wiil
aiso have a larger lifetime than those recombtned ac .ine
8. Thus near the excitonic transition tntensity max-
imum. the lifeume of the exciton, = wril have a depen-
dence on emussion energy £. which can be wntten as
n E). Because the weil Auctuation normaily 1s within a
few monolayers the change in lifettme of excitons arcund
the peak position is smail. This is probaoly the reason
that this efect has been previousiy negiected. However,
the change of exciton lifetime with respect to the emis-
sion energy E. dr/dE, can provide very importaat pnysi-
cal information, since the recombination rate of the exci-
ton depends on the QW thickness.**" The larger the
quantum weil width, the longer the exciton iifetime, as
indicated in Fig. $c).

First. let us prove that energy-dependent exciton life-
times can cause the transition peak to shift with the delay
time. Because the total amount of peak shuft is very smail
(0.1 meV) we can write 7 as a function of E, near the en-
ergy of mazimum intensity £,, as

HE)mHE ) +(E—Ejla; (n

here H{ E,) is the lifetime of excitons measured at the en-
ergy of maximum intensity of delay time r,=0 and a is
the lifetime change rate with respect to energy,
dr/dE)| 1, Assuming the line-shape intensity distnbu-
tion around the peak is a Gaussian with a single exponen-
tial decay, the luminescence of the excitonic traasition
can be written as a function of delay ume ¢, and energy £
as

(E‘Eo)‘ ty
I(E,24)=[yexp -—c:—-—ﬁ . (2)

Here [, and E, are the maximum intensity of the exci-
tonic transition and the energy position of the intensity

peak at delay time ¢, =0, cespectively, while o defines the -

linewidth which correlates the QW thickness fluctuation
parameter.®? In Eq. (2), Ioexp[ —(E =E4)}/a*] repre-
sents the Gaussian intensity distribution at f, =0, and
exp( —t,/rE)] is the decay factor which depends on en-
ergy. The peak positions at different delay times can be
obtained by setting

dI(E,tg) -

7E 09, (3)
which gives
: dr
)mEy+—2—2, . (4)
Enultg)=Eo AREF dE

Here we have assumed that the linewidth of the excitonic
transition is independent of the delay time, which is con-
sistent with the experimental results shown in Fig. 1. Be-
cause the second term in Eq. (1) 1s much smailer than the

first, we obtain from Eq. (4)
—
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Eﬂn !’;’C' —,r x
't‘-E~; ]'

=
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Eguation ' ) indicates that the peak position of the 2xc:-
tonic transition wiil shift lineariy to lower snerzies as the
delay tume increases. since a=ar-dE = g- 4L,/
'@aE/dL1 <0, 1e..dv/dL>) and dE. dL <). Here L is
the average thickness of the QW's.

The ioove caiculation snows that the peak position of
the excitonic transition will shift as the delay tme in-
creases because of the presence of interface roughness in
the QW’s. However, Eq. (5) only gives a linear red shift
of peak position with the delay tume. which s ncon-
sistent with experimental observation depicted in Fig. 3.
The experimental results are more compiicated and can-
not be fully described by Eq. 15). As we mill see, by using
the above treatment with the assumpuon of a two-
exponenual decay for luminescence, the expennmental re-
sults can be well accounted for. This is obtained by
rewriting the luminescence intensity as a function of
emussion energy £ and delay times ¢4, around the peak
position, as

I(Et;)mexp(—(E =Eq)t/a?]
X { A exp{=t,/7(E)]
+8 up(-t‘/fz(f)]] ’ ()]

where 4 and B are constants. Here r, and r, are time
constants which are both functions of energy E. From
Eq. !3) we get

ot f(E.tq)
‘ Ew(f‘)-Eg—?m, N
with
! Ct, |dr [}
f(E"‘)-,.‘—f;':_E‘). Elexp[- r,(‘E) ] (Ta)
and
giEs)= ﬁ C exp [ ] , (Th)
o l rE)
where
1 (i=!"
C=|B/4 i=2). (7l

One notices that C, =8/ 4 is the ratio of two lumines-
cence components at t, =0. For energies near that of the
excitonic transition peak, we can write

f,(E)’f,(EQ)‘(E-EQ?a, (i=1,2). (8)
By using Egs. (7), (7a), (Tb), and (8) we obtain

3
. 3 (Caty/7HE lexp( =ty /7, (Eq)]

O° 1=l

9)

Em‘.(l‘)’so"‘T 1
S Cexp(=t4/7(Ey)]
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Parameters . =, =.. and C. can be jeduced rom ex-
pennmental measurements. One sees that o 1s related (0
the FWHM by FWHM=lIn2¥’s. The value of
FWHM obtaned from Fig. | is about 1.78 meV, which
gives o =1.07 meV. r(E,) (=09 ns) is the ume con-
stant of the fast decay component of exciton lumines-
cence measured at the 2nergy of the intensity maximum
occurnng at ¢, =1, which corresponds to the exc:ton life-
tume of radiauve recombination. . £,) is the tume con-
stant of the slow decay component. which s measured to
be 4.2 ns. One notices that this time constant does not
represent the lifetime of exciton recombination since it is
even larger than the exciton lifetime tn bulk GaAs (3.3
ns).”? (The physical ongn for this two-exponential decay
is under invesugaton.) Now C. is measured to be 0.07.
We insert these values into Eg. (9) and adjust @, and a, to
obtain the least-square fit with expenmental data. We
find that, with a,=—0.06 ns/meV and a,=—0.42
ns/meV, the plot of Eq. (9) shown as the solid line in Fig.
3 is in exceilent agreement mith expenimental results (cir-
cles). Here a, represents the change rate of exciton life-
time with respect to emission energy, and thus the fitting
value ( —0.06 ns/meV) gives a total lifetime change of the
fast decay component of about 0.06 X 1.3 0.1 /ns) within
the FWHM. However, as we mil show later, one does
not need to measure the exciton lifetime of QW's with
different thicknesses in order to obtain the change rats of
exciton lifetime wth respect to well thickness, dr/dL. A
much easier way to obtain dr/dL is to mesasure the peak
position shift as a functuon of delay ume.

We studied the temporal response of the luminescence
at the excitonic transition peak as shown un Fig. 5. The
circles are the experimental vaiues which have been
deconvoluted to account for the temporal response of the
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F1G. 5. Luminescence of heavy-hole exciton as a function of
delay time. The circles show the measured vaiues while the
dashed and solid lines are fit using one- and two-exponential de-
cay models, respectively 'see text).
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detection system. The rising part of the luminescence 5
not shown here. The dasned and soud lines ire :ne
theoreticai fit ootained using one- and :wo-exponem::u
decay modeis. respectiveiy. From Fig. & it is =iear thar
the decay or heavy-noie excitons cannot de descripeq sva
single exponential ‘orm. The two-exponent:al gecay irs
the expenimentai resuits very weil. The decay ume con-
stants ootained from Fig. § are 0.9 and 4.2 as. respective-
ly, for the fast and slow components. This two.
exponential decay behavior has been observed recently by
other groups. ©

Following the discussions prenmcd above, d~/dE, the
time-constant change rate with respect (o emussion ener-
fies E obtained (rom the peak shift, can be used to
deduce the lifetime of the exciton in QW's of different
well thickness, since we knew from previous work that
the lifenme of the exciton increases aimost linearly with
weil thickness.’*s’” From aw=dr/dE=(dr/dL)/
(dE/dL), we have

dr _ dE

4L aa (10)
Here

E=E (GaAs)+E, +E,~E (1)

with £,(GaAs) being the energy gap of GaAs material
E, (E,) is the confinement energy of the electron (hole) in
the QW which is messured from the bottom of the con-
duction (top of the valence) band. £, is the binding en-
ergy of the exciton. By noting that the change wn the
binding energy of the exciton with respect to well thick-
ness L. dE . /dL. is much smaller than the change in
confinement energy of the electron or hole, we can
neglect dE, . /dL. [n addition, the confinement energies
of the ground-state electron and hole (of the order of 10
meV for our sampie; are much less than those of the con-
duction and valence potential barriers (a few hundred
meV here). Thus we can estimate E, and E, by treating
electrons and holes as particles bound inside an infinitely
deep QW. Therefore we have

g _#2 _ #e
Zm,'Lx zm;Ll Z#.Lz *
Here L is the average well thickness and u*=m'm;
(m; +m,) is the edective reduced mass of the exciton.
From Egs. (10)<(12) we obtain

dr ___#2 2

—m——=q.

dL wL- L

We used m =0.067m, and m,) =0.45m, for the elec-

tron and hole effective masses msadc the QW 1334 where
m, is the effective mass of electron in the free space.

With well thickness parameters of L=250 A and
a, = —0.06 ns/meV obtained in the above we find

dr
— x
aL =2.6x10") ns/A .

E,+E,= 12

(13)

This value is in good agreement with those extrapolat-
ed from the expenmental results of Ref. 26, 1e.
~2.5%10~" ns/A. Here we want to indicate that in Ref.
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26 the authors detined the ume at which the intensity has
dropped to l/¢ of its maximum vaiue. = ,, 13 the ufeume
of the exc:ton. The real lifeume of the exciton ragiauve
recomomnation wil be different {rom this vaiue. Never-
theless. d=/dL deduced from their expenimental results
will be very close to the real value. Since exciton iifeume
\s approximateiy proportional to weil :hickness. one can
deduce :he exciton lifetume for different well thicknesses
by measunng r and dr/dL for one quantum-weil thick-
ness.

IV. CONCLUSIONS

We have studied the efect of interface roughness on
the time-resolved photoluminescence of the excitonic
transition of GaAs-Al,Ga .. As muitipie QW’'s. We
found that the energy posmition of inteasity maximum of
the excitonic transition shifted as the delay ume in-
creased. Based on a model involved interface roughness
in the QW"s and the form of a two-exponential decay for
luminescence. we calculated the peak position as a func-
tion of deiay times. The caiculated resuits are in good
agreement with experimental observations. From these
messurements, we obtained the change rate in exciton
lifetime with respect to the weil thickness L. We showed
that this is a very effective method to measure dr/dL
compared with the usual procedure of measunag exciton

‘1367

lifetimes at different weil thicknesses directly. From :the
above discussions we see :nat Hesides he .inewia:n
broadening and Stckes r2d smut. the :ntertace rougnness
also strongiy atfects the dvnamic orocess of the aoucal
transition. The resuits Jbtainea here ire very :mportant
for fundamentai researca and aiso very useful for sracu-
cal appiications, sucn as narrowing the spectrai and ume
pulse widths of QW lasers.

Obviously, the =dect of QW thickness Auctuations on
the dynamic process of optical transitions s very impor-
tant. There are suil many important questions to bde
answered. One of the most important questions here is
why the decay of the exciton transition 13 composed Jof a
two-exponential form. In future work, we mill study the
dynamic process of the optical transition by using QW's
with different weil thicknesses and at different tempera-
tures. We hope that these studies will provide more un-
derstanding of the compiicated effects of interface rough-
ness.
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A series Ji quasthomogeneous superconducting powders of YBa;CujOv-, have been srepared
by sieving and charactenzed Sy etectron microscopy ana x-ray diffraction. Quantitative size-
dependent and temperature-dedendent magnetic 'evitation and susceptibility measurements of
random powders and of field-onented (at 7 < T, =92 KJ smail grains ( <20 um) condrm previ
ously observed symmetry-breaking etfects associated with the twin boundary pianes and suggest
that the buik amisotropic superconductuivity is measurably perturbed by interfacial effects.
Current modeis of interfacial superconducuvity in high-7, matenals are evaiuated ia light of

thess and other resuits and are found to be lacking.

It is commonly assumed that Yba:Cu;Ov-, is a pure
bulk anisotropic superconductor’-* (BAS) whose proper-
ties are influenced by the (110) twin boundary pianes
(TP's) which are a naturai consequence of its orthorhom-
bic structure’ and act as “weak links’ between BAS re-
gions. But the only theoretical model to date which quan-
titatvely relates the bulk superconaucuvity to TP's is the
superconducting giass modei.* This model is controversial
and the subject of serious chailenge.*

Recently, Garcia et al.’® suggested that the supercon-
ductivity in Yba;CujO1 -, is 2 nonouik TP efect. On the
basis of scanning tunneling microscooy (STM), ac suscep-
ubility, and qualitauve levitation measurements they
ideaufied the TP's as “strong links” and attnibuted the su-
perconductivity t0 a purely interfacial Allender-Bray-
Bardeen (ABB) excitonic mechanism?® which would func-
tion for all temperatures beiow T.. While x-ray studies of
oriented small-grained powders’ showed symmetry-
breaking supercurreat paths parailel to the TP’s in addi-
tion to those parailel to the basal (ab CuQ) planes. these
studies were compauible with either a weak-link or
strong-link ongin. Subsequently, TP supercurrents have
beeg associated with the hybnd phenomenon of twin-
plane superconductivity’ (TPS) and with oxygea vacancy
ordenng’ (OVO) both of which are activated at a temper-
auce-T.' < T, below which the BAS mechaaism obtains.
(Nate. that BAS is the underpinning of TPS and OVO
neither of which can exist in pure form and both of which
are strong-link modeis.) To date the TPS model has been
employed to quanutatively account for the temperature
dependeace of the upper critical fields’ and of the speciic
heat‘? of Yba;Cu3Or-,. While the evidence for interfa-
cial effects in the superconducuvity of Yba;CuyOr-, is
suggestive it is not conclusive. Accordingly, we present in
this article the first quanutative studies of the magnetic
levitation and suscepubility of or:eated powders of
Yba;CuyO07-,. These studies are apparently incompati-
ble with the assumption of pure BAS but support a hybnd
mechamsm which partiaily localizes the supercurrents to

19

the neighborhood of the TP"s. .

Quasithomogeneous powders of Yba;CujOr-,, x~9,
were synthesized by the usual method'' and sieved into
the following size distributions: 4 <20 um: §—e¢<d
<d+e =5 §=2S, 35, 45 um: e=12.5 um, §=625,
87.5 um. Powder x-ray diffraction studies of these
Yb2;Cu;Or~, specimens reveaied only those structurai
features associated with the 1:2:] superconducung phase.
We focus here on specimens with d < 20 um the typical
grains of which ire shown in the scanning electron micro-
graphs of Fig. . As can be seen from that dgure, the typ-
ical grain :s a disklike platelet with a basal (ab) surfacs
and an aspect rauo { = (diameter)/(thickness)] of ~1.5.
It is known "* that for smail grains of this type the TP"s ex-
hibit a umdirectional or at most bidirectional domaa
structure, the former of which is illustrated in Fig. 2.

Levitation studies were carried out using the ap-
paratus'? depicted in Fig. 2. with a transverse permanent
magnet having (A, ) me: #5000 G. The field &, (z), which
was measured with a spaual resoiution of 0.5 mm using 2
Hail probe. is snown in Fig. 3 together with a seven-
parameter polynomual least-squares fit from which the
gradient (aiso shown in Fig. J) was obtained. Susceptibil-
ity studies and fie:d-induced alignments were performed
with-a SHE vanaoie-temperature susceptometer while <-
ray studies were performed with a conventional Siemaas
powder diffractometer using a Cu Ka sourcs and a spin®
ning sample holder.

Whea powders with d <20 um are dropped from 2
height 2 at which A, (z) =0 through liquid ~itrogen (LN)
into the inhomcgeneous Geid of the magnet shown in Fig.
2. the monodispersed singie-domain grains do not levitate
but instead coilect at the bottom of the conrinernent tube.
[f the temperature :s reduced, these grains first levitate at
7422 K at : =4 mm and continue to do so with decreas-
ing temperature and/or increasing = until : @14 mm for
liquid-helium (LH) immersion. When small grains which
are nonleviating 1n LN are lightly compscted (without
sintening or cnemicai siteration) nto a pellet, that peilet

134 1989 The Amencan Physical Society
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FIG. |. Scanning electron micrographs of the d <20 um
powders of YBa:CujOv-. taken it magmificauons of 1000
(lower panei) and 2000 (upper panei). The large dat faces of
grains sucn as that centered in the upper panet ire basai (ad)
surfaces.

levitates in LN (LH) at z =8 mm (17 mm). Grains with
d > 20 um also levitate in borh LN and LH at these same
heights. All of the loose and compact random powders are
superconducting with typical Meissner fracuons (mea-
sured according to methods estabiished by Krusin-
Elbaum. Maiozemod, and Yeshurun‘*) in excess of 50%
as shown by the data of Fig. 4. The random powder data
of Fig. 4 are typical of pure phase |:2:3 matenal and show
none of the features. e.g., kinks at 7 < T, which are nor-
maily associated with impunty pnases and/or reduced ox-
ygenation. '

Assume for the sake of analytic solutions that the
Yba,Cuy07 - particies are magneticaily amisotropic pure
BAS ellipsoids whose susceptibiiity and demagnetization
tensors have coincident principai axes. A parucle of
voiume ¥ in an applied magneuc feid Hy wiil adopt a
configuration which minimizes U (Ref. 16) where

, : X, 3
(. —%fyM'Hko--ffv/;'m’-H;f,. (1)

Here, M is the magnetization of the parucie: .V,, Z,, and
Hy, are the demagneuzing factor. susceptibility. and pro-
Jection of the field along the sth principal axis, respective-
ly: and X,.V, =4x. The torque and force on the particle
can be obtained from U, e.8., 79 =3L7/36, £. =30/ 3z, etc.

Equation (1) can be used to establish the = dependence
of the ievitation force when the (ree particie has oriented

FIG. 2. A schematic diagram of the levitation expenment
with axes and angies labeied for reference in the text. The pnn-
cipal axes of the demagnetization tensor are labeled [. 2. 3 ind
u'(l parallel, respectively, to the crystallagraphic axes c. a (or 2),
b (or a).

itself to minimize U. Suppose a particle has descended
into a region where its locai field is less than the lowest
cntical field A\ (77 K) (1— Hollab pianes). Then
Z,=—=|/4z, j=1,2,3, and the term in Eq. (1) with
minimum YV, minimizes U. The particle will align with its
longest princioal axis (axis 2 in Fig. 2) IHo. [f.V; <3z or
Ho, > H.\, the levitation condition is

F.2)=-vM, (3H,(2)/3z) =(p=pLn)gV . (2)

where M, =H,/4r. p=6.38 g/cm’ is the mass density of
Yba;CujO7-¢, oLy =0.6 g/cm’ is the density of liquid

mtrogen, and g is the gravitauonal acceleration.
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FIG. 3. The measured transverse field (circles) and a seven-
parameter polynomiai it (solid line) (see text). The gradieat
(dasned line) was ootained anaiyucally from the polynomiai dit.
The additional ordinate scale on the far ngnt renormaiizes the
gradient to Pmeg(s) (77 K) the maximum vaiue of which :s indi-
cated along with o =oL~. the buoyancy-corrected gravitational
mass deasity of YBa;Cu;0r-..
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FIG. 4. The temperature dependsncs of the mass suscsptibili-
ty of YBa:CusOr-, powder (4 <20 um) in a random coa-
figuratioa (circies) and fisid-oneated (ses text) configuration
(squares). Open (solid) symbols represent feid cooling at 18 G
(zero-Geid cooling followed by feid heaung at 25 G). I[nset. the
field dependencs of the 5-K susceptibility of random powdar (a)
showing the extrapoiated critical feid 4.\ (S K)=300%=25 G
(verucal arrow).

(] 10.20 2

Equivalently, if we define pmeg{z) =F.(2)/Vg to be the
magaetic mass deasity, the parucie wil levitate if
(Orasg(2) lmas &0 =pN. _

Whean the local field exceeds the lower criticai field &¢,
along one or more of the principal axes of the parucle. it
enters the vortex state. For YBa:Cu30v-,,

HRY=HL=HODHS\, HY=HADHE
and
HA<HY<HA<HS.

(Magnetic anisotropy in the ab plane, although expected.’
has been observed’ but ot yet measured.) [a the range

M)
2

HI < H < H!;, M is approximatety 'inear :n A :n M
case N

l‘."‘"l/"tt)(H!MH‘,). )

.’4)

<)
Then the levitation condition is given bv Eaq. (1) 9y, oy
the term A, (z) repiaced by 1. For Hy > H.., demy,.
netizing etfects are negligible and the particle will align
a direction which mimmizes fux expuision. :.e.. aiong the
axis with the munimum vaiue of #{,. In the language o
anisotropic Ginzburg-Landau theory '’ this is the direction
corresponding to the smailest effective mass and thus the
highest A{;. But the product of A{, and H{; is rougniy
constant, i.e., (H{|H!;)'*® H,. where H. is the thermo.
dynamic cnitical fieid. So the direction with maximai A,
also has minimal H{, as asserted above.

We have used Eqs. (1)=(5) to determine the levitation
force on and preferred orieatation of a BAS parucle. The
results are summarized in Table I. The values of
(Dmag)mas Cited in that table were deduced from Fig. 2 us-
ing H,(77 K)=90=8 G. The latter was computed'?
{rom the lower critical feld. H/\(5 K) =300=25 G, at
which X(H,T =5 K) of a random powder linearly departs
from coastancy (ses inset, Fig. 4). This departure com-
mences when Ao .| for particles in the powder which
happen to be aligned with their ab pianes | Ho. Although
the departure is in principle quadratic in applied Seid for
single-crystal specimens or fully aligned widely spaced
grains, its analytic ‘orm. which depends strongly on uncal-
culable local-field corrections, is not known for powder
specimens. The assumption of a linear departure which we
used to compute A. (5 K) from the inset data of Fig. 4 is
thus reasonabie and uncertainties which this assumption
introduce are retlected in the large error bars on our mes-
sured value of H;,. Moreover, the above specified value of
H!\(5 K) is consistent with our measurements of oriented
powders and lies at the low end of the range of reported
values*-*? for that parameter.

Notics from Table [ that a pure BAS analysis predicts
that the parucle wiil not levitate in the Meissner state be-
cause field limitations constrain p.{.., to values €. How-

H, =Hy = (N /$r)HY, .
Z:l'(l +V‘Z,) -( - l/‘”)(H!le), )

TABLE I. Orientation and levitation of a bulk anisotropic superconducting parucie in a transverse
fieid, H,(z) at 77 K. The symbois m. v, and n denote the Meissner. vortex. ind normal states. respec-
tively, and S = ¢ M,V (3H,(2)/3z), where V is the particie volume and M, .s the induced moment. Axis

|abeis refer to Fig. 2.
——
Applied Axis (Drmeg ) mas
State fieid onentation F. (dyn) yem?
i V.
m H, <H)\ ll - ;I () 1A, SH.(2) 0.73
=2.05
‘V: } ; ) -
0 H 1= 3) <H,<HA (1) 1A, SH 26.3
=135
n H,>HA () 'H, 9 Q
n H,>H, None 0 0
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ever, he parucle shouid levitate in the vortex state for
wiich (Omag)mas > 400 =pLn). [If flux is more efecuveiy
expeiled from the TP's (of width ¢ with spacing L) than
from the intervening regions (of width L —¢) as would be
the case in a strong-link hybrid model. (Omag)mas Will be
reduced by approximately (/L. Then under the condition
(/L € (0= 01n)/(Dmag)mas =0.22 smail particles wiil not
levitate at 77 K, as is observed. Nonlevitation is thus like-
ly since the spread in reported values of ¢ (Refs. 4 and 20)
and L (Ref. 21) limit their ratio to why <¢/L< & . If
T, is the temperature at which small particies just begin
to0 levitate at maximum gradient,

((1/8x8) ¢/ LYHE (TL) (3H, (2)/32 ) mas =p = LN .
where

HAN(T) &AL (S KL= (T/92)%,
an empirical relation'® which yields the expected linear
variation''? near T.=92 K. Using the fact that for

T, =74 =2 K small particles just levitate at 2 =3.5 = 0.5
mm, the height of maximum gradieat (ses Fig. 3). we find

t/L=0.19 £0.04. For the case of ¢ ~30 A (Ref. 4) (S A’

(Ref. 20)), L =400 = 100 A (25 =6 A), well within (out-
side) the accepted range. !

The TP correctioa factor does not apply to random
powders, muitigrained particies, or to large particles with
muitidirectional TP domains. These morphoiogies cannot
uniquely align and the tited (nonaligned) TP's screen flux
from the intervening regions. [t is impossibie to analyt-
cally calculate the levitation force {or such agglomerates
because the agonlinear suscepubility in the vortex stats
lesds to nonuniform locai-fieid corrections. However, if
we treat 2 compacted pellet empirically as a disk with an
isotropic Z, the levitation force it wiil experience is given
by the force expression for the vortex state (row 2. column
4 of Table I). Using our measured value of H/,(77 K) we
find that the peilet should levitate whea 3H,(z)/3z
=2242 £ 187 G/cm. This value obtains at z=7.5%=0.83
mm (see Fig. ). A corresponding analysis for T=5 K
yields a levitation height of 13 =2 mm. Both of these re-
sults agree weil with observation.

We now address our susceptibility measurements of
random and onented powders of small YBa;CuyO1-,
particles. Figure 4 shows Z(T) for random d =20 um
powder (soiid and open circles) and of the same powder
after orientation in a feld of $ kG at r=5 K (solid and
open squares). These data have beea used to compute’!
Meissner fractions, £, of 54% and 22% at § K, respective-
ly. The applied fields were well beiow the lowest critical
fleld of YBa;CujOr-, and in the same direction as the
orienting fieid.

The dramatic drop in the Meissner fraction of the
onented specimen is not likely to be due to flux penetra-
lion sincs A'(5 K) 0.8 um (Refs. | and 19) which is
considerably less than the ~ 10 um thickness of a typical
aligned particle (see further discussion below). Moreover,
this drop does not derive from field-induced decoupling of
weak links since such links between loosely packed single
rains wiil be too weak to sustain supercurrents ia either
fandom or oriented powders. The drop 1n £ could resuit
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from amsotrooic dux traoping in pure BAS parucles. *
Alternauvety, f the supercurrents are paruaily iocauzed
in the TP's that align with the onenung de:d.” dux coud
penetrate between these pianes resuiting 'n 3 drop :n £,
Our levitation resuits point towards the 'acter expianation.

Impiicit in the above anaiyses of ievitauion and susceoy-
bulity 1s our assertion that the efects which we have oo-
served are not mereiy a manifestation of ardinary fux
penetration wnich would reduce both of :hese ooservaoies.
To further expiors this point we note that for a thia siap
aligned with its face parallel to the appiied fieid, the sus-
cepuibuity and the levitation force shouid both be muiu-
plied by the factor k = {1 = (tann(a/r)1/(asA)} where A is
the penetration depth and 2a is the width of the slab. > If
we attribute noalevitauon to this factor then k=(p
=N/ (Paag)maa =0.22 20d a/L =0.94. [f we use the

MT) =M (To) (1 =(To/Te) 1/ =(T/T.)*)

with To=$ K and A(S K) =0.8 um.'? the maximum re-
ported value, thea A(77 K) =1.92 yum and a/A 2 5.2. This
value is more than a factor of S larger thaa the value re-
quired for aoalevitation. Furthermore, if we make the
conservative but clearly unfounded assumption that the
oriented powder used for the susceptibility measurements
was fully aligned, a reductioa factor of oaly 0.22 caanot
account for the approximate factor of 2 drop in the Meiss-
ner fraction evideaced in Fig. 4. Thus fux penetratioa
cannot rescus the pure BAS model.

Although we have demonstrated csrtain deficiencies in
pure BAS modeis of YBa;CujOv-,, we cannot identfy
whach, if any, of the currently proposed TP perturbative
mechanisms is appiicaoie. The ABB modei*¢ and other
purely interfacial moaeis of this type such as those based
oa surface piasmons require metal-semimetal/semicon-

. ductor interfaces and coasequently significant volume

fractions of bulk semimetal/semiconductor interfaces.
Surface-sensitive STM experiments! show large regions
of semicodductor but buik NMR measurements-? do aot.
The TPS hybrid modei®** produces measurable edects
only whea the TP spacing is less than the Ginzburg-
Landau correlation length of ~34 A. There is no evi-
dence to date of such small TP spacings in YBa;Cu;Or-,.
Indeed, spaciags of this magnitude would resuit in a lacge
volume fraction of TP's (:/La1). This situation is not
supported by our levitation resuits. Finaily, the OVO
(Ref. 9) hybnd model predicts the onset of BAS at the
unreasonably low temperatures of T.'~<40 K. a condition
that 13, t0 our knowiedge uasupported by any measure-
ment to date. .

While it is clear that TP’s modify the superconducting
nature of YBa;Cu)Or-,, the detailed mechanism which
induces this modification remains to be idenufied and/or
confirmed. I[n particular, aithough our own data and
those cited in Refs. $ and 10 favor the strong-link hy-
pothesis we recognize that thers are 1iso many measure-
ments which favor the weak-link picture. A defimitive
answer to this dilemma may lie with expeniments on vor-
tex decoration in the region of the TP's. Vortices shouid
be attracted to (repeiled from) the TP boundaries if the
TP’s are weak (sudficiently strong) links.
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Layer Rigidity and Collective Effects in Pillared Lamellar Solids

H. Kim.”” W. Jin."™ S. Lee.”® P. Zhou. ™ T. J. Pinnavaia.’’ S. D. Mahanu. * and S. A. Soiin >

Center for Fundamental Materais Research. Michigan State U'mcersity. East Lansing, Michugan 48824
(Receivea |8 Novemoer 1937)

The x dependence of the normalized basal spacing. de(x). of piilared vermicuiite (Vm) has been mea-
sured for the mixed-layer system ((CH;)N "l.[(CH;)yNH "]i-,-Vm and compared with :hat of
Cs¢Rb; -,-Vm. Both systems exhidit 2 nontinear de(x) with approximate threshoids of x 0.2 and 0.5.
respectively. A model which related da(x) to layer ngudity and the binding energies of gallery and de-
fect sites ywids excsiient fits to the basal spacing data and to monolayer simulauons if collective etfects
are included. This modei shouid be applicabie to other types of lameilar solids.

PACS eumbers: 68.65.+3

Lamellar solids constitute a class of materials which
exhibit a variety of specific properties. These properties
are in large part determined by the host-layer transverse
rigidity which characterizes its response to out-of-plane
distortions.! For example, graphite, whoss monatomic
amphoteric layers are “floppy” and thus collapse around
intercalated guest species. does not sustain a microporous
structure with large internal surface area. [n coatrast,
layered alumino-silicate “clays,” whose muitiatomic
fixed-chargs layers are “rigid,” are unique among lamei-
lar solids ia their ability to be pillared? by robust inter-
calated guest ions which occupy specific lattice sites in
the interiayer gaileries.’ The resultant piilared clay is
characterized by widely spaced host layers that are
propped apart by sparsely distnbuted guest species
whose intralayer separation can be many times their di-
ameter. The enormous (ree volume of accessible interior
space that is derived from such an open structure has
significant practical implications in the feids of catalysis
and selective adsorption (sieving).

Although it is obvious that layer rigidity and pillaring,
which is a special exampie of the more general phe-
nomenoa of intercalation, are interreiated. the pillaring
mechanism has, to date. been poorly understood. For in-
stance, none of the available elastic modeis account
quaatitatively for the full composition dependence of the
the c-axis repest distance of any intercalated layered
solid.“* [t is not surprising that the rigid-layer versions
of such models fail when applied to floppy or moderately
rigid hosts such as graphite’ and layer dichalcogenides.’
But they are qualitatively inconsistent with data derived
from clay hosts to which rigid-layer models should be
most applicable. Accordingly, we report in this paper
the first successful attempt to quantify and parametnze
the relation between pillaring and layer rigidity. To ac-
complish this we have carried out x-ray and simulation
studies of the x dependence of the basal spacing, d(x),
of mixed-layer vermiculite (Vm) clays A 8i-¢Vm,
0 x|, where A and B are cations (assume that A is
larger than 8) that are judiciously chosen to clucidate
the physics of pillanng. [n a previous study® we exam-

2168

ined the Cs;Rb)-,-Vm system for which the alkali in-
tercalate species are best characterized as “puny” pillars
since their ionic diameters are oaly 3.34 and 2.92 A, re-
spectively. Here we focus oa the more robust mixed pil-
lar system tetramethyl ammosium-trimethyl ammoni-
um-vermiculite with effective diameters of 4.8 and 4.0
A, respectively. We find that the pillaring process is a
collective phenomenoa which introduces aa intrinsic noa-
linearity in d(x). While our resuits are deduced for clay
intercalation compounds (CIC's) they should aiso be
applicable to other lamellar solids.

Vermiculite is a trioctahedral 2:1 layered silicate. [ts
layers are formed from a shest of edge-connected octahe-
dra (M "' =Mg, Al Fe) which is bound to two sheets of
corner-connected ::::ahedra (MY =Si, Al) as shown in
the inset of Fig. |. The layers of oxygen atoms which
terminate the clav (iyers are arranged in a kagome lat-
tice whose hexagonui: pockets form a (riangular lattics of
gallery sites which here are constrained by the require-
ment of overall charge neutrality to be occupied by the
gallery exchange cauon. This occupation imposes a la-
teral registration of adjacent clay layers as indicated in
the inset of Fig. 1. To synthesize the specimens studied
here. the Mg*™ gallery cations which link the layers
of natural Llano vermiculite were exchanged for
(CH;);NH™ ions with ethylenediaminetetraacetate
as a complexant. Subsequent exposure of pure
[(CH3);NH *]-Vm t0 the proper amount of (CH;){N*
yielded a solid-soiution piilared CIC

[(CH]);N’];[(CH))]NH‘h -,-Vm.

Self-supporting sed:mented films exhibited a mosaic
spread of =5° with :he layers parallel to the substrate.
The x dependence of the (00/) x-ray diffraction pat-
terns of [(CH;)N "1 ((CH));NH ], -;-Vm is shown
in Fig. 1. The starred reflections in that figure are from
a small conceatration of aa impurty phase whose
14.477- basal spacing is x independent as evidenced by
the vertical line in Fig. . The patterns in Fig. | can be
well accounted for by a structure-factor calculation for a
2S-layer stack.” We have also attempted to fit the pat-

© 1988 The American Physical Society
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F1G. 1. Room-temperature x-ray diffractioa patterns of
((CHy)N* 1. [(CH3)sNH *]) =5-Vm excited by Cu Ka radia-
tion (filled circies). Starred reflections are from an impurity
phass. The solid vertical line shows the coastant position of the
(002)°® reflection: [nset: Schematic structure of a 2:! layered
aluminosilicate clay with the tetrahedral (T) and octahedral
(O) shests which bound intercalated ions (I) (ses text).

terns of Fig. | using a Hendricks-Teller (HT) modei® for
an interstratified structure.” The HT calculations yieid-
ed results which were clearly inferior to those based on a
solid-solution arrangement in which all galleries have the
same height. Moreover, a one-dimensional Patterson
synthesis’ from the measured peak intensities did not
show any siga of interstratification.

From the data of Fig. 1, we have determined the x
dependence of the normalized basal spacing,® d.(x) (or
normalized c-axis repeat distance). of ((CH3;).N*l,-
((CH;3);NH "], -:-Vm which is shown in Fig. 2 as filled
squares. Here d,(x) =[d(x)-d(0)]1/ld(1)=d(0)]
where d(x) is the observed basal spacing. Also shown in
Fig. 2 for comparison are corresponding results for
Cs¢Rb;-,-Vm (Ref. 6) (open squares). Both the Cs-Rb
and (CHj){N*-(CH;))NH" systems exhibit a non-
Vegard's-law (nomlinear) rapid rise in d.(x) with in-
creasing x at “threshold” values of x, =0.5 and 0.2, re-
spectively.

To understand the physical origin of the observed
d.(x), we have simulated a model monolayer system
with finite transverse layer rigidity. For simplicity we
assumed that the intercalate ions are hard spheres.

o«
[}
oY

O S S WU .

Q9.8

FIG. 2. The composition dependencs of the normalized
basal spacing of ((CH))N "1 [(CH;);NH ") ~.-Vm (filled
squares) and Cs,Rbj-,-Vm (open squares). The soiid lines
are least-squares fits to the data with Eq. (4) of the text. [a-
set: Bright-fleid scanning-tunneling electron micrograph of
(CH))sNH *-Vm acquired at 7= —[35°C with the clectroa
beam normal to the layers. Note the fros surfacs between lay-
er odge dislocations (outline-hesded arrows), the folded region
(lozeages), and the microcrack (open-headed arrows). The
small dotted grids are an instrumental artifact.

Starting from a two-dimensional triangular lattics of lat-
tice constant aq represeating a single gallery with each
lattice site occupied by a B ion of height dg, we random-
ly ceplace the 8 ions with A4 ions of height d, > dg. The
height of a cell witnin a healing length A of the 4 ion is
also increased to d4. A second A4 ion in this region does
not affect already expanded ceils but expands unexpand-
ed cells within A of its location. The process of random
replacement of the 3 ions continues to saturation. [f we
define a(x) as the fraction of cells with height d, then
dy(x)=a(x). The simulation results for d.(x) are
shown in Fig. 3 for several different healing lengths.
Clearly. in the floppy-layer limit A =0, a Vegard's-law
behavior obtains whereas the initial slope [dy(x)]; =g
—= a® 35 A — 98, Ag can be seen from Fig. 3. there is no
percolation threshoid even for finite A because d.(x) de-
pends upon il of the large ions, not only on those be-
longing to the infinite percolation cluster. Note that the
noalinearity in d,(x) for A > 0 is a collective effect asso-
ciated with the individual interaction between the larger
ions through their distortion fields.

The sublinear ¢ dependence and the rapid rise in
d.(x) near x, is outside the monolayer model. Several
mechanisms including the relative magnitudes of host-
guest and host-host interactions, interlayer correlations.
and the presence of defect (d) sites can produce sub-
linear behavior in 4, (x) but only the latter two can gen-
erate threshold effects. Since the ions of interest here
are relatively incompressible we treat the guest species as
hard spheres as noted above. The interlayer correlation
mechanism is one in which large guest ions locaily puck-

2169
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F1G. 3. Monolayer triangular lattics computer simulations
(dotted lines) of the composition dependencs of the normalized
basal specing of s ternary intercalation compound for several
values of the healing length, A, and rigidity parameter. p. The
solid lines are from Eq. (4) of the text with (1) p =1, A =0: (2)
pol A=eg (3) p=13 A =Vige and (4) p=e L =e [nsee:
The puckered regica of a triangular lattics with A =ae. Here
the number of expanded sites is p=Z+| =7 whers Z is the
aumber of nearest neighbors.

er the bounding layers so that at low x they adopt stag-
gered lateral positions, i.e., no line joining the centers of
any pair of large ions in adjacent galleries is perpendicu-
lar to the silicate layer. This mechanism is relevaat to
host materials with low transverse layer rigidity such as
graphite while the d-site mechanism is more appropriate
to the more rigid layers of clays.

Sources of d sites in our specimens are showa in a
scanning tuaneling electron micrograph of (CH;);NH *-
Vm (inset, Fig. 2). The region imaged consists of homo-
geneously intercalated areas (g sites) which are bounded
laterally by layer edge dislocations and are capped by
free surfaces (d sites) that bind guest species without in-
ducing c-axis expansion. Since the clay grains have typi-
cal basal dimensions of a few micrometers, it is clear
from the scale of the micrograph that these free surfaces
can represent a significant fraction of the total surface
available to guest species. Additional minor sources of d
sites are the microcracks and folds that are visibie in the
micrograph.

We have explored the d-site mechanism by construct-
ing a two-site model in which the basal spacing is as-
sumed to depend upon the gallery 4-ion concentration xg
which itself is a function of the total A-ion concentration
x. The functional dependence of x; on x is determined
by two parameters, / and A/kT, where f =.Ny/N; is the
fraction of ions in d sites relative to those in g sites and &
is the effective binding-energy difference between these
sites, the d sites having a lower binding energy. For sim-
plicity we assume only one type of 4 site. A statistical

2170
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mechanics calcuiation gives -

!'-l/(."“l), )
x-{l/(l*f)lx,

+/A+ N/ zexp( = VkT)+101 (2

where z =expl(eg =u)/kT] is related to the fugaciy
and the binding energy ¢, of the g sites. Equations (1)
and (2) can be soived to obtain x; =o(x./.3/kT) for
different values of f and A/kT. Physically then for
X <x, the A ions first preferentiaily displace 8 ions
froq: the d sites. This reduces the gallery A-ion concea-
tration for a given x and yields a sublinear increase in
ds(x). For x> x, additionaily ingested A ions eater the
galleries. The resuit is a rapid increase in d. (x).

Using methods developed by Xis and Thorpe'® one
can obtain the following analytic solution for our mono-
layer simulatioa:

da(x) =1 =(1=2,)%, 0z, 51, e

whers p is a layer rigidity parameter. This equation fits
the simulation data extremely weil 2s shown by the dot-
ted lines in Fig. 3. For our lattice-gas simulation,
p=2Z+1 where Z is the aumber of neighboring sites
that are puckered by the insertioa of an isolated A4 ion
(see inset Fig. 3). [n the coatinuum limit (A:9d./2),
p~(DJd,) Using Eq. (3) and x; =¢(x./,.0/kT), we
obtaia

da(x) =1 = {1 =o(x.f,a/kT)". (4)

Note that the slope of do(x) at x 2 x, is governed by a
combination of p and A/kT while x, is determined pri-
marily by / for large A/kT.

We have used Eq. (4) to obtain a nonlinear least-
squares fit to the data of Fig. 2. The parameter values
which give very good fits (solid lines in Fig. 2) for the
two CIC systems {(CH3)dN*1,[(CH;))NH"]|~,-Vm
and Cs,Rby -,-Vm are {p =8.0, f =0.5, A/kT =4.3} and
[p=7.0, f=2.2. A/kT =4.1}, respectively. The smaller
value of the ngidity parameter in the Cs-Rb system is
consistent with the fact that alkali ions in CIC’s can par-
tially penetrate the bounding silicate layers. The mecha-
nism which gives rise to this penetration is a torsional
in-plane distortion'® of the tetrahedral sheets which ex-
pands the hexagonal pockets that contain the guest
species. [on penetrauon of the clay layers causes a
reduction of the apparent healing leagth. But the
(CHj)eN* and (CH,))NH * ions are much too large to
penetrate the clay layer significantly, evea in the pres-
ence of torsional distortions. Thus one expects the Cs-
Rb-Vm system to exhibit a lower value of the rigidity
parameter p. The / values deduced for the two systems
also reveal interesting properties of the clay structure.
For singly ionized guest species .V, ® o4, where o s the
layer charge density and .4, is the surface area asso-
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cated with j sites. j=d.g. [ A=d44+4; then
A=+ 14 and (4g)c-aw (Ag)icHy -CH,, B2
Thus. of the surface which provides 4 sites for small Cs-
Rb 10as only about half (the portion not adjacent to edge
dislocations, or derived from some microcracks or
folds) can also accommodate the robust (CH;)iN~-
(CH,);NH ™ ions without inducing basal expansion. Fi-
nally. the difference in the A/kT values for the two pairs
indicates that the d sites are more attractive for the
larger ions. This makes physical sense because the more
spatially demanding ions prefer the less constrained de-
fect environment to the more restrictive gallery.

The layer rigidity model which we have developed
here should be directly applicable to other lamellar solids
such as zirconium phosphates and layered niobates
which have relatively rigid layers. [t can also give in-
sight into the behavior of intercalation compounds whose
bost layers have low or moderate rigidity. For exampie
LisC¢ (Ref. 4) and Li,TiS;'' exhibit no threshold in
da.(x), and therefore contain few if any d sites Also,
there are conflicting reports of a Vegard's-law d,(x) for
RD; K, -:Cs prepared {rom singie-crystal graphits'? and
a thresholdliks sublinear behavior for the same com-
pound prepared single-crystal graphite.'? highly oriented
pyvolytic graphite,'* or powder.'’ For clay hosts sub-
linear threshold behavior can be reasonably associated
with d sites. But for ﬂo}:py-laycr hosts such as graphite
there is much evidence'® that interlayer correlations and
their associated strain fields dominate the behavior.
Thersfore, even though the non-Vegard's-law behavior of
Rb,; K -:Cs (Ref. 12) has been attributed to d sites, we
do not believe that the model addressed here is applic-
able to that compound.

Finally, we have assumed that the site binding ener-
gies in our model are independent of concentration. This
assumption might be relaxed if the binding energy of the
g sites drops once the galleries are initially expanded.

The resultant transter of ions {rom d to g sues wouie
then contribute to the rapid increase in d.(x) for ¢ 2.
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