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1. CRYSTAL AND CRYSTALLOGRAPHY

Crystal

Crystals have interested man because of their beauty and
rarity since prehistoric times, but their large-scale use has bcen
brought about mainly by the demands of solid-state physics for
materials for research and devices.®

Matter may exist in three states of aggregation — solid,
liquid, or gas. In the gaseous state, the molecules are separatcd
by comparatively large distances (about 30A at 1 atm). This
large separation results in comparatively negligible interactions
between the molecules and the molecules are thus free to move
in any direction. Therefore, a gas has a very low viscosity and
expands to fill completely a containing vessel of any size or shape.
The arrangement of molecules in a gas is essentially completely
disordered. In the liquid state the molecules (or atoms) are
separated by about 1 A , and their interactions are consequently
much stronger than in a gas.® Thus a liquid exhibits higher-
viscosity and does not expand to fill completely its container. '
There is short-range order in a liquid, but it does not persist more
than a few atomic diameters from a given atom. In the solid
state, the atomic separation is about the same as in a liquid, but
the interactions between atoms are stronger. Thus the atoms
are able to move only in vibrations of extremely low amplitude
about fixed positions relative to one another. As a result, solids
have rigidity, fixed shape, and mechanical strength. In addition,
a crystalline solid is characterized by long-range order exiending
over many atom diameters. Upon increasing the internal en-
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ergy in a crystalline solid by heating it, melting occurs at a fixed
temperature for a given pressure or in a few cases sublima-
tion to the gaseous state occurs.® A further increase in internal
energy will volatilize the material. At every temperature, gas
or vapor of a material will exist in equilibrium with the material
at a definite pressure. Thus in terms of internal energy for a par-
ticular material,® the internal energy of the gaseous state>-the
internal energy of the liguid state>>the internal energy of the
solid state. ,

There is another class of materials often called amorphous
solids, including glasses, waxes, and pitches, that possess such
a high viscosity as to behave essentially as solids. Such materials
do not have fixed melting points, and they exhibit the short-range
order characteristic of liquids. It is often convenient to think
of these substances as supercooled liquids.

It is interesting to point out that there is a class of materials
called liquid crystals whose properties are intermediate between
those of liquids and crystals.® These materials exhibit the flow
behavior of liquids but are not isotropic in all of their properties,
as is the case with true liquids.® One way of viewing liquid crys-
tals is to consider that they have one- or at most two-dimensional
order, while true crystals exhibit three-dimensional order.

Crystallography

A crystal is often described as a three-dimensional periodic
array of atoms. This statement, however, is true only on the
average. If we were to take an instantaneous snapshot of the
crystal, we would find that the positions occupied by the atoms
are far from constituting a periodic array, especially if the tem-
perature of the crystal is high.@ Nevertheless, if observations
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of the atomic positions are made over extended pericds of time,
it will be noticed that though in constant motion the atoms do

move about well-defined positions (we are here ignoring the pos-

sibility of diffusion), and it is these mean positions that define the
periodic lattice.® The study of the architecture of this arrange-

ment constitutes the subject of crystallography.
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Crystals have interested man because of their beauty and rarity
since prehistoric times, but their large-scale use has been brought
about mainly by the demands of solid-state physics for materials
for research and devices. X &N FIHE A4, B but EEREEHA >4,
JERT—4yAyH, crystals have interested man KT 4y, WIMNEH H A
frifl4iE because of their beauty and rarity #i since prehistoric times,
WHRAEE, EEEANEA; £)5—2d bas been brought about
by... hEZEAEN, BRE“H... &R the demands of ... mate-
rials FEL “EHEHEMNHRHER", demand MEFEEHE for #TF
“wt. HEXR” JFEMIIAEE for research £ materials,

much stronger than in a gas: than B|SHERRLEEHRENG, K
HE B, IR E54A,Fi%L&: than the interactions (are strong) in
a gas,

Upon increasing the internal energy in a crystalline solid by heating
it, melting occurs at a fixed temperature for a given pressure or i
a few cases sublimation to the gaseous state occurs. Xf—43H5l
Hom, XEER%: melting occurs or sublimation occurs, 1
HBER S upon ... by heating it ¥N4ridEiE, XHM upon &F
on, #BRA“—H", increasing M4, /& upon H#iE, by heating
it XE—Aidmsr &G FAEE, #1% increasing; in a few cases
BEEE—SBBEUT", W EY“EHH",

in terms of internal energy for a particular material: in terms of



HREE“R.. RIBE”, in terms of internal energy BI“Fk 8EiXx—RiE
#r”, for o particular material #8823 R RBE”,

Tt is interesting to point out that there is a class of materials call-
ed liguid crystals whose properties are intermediate between those
of liquids and crystals. 3z WA &40, e fty it 20 454030, WOB
G, REJFEM AR to point out...; that BIF ¥4 1l M # to point
out [f52i%; whose properties ... crystals X E3IE M4, &% liquid
crystals; EiEMWA i those 4&# properties, B} the properties of
liquids and crystals,

as is the case with true liquids: X£ ¥R RIT as 5| BMEIE MG,
as EXBRARROTIREN LW, TRRENERS ~HEHERD, to be
the case with,.. HEBE“.. . EX—HH",

If we were to take an instantancous snapshot of the crystal, we
would find that the positions occupied by the atoms are far from
constituting a periodic array, especially if the temperature of the
crystal is high. X &N E448, KTERSN: we would find..., H
¥ &R s if we were... ShIER et fu&ERIENE, BrELZh A
d & were”, 4B IEA would find; that S| RMERRENG: &S5
—4 if 1S REMMIREBHREE NG PE are far from constitut-
ing..., 5EIEENR.

Nevertheless, if observations of the atomic positions are made over
extended periods of time, it will be noticed that though in con-
stant motion the atoms do move about well-defined positions (we
are here ignoring the possibility of diffusion), and it is these mean
positions that define the periodic lattice. W@ EAHALL “it” A E
EMaF ARERARAR, §—4 it BARGRE, W LEE N8R
T &3 M4y that though in constant motion ... positions; J§—14"
it M REIEDR, RiH these mean positions,



2. SINGLE CRYSTAL

The term single crystal is difficult to define but is usually
thought of as a crystallite that has either been found in nature,
separated from a polycrystalline mass, or deliberately prepared.®
The crystallite should be of size sufficient for the esthetic, techno-
logical, or scientific purpose for which itis intended.® OQur main
concern will be with single crystals deliberately prepared and of a
size greater than about 1 mm3 because this size is a practical lower
limit for convenient manipulation and for most measurements.

Such studies on how to establish that a material is crystal-
line involve the determination of the nature and concentration
of the imperfections present in crystals.® This field (which also
includes the study of noncrystalline and polycrystalline materials)
is emerging as a discipline in its own right and is called charac-
terization.® A material is completely characterized when the
identity and position of all of its constituent atoms are known.
A whole spectrum of techniquesis employed to dothis. However,
the importance of characterization for both the grower and the user
of crystals cannot be overemphasized, and the neglect of the
field by the user tends more and more to make it an area where
the grower should take responsibility.® For instance, charac-
terization is not the measurement of conductivity and mobility
in a serniconductor, no matter how important the user may feel
these parameters may be to either the device uses or the basic
physics of the material. ©> Such measurements may be essential
in combination with other measurements in characterizing the
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material, that is, in learning the identity and location of its consti-
tuent atoms. TIn any case, the identity and location of the con-
stituent atoms determine the semiconductor and, of course, all
the other properties of the material.

Single crystals find important uses in research. As we have
seen, according to one classification all true solids are crystals.
Thus for an understanding of the physics and chemistry of the solid
state, crystals are a prerequisite. One may use a polycrystal-
line sample rather than a single crystal for many studies, but often
a reasonably large single crystal will be required. Polycrystals
contain grain boundaries. If one desires a knowledge of some
bulk property of a material and he measures that property on a
polycrystalline specimen he will, in many cases, measure the pro-
perty of the grain boundaries and not the bulk material® A
notable example of a property where single crystals are essential
is the electrical conductivity of semiconductors, which is parti-
cularly impurity-sensitive. Impurities tend to segregate at grain
boundaries and- thus single crystals are almost always required
for a determination of any conductivity-dependent property
in a semiconductor. Another common effect of grain boundaries
and associated voids is light scattering, and thus single crystals
are often required in optical studies.

Many properties of crystals depend on the crystaliographic
direction in which the measurement is made, because the spatial
arrangement of the constituent atoms is not in general the same
in all directions. Consequently, if one determines a directional-
ly dependent property in a polycrystalline specimen where the
crystallites are randomly oriented, he will measure an average
value of the property in which the directional dependence is-
masked.® ’



Single-crystal solids have important practical applications
in technology. For example, much better frequency stability
and lower acoustic losses can be achieved in single crystals than
in polycrysialline aggregates. Thus single-crystal piezoelectric
crystals, such as quartz, are used for frequency-control elements.
Conductivity and mobility requirements dictate single-cryst:1

semiconductors for transistors.

The existence of lasers and masers has created severe new
demands for single crystals for research and applications.

]
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@ that has either been found in nature, separated from a polycrys-

talline mass, or deliberately prepared: xEHERMRIA that 5|7
Bz iE KD, 81 crystallite, ZERIE A H has been JFEA=ZA %
4yi7,B0. has been found, has been separated, Fn has been deliber-
ately prepared,

The crystallite should be of size sufficient for the esthetic, techno--
logical, or scientific purpose for which it is inteaded: X R ENE &
45, MAEE scientific purpose 349,47 4jd should be of size
FE I /NBES...”, should be of size sufficient for ... purpose
BREHPBRARLLER...FyEM”; for which it is intended i —iE
MAgdr, which 48#: purpose, BI: for the purpose, it  crystallite,
W BRid 4y, Fii% 2 the crystallite is intended for ... purpose, BB &
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Such studies on how to establish that a material is crystalline
involve the determination of the nature and concentration of the
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imperfections present in crystals. X4 FRyEE R 4 Such studies
.. involve the determination ...; on how to ... crystals %5 stud-
ies, #/RTEMWI— HMAUWFEZ; that a material is crystalline 3 &iAMR
41, % establish fy2iE, nature 1 concentration #% of fy%iE, of
FHoREAN1A determination 768358 LR zhie¥ &, of the imperfections
445 nature 1 concentration,

This field (which also includes the study of noncrystalline and pol-
ycrystalline materials) is emerging as a discipline in its own right
and is called characterization. ZX—®HFEERS%: this field is
emerging ... and is called ...; as a discipline {#{§ emerging, MBA &
“Yeh—1T%#”,in its own right REE“BMFMRBE"REHH™, ‘M
SrEY”, i discipline,

However, the importance of characterization for both the grower
and the user of crystals cannot be overemphasized, and the neglect
of the field by the user tends more and more to make it an area
where the grower should take responsibility. X2 MEFIE &4, 7
—h B, F—2OXaE -4t EENM) BMOTHIERSR:
the importance of characterization ... cannot be overemphasized,
and the neglect of the field ... tends to ..., #E#r—4r47+4, cannot
be overemphasized ®BR“EWELBWBL RS " F— 24y tends
to BBIMT " RBT " HRED,; it % field; where ... responsibility
AEEMN, B area,

For instance, characterizdtion is not the measurement of conduc-
tivity and mobility in a semiconductor, no matter how important
the user may feel these parameters may be to either the device
uses or the basic physics of the material. X2+ M % 44, no mat-
ter how S{SWELBRIEAG, MUhidrEHRAS, EWHTAFE
B the user may feel these parameters may be important to ..; A
£&% no matter S|RAiLSRIENMEHT, ERIFE LMD RAT
"LLER ‘AE. R,

If one desires a knowledge of some bulk property of a material
and he measures that property on a polycrystalline specimen he
will, in many cases, measure the property of the grain boundaries
and not the bulk material. X2 EME A4, MDY FHE polycrystal-
line specimen & HERIENAY, BPEHA424), one desires ... of a
material %% —44), he measures ... specimen %% 54, K4 248



A and #E#; he will ... bulk material A 34y, in many cases %
ABEERBHEAT

Consequently, if one determines a directionally dependent property
in a polycrystalline specimen where the crystallites are randomly
oriented, he will measure an average value of the property in
which the directional dependence is masked. XEIMEA4, & if
Bl &HRIENG R, H--4E E M4 where the crystallites ...
oriented, b where 5% Z H1iAs 3498 he will measure ... is mask-
ed, L aIE—4EiEN4) in which ... is masked, to be masked

FEA BRE .
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3. SPACE LATTICES

Crystals are the outstanding examples of orderlinessin nature..
In a crystal the site of any particle is fixed precisely by the posi-
tions of its neighbours. Many geometric figures have this prop-
erty. For example, the position of any corner in a regular pen-
tagon is fixed precisely by the positions of the other corners. Each
individual obeys the rule of pattern set by its neighbours. The
regularity of the crystal goes beyond this, however. In a per-
fect crystal the pattern goes on indefinitely in all directions, repeat-

ing itself identically in every respect

at every site, just as the pattern re-

peats itself periodically on a wall-

paper.® Having a repeatable pat-

tern, the crystal can grow indefinite-

2 ly by simply adding more particles to

Fig. 1. A pattern which continue this pattern. Only certain

gives dissimilar sites geometric figures can be repeated in

when repeated. this way. A square obviously can,

but a regular pentagon cannot, as Fig. 1 shows. Each site is

correctly placed in one pentagon, but the pentagons caunot be

fitted together without producing non-pentagonal groups of sites.
between them.

What is the general condition for a pattern to be infinitely
repeatable? It is that it must form a space lattice. To make
a space lattice, we take three basic or unit vectors, a, b and ¢, as
in Fig. 2, and apply each in turn to a fixed point chosen as the
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