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-l-
INTRODUCT ION |

The modern crystal structure laboratory must contain
an electfon diffraction apparatus in addition to the usual
X-ray equipment; for it is only with the aid of electiron
diffraction that one can study surface and thin film
structure. Due to the low penetrating power of electrons
they can yield coherent diffraction effects only from. the
surface layers extending to a depth of the order of 20
'angétroms. If one attempted to use X-rays of such low
penetrating power, such a long wave length would have to
be used that the equation for diffraction, sinB=nA /24,
could not be satisfied for most crystalline material. On
the other-hand, the great penetrating powervof X-réyS'ené
ables the investigator to study the crystal structure of
the mass as a whole. Thuscthe ﬁse of both X-rays and -
electrons is needed in any complete study df crystal
structure.
“HISTORY

‘The théory of:;electron diffraction was first form-
ulated by Louis De Broglie1 in 1924. De Broglie, who |
must have studied the logic of Faraday, reasoned that if
it is sometimes useful to asgign particle characteristics
to light waves, it might:also Be‘useful at times to as-

sign wave characteristics to particles. In his theory of

8 Ag’39
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the association oflguiding wave systems with moving par-
ticles, he postulated that the length of the wave associ-
ated with a particle would be given by the equation

A= h Jmv |
where "mv" is the momentum of the particle and "h'" is
Planck's constant. Although Elsasser? then suggested that
the interaction between a béam of eleétrons and a singie
crystal should afford a crucial tést of the.theony, it

"appears to have been rather the stimulus of an acc1dental
observation Whlch led Dav1sson and Germer to study the
scattering of slow electrons from the surface of a single
nickel erystal in March 1927 and Thomson to study the
scattering of fast electrons by ﬂhin_films in May 1927.
The results of both expefiments confirmed, however, De
Bréglie's theory. The next progress to be recorded was
due to Kikuchi and Nishikawa3 who transmitted e¢lectrons
through thin cryétals of mica andfobtained spot patterns
and secondary scattering:phenomgnaA(Kikuchi iines).

This was followed by‘a'discovery by Matukawa andfThomson
which may be regarded és opehing up the field of surface

_ structure research by eleétron diffraction. They inde-
pendently diséovefed that polycrystaline surféces yielded
coherent_eleétron diffragtion patterns-when grazed by the

electron beam, a fact which was correctly interpreted»ﬁy
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Thomgon as being due in effect to transmission through
cnystalline projeCtions above the mean level of the sur-
face. Another step of historical importancé was taken by
wier1? when he demonstrated the superiority of the elec-
tron beam over X-rays for the study of molecular structure

in gases.

APPARATUS |
The equipment'used in the stﬁdy of the structure of
thin films and surfaces by the diffraction of electrons
consists of the camefa, in which are recorded the direc~
tions and intensities of the rays scattered on impact of
‘a fine beam of electrons, moving at a uniform velocity,
on the specimen; together.with Sﬁch subsidiary-apparatus
as is required for prdducingfthe beam and maintaining the

necegsary vacuum conditions.

Circui& Sinée the wave associated with an electron
has a length which is}a function of its velocity which in
turn is a funetion‘of the accelerating potential, it is
vheceséary t0 have a constant poteﬁtial power supply. Due
to some very_favorabie»circumstances, and Dean More's |
ability to £ind money in unsuspected places when it is
needed for research, the physics department was able to

obtain two large mica condensers of 0.03’micro-farads
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capacity énd 100 peak kilovolts each, together with an

end grounded transformer for supplying 5 milliamperes at
80 kilovolts, also a filament transformer and a 200 kilo-
volt valve tube. These principal units were assembied into
the half wave filter circuit shown on page 5. This circuit
gave us about a 2000 volt ripple when operating at 80,000
volts and 5 milliamperes; such a ripple is not serious in
the operatidn of the electron tube as will be shown later.
Three 29,500 ohm resistors shown in the diagram aid in
smoothing the potential rippie;,they were the lafgest re-
sistors which were availaple'for our use although a great-
er resistance in the circuit would improve the filtering

" action. The valve tube is rated at 200 kilovolts, over

~twice the peak potenmial of the transformer, this is,nécese
sary because during every cycle there will be a time when
the condensers will be charged to 80 kilovolts above .
ground potential while the transformer is at 80 kilovolts
below ground potential; thus the valve tube will have 160
kilovolts across its terminals. It was found necessary to
enclose this tube in a lead house because under varying |
load conditions X-rays were given off of such inten31ty

‘as 0 prove dangerous to persons in its v1c1nity. See -
pictures on page 6. Copper tublng, one inch in dlameter,
was used o connect the various components of the electrl-

cal system in order to cut down corona losses. ngh
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Lead housing for 200 kilovolt valve tube.
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Mica condensers of 100 peak kilovolts and 0.03

microfarads capacity.
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voltage insulation for the leads coming from the lead house
and the coodehser_housihgs was obtained by'usiﬁgibekelite
eylinders filled with high dielectric oil;“these are shown
on page 6.e An.Xbray'control,cabinet‘was used toecompiete

the circuit; it contains an autotransformer, a magnetic
switch,va,circuit breaker, and a'control switch forlthe
filament transformer. To protect the operator from p0331b1e'
charges re31d1ng in the condensers af'ter the clrcult has
been opened, a lever system'was connected to the magnetic
switch in such a way that when the switch is opened an

arm falls on the high voltage end of the condensers,
short;nggthem to ground. See picture on page-9,

1ec§ron Tube A diagram of the electron diffractlon

tube is’ glven on page 8. The electron beam is obtained in
a cold cathode gas dlscharge tube the procedure in. obtaiﬁ-
1ng the beam is as follows: the tube is. evacuated and a

~ low potential drop-of‘about 15 kllovolts is applied across
it, air is then leakedvinto>fhertube until a diecharge is
obtained. After having obtained the discharge'the-leakvis
decreased and the voltage increased until the desired poten-
tial and current are reached. At voliages of 30 kilovolts or
o?er, the electron~beam‘is nicelyrfocused by the induced
charges on the c&lindrical glass insulator, and takes the
form of a thin pencil.of light down the axis of the_tube;
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Thig fine pencii of. electrons _isv then moved slighﬁly by a
small permanent méériet so that it falls directly down a
small soft iron tube, the beam is shielded from the mag-
netic field whlle in the tube. In each end of the tube,
which is 1/8 inches in d:.ameter and 2 inches long, is a
plug having a hole in 1ts center made by a numbex- 70 dr:.ll.
This diaphra,gm serves three purposes; it deflnes to some
extent the dlrection of the beam, it produces a finer beam,
and it helps to produce a monochromatic beam because, when
 the main beam is bent by the magnet so as to get ‘the maxi-
mum 1ntens:|.ty down the tube, the slower electrons are sort-
. ed from the faster omes. ( Since the force on a moving
charge ina magnetic field is a function of the velocity
of the ’chai'ge .) "After’ passing the anode diaphragm the
stream of electrons again enters the magnetlc fleld pro-
duced by t.he permanent magnet and is again spread into a
spectrum. of velocities. Just before the electrons strike
the speclmen an adjustable slit is moved into the ﬁos‘h
intense part of the velocity spectrum and a monochromatic
beam of desired size is allowed to pass through to st.rike
the specimen. v‘l?he _specimen is mounted on the end of a solid
rod which ca;n._be_ moved in snd Aou‘t‘ and also ‘til'ted thr'ough ,
small angles by means of a sylphOh‘bellows. The sPecimen
can also be .rote.ted about the axis of the cone formed by

the ground joint of the specimen holder and the port hole.
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When the specimen makes the desired angle with the electron
beam, a preferred scatterdng ef the electrons is observed
which is a function of the velocity of the eleetronsvahd of
the crystal<lattiee'constants of the sPecimen. Scattered
beams of electrons are observed as spots or lines of light
on a fluorescent screen, which is placed at some distance
from the specimen or scatiering'source. }it is oftenvposs-
ible to 1mprove the diffraction pattern observed on the -
fluorescent screen by varying the size of the sllt, ‘and also
by explorlng with the beam different partis of the specimen.
When the best possible pattern is obtained on the screen,
it is}lifted out of the way'exposing.a photographic plate
.‘toAthe eiectroh bombardment. Only a few seconds ekposure
is necessary for the electrons to leave a permanent trace,,'
of their relatrve p051tlons on the photoaraphic plate.} The
.vacuum is then dlmlnlshed and the camera detached from the
tube by means of a ground joint and the plate developed.
The positions of the diffracted spots relative to the un-
 diffracted spot, together with the distance betweehvspeeif
‘men and f£ilm, determines the angles'bf‘diffractionvér-pre-

- ferred scattering.

Vggighle SliL A device whlch proved to ‘be very use-
ful in the successful operation of the electron d1ffract1on
tube is the variable slit which is partly shown on page 8.
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The'variablé slit consigts of:two brass, gold plated,
pqlished,-knife-edged "fish tails" whi¢h, when moved
against one another, form a square hole of variable area.
( See pictures on pege 13.) These "fish téils" are moved,
by means of a sylphon bellows, in a groove on a platé
which can also be moved about in the ;ﬁbe by means of an-
other sylphon'bellows.laThus'they‘fbfﬁ a variable slit or
pin hole whosé'size and whose pogition, within the tube,

may be changed at any time from outside the tube.

Vacuum System For satisfactory operation of the
electron diffractidn'iube, iﬁ'is very necessary to have
good vacuum conditions.. Because of this a very large ex-
haust tube was used and its connection to the vacuum pﬁmps
was made as short ab,possible. Two pﬁmps are used in tan-
dem, a large Megavac oil pump, and a Lejbold’three.stage
mefcunj diffusion pump. To preveht mercury vapor from
diffusing over into the cémera, and also to increase the
degree of vacuum obtainable; an additional water cooling
jacket was built around the exhaust tube and also a glass

~ tube cooled with carbon dioxide‘snpw was inserted in the

. tube. ( See pageAB,) Although a very high vacuum is neces-
sary in theidiffracting end of the electron tube, in the
section of theAtﬁbe‘where the electrons originate a very

high vacuum is neither neCessary nor.desirable. “For this
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reason the exhaust port for the discharge section of the
tube is made'small enough to0 enable a'difference of pres-
sure to exlst between it and the main sectlon of the tube.
Four types of vacuum tight joints are used, Flex1ble syl-
phon bellows-joints, conlcal ground joints which can be
rotated at all times, permanent solder Joints, and semi—

,-permanent joints of pieceln wax. When all Joints are tlght
| and the mercury pump is warm, thertube can be pumped out
" in three or four minutes. A:picture.of the pumping system

is shown on page 15.

W There are two general types of
electron"diffraction patterns, the transmission fype.and
'the reflection type, examples of these are given on page -16.
The transmlssion pattern is obtained by passing the elect-
rons through thin f£ilms whose thickness is of the order of
magnitude of 10 Angstroms. The reflection pattern is ob-
tained by "reflectlng" the electrons at grazing angle from
a crystalline plane surface. o o

Prepg;aglon of Specimens It is impoSsible to place
too great an. emphasis on the importance of correct pre-
lparation of the specimen for electron dlffractlon invegti-
gation. In the case of transmlssicn patterns the difficul~
ty of obtaxning a crystalline fllm thin enough to transmrt
‘electrons and strong enough to support itself on a wire

frame is easily,apparent. In the case of the reflection
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pattern, however, the difficulty in preparing good specimens
is not so obvious. The novice is likely to believe at first
that a reflection pattern mey be obtained from‘any flat
piece of metal if the electron‘beam is adjusted correctly
and strikes the’metal at grazing angle. That this is not
so, he w1ll soon find out as did G. P. Thomson a few years
ago when, because of thls fact, he was led to hypothe91ze
that the electrons were not reflected at all‘but the effect
was due to transmission of the electronS'throughvthin cry-
stalline projections above the nean level of the surface.
There are threeurequirements which a good reflection‘speci-
men must satisfy: it must have a plane_surface; it must
have erystals projecting above the surface; and the crystals
mist be large enough to give good resolution to the dif-
fracting beams and‘ihin enough to transmit the electrons.
One of the best means of preparing such specimens is to
vaporize the material to be investigated and condense it
in vacuo on some plane surface such as a mlcrosc0pe cover
glass. The metal (or nonmetal, for that matter) is
simply heated in a high vacuum}until‘its-vapor pressure
is about 10 “2 mm of mercuny or greater, whereupon it. emits
molecular rays in all dlrectlons. The degree of 'vacuum
,requlred for successful carrylng.out of the process is such:

that the mean free path of the molecules is larger than
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the diameter of the vacuum container. Therefore molecular
rays propagate from their source without disturbance until
they impinge on the walls of the vacﬁum container or some
object within them. The Surface to be coated is-exposed
to these molecular rays which condense on it to form the
desired film. An intereéting feature of the condensed film
is that it appérentlyvexhibits the same degree of polish |
asvthéuunderlying glass and so reéuires no subsequent
burnishing, as do chemical deposits. o

Whether or not a particular material be suitable for
giving films by the evaporation.process,'is determined by
the thermal stability and vapor pressure of the material
and the practicability of bringing the material to the
evaporation temperature in a vacuum. Metals‘are vaporized
by placing them in a conical coil of tungsten wire and pass-
ing a heavy current through the coil. Most of the metals
melt first before they evaporate, the moiten metal being
kept from falling out of the coil by surféce.tension.‘

‘Page 19'show§ a picture of a vaporizing apparatus
which wés,buiiﬁ for the pufpbse of providing specimens for
electron difffaction studies. The vaporizing chamber is a
glass be;l'jar which is sealed to a large brass ring by
means of piecein wax, the ring being clamped by bolts to

é flat plate through a rubber gasket. On the plate and
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within the bell jar are six largé copper terminals which
can be connected to a transformer of the type used in spot
welding, also in the plate are an exhaust port énd leak
entry. (See page 21.) A glass mercury trap connects the
exhaust port to a one stage mercury diffusion'pump and a
Hyvad oil pump. The leak entry is provided because there
are certain metals which can only be brought to fuse to

~the tungsten wire in an atmosphere ofvhydrogen or helium.

- These géseS‘facilitate heat transfer between the tungsten
and other metal, and, in addition, they restrain evapor-
ation of the metal. After intimate contéct with the tung-
sten wirejhas been established, the metal will then‘vaporize
faster iﬁ the vacuum, because the heat“is transmitted to
it moré.effectively. The pressure in the vaporizing chamber
must be 10 microns or less; a McLeod gauge réads this

pressure.
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Inside view of vaporizing chamber showing the six
binding posts and two cbver glasSes upon which a
copper f£ilm has been deposited.
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INTRODUCTION

This paper describes an electron diffraction stﬁdy
of copper oxides formed from evaporated copper by expos-
ing it in an oxygen atmosphere at various temperatures
and for various lengths of time. It also discusses sev-
eral of the orientations which were observed in the eva-

porated copper.

Procedure
The films were prepéred by ﬁaporizing the coﬁper in

a vacuum of approximately one ﬁicron and condensing the
vapor on'microscope cover glasses. Only'dePOSits thick
endugh to be opaque to light were used. The oxide was
formed on the films by placing them in an_adjuétable-tems
perétﬁre oxygen-atmosphere electric furnace. A picture of
' this furnace is shown on page 2. The temperature control
device consisted of a long capillary tube connected to a
bulb f£illed with mercury; as the bulb became heated in the
furnace, the mercury rose in the capillary and made an
electric contact with a tungsten wire which was inserted
in the open end of the capillary tube, this closed a relay
circuit which in turn opened the heater circuit. Since the
tungsten wire could be adjusted to any position in the
capillary tube, the furnace could be held to any desired

temperature under the boiling point of mercury.
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The thin cover glasses used as a base for the fiims were a
" half inch in diameter. These were supported in the furnéce
by three glass'"fingers" directly over the bulb of the
thermométer from which the temperature readings Were‘takén.
The temperature of the furnace was maintéined constant to
within plus 6r minus one degree centigrade. The electron
diffraction camera used to obtain the crystal patterns Was
similar to many described in the literaturel. All photo-
graphs were taken using electfons having a velocity cor-
resp0nding to a wave length of 0.063 Angstroms and a camera
length of 36.5 centimeters.

RESULTS
- Five types of patterns dependent on the temperature
. of the furnace and the time of exposure of the films were.
'fobéerVed. ‘These are shown in pictures A,B,C,D, and E on
page 4. A plot made of these pattern}types, showing their
réiating to ﬁime and température, is’given on page‘s.

As may be seen from the graph, rough zones are formed
in which-oniy one type of pattern occurs. At temperatures
of 50Q C or below, the copper films are very resistant to
oxidation; exposures in an oxygen atmosphere at these tem-
peratures yield no trace of oxide. (Longer exposures for
films prepared by condensation are unsatisfactory since

they give very faint patterns.) Above 50 C and below o75°C
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Types of electron diffraction pat.terns obtained

from copper and copper oxide films.
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cuprous oxide is formed, although at temperatures over 125°¢
the Cuj0 oxide is unstable and soon changes in an oxygen |
atmosphere to cupric oxide. At temperatures above 275°¢C
only the CuO form of copper oxide is obtained.

Many -~ of the copper. films prepared»for this experiment

were found to be composed of crystals oriented in such a
way as to have one or two setls of planes parallel to‘the |
glass base of the films. A picture on page 7 of large

" sodium chloride crystals which have grown on thelbotﬁom"of
a glass beaker demonstrates this particular'type of crystal
6rientation. Crystal orientations are observed as spots
on the diffraétidn pattern; ‘the geometrical cohfiguration
of spots determines the type of orientation. ‘These are
shown in pictures F, G, and H on page 4. Deposits in which
the (lll) planes were all parallel 10 the glass base were
observed more freqpently than any other. The (lOO) orien-
tation was never observed alone but occurred.only with the
(112) orientation. It would seem from the pattern obtained

that the two orientations are equally distinct. If this be

2

so, we have a contradiction to Dr. Dixit's statement in his

theory of orientations that Meee two equally distinct orien-
tations are never seen. B

A few diffraction patterns were obtalned which in-
dicated a tilt of the oriented crystal planes. See pictures
G andvi on page 4. Burges's3 explanaﬁion that this occurs
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Wﬁﬁmm All the crystals
( NaCl ) have their (100) planes parallel to "the
bd_ttom of the glass beaker,
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when the vapor beam stfikes the glass base at an angle less

then 90° is correct as far' as we have been able: to observe.
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