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A STUDY OF ELECTRON CURRENT INTENSITIES EMITTED
FROM THE SUPERLATTICE PLANES OF AN ORDERED ALLOY

- Joaquin Lire-Olivafes
Inorganic Materials Research Division,.Lawrence Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California

ABSTRACT

- The electroh emissiom from”c01d,.Ni4W specimens wes studied using
a field ion-field emiSSion microscope and a Jarrell-Ash recording
microphotometer.

| Smsll current variations were:observed on azimuthal intensity
measurements on the o phase. These were interpreted es prodmced by
different demsities of solute (W) at the surface of'the emitter.
The electron current emitted from the layered superlattice planes

of.the B phase, showed cyclical changes in intensity produced by the

' removal of atomic monolayenSusing field evaporation. SmCh-a'Variation

was interpreted by comparing the field evaporation process of the

1ayered superlattice planes with the adsorption of epitaxial layers

_om a metal substrate. The Topping dipolar model was applied for

numerical interpretation of the data and was found inconsistent with
the experimental results.

A simple model was suggested for the interpretation of the
current variation observed. The.model might have applicebility to
the understandlng.of some adsorptlon phenomena.

The observation of the elusive vy phase of Ni4w using f1e1d ion-

field emission microscopy is also_reported in this work, as well as
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a variation of the standard field ion microscopy method for the

observation of surface defects.

A
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I. INTRODUCTION

" Most invéstigators agree that monolayers of me;allic adsorbates
change tﬁe energy per unit chafge required to.remove an electron from
a metal surface (work function). Tﬁe changes in work function so
produced have been interpreted by considerihg the adsorbate layer as
a dipolér_monolayef which produces a chanée Ad in fhe work fungtion
proportional to the dipolar moment and the density of dipoles.

Duke and'Alferiefflvhave proposed that some of the electron
current chénges produced by adsorption may be due ﬁo a reéonéﬁce
éffect.inhthe'emiSSion probability withvénhancements of 102 t0‘104
in the emission current.

| }Two-duestioﬁs arise from the foregoing discussion.
i?"Ié the ‘change of electron’emission current produced by an adsorbed

monolayef of metal atoms a consequence of a work fuﬁgtion change .

or is it a resonance effect, or both?

2. If there is é work flunction change, could it be produced by the
intergction between dipoles? |

The first of these questions has been.partially answered by

Clarkz'in his ekperiments with adsorption of singlé strontium atoms

on a W surface. He found thidt the measured current changes were

produced by resonance, as'predicted by Alferieff, and not by a work
function change. However, this question has not been answered for

adsorbed monolayers.



The second question has not been answered ét all. The basié
problem.in'inVestigaiing this»question experimentally is the difficulty
of adsorbing a true atomic monolayer.. | |

The purpose of this thesis is to éscertain-whether changeé of only
dipolar moments at the surface would produce changes in the electron
emission current. Toward this eﬁd, the claésical methéd.of evaporating
atoms on a substrate was attempted and considered unsuccessful. Hénce,
‘a novel method, using the layered structure of aniordered alloy (Ni4w),
was utilized.

The techniques emploYéd in these experiments were those of
(1) field ionization, to ascertain the crYStallographié charactéristics
'of the specimens; (2) fileld emission‘microsédpy, to obtain the eiectron

_currents from the emitting surface; and (3) a scintilla;ion—photomet;ic
fechnique,'to measure the current éhénges. The layers of different
chemiqal combosition (Ni and W) were broughtvto the surface by field
evaporatibn.

The foliowing chapters give a brief resume of the theory iﬁvolved
and a review of the pertinent literature, fqllowed by the main body
of the.theSis in which the experimental techniques are considered
and the results are presented and diséussed.\

'Fiﬁélly, a Summary.of thg‘major results is inclﬁded with some
conciusions and recommendatibns for future research. Besides the
major topié of the thesis, some additional results are briefly reported
and discussed in Chapter X and some technical mattersvarg included in

the ‘Appendix.




' II. THEORY

‘ A. ' The Work Function of Metals

Classically the energy of the electrons'in a metal can best be
represented by the Fermi-Dirac distribution for an ideal electron gés

at thermal'equilibrium,_

1
1+ e(?i—U)/RT-

f('ei) - (11A.1)

where €, represents an energy state, taking zero energy as the state

i
occupied by an electron at rest at infinite separation from the metal.
Also, k is the Boltzmann constant and T the temperature in K. Taking

the local mean electrostatic potential emergy of an electron as the

zero reference for € the electrochemical potential U can’be'repiacéd

i’
by the chemical po;ential‘u;

The two potentials, U and | are reléted by the equation

].1. = u - eUinner (IIA.Z)

where Uinner 1is the electrical-ﬁotential of the metal (inner»pofential)
gnd e 1s the electron charge 15602X}0_19 coulombs. The inner potential
is affected by fields outside the coﬂductor. These fields éan be
produced, for example, by adsorbed atoms or molecﬁles that form

surface dipoles. Thué, it can be said that U is a bqlk property whilé_

U is a function of both the bulk and external donditions, even though

the two quantities refer to the same energy level and only différ _

on the zero reference points. The energy level u (or ﬁ)»has



a probability qf occupancy f(ei) édual to 1/2 (from Eq. IIA.1).

Thelénergy u qan‘be used to describe ﬁhe process by wﬁigh a metal
1ose$ or gains an electron. This is possible because u is éctualiy
the change of free energy of a metal dué to the incérporation or
solution of electrons as described by the relétion

o= -<g§> E  (ITA.3)
_ T,V v

where F is the Helmholts free energy and n is the number of dissolved
eléctrons.' The work function ¢ is the energy ﬁer unit charge required
to remove an electron frdm a metal and fo place it at a distance X
from that metal; The distance X theofétically described as infinity,
has been considered as short as 10_4 cm (Gundry and’Tompkins,3)
whemn the'cléssical image potential is taken into account (—e2/4x for
metals).  However, in field emissioﬁ experiments the external field
of ~ .3 eV/em distorts the surféce potential so that the electron-
surface interaction is negligible at much shorter X .

The aﬁove definition of the work function ¢ can be expressed by

the simple relationship

¢ = -U | - g- : | (IIA.4) -

outer

where U
‘ outer

is the energy of the electron at X

s
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From Egs. (IIA.2 and IIA.4).

T |
e
Rearranging
= = - -k
o = (Uout Uin) e : (IIA’6)
6 = - f-%' . - S (IIA.7)

where xvis the potential difference between the inside and outside of

‘the conductor. The work function can then be represented by the

ﬁegatije sum of the chemical potential (a function of the bulk) and

the surface potential ) which depends-oﬁ the arrangement of surface

atoms as well as the internal structure of the metal.

¢ = -+ 0 g

Thus adheéioﬁ of atoms on the surface will affect the Y portion of ¢.
At 0 K, the work function ¢ is ;he energy difference between the
Fermi energy and the vacuum levél of energies, as thé Fermi level is,
by aefinition, the'highést energy level filled ;ﬁ 0 K.
Sllnoluchqwski4 ~ proposes a éimplé model té account for the
surface contributions to the work function. He considers the electrons
aé'forming.a classical Fermi gas ét the_bulk and the surfacé compqsed
of a layer of stripped positively charged ions whose conduction electrons
form an evanescent vapor extending out past the layer of ionsf ‘The

spreading of electrons forms a net negative charge in the outer surface



creating an outwardly phasiﬁg field or a dipolar léyervon the surfacg;

If the atoms (or ions) can be considered sepafated at the
surface, the electrons of the protruding atoms will tend to fill the |
interatomic-surface spaces, tending to smooth the surface and creating
an inwardiy oriented electrié field. Then,‘thé "spill over" effect
and the "smoothing" effect will oppose each other.

The "spill over" effect acts as a repelling negative charge for
an outgoing élegtron, increasing the energy neceséafy to take out an
electwon fromvthe.surface; and the_"émoothing" effect tendé to help
electrons escape. ‘Thus, a rough‘surface Qill allow more electrons
(of équal'iﬁitial energy) to escape than a ciosely packedvsurfacé;
This has been shown experimentally: closely packéd (low index) cr&stai-
lographiciplanes have higher &ork function than loosely packed (high
index) cryspallogréphic-ﬁlanes.» The lower the Miller index; the
higher the work function.5 There are some exceptions to this rule,
but théy will not be discussed here.6 |

Smoluchowski calculated the surface pofentials.for some of the
crystallographic faces 6f tungsten and showed that the "spill over"

"effect is almost independent of orientation, while the smoothing

effect is strongly dependent on orientation as could be expected.

B. Work Function Changes Due to Adsorption

The work function is dependent on the difference in potential
between the interior of the metal sample and the potential just outside

the metal surface.




»l

" As the free atom: approaches the metal surface, there is a

perturbation of the discrete energies of the outer electrons. In

- the subsequent adsorption process, there are théee distinguishable

cases of electronic interactions:

1. Physical Adsorption

An atom is considered physically absorbed when-thefe is no
exchange of electrons between the a&atom and the metal substrate
(for example a noble gas atom), but a siight ﬁolarization of‘the_
adatom might occur. In this case, no change in the work function
of the substréte is expected.

2. Weak Chemisorption. -

" Exchange forces may cause é weak chemisorptive bond of the
covalent tjpe between the adsorbed atom and the substrate (for example
H2 on Ni). There is a definite change of work function in this case.
3. Strong Chemiso:ptibﬁ

There fs a transfer of an electron from the adatom to the metal
surface of'vibeversa,'dépendiné on Whether the work function of the
metal is larger or smaller in cbmpérison with the ioﬁization energy
of the adsorbed atom. If the adatoms have a 1o@er (higheF) ionization
energy than thé local_work function of the métal, the adsérbed layer_
will be positively (ﬁegatively) charged.

.The increase'dr"decrease in ¢ with increasing cdverage df the
pure substrate by adsorbed atoms can then be attributed to formation
of adatom-substrate dipoles in which the adatom is either négatively
charged (increase of ¢) or positively charged (decrease of ¢) with

respect to the suﬂétrate atoms' neighbors. This effect may be evaluated



in_terms bf the change in électrical potentia1>caused by thé:redistri—
bution of éﬁarge at the surface. Considering the uppermost layer as

a sheet of uniformly charged particles, each with charge q suéh

that the density of chargéd species is equal to n, a.negative test
charge.q' experiences‘a force 'Fl = ZWan' if fhe test charge can be
considered to be homogeneous. The forse is attractive if the sheet

is positively charged, repulsive if the sheet is negativély charéed.
If we now consider two oppositely charged sheets--one formed by the_
surface chafges_and‘the other by their images--separated by a distance
. 2do;'with opposite but equal chargé charge densities (qn), the test

charge q' éxperiences a force only when it is near the two charged

sheets. The repulsive and attractive interactions are additive between

the plates; therefofe the force experienced is F'=4mTnqq'. As in a
classica1 capacitor,'moving thé.test charge from one plate_to the
othér éhanges the energy by AE=8ﬂnqq'do. This means that between the
two sheets and in general between all points. on opposite sides of

the charged sheets, there is a change in potential AV=i8qudo; I1f

we consider the arrangement of two planes to be a single dipolar plane
which contains n dipoles per square centimeter with axes perpendicular
to the'plane each with a moment u0=2qdo, then the change in potential
is AV=i4Wnuo. Therefore, 1f a dipolar layer is adsorbed parallel to
the surface of a metal the change of work fgnction Ad which is produced

'by surface dipoles of dipole moment u is given by

Ad = 2mun (IIB.1)

s



where n ié the density of'surface'dipoles.v

4. - Depolarization Effect

The dipoles formed by adatoms at the surface of a metal can be
expected to intefact with each other, and théir dipdle momgnt M is
itself a function of the dipole density.
Consider again ;hat the adatoms have been either polarized 6r.
ionized on the sﬁrface and that each adatom ﬁas a net charge q andv
produCes”an'image_chéfge -q at a distance 2do frpm it. -That is,
thg effective metal surface is at a distance do from the adsorbed
charge, and the diﬁole momentvis giveﬁ by ho = 2d0q for-each_dipéle.

| The.dielectric constant of the metal isvnot infinite; thus, the
adsorbafe charge produces a volume distribution qf charge. However,
~based on - the FermieThomés7 model, the scréening effect for a me;al
dées not allow field penetration to more than ~ Q.SA, while the.distance
bétween adsorbate anavsﬁrfacevatoms is ~ 2A, |

The poténtial resulting from the dipole layer, h0wever, can be
expected to have a final value at.larger diéténces than do'. Schmidt

and Gomer8 expressed the field produced by the dipole layer atvdo as

§ o= fou I | (11B.2)
The net dipolé moment u. is related to ’uo=2qdb by

H=1uU .. oF = - g_f_(_n_).B . : (IIB.3)
[ o d 3 : _
. 9



wheré o. 1s. the polarizability of the adatom-surface complex.. The

dipole moment is

(IIB.Q)

The work function change produced by the dipole layer is given by

2m uo n

8= 8- 0, = Y
do3

Assuming ;he adsorbaté layer to be formed by point dipoles with axis
perpendicuiar to the substréte's surface; then the depolarization
terﬁ f(n) can be derived from Topﬁing's apprbkimatipn for the mutual
potential energy per unit area.9 Topping used a ﬁeXagonal and a
sqdare array of point dipéles in his model. Both arra&s gave a -
constant ~ 9 to a first approximatién for the’potential_energy

expression:

f(m) = 9 do3n3/2 . - (I1B.6)
hence
_ 2T 4 n
Ap = °3/2 (IIB.7)
[1 + 9an ]

Experimentally it has been dbse:ved by Jones10 that ¢ at emax

3 _ ) _, - (118.8)

-t
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Differentiating Eq. (IIB.7) and épplying this criterion, o can obtained

3/2

o = 0.221 n_
max

(1IIB.9)

max”’

where n is the measured adatom density at ¢ = ¢
: max : _ ax

7 Kpowing n
experimentally o can be calculated and then, having ascertained Ad, My
can be attained from Eq. (IIB.7). TFor comparison with experimental

data Schmidt and Gomer11 have modified the equation above to"

| C
'g%'=‘ (%’) + (Eg> 032 - © (1IB.10)
1 17
where . ..
- (48  _ ,
o - ( d6)6=0, 4 0 (118.11)

3/2 4

c, = Qano , 0 = n/no, and nb = 3.9><10l 'atbms/cmz; The validity.

of the Topping model is then easily determined by plotting 6/A¢

against 63/2.

The linear behavior of this characteristic determines

whether the model is applicable or not. Schmidt and Gomer8 épplied

the model to potassium adsorption on several tungsten surfaces.

. s v . A _
Kaplit, Schrenk, and Zelby12 have discﬁssed some of ;hé models

for electron.emission from metals with adsorbed monolayers, and have

stressed ﬁhe‘importance-of progressing beyond models ﬁortraying the

adsorbate as a neutral or ionic speéies to the consideration of

,partiallyvionic and partially covalent bonding.
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The_;pplication.of Goﬁer's model for work function change to the
systems studied is difficult becauée there are several faétofs which
are unknown éxﬁgrimenfally. The primary'difficulties lie in
determination of the density of adsorbed species and the separation
éf the metal surface and the édsorbed layer. Another difficuity is
determining.whethef theré‘ié one layer df atoms or three dimenSional
arrays of atoms. This is speciélly crucial at the early stages of
depositioniof adatoms oﬁ the substrate in close-packed planes, for
there is a tendency for the adatoms to pack around the previously

. adsorbed atoms, forming a 37D array_that strongly disturbé the

-electric field and thus electron emission.

. It is apparent that in order to apply the preceding model, there

must be a way to insure the existence of a two-dimensional array of
dipoles on the surface ofvthe substrate, but this has not actually
been achieved using evaporation techniques or depositién. (See Chap.

XIII)

_'In Chapter VII we shail propose an alternate method for ascertaining

work function changes due to differences of charge concentrations on
the surface. This alternate method provides a better control of
dipole densities, surface irregularities and poéition of the dipolar

layer.

C. The’Fowler—Nordheim'Eguation

The present discussion follows closely the presentation made by .

H. W. qudy7 of the F-N equation. The model- formulated by R. H. Fowler

and L. W. Nordheim13 is the one used in most cases to intérpret low

‘temperature emission experiments.



where f(ei)-is the probability that a state at energy €

-13-~

Fowler and Nordheim used the Sommerfeld freéfeiectron fheory as
their'm§del to describe tﬁe électrons>in the metal. These electrons
are thus taken to be an ideél eléctroh gas in ﬁhermalvequilibfium'
és stated in Chap. II Seé..A. Thus the energy states oBey the Fermi-
Dirac distribution function; |

1

f(ei) = (IIC.l)

i wi}l be
qccupied,‘T is the température, k is Boltzmann's constant

and U 1is the electrochemical potentail. fbr free eleéEron

Fermi gases, U is gssentially equal fo the Fermi energy SF for low
temperatures, i.e. for;kT/EE <0.5. In common.metals kT/eF ~ 0.01
at ;oém temperature.14 Thus, éince these results are strictly
apﬁlicable only at 0°K, this sﬁbstitution is legitimate,

It follows then that

gi ‘ '
n, = — (11Cc.2)
e(ei—U)/kT +1 : '

"In each.vol'ume'h3 in phase space there are two states for a free
particle of spin 1/2. Thus the number of states in the momentum range
- - - | 3 ’
dpxdpydpz fo: a free electron solidvof volume V is  2V/h™ ddepydpz.

Therefore'
2V dpxdpydpz,

3 - '
h e(e-u)/kT +1

- (11c.3)
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Thelfieid émiésion probleﬁ'itself iS'considéféd to be one
dimensional; There are three parts to the potential e#periencéd by .
the electrons in this model.
1. Wi;hin fhe metal tﬁe'potehtial'énefgy has a constant value | .
at —Wa, relative to zero p§tential energy:wﬁen the metal and electron.
are séparated by an infinité distance. |
2. An electric field is applied to draw thé é1éctroné out of
the metal. 'It_is assumed that thé free chafges cause this field to
be neutralized within the metal. Furthermore it ié éssumed that the
external fieid is constant as far as the surface gffects are concerned.
The origin is at the metal surface.  Taking the pbsifive X axis.to
be perpéndicﬁlar to thé metal surface and to extend out from the
surface, the éontribution of the field to the total_potential is
given by -eEx. Here E is the constant electric field and e the charge
of an electron. (See Fig. la).
3. :An electron outside the‘metal is attractedyfo it by phe image
charge it induces in the metal. The potential energy due to the
Coulomb aptraction is given by.—e2/4x.
Inhereﬁt in these assumptions is the a85umption that. the surface
is smooth and an infinite plane. However,_thisvis not élways an. 5

acceptable assumption in field emission as will be shown later.
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The potential is thus given by

V(x) = -W for x<0 ,
2 ) (IIC.4)
= -eFx - S— for x>0
- 4x

these'pOtentials are shown apprbximately in Fig. la. The maximum

value of the potential occurs at the point

x = %- ve/E (11C.5)

o
and the value of the potential at xolis

v = - VeE (1IC.6)

In cdmputing the flux.of electrons i# is assumed that the flux

. is only.a small perturbation on the electrons iﬁ the metal; and thus,
the_equilibrium dist:ibutién of ele;trons.is not disturbed. Therefore
the electrqn current is found by integrating over all possible_electrqn
energieé;.the equiiibrium flux of electrons incident on the surface
times the tunnelingvprobability of.the électrons. This integral can
be conveniently written in térms of the x component W of fhé totél |

energy € defined by

2 52
e e _y_ ‘=z
W €~ %n " 7m.

2
._px s ‘
= —2-5 + V(x) - | ) (IIC-7) |
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Then, if N(W)dW is tﬁe numbef of electrons incident on the
surface per.unit time per unit area whose x component of energy is
within'the range W to-W+dw, and D(W) is fhe tunneling prébabiiity
(or tranémission coefficient) for the energy W, their‘prodUCt P(W)dw

,equais the electron flux per unit area for this energy range
P(W)dW. = D(W)N(W)dW (1IC.8)
and the total current density J is

J = e * f P(W)dw - (IIC.9)
-W )
' a

- The number of electrons inside the metal per unit area per unit

time moving fn the x direction with x momentum between P, and px+dpx

[~ . . p dp_dp_dp :
f / I—f % X ¥ 2 (I1C.10)

Tpy== Tp,m—e U hT (e-W)/RT

equals

According to Eq. (110;7),

' pxdpx = mdW (1I1C.11)

Using this im Eq. (IIC.10) gives N(W)dW, the number of electrons with
X energy between W and W+dW incident on the surface per unit area per

unit time:

N(W)dW = 2= daw f y z (IIC.12)
3 5 2, 2 ,

[ —_ P -|-p .
W- y z)
e-xp( &r ¥ omkr) t 1
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Using pblar coordinates this equation can easily be integrated to

obtain the value for the supbly function N(W):

47rmkT 'zn[l + e—(W—ﬁ)/kT] | (110.13)

h3

N(W)

The transmission coefficient D(W) is calculated using the WKB

approximation

x .
_ 1. 2 ‘/8m ,
D(W) = exp - — [V(x)-W] dx - (1IC.14)
Xy h

where x, and x, are the locations of the walls of the potential

1 2
barrier at energy W; chosen so that X < Xy. This result is valid
only when W << Vmax (which is the éase in field emission at O'K).15 ’

Inserting Eq. (1I1C.4 ) into Eq. (IIC.1l4) and introducing the parameter

y = YeE . © (IIC.15)

Wl
leads to the reduction of the integral to a staridard form for an

elliptic integral. The transmission coefficient is then given by

4 V2m|W13-

. : L VEY)
DO = e sep  7F (11C.16)

where v(y) is a funétion of elliptic integrais and has been extensively

fabulated-%ﬁ; Y
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Inserting Eqs. (iIC.l3) and (IIC.16) into Eq. (IIC.B ) gives

kT

Paaw = ML o ek

h

o -

(IIC.I7)

At low enough temperatures the electrons penetrating the barrier

have energies in the neighborhood of the Fermi level. ‘Thus the

exponent can be expanded in a ﬁower series gbout W = u

only the first two terms of the expansion gives

- 4 VZm[WIB ~ W—ﬁ
T Taher V) ¥ et g
where . ‘ '
=' 4“2m¢3 Ve3E
JheE ¥ o
d.‘= __heE
Noms - £(Ve3E/6)
‘and

tly) = v(y) ‘,%’y Q!é%l

For low enough temperatures

kT%n (L +e

~
]

0 when W> 1y

U-W when W < ﬁ

Using

(11C.18)

(116.19)

(I1C.20)

(11C.21)

(11C.22)
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Substituting Eqs. (IICG1B) and (IIC.27) into Eq. (IIC.17) gives
P(W) = 0 when W>1y

532 ocH(W-)/d

3. .

(-W) when W<p (11€.23)
h . :

Integrating P(W)dw over all energies then gives the total
current density. The lower limit of integration is taken as -
since -Wa ié normally far below U, and U is used as the upper limit.

The .result ié

39 ._ 4\ 2m ¢3/2'v Ve E' |
3= —=E ek S (1IC.24)

A

¢

" 8rhot?

. . . g “ g . .
Using recent values for m, e, andvh,17 ’" and expressing ¢ in electron

volts and E in volts/cm, this becomes

6.2

- , 3/2 '
j= 1'541;10 E exp[—6.831><107 ¢E' v(y)]amp/cm2 (11C.25)
o7 (y) - : :
where |
¥ = 3.99x10™% VE/$ - ' (11C.26)

It is seen that y is the fatio.of the decrease inkthe potential
maximum due to thé imagevforce to the work function. Many invéstigators
have derived low temperatufe field emission equations for éeveral
different potentialsQ The influence of the discreteness of the surface

atoms would be expected to increase for higher applied electric fields
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since the width of the tunneling barriet decreases as this field
) increases.v The image force model must also be modified whenever the
surface is covered byradsorbed atoms. The validity of the F;N equation
‘has been studied by several authors.

_ Calculations by Harrison on the influence of the density of states
of the electrons predict that‘the band structure should have little
effect16.’ in total currént'measurements. Thus the Summerfeld model
can bevused. Itskovich has investigated the:phenomenon of field
emission for:an arbitrary electron dispersion law using the image

potential model for the tunneling barrier.l-8

According to his calculations, the pre-exponential part of the

"F-N equation is changed, but the exponential part is not. The
electfons occupying.the small region in k space where tne energy Ex

of motion along the x axis is near its maximum at-T=0°K represent the
principal contribution'to‘field emission, This.maximumkthus representé
the effective nork'function in the expcnential of the field emission
equation. Due to the conservation of the teduced tangential
quasimomentum of the electrons during field emission, this maximum
coincides with the work function only if the‘surface normal of the
crystallographic plane being studied intersects.tﬁe Fermi surface.

Otherwise, this effective nork function is larger than the

work fnnCtion and the electrons that will,be_emitted are not necessarily
at the Fermi level, but can be found much below it (even outside the

conduction band in some cases), since Ex can reach its maximum

independently of the total energy. Thus, in these cases, information
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on the Fermi surface can be obtained from the differencé between the
effective and true work function.

According to Stratton's calculations,lg ;'total ehergy distribution
(TED)'measurements are feasonably insensitive to deviations from the
Sommérfeld'mﬁdel except when the Fefmi surface is small or a band
gap occurs near the Férmi level." - According to Swansc)n,']"9 ~ TED
measurements have confirmed the validity of the Sommerfeld model for
all the major crystal directions of tungsten and molyb&enum except
the important (100 > direction. |

Van Oostrom in his Ph.D. thesis, extensively reviewed the validity
of the F-N equation and the various assumptions involved. For the
case of clean tungsten, he found no band structure effects. }

The accuracy of representing a clean surface by the image potential

model has also been extensively investigated.

20 treated the interaction of a charged macroscopic

Sachs and Dexter
body with_a metal éufface, quantum mechanically, by means of the
variation method. The result for the interaction energy'is the iﬁage'
force plus three correction terms.caused by the change in kinetic
energy aséociated with the coﬁcentration of the electrons on the-
surface of the metal, the reduction in the electron-electron interaction
energy in the metal.resulting from the antisymmetrigation of the wave
function, and fhe effect ﬁf_the finite thicknesé of the surface charge.
It was found that the three correction terms are negligible except‘

when the distances between the charged body and metal surface were

small. In this case the surface structure effects became important.
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Following Sachs and Dexter, Cutler and Gibbons 8 “suggested

a potentiél energy -of the form

2

V(x) = - [1 - % 1 e (11C.27)

blm
=

Here, n is the quantum éorrection»that is supposgd to. depend onbfhe
electronic properties of the metal. Several values for n have.been
ﬁsed. Récently, Dubey proposed a precise criterion  for assigning a
value to n.21 -For the value of n they used, Nagy and Cutler found
that deviations from the linear F-N plot begin at about 0.5 V/A.22
| Reéently, Gadzuk and Plummer23,' have performed total energy
distribution measurements for field emission ffom tungsten emitters
heated up to 1570°K. using a Kuyatt-Simpson-type spherical
- deflection energy ana].yz}er.'7 They found good agreement with the
theoretical medels mentioned in Section IIB. Tﬁeir results seem to
 show that tﬁe classical image force model for the surface potential.
'is valid for distances X, approaching 3 to 4 A, where xoris the
distance from the metal surface at which the potential maximum occurs.
This is the order of electron-metal separation distances which Sachs and
Dexter16 suggested may result in the breakdown of the image pbtential
due to quantum mechanical effects.

'Vap Oostroml6: concluded that the F-N equation satisfactorily
described his results for cleanvtungsfen. He noted; though, tha; the

corrected image force potential Eq. (IIC.27) gave better agreeﬁent
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between the experimentally deterpined and theoretical values for the hélf—
widths of'thevtotal energy distribution at low.tempgrature.

The simple image'forcé law does not appear tovbe generally applicable
to field emission throﬁgh an adsorbed layer on the surface. For example,
in the adsorption of nttrogen on tungsten, the total current decreases
even though fﬁe work function célculated_from the F-N plot decreases.

A decrease in ‘the emitting area does nét appear to explain fhis;

24 have used Eq. (TIC.14) to evaluate D for

Hansen and Gardner
electron energy equal to the Fermi energy for several external
potentials (the image force potenfial was always neglected). The
potentials used were: o |

1. The applied field.

2. Adsorption of dipole layer plus the applied field.

3. Adsorﬁtion of a dielectric layer plus_the applied field.

4, Adsorption of a polarizable éurface species plus.fhe applied

field. |

5. Adsorption of a deeply_attractive.potentiai'well plus the

applied field.

For each of the first*four céseé, the field dépendent part of

'D was (within the approximations used),

’ 1/2
exp ( -% n/m?y 63/%/em) | (T1C.28)

which is the field dependent exponential of the F-N equation neglecting
the image force term. The pre—exponential term was different in

each case.
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For the fifth case, a different dependence on ¢ apd E was found,
and consequently an F-N plot would show appreciable curvafure at high
electric fields.

The case of a polériéable adsorbed species is particularly
important since the actual work function with the field appliea is
different from the zero field value, and the latter -is the one usually |
desired.‘ It appears that the.zero field value 1s obtained unless
the electric field is too high.l6

The above resuits show that the slope of the F-N plot is not very
sensitive to the shape of the potential barrier outside the metal
surfaqe. This is fortuitous since it means that work function changes
can be determined from F-N plot slope changes for a'broadef range of
potentials than those for which the F-N equation itself is valid.

| Duke and Alferieff have formulated a one-dimensional pseudo—'
poténtial model in which the adsorbed atom is treated as an additibnal
potential optside the'metalbsurface.l ) The results are only qualitative,
but shdw that adsorption can lead to other interesting effects. One
e#perimental case Interpreted is the above-mentioned simultaneous
reduction in the work function and emission current by thevadsorption
of nitrogen on the (100) and (411) faces of tungsten. Other experiments
using this model will be discussed in Chap. IV.

Gadzukzsb. has extended the work of Duke and Alferieff to treat
possible resonance transmission effects over adsorbed atoms iﬁ therm-

ionic, Auger, and photoelectric emission. These calculations predict

resonances in the transmission for suitable choices of model potential .
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paramétefs which may reasonably approximate alkall atoms adsorbed on
metal éurfaces.

Recently, Connorz_6 has brought out certéin interesting featdresb
of resonénce tunneling. He also has presented é two-peak transmission
coefficient valid for electron energies greater énd less than the
barrier maxima. Thus, this expression could be used for a unified
theory of thermionic ana field emission for é two-peak potential model;
This article contains extensive references on previous work on tunnel
resbnahce.

In feality, field emission is not solgly é one dimenéional
probiem, 'The emitfer itsélf is péeudospherical, and the pétchvfiéld
effect. and the presence of the tip shank cause electric
vfieids parailél‘to the emitter surface. |

A recent péper by Pélitzer and Feuchtwang27 ;_represents an eafly
step in coﬁSideriﬁg some . of tﬁese aspects._ Here, field emission
froi a spherical fip is formulated in terms of scatteriﬁg theory. The
.usual transmission coefficient is replaced by a differenfial scattering

probability.

D. Determination of the Work Function Uéingﬁthe Fowler-Nordheim Equation

The current I and the voltage V are the experimentally measured
quantities. Thus, using
I = AJ . | © (1ID.1)

and -

=
il

BV o ' (IID.3)
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the Fowler-Nordheim equation becomes

L -6,2.2 . 3/2 N
I 1'54x1°2 BV A oxp[-6.83x107 ng—-V(y)]amp (I1D.3)
ot™ (y) : :
This can be written in the form
: - an=6,2 23/2

log (=) = 1og |1:241X10 B AL 5 g67x107 L v($) (11D.4)

, 2 2 BV .

v ot” (y)

B_varies over the emitter surface (although, as~seen below, this
variation is often neglected) but is assnmed to be independent of

_the tip.voltage. As seen in Section II-C t(y) is almost constant.
Taking A, B, and ¢ to be independent of V, and t(y) conétant, the slope

of log (I/VZ) vs 1/V takes the simple form:

2 3/2
d log(I/V™) _ 7 ¢
m _—(—i-(—l/_V—)—— = -2.967x10 B s(y) | (IID.5)
where A
sG) = v -3y e

Accbrding to ﬁhis model, this plot, cailed the Fowler-Nordheim (F-N)
plon, results in a straight 1ine; except at higher currents where the -
image force term s(y) varies noticeably. If thevF-N model were
simplified by neglecting the image force, s(y) would be unity and

“the F-N plot a.st;aight iine. Experimentally, space charge effects

at higher current also cause deviations from the linearity.
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The slope of the F-N plot yields (¢3/2/B) s(y). Thus another
relation between ¢ and B or the independent detefminafion of B is
néedéd to obtain‘¢§ | |

The intercept q of the F-N plot is giveh By the following relation

q = log [1"541*;°f632A:I . am.n
ot (y) . .
_.Thisftherefofe supplies,ahother relation between ¢.aﬁdv8. in the
‘simpiified‘model without the image force, the F-N plot results in a
straight line and the actual intersection of.this line with the
y—éxis would equal the pre—exponeﬁtial factor of the simplified
equation. HoWever, in the model with the image force, the extra-
polation of the linear part of the curve would not résﬁlt in q, but
"in a 1ar§er nﬁmber; Thus q must be obtained from Eq. (IID.4) using
values of-Ivand \' witﬁin the experimental data. Howevéf,:the'emitting'
area A is'unknown, and thus Eq. (IID.4) cannot be used with Eq. (1IID.5)
to obtain B and ¢. - |
.By_using the propef'etching.technique; the ggﬁeral shape of an
emitter cén often be épproximated by one of the fémily of equipotential
surfaces resultihg from various geometrical shapes.  If thé experimental
anode 3urface is also représentéd by 6ne of tﬁe equipoténtial surfaces,
the eléctfic.field can be calculated at each point.and the value of
B everywhere on the emitter determined.5 With this méthod, the
emitter shépe-is detefmined.by electron microscopy; A typical core
étructure uséd,is tﬁe sphere-bn—orthogonal cone. This mbdel reveals
that tﬁe field is highest.at the émitter apex and decreases slowly\

as the angle from the apex increases.2
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The calculated decrease in field is less for emitters with a
vconstriétion in the shank just behind a "bulbous" end form. Dyke
and Dolan28 " have graphed B/BO vs 0 (ape#’angle)'for the two shapes
often4encoqntered. Here 80 is the value of B at 0 - 0. For 6ne,
shdwing a slight constriction, 3/80 = 0.90 at § = 57°. For another,

5

with no constricti6n, 8/80 =2 O.9Q‘at 6 = 50°, Gomer has shown

that the resulting'decrease in emission current according to the F-N

i

equation is much steeper, resnlting, for‘therfirst case, in J/Jo
0.35 at O = 57°, and for the second, in J/Jo = O.i at 6 = 50°.
Consequéntly,‘the calculated variation ih the fieldfover the visible
portion of one of these simplified emitters is quite small. |

~ Ovchinnikov and Tsarev have used the aBove approach in their _
probe FEM study of cesium adsorption on the crysfallographic faces
of_tungSten.zg They determined the size parameter in their equétion
for B/BQ by measuring the currgntévoltggé'characteristics‘for the (I21)
and (211) planes, which are at different distancesvfrom the tip apex,
and assuming their work functionsbwere the same.l

It is desirable to use tips that have a neck behind a spherical

end (called "wide angle" tips) because the often used assumption that
B is constant over the imaged area is then closer to the actual
situafion. If planes appear at the periphery of the FEM pattern
which afe 180° apart, such as the (1I0) and (110) planes in a (110)4
§riented tungsten tip, ﬁhen such a structure is ﬁresent.'301 This

shape can be easily obtained by heat flashing (See 8ec. IIIE.2).
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By cdmparing the F-N slopes of pairs of identical plénes at

different angular distances from the tip apex, Mueller found a drop
30

of 0.15% per degree for these "wide angle" tips. " This value
agrees with the equipotential surface results of Dyke and Trolan{31

Swanson and Crouser32 ; used Mueller's technique. Their values
of B/B0 agree well with those obtained by Dyke et.al‘.33 uéing
equipotential surfaces to represent emitters having slight and
pfonounced constrié;ions.

The prévidus disoussion has.hegiected the fact that due to the
crystallographic planes present on the emitter surféce, thevémitter is
not thé smoothly curving structure assumed to this point. The vaiue
of B is iess over a flat region than over a curvéa region of the émitter,
and thus fhis effect is superimposed on thevmécfdsdopic éffectsldiscussed
- above. |

Mueller has defermined that the reductioh in'field at the center
of a plane can amount to several percent for'larger planes. For
(011)—§riented tuhgsteﬁ emitters he used field reductions of 3% for
the (011) plane with a 5.5° half angle, and of 0.52. for the (112)
plane with a 2.5° half angle.30 Fof fiéld evaporated épecimens,
there afe differenceé of locallradii 6f curvature produced by the_
shaﬁing pfoeess (see Sec. IIIE). |

Because the above quantitiés are hard to obtéin pfecisely, other 
methods are being increasingly used at present. The temperaturé
variation of field emission and the éﬁergy distribution of the field-

emitted electrons each provide another relatipn between ¢ and B and

are thus used. These will be discussed in subseguent sections.
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>

Gomer and co-workers (see, for example, referehces 5, 8 and 11)
have often determined the voltage-field factor for tungsten emitters
by assuming the average'workvfunction'of a'tungsteﬁ emitter is equal
to 4.50 eV. They used the F-N equatién'in the simplified form,

2a(1/v?) = ta Ao 2y (1ID.8)
whére.ln A is the'pre—exponehtial factor, and b is a constant given
by v ,
' b = 0.68/c o (1ID.9)

" where

&V = E . | | (1ID.10) -

E is thé field in volta per angstrom. ‘b was determined from thé slope
of the F-N plot for the total emitted current and the valué Of_¢ave
noted.above. The'curfent from severai pianes was measuréd by moving
fhe emittér. b was calculated for each position, and then used ip

single plaﬁe work function (¢hk£) measurenents.

This method has obvious simplifications and definite uncertainties.

For it to be uéed at all, ¢ave must have been calcﬁlated from a field
emitter rather than a macfoscopic polyér&stallihe sample, since fhe
“planes emphaéized in each are different, and the ¢a§e of a field
emitter is a complicated average of the single plane work functions
in which thg low work function planes predominate.

Andther frequently used relation, which can be derivedffrom the

expression for the slope of the B-N plot, [Eq. (IID.3)] is



i_i ='-(ﬂ.),2/3."<81>2/3 | | ‘ (IID}.ll)’

.wherevi refers to a sing;e plane, and j can refer to another sihgle.-
plane orvto>the whéle'eﬁitter. In deriving Eq;'(IID.ll);”it was
assumed~that s(y) 1s the same for both i and j. .

Sidorski, Pelly, and .Gomer3'4 " have presented still another

‘approximate relation be;ween ¢hk2 and ¢avé,‘whiCh they used in the high
work fuﬁction regions of a tungsten emittér. In this equation,

2/3
log 12/11> _

®uct ® Pave (m - (HD.12)

Here il and iZ

at any two voltages, V1 and V2’ for which the total emissibn currents

refer to the emission currents from the prdbed region

are, respectively, Il'and 12. According‘to the aﬁthors, this relétion
can be derived from the F-N equation. If'il/i2 = 10, this equation
reduced to

kg = ¢ave [1°g(:"2/11)].2/3 - | (IID'13)

which en#bles ¢hk£ to be,raéidly dete;mined.

Uﬁless temperature variatidn or energy distribution measurements
ére used té obfain other relations between B and ¢, then the only
experimental quantities available are the.total éurreht I, the applied
vﬁltage V, and the slope m of thé F-N plot. ‘ﬁoth fhe work function |

¢ and the electric field strength E at thé surface are unknown, and



-32-~

E and ¢ appear both explicitly and implicitly through the variable
y.  Because of this, an iterative method must be uéed to obtain
absolute values of ¢ from the full F-N eqﬁation. In view of fhis,
it is instructive to fﬁink ébout the emitting area from which the
electrohs passing through the probe hole originaté.

The electron frajectories,near the outsidg of the_pattern afe
bent towards the center of.the pattern because of the effect of the'
shank on the potential liﬁes, Thus, on the basis of the general tip
'shape, one Vould expect the magnification to decrease as the apex
angle’increases,‘ This means that the eﬁitting area from which thé
probe electrons originate would increase as the:apex'angle increases.

‘Honger, van OoStromflG‘ (and others) have found that this effect
is ppposed by a magnification reductién évervlarge flat planeé. In
,his studies of (lid)—oriented tungsten, van Oestrom found_fhat the
magnificatioh'of.the large (110) plane was smaller than that of any
other plane, making the probe emitting area fér that plane much larger.
In fact tﬁe emitting area measured for the (110) plane was about 80
times larger than that measured for the (211) plane.

| If the local magnification is independent of fhe tip voltage,
then the emitting area for a cleén surface is also constant, and no
calculational problems are introduced in this regard.

According to Gowdy7 anotﬁer_unéertainty in the emitting area is
intfoduced in probe measufementé by the focusiné effect of the probe
hole assembly and the presence of the auppressor grid throﬁgh which

the electrons must pass.' These effects are not independent of the
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tip voltage, but, because the magnitude of their effect ié uncertain,
it is assumed that they do not change appreciably over the voltage

measurements.
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IIT. RESEARCH TECHNIQUES

Thé present chapter briefly describes some of the pertiﬁent
techniques commonly'uﬁilized for the study of work functions with
an emphasis on field emission and the associated téchnique of fieid
ionization. The classical methods of thermal emission and photo-

electric emission are briefly summarized.

A. Thermal Emission Method

One of the most common'methods used for the determination of
work functions is thermal emission of electrons from a heated metal
surface. Some measurements using single crystal wires have been made

using Smith's method.35

With this method the electrons emitted

from the hot cathode.are collimated and accelerated into a Féraday's
cage serving as anode.b The sample can be rotated to determine the
dependence of ¢ in crystal orientation. If the anode voltage chosen

is largelenough so ;hatvthe electron current has attained its saturation
value (i.e. is not‘space charge limited); then the electron current

density j depends on the temperature T, &nd the work function ¢ can

be obtained in accordance with Richardson equation

jo = AT? exp[-ed/KT] ' ‘ (ITIA.1)
where o
ZWMe 2 _
A = 7 = 120 amp sec/cm” degree, (111%.2)
h

in which M_e is the electron mass, K the Boltzmann constant and e the

charge of the electron. Plotting In (jo/Tz) against 1/T giﬁes the
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Richardson line, and from its slope the work function can be determined.

B." :Photoele'(:tric ‘Method

This method has also been successfully applied to the determihation
of work functions of clean and gas covered surfacee. . The maximum
kinetic enérgy (Eméx) that our electron can attain at 0 K after absorp-
tion df"é photon and overcoming the potential barrier has been shown
by Einstein to be

Eax =BV - (80 o . : (IIEB.3)
Then, there is no possible photoelectric emission for hv < ed, and
vo = ed¢/h gives the lowest frequency at which the effect can occur.
One can then write
Emax = h(v-va) . o (IIIB.2)
This relation is used to determine the work function.

If.the voltage V applied between the photocathode and the anode

is just’sufficient to prevent the emission of electrons from the

photocathode, it.can_be written that

eV = h(v-v) = hv - e - (.3

If the frequency v is known, the work function e can be determined
from the above equation. However, since the actual measurement must
_be made at T > 0 K the kinetic energies of the electrons may be greater

than Emax’ and this method will yield imprecise work functions. More
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' exact methods have been devised which take into account the photoelectron
current density, the irradiation frequency and the temperature. They
afe well discussed by Kaminsky36'and will not be included in this

thesis.

C. Field Emission

Ihé'emissioﬁ_of electrons f?qm fhe surface of a condensed phase
into anqthér phase, [(usually Qacuum) under the action of a high
electrostatic field (0.3 to 0.6 volts/A)] is called field emi#sion.

| ﬁmission of electfons from a ﬁetal surface can be attained by
supplyiﬁg the electron with the energy necessary to overcome the
potential barrier; that is the work function ¢.. Whén this energy is
sﬁpplied by bombarding the metal with electrons, wé have secondafy
_électron emission. When the energy is supplied by photons we have
phqtoélectric emission, and when it is supplied by phonons we have
thermionic emission. vIn field emission, however, instead bf overcoming
vthe work f#nction, the surface potential barrier is.deformed by the
field in such a way as to give electrons a higher probability of
tunpeling through.

For a triangular barrier of height ¢ and width ¢/Fe (Fig. la),

_'the'tunneling probability has been found to be proportional to

| 3/2 V |
2m\ . < v
exp [_(;§> Be ] : | (I11C.1)

-©-

for electrons at the Fermi level.
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If-the image potential or Schotky efféct is-included, the
triaﬂgulér barrier is rounded up as in Fig. la and reduced by an
amount (e3F)l/2.

Fowler and Ndrdheim,l3 ﬁsing this’type-of barrier, cal;ulaCed the

curreht density of electrons'produced by field emission, which yielded

the well-known Fowler-Nordheim equation

L1)2 7 372 -
J = _6.2><1o'_6 -(-%é—j%——— ¥ exp (‘6'8x1°F q> a') (11IC.2)

where | is the Fermi energy measured with respect to the bottom of the‘
conduction band . and is expressed, as ¢ in electfon volts when F is

expressed as electron volts/cm and J is amps/cmz.

D. Field Emission Microscopy (FEM) -

A tip or sharpiy pointed cathode placed in a high vacuum pointing
toward a'zinévsulfide’screen produces an enlérged image of the'emitting
Surface,‘once a high péteﬁtiél between the cathode and the screen is
established. The field at the surface of the cathode is related to

the voltage V by using the expression

F = +. ' (I11D.1)

where r is the mean radius of curvature of the'emitter surface and
k is a quasi constant that depends on the geometry of the electwofles

(k=5).
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As the image on the screeh is a radial magnification of the
emitter's surface, we can write the magnification attainéd as R/Br
where R 1s the emitter to screen distance, r is thé emifter radius
and B is a constant depeﬁding on the microscope's geometry (B~1.5). L

The resolution § of the field emission microscope in terms of

distance on the emitter surface can be written as

| WA 1/2

ook, 172 (1.16 1 v |

§ = 2.62x107%8 & + . (111D.2)
: <BV1/2 Ka¢1/2> ~ '

‘where § and R are in'centimete:s énd v igi'volts37 and o is a constant.
The first térm is the contribution of the transversal momenta and the
second is the diffraction effect. For a crystal of 10F6:cm of radius,
¢ = 4.5 eV and.F = 5x10 volts/cm the predicted resolution is bf the
order of 20 A. |

The'origin of the brightness contrast in the field"emission'image
may be seen from the Fowler-Nofdheim equation (Eq. IIIC.2). As the
emitte& electron cﬁrrent depends exponentially oﬁ ¢3/2/F then slight
variations of work function and local field will be displayed in the
image. H | |

Variations of F reflect changes on the effective locai radius
of curvature (Eq. III.D.l) and consist of rélatively largg-scale.
vafiations caused by the overall_shape of the emitter and shorter
rangevvariatiqns due to the topography of the surface. However, the
dominant variable determining the contrast.in the field emission'iﬁage

is the work function which changes with crystallographic orientation,

composition and adsorbed impurities.
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Sumﬁing up, thé technique of.field—emission microscopy permits
the observation of small variations in the work function and'local
curvaturé of the sbecimens witﬁ magnifications of ~ 105 and résolution
of ~ 20 A, \

This technique has'bééh appiied in adsorption.phenomena,-work

function measurements and diffusion phenomena.

_1. Techniques Using the Field Emission Approach

Three of the techniques commonly usgdvto measure work functions
using FEM are: |
a. ’Scintillation Technique
b.. Energy—Analyzef Technique

,é. Probe Hole Technique

a. Scintiilation techniqué; Wilkinson4l and latérubyke,_Trolaﬁ,
.Dolun and Grun‘dhauser33 tried to measure electron current densities
by directly measuring the direct light output.

| Nottingham38 had shown fhat the light output from a phosphor per
unit curfént striking it, variés with the potential of the phosphor
according»to the relationship |

% = kv" | © (I1ID.3)
where L is the 1ight_output_fr6m the phosphor, I is the electron
current striking the phosphor, V is the potential of the phosphor

and XK and n are constants. The value of n varies with the type of

phosphdr and it may vary to a small degree for different samples

of the same phosphor. With ZnS:Cr screen excited by electrons
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quantum yields of 0.30 to 0.065 photons/eV. When excited by ions of
limited penetration power, the screen brightness increases somewhat

more than linearly with ion enefgy following a function about Vl'l

to Vl's. Data obtained by Wilkinson from ZnS:Ag screen show a value .
of n for electrons of 2.5 using a willemite screen he obtaihed n=2.0.
The light output can be measured with a microphotometer ffom the

photographic film, for a given voltage a light-ohtput L isllinearly

related to the electron current.
L =kKW™ = cI  (I1ID.4)

C depends 6nvthe_filﬁ sensitivity; the power of ﬁhe light beam, the.
sensitivity of the microphotometer, and the voltage. From the current
derived from the light output, ¢ can'bg derived using the F-N equafion.

| ?Muller4o points out that the light output from an area might
not be a simple function of the electron density §f the Beam originally
émitted'this may be due to internal reflection of the wailé of the tube
and the inside of the phosphor and also torexcitation of the dark screen
areas by soft x-rays within the tube.

All these factors will tend to diminish the CQntrast between the

dark and light areas of the image. If there are, in fact, image S -

contrasts, then we can assume that the electron.density emitted is
different even if the difference ié-larger than that ascertained by
intensity méasurements. The work of Wikkinsonél show fhat_the work
funétioﬁ obfained from the slbpe of the Fowler-Nordheim plots which

have been measured scintillation exceed the expected work functions
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for the_sahe planes of W as measured by Nichols and Mendenshall.

Wilkins?n's slopes however keep a linear relationship with the latter
results. Then, the scihéillat%on method cén be properly used to attain
work fﬁnction Aifferences‘but ndt measurements of absolute.work
_functioﬁs. |

""" )?2 This

techniqué is based on the total energy distribution expression

- J e&:/d

JEy = —° (111D.5)
d(1+e€/pd)

where
P = %%f, E=E - Ef (Fermi energy)
9,76 107%F - - '
€ = ——.—'1—75-—— (I1ID.6)
¢~ Tt (y) '
F = applied field
t(y) = image correctdon
¢ = work function

Utilizing a retarding poténtial.ahalyzer, the electrons emitted by
thé'tungstén tip can be collected at a metal surface of work function

¢o’ when theif energy E éxceeds ¢c + Ef - Ve
E > ¢+ Ef - Ve,

Vt is the emitter to collectow bias potential. Indreasing Vt allows all
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elect:oné qmitted down to a certain energy level € =4¢c - Ve to be
colleéted.

At T = 0°K thé condition Ve = ¢c repfesents the current cutoff
since the electronic_states-above Ef are not éccupied. The total

collected current-Ip at a specified value of € is given by

I - .%%‘;/. ee/d de = Jo(t - e—€/d).' . (I11D.7)
o o ' o

where Jo is the maximum field current.

Réwriting this equation in a workfng form we obtain

o -
(Io-Ip) = _ c : _
log, ———jifl— 53+ Ve/2.3d (111D.8)

Then, values of d and ¢c can be ob;ainéd from the slope m, and
the intercepts of a plot of the curve léglo (Io-Ip)/Io versus Vt.

Basically, this procedﬁre requres an energy analyzer and a
collector, as measurements of the electron currents have to be.made
simultaneouély with current measurements.

c. Probe hole technique. A somewhat simpler technique used by Miiller

has been the probe-hole technique.

| vA probe hole'made in the screen, would allow électrons to pass
through and their current measured under vaéuum conditions. The size
 of the hole.is tmade to match the image of the plane und;r study, and

the current measuring device consists simply of a collector and a

Faraday cage.
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The work function is ascerfained by direct application of the
Fowler—Nordheim equation (Eq. IIC.2). Using the slope of the plot

of log J/F vs l/F ¢ can be calculated

E. 'Field Tonization

Field ionization is the ionization of a free atom by tunneling
the electron through the deformed potential ﬁarfier (due to a strong
external electricbfield). The field utilized in field ionization is
much higher than that of field emission (2 to 5 volts/A). |

A higher applied field deforms the potential surface of a positively
charged anode in such a way that it permits the icnization of a free
gas atom. This will occur if the electron tunnels from its ground_
state in the mothe;'atom into the‘metaldsurface (Fig. 2 ). When
;he atom is near fhe.surfaee,rthe former,becomee»polarized and the
_ effect.of the.proximity of its charge ofi the surface potential barrier
further reduces the width by image forces. |

The barrier penetration probaﬁility.for the tunneling electron .

may be found by the W.K.B. approximation, yielding

> S :
| N 172 %1
D = exp[‘— 8—‘3—) | fx (v-£) /2 dx] . (IIIE.1)
B 2 .

where X,-X, 1is the width of the potential barréér, m is the electron

mass and E 1s the total energy..3
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The frequency of ionization is given by

£ = WD o (IIIE.2)

where ﬂ is.the frequency with which the electron hits the potential
barrier as estimated from Bohr's atomic model. |

| BeéauSe the radius of curvature affects the.local field, as we
saw in the expression F = V/Kr, the areas of.larger r#dius of curvature
will abpear darker in the field iomnization picture than‘those of
smaller radius of curvatueé,

In general, the ion currenﬁ ﬁroduced by the iméging gas as it is
ionized near the surface of the specimen depends on the amount of gas
atoms available at the tip'and the number of atoms being either ibnizéd
or diffused away from the tip's area. |

'thsidering that all thé atomé that.arrive at the tip‘are ionized,

the ionic curreﬁt is giVen by

i = asq | (IIIE.3)

where o 1s a semicohstant depending on the number of the diffused ionms,

q is the ionic charge, and S is the supply function given explicitly

by

s = p (2mxr) "1/ | | (LIIE.4)

Geff

is the effective

where P(dynes/cmz) is the gas preésure, and qeff

cross section of the tip. The effective cross section differs from

the geometfic cross section Gg by the factor (1 - 2V(F)/3KT) where
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V(F) 1is the potential energy of a particle\ih the field F.

Thus the ion current can be written as -

1 = a [1 ;‘2gég)] %, p (2mkT) ~1/2  (ILIE.5)

If we take into account that some of the atomé bbunce'on fhe tip
and then, instead of being ionized, diffuse down the shank of the

speéimen; the ion current must be expressed as

2 KiKd

1= 2w, x4 C wigg
(IIIE.G)
_ I-¢.
xc - cF

" where X, is the criticai approach at which'an atom can be ionized. I
ig the ionization potential, ¢ is the work function end F is the

applied field.

' o 1/2 _ (-2(I-¢)a F ) .
= (KL __r pPo
K= (Zap) T(I-¢) P YEKT (IIIE.7)
N 3/2
(2KT) "~
Kd et (IIIE.8)
mllzaszr

and 'ap_= ionization prbbability, T = period spent by the atom, within

ionization range, m = mass of the gas atom, r = radius of curvature.39
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F. Field Ion Microscopy (FIM)

In the field ion microscope the specimen isvpositively charged and
gas is allowed at low pressure into the iﬁstrument's chambér. The
image is formed on the.fluorescent écreen by the pdsitive gas,ioqs
produced near the specimen's surface, when eiectrons_from the gas
atoms tuanel into the specimeh. The magnification of the field
ionizatidn microscope is radial as is thét‘ofvthe field emission
microscopé. Because of the larger de\Bfoglie wavélength
éf.gas“ions, coﬁﬁared to thgt‘for electrons, the field ionizatiop

microscope has a resolution of the order of an atomic diameter.

The minimum resolvable distance in the field ion microscope is

~ glven by:

\/ | 2,2, 2

_ ; 2 (48 rh ).v '

§ = 4YB(KT/Ve)” + SR o | .(IIIF.l)
where r is the tip radius, B = 1.5 (depends on geometry), V is thé
voltage (V=KrF) and T is the absblute temperature,39 M is the atomic
mass of the imaging gas and F the external field.

For helium at - 20 K the resolution attained is 3 A for emitters

of 1000 A in diameter and V = 104'volts. . o )

G. Specimen Preparation

Specimens for FEM or FIM are prepared from thin polycrystalline
wires electrically pélished to form a conical needle. The tip of the

needle must be invisible with a 25Cx microscope. . The last stage in
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the prepération of the FIM - FEM specimen requires attainihg an almost
perfectly hemispherical emitting surface, free of impurities and
protruding atoms. Such a surféce can be accomplished either by field

evaporation or by heat flashing.

1. Field Evaporation

-This technique is based on lowefing the activation energy39

required to evaporate an ion from the surface of a metal, by applying'
a high electrid field.

a, Field evaporation of pure metals. The f£field requtred to

evaporate surface atoms from kink sites 6n the metal murface depends
on the sublimation energy A, the ionization'potential In and the
work function ¢ of the plane containing the evaporating atom. This

has been expressed, as:

F = (en)"3‘[x +Z1 - n¢_]2 (111G.1)
S n n . .

where n 1is the number.of electrons depleted from the atom.

For a given aﬁplied voltage V the field E will be differentffof |
different sites of the ébecimen depending on the local work fqnctibn
and also on ﬁhe local radius of curvature (Eq. IIID;l). |

The evaporation rate Ke, is an Arrhenius type of relation

Re = v exp[-Q/KT] . ae.2)

Q = [A+2I_ -n] - wm33mi’2  (16e.3)
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where Vv is a frequency factor and Q is the‘activation energy for field
evapofafion. Q is, to a fiest approkimétion;‘temperature indépendent.
Thus, the evaporation rate depends exponentially on the work
funétion énd the field. A large work function will pfoduce an ingreasé
" of the eiponential factor‘and a preferential field evappratibn 6f the
.high wofk.functidn area; Also é large local field, as prodUced“by a
prdtruding atom (a kink atom or.an impufity) will produce preferential
-fiéld evapbrétion of these atoms.
The field evéporation énd form:of the_speciﬁen will'theﬁvpresent
a smooth, almost séhériéalAsurface, topﬁed by small tegions of
different radii of curvafure. ~These local diffefénces of radius df
curvature producevdifferences of brightnéss in the éield ionizatdon
photomicrograpﬁs.

~b. Field evaporation of dilute allogg. According to Bran’doh,(’4

the modified sublimation energy for a monoatomic ion of a solute

-species can be given by the approximation

A~A -AM (I11G.4)

where Ao is the sublimation energy of the pure solute and As is the .
relative partial molar enthalpy of solution. When the solute is a

monoatomic gas

A~A - H I  (I1IG.5)
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solution per»gramatoﬁ'of"gas iﬁ the‘standard staté.‘ylf the solute
~1s a dimoiécular gas .
| X & E, +'H.ai o o (1116.6)
where H; is the heat of adsorptioh per gramétom of éas in ifs standa;d
state and Ed'is its dissociation energy.
To a fiest approximation HS S Aﬁs but‘values.df Aﬁs arev
to be préférfed fér tﬁese’calcuihtions when they are availablé.
qu some diatomié gaseé H gnd Ha have been determined and it hés :
been gonsis;ently_observed that Hsi< Hé, indeed_in gehéral
Ha >‘_-'AHF > HS’ whe;é - AHF_ is the héat of formafion'of the appropriate
compound per gramatom of gas. As a result, the solute atom has a loﬁer
free energy at the surface than in the bulk, and the difference
in energy must appear aS a'reducgion in the binding enefgy of the
nearést héighboring atoﬁs. Therefore, as field evaporati§n pféceeds,
o _ _

solvent atoms directly above the solute atom will evaporate preferentially

if by doing so they ﬁncqver the undeflying solute atom.
| | 44

This ‘effect has bgen obse;ved.by Machlin.Asv kaandon has

' calgulétgd-the evaporétion fields of various solutés in aﬁ iron
matrix., Of thosevlistéd Cr; Mn,.Cd, Cu énd_Al are_e#pected'toffieldv
,eQaporate‘preferentially while thé resf of the metais will be retainéd

on the §urface.
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2. Heat Flashing

The method of heat flashing consists of heating the tip electrically
1n vacuum to the point where contaminants decompose or evaporate. By
this method alone it is not possible to clean metals with melting |
temperature lower than 1300°K. |

Heating above a criticai temperature.eauses surface diffusion
which yields a'snherical bulb at the tip of‘the enitter; and,.if_heating
is ‘continued, it pronuces blunting to the point where field ionization
is novlnnger possible. Surface diffusipn depends.on.the energy Hf
necessary to produce mobile surface atoms and surface vacaneies and the
activation_energyrHa to move the atom or vaeancyvon the surface.

These energies depend on the atomic packing; thus, they vaty from one
.surface orientation to another.

| It is expectedjthathotmation of mobile atoms on clhse—packed
.planeS,requiresAa larger energy Hf than on ioosely packed planes.
Howeﬁer; it should be easier to move an atom on the relatively smooth
surface of a close-packed plane than on the rongh surface of a high
‘index plane.

These two factors account fdr_a slight buildup of material on the
Vtip's surface in certain crystallographic directions when the crystal
is heated to temperatures where surface diffusion is possibie.

' The end form of a "buildup" tip will have accumuiated surface
atomsvat'the low work functidn (high index) planes and a depletion of
atons at the low work function areas of the tip. Thus buildup

accentuates the dark areas (high work function areas) of the emission
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>microgra§hs in contrast with the high‘emitting (Iow‘¢) areas. 'A‘moré
severe Buildup can be atfained if flashing‘is.done with the high

electric field on.

H. Image Interpretation of Field Ion Micrographs

Field ion micrographs of pure metals and‘alloys usually present
regions of'different brightness. The.most outStanding features _.:
éomﬁonly observed are zone 1ine'decofation, symmetric regional image .
 brightness, brightness contrést within the same crystélldgraphic
v.plane, bright streaksbandldérk zone or dark band.symmetricalfpatfernS}

~ The following is a brief description of these featuresband the
explanations of them that have been published up to now.

1. Zome Line Decorations

Zoné line decorations aré rows of single atoms and grduﬁs‘of'
atoms that‘a¥e substantially brighter than'the.rest of the'atoms
vvobsefvéd in the FIM. They occur along zone lines like the (110)-(100)
sector of‘the'tungsﬁen micrographé.(fig.-15}l)

These zone lines havé beén-explained'by Mﬁlier39 as isolated
atomé sitting>at metastable surface sites; ﬁowever,'fqng and Gilman46
shqﬁed that the Qutstahding bright spots could be resolved into groups

of three or four (triadé and tetrads) on metastabie'positions.

- 2. Regional Brightness

Symmetric regional image brightnesses are brighter regions observed
~at a specific cfystallographic orientation; Such regions could be
’_accounted for by varying local radii of curvature due to preferential

field'evaporat:ton.3'9
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“The brightest region of tungsten is around the'{lll} piéne and

’

the darkest is the {110} region (see Fig. 15.1). Also, the radius of

curvaturé'in the {110} region is several times larger than that of

the {111} region. This dependence of.brightness on radius of curvature -

can be bettér understood from Eqs.(IIIC.6 td_9). The larger r is,
the smaller the ion current I will be.

.3;:'ZonebBrighthess Contrasts

Brightness variations along certain zones are especially obvious
in tantalum molybdenumiandbplatinum. 'fhése sharp contrasté around |
regions that are assumed to havékthe same radius of éurvature haye"
been explained by Moore and Bfandon47'Who took into account the
chéngés in thé a;omic environment of the imaged atoms. They.suggested
lthat atoms with more than é'critical'number of first and second nearest
netghbors do not appear in the field ion image = and that the bond
geometry Qf more distant neighboré can be correlatedeith overall
variationé of inténsigy‘in different areas of the sterebgfaphic

triangle formed by'{IOO}, {110} and'{lll}.poles as vertices.

4. Dark Zone Patterns

.Dark zones have been observed in micrdgraphs of different metals
under some imaging conditions. They are s&mmetrical dark ‘bands
stretching from one major crystallbgraphic pole to another on the‘image.
In somé ways they are similar to the previously described'brightnéss‘
variation. These are very conspicuous effects in;nickel alloys (N14Mo)
and héve reéeived_ad-hoc explanations by different‘authors. The effect

- .of dark zone regions was observed initially in nickel-molybdenum, by
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LeFevre, Grenga and Ralph,48 - who observed a dark band‘patterﬁ in the

field ign micrographs of NiaMo. They pqinted out that Fhese béﬁds 1

did not go through domain boundaries and did not seem to be symmetric
with respéct to the'imége; They tended to bass fhrough'fuhdamenfal
planes and by-pass the major superlattiée‘planes; They explained

thét the supgrlatticg plénes contéin Ni and ﬁo.layérs alternately, while
the fuhdamental planes are mixed; _Thﬁs, as W ténds to 1magev |
preferentially, the fundamental planes will ;end to iook darker. This
appeared £0*be the origin of these dark zones.

¥ Newnan and LeFevre49 alskoorked with Ni,Mo Andbobservéd not

| only thgvdark-zone patterh joining_thevmaﬁor fundamental planes, bﬁtv

‘a secondéry zone pattefn, of thinnér bénds, which jéined the superléttice
ﬁlanes. They attributed tﬁe dark zone pattern‘to'the]shape of the .
Fermi surface (following Nakamura and Mﬁlier). They considered'thét
regiong where the Fefﬁi'ievel approééhes the Brillouin zone boundary
correspond to direcemoﬁs-in.K space for which7thereJis~a réducéd numbér
of available'energy states, thus'é sm#ller probability of electrons.
tunneling in. The ionization proﬁabilityfof helium'atoﬁs is,thén
smaller in these regions. | |

Using the shape of the Fermi surface'of Ni. for Ni Mo, they

4
condluded that as it necks up toward_the (111) direction (if wgv'
assume it is spherical elsewhere) there was a smaller probability
of ionization in that direction. That wouldjexplain the darker bands

in Ni4Mo around the (111) planes. - However, Newman and Hrén5

working with ordered and disordered forms of Ni4Mb, did not find the
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' zone ﬁattern at liquid helium temperature. No paper considering
band structure in the disordered NiAMo is known to the author.

The explanations for zone decorapions; symmetric regional image

- brightness, and brightness contrasts within the same crystallographic

‘plane haveibeen‘fairly‘well accepted by field ion microscopists.

‘ ﬁoWever,'there doés not seem td Be agreement in the drigin of dark J
b&nd formations as they aﬁpear in nickel andxsome of its alloys.

Fé, Co ‘and Ta,:field evapofatéd at liquid nitrogen teﬁperatures,

also shoﬁ the'darkvzone pattern extending from the majdr crystallographic
planeé.

In a pfevious'work by -the author51 the field ionization:
micrographs of the NiAW as-éuenched from 1300°C ta phase) showed a
dark zoﬁe patﬁefn when the specimen was observed at temperatures
around the liquid nitrogen bqilipg point (78°K); ~The bands ségmedv
to depart from fhe'{lll} poles aﬁd oriented toward the.{ilO}.poles‘
(see'Fig; 18). A second,pattern, not as dark as the_first,.was
obégrved extending from the {100} poles téward the {111} poles
(see Fig. 19). The dark band patterns as a whole disappeared upon
cooling of the specimen'to'aroﬁnd liquid helium temperatures_(4.2°K);

- The dark band pattern was explained using a topogfaphic médél.
based on preferential field evapération at the'{lli};{ilO} regions
of the specimen due to a higher work function of ﬁhe planes invqlved.

Prefious éxplaﬁatioﬁsAof the dark band pattern in pure nickel
and in Ni4Mo, failed to account for the temperature dependence and
other characteristics. The use of FEM in conjunction with FIM proved

effective in making it possible to discard some of the previous
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hypotheses and in ascertaining the work function as the priméry‘éause
behind v‘:he dark band formation.

5. Streak Contrasts

'Somé specimens show bright streaks.in'the field,idn'images ﬁhat
can not be conéidered zone depeﬁdent. Ralph and Brandon52 interpreted
the streaks seen in deformed tungsten-rhenium alloys as due to the |
step produéed'where é Stacking fault on thé'{112} plane intersects

53 a comprehensive study of

ktﬁe crystal surface. _Ranganathan et.al}
streaks, sﬁqws that they might be the product of different causes.

Fér example, spegimeﬁs could sometimes present a forked end two images
wquld be suﬁerpésed. Thé superposed'images present:brigﬁt st;eaks,

and preseﬁt'an 6bvious subérposition of well.imagéd‘crystal planes.
Specimensilike tﬂis could be the result of poor electropolishing or
irregularities produced by c&rrosibn 6r bombardment. Interfaces

aiso produce streaks But they are easy to interpfet dué to thévmismétch

of crystal planes. Slip planes and dislocation pileups have also been

considered as the source of streaks.
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1V. EXPERIMENTS ON WORK FUNCTION CHANGES WITH ADSORPTION
(A Review of the Literature)

To complément the works cited in the previous chapters, it seems
importantvto include a brief review of some pertiﬁent experiments
of adsorption using field emission microscopy and.ofher techniqueé..

Ihe'field emission microscope hasAbeen-used since.thévearly
1950's as an instrument to study the processes which take place wheﬁ
foreign atoms or molecules are adsorbed on metal.surfaces.- Most of
these wbrkS'émphasiied that the electron work function varies from one
crystallographic plane to the next and that, in adsorption phenomena,
the arrangement.of the metal atoms on the surface plays an important

part. In the last ten yearé, the powerful techniqué of field

ionization has been used to complement data with respect to the exact -

position of adatoms on the crygtallographic planes of the substrate.
The subject of adsorption on metal substrates has beén discussed 1in
section IIB; however, it seems appropiate to réview some of the ideas
exposed_at'ihis time.

Adatoms and adions can be distinguished by the electrical'fieidé

or potentials they produce and by the way in which these fields affect

the emission of electrons, ions and atoms from the substrate's surface.

A positive adion induces a negative charge on a metal substrate and

acts as a positive dipole. An array of such dipoles would produce

large fields (of the order of lO8 volts/cm) near the surface. As these

fields are in a direction to make it easier for electrons to eseape,

adions lower the work function for electrons and are not preferentially

evaporated under a strong external field.
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Ad%tomé, on the other hahd,.éartiéularly if ﬁhey form paired
electfbh bénds,bwould be expected to produce»mﬁch-smaller fields than
1lons- and consequently affect eIectron’emissioh only siightly.

Some of the alkalilmetals adsorbed on tungsten.have especially
attrécted‘the attention of investigators because of‘the abrupt
variation of the work fﬁnttioh of the tungsten emittefs. Laﬁgmuir"'
and Kingdon, as early as 1924,54 studied the adsorption of éesiumv
on tungsten. They observed, among other things, that.adsorbed ceSiﬁm
increaéed the thermionic electron emission gnormduslfg and hence.they
deduced that the electron work function was drastigally decrdased.
Ives ét al_.‘54 arrived'at the same conclusion using phofoelectrié
emissién. - These exﬁeriments showed that, as the amount of adsorbed
cesium,es increased,.thé electr&ﬁ WOrk function, ¢e, decreaSed'to-é
minimum value and then inéreased'toward the value of bulk cesium,-
Later on, Bectef.dévised a method for measuring 6 over a condiderable
range of arrival rates and'tungsten temperatures. He found that the
coverage was 3.7X1014 cesium atoms per-cm2 of tuﬁgsten surface when
tﬁe wﬁfk function was minimum. This is nearly equal to 1/4 the

35 studied the

number ﬂf W-atoms per cmz'and 110 plane. Makukha
emission and preferential adsorﬁtiqn of cesiuﬁ filmn on a tungsten
single crystal using an electroﬁ projector with a doubie spheriéél
"jacket" which produced a directed beam of cesium atoms. He obtained
'abvalue for the minimﬁm work>function'of 1.610.1_W. He also calculated

the bulk work function for cesium as 1.9¥0.1 W, and pointed out that

the preferential adsorption for cesium on tungsten was on the faces
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{112}, vicinites of {110} faces and between the principal crystallographic
directions (high-index phases). | N |
This expefiment in relétioh with the theory developed'later,
suggests that adhksion atoma tend to accumulate on the areas Qhere
more free bonds are presgnt.' It will be observed'that similér cutves,
have béen.obtained by vérious.authors showing the work fuﬁctibn.
.dependénce on the duration of deposition using diffefent metals as
adatémé.
Moore and Allison56 : studied strontium and barium deposited on
W ribbon;receivers by evaporating from filaments in which a chemical
reaction produced the‘pure metals. They calculated the work function
¢ for a monolayer of Sr as ~ 2.2 eV and for Ba as ~ 1.9 V. The
thermionic activation was explained in terms of polarized adatoms
rather than the hsual_assumptiOn of partial ionization which acéording
to them had no experimental justification for Sr and Ba films.
From heats of desorption and a theory of Prosen, Séxhs and Teller
concluded that the atams'were "physically" adsorbed rather than
"chemically" adsorbed.v Even though the mean adéorption energies
were 77.4 and 80.7 kcal/mole for Sr and Ba, respectively, they:were
éonsiderably larger thah.for most examples of.chemisorption. v . .
Azizov and Shope57 ' obtained, using thermionic emission, work
functions ofiglean tungsten and tungsten covered with barium. The
curve of electron emission vs time of barium deposition is similar
'in shapg to those oﬁtained by Makukha and others.55 k The work

function of the covered specimen was 2.3 eV.independent of the Miller

indices of the substrate.
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'Schmidt58 ; also studied barium on tungstén.' He'obéerved at high
| ; - .o
coverages (6=0.8) the evidence of rearrangément of atoms on heating

and fhevproduction ofva"WOrk function minima on the'close-paokeo

planéé. He also found fhat the barium atomsvwere electropositinely
adsorbed On';ungsten,_rafher'nhan chemisorbed.

Ovchinnikov and Tsarév59‘> showed that the deposition of litnium ‘
on single-crystal pointo of tungsten'and rhenium leads to . a reducﬁion'
in the'wofk function of ali the fates to 2.910.2 eV. A well defined
minimum in the work function was'observed on the (110) faces of tungstam
and the (1011) faces of rhenium, When the film thickness was doubled,
‘_a second nininum was seen to appear &t these fécest The adsorption.
énorgies at fhe optimum coating of tungsten and fhénium (that producing
the lowest work function) were 2.25 and 2.15 eV, respectively.

Collins and Blottso'f studied; the work function of uranium on
vtungsten.' Using field emission they observed three distinct
adsorption'states that corfésponded to the uranium.d, Bvand Y pnases.
The final work functions they found were 3.60%0, 03 eV at 29S° |
3. 53iO 03 eV in the range 934 to 1042°K and 3. 43*0 03 eV above 1042 Kf
They also found a drop in the work function at 934 K and 1042 K and -
noticed the changes were irreversible under all conditions Their
work function vs deposition time also shows tho_minlma encountered
in preViously disonésed pnpers. in an earlier paper, Collins and
Blottél.'-reported a simiiaf‘experiment with zifconium on tungsten.

Among their results, it is important to notice the characteristic deop

in work function below one monolayer of Zr and its subsequent increase



-60~

to a finél steady §alué of pure erworkbfﬁnction.: Cont%minated
deposits showed a slower drop in workvfunctiqn ahd then'a.leﬁelmng
off followea‘byva furhhér'drdp. The zirconium werk fﬁnction attained
was 3.84%10,03 eV,

Collins®?

also studied silicon.édsorption on tungsten. He
found_thé field emission work function of ; mondlayer‘deposited at
295°K to be 4.7216.05 eV. Tn this case the work function increased
from the average tungsten_work'fun;tion of 4.5 eV>to a maxima of
~ 5.1 at 25 coverage (arbitrary units) dropping then to a 4.7 eV
where it leveled off.

| " Most éuthors éited in this review considered that the work
function maximum change happened when a monolayer of adsorbed étoms
was completéd, after which the work function tended;to reach that of the
bulk of the adsorbate. In‘the Collins experiment, fhen, 25 units are |
' equivaleﬂt f§'6=1 (one monolayer),

Smith and Anderso_n63 " studied the epitaxial'grdﬁth of Nickel
én tungsten; howeQer, they only described ghe process dbServéd in
field emission and field ionization but did not give measurements of
the_chéﬁges of_work function or electron emission.

Anderson and Thompson64 .-studied titanium én fungsten and rhenium
using field electron emission.  They determined, among'otherlfhings, the
work funcfions of a titanium and“B titanium as 4;00to;05 and 3.65£0.05 ev,
respectively, Again the already‘classicél plot of (Q,G) work function

versus coverage, showed a minima,
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65 °

Jones studied the adsorption of silver.on tungsten using

R . .
field emission microscopy. He considered the increase of work function
produced by silver (4.7 eV) atfcoverages below a monola&er as the

formation of silver-W dipoles. Accordingly, the decrease of ¢ at

. \ .

’higher~éoverages to a value that is independept of coverage (as is

also observed in other metals), would bé due to the gradual establishment

of a layer which is like that of bulk silver in jts electronic structure.

Contrary'to Gretz and Pound fhéy found that silver cfystallites

occur only when the coverage of silver is greatéf than eight monolayers.
Jones% estimated 3.5 monolayers coverage for nucleation'of

crystallites of Ni on tungsten; this is‘the same estimate accepted

by Smith.%3

Copper, crystallites form only when five or more
monolayers are adsorbed.‘ fhe'vefy recent work of Polanski and
Sidorski66 l diécussed the adsorption of copper on tungsten. They
found tﬁat the work function increases for low coveréges‘on the (111)
and-(211) tungsten faces. After reaching a maximum value the changes
of WOfk function on these planes have the same character as on (110)
and (106) planes, i.e. the work function drops down when tﬁe coverage -
increas?s, passes through a minimum and saturates for a thick‘layer.
They conneét the increase of work.function on (111) and (211) faces at
low coverage with the loose structure of the substrate. They claim
that adsorption of coppé?'on these planes causes smootﬁiﬁg of the crystal

surface, and this can lead to enhancement of the work function. This

is in agreement with Smoluchowski's model of surface potentials.
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' Polanski's‘calibration of cobverage shows that changés in work function
are oééurring during the formation of the.firss lﬁyer of -copper atoms.
One way of explaining the work function énhancement observed by these

authors is by considering the-depolarization effect of the tungsten

- atoms on.the first édatoms of copper that are adsorbed in the valle&s

of the (111) and (211) planes. - |

Janssen and'Jone567-) redently Published.aﬁpaper in which'they
use Ehe combined'techniques of FEM and FIM to study Ge and Si condensed
on W.. They reported finding uniform monolayers of Ge giving a work
functioﬁ of 5.1 eV on top of.which was a second monolayef'with work
function 4;8i0.05 eV, a value close to the work function of Ge.' They
also obserQéd crystallites on top of the second layer and the growth.
of larger crystal aggregates proceeding at températures around 680°K
or from linear clusters on the (110) planes of W.

Abobe 600°K the second layer did not form, and crystallites grew
dirgctly on the first layer. They found,valso, regions of disorder
between the crystallites and the tungsten surface. In addition, fhey
found thét'Si alloys readily with W above 600°K and above a‘minimum
Coverage.of.four monolayers.

They could not éscgrtain the detailed structure of the alloy of.
81 and W but supposed it to be WSiz. |

Most of the previous experiments discuss the adhesion pheénomena
either in a descriptive fashion, utilizing the chemicai model or using
a model of pdlarization of the sﬁrface layer to explain work function

changes. In summary, we could say that most of these authors agree

that
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l._’A'ﬁonolayer of ato@s on a metal ﬁiane changes the work
:fenctioh of that plane. S . |
2. The work function wilitinCrease or decrease depending on
whether the adsorbed atoms are electropositive or electronegative
- with respect to theisuﬁstrate. '
3. After several monolayers have ﬁeen deposited the werkrfunction
ie.that of the adsorbed material."
4. The work function increment preducedvby ene (ox. less thaneone)
 monolayer is due to.the:"smoothing" effect of the‘adsorbed
“atoms deposited on the.valleye of high'index plaﬁes@
At ‘this point it is useful to brigg up the theoretical brediction
of Duke and-Alferieff 1 " that radiaeally changed these conceﬁts. Usingv
~an exactly eelvable'one-dimensinnal pseudopotential model; they caleulated
the>fie1d'emission probability and current from'a free—electron metal
through both metallic and ﬁeutral adsorbates. The adso;bate potential
is taken to be atomistic in nature (instead of the surfece—eharée
model ueed in the previous erticles).
‘They censidered the adsorbed atom as an attractive squarevWell
plus a delta fenction core (novimage modification) oufeide the sﬁrface of
the metel (see Fig. 2b). _Metallic adéorbatee lead to the'wide1 resonances
in the emiSSion prebability and additional peak or shoulder in the
energy distributions, iafger (102-104) enhancements in emission_current
_ aﬁd reductioﬁs in slope of the F-N plots at fields. F ~ 5><107 eV/cm.
Neutral adsorbate potentials without bond states lead to reductions

of both the emission probability and current and to a simple sealing
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of the F-N energy distributions.

Piummer aﬁd Rhodin®® - made fieldvémission'ﬁeasﬁrements on a
field evapbrated (110) tungsten plane correlating their resulps
with direct obgervatioﬁ of the étémic configuration of the surface
for differentbdégrees of peffectdon. Depositing é single atom on
the (110) pléne they_fognd that the adsorbed atom produced a signifiéapt
increase in the field emitted current. ”

They also made a FFN'plot'for'a clear (110) surface, a surface
with one adatom and oné with 20 adatoms. For higher surface coverages
they éduld npt accurately measure the atomic densit§ ﬁsing FIM
becaﬁsg the adatoms wbuld tend to stack in multiple layers.. This
rééultéd iﬁ an enhanced field which invalidated the apﬁlication of the
F-N_qﬁalysis.

Simiiar experiménts'were done using the (112) and (111) planes.
It was.found that.there was no change in the (112) field emission
up to a few monolayers of W deposited and a decrease of emission from
the (111) plane upon adsorption.».These results led thevauthors go"
think that-signifiéant contributions from traﬁsmission resonance
(as proposed by Dﬁke.énd Alferieff) coﬁld be ruled out, but the
experiments were consistent with the possibility that enhanced emission
is caused by changes iﬁ the local field resulting frqm the presence
of the édatom aﬁd not by a true change in work function. .

‘Clark and Young69 " pursued the same probleﬁ but did so using
measuréments of current-voltage éhéractéristics (F-N plots) with

total energy distributions and depositing Sr on W.
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They found, among other things, that the tunneling curren; from
thejreg#cn of about 30 atdms (of W) near the (1115 plane'increased
by a factor of 3 to 5 times whéh the Si:atom arrived, so that the
.emission "through" the adsorbed atom was about lbO times greater than
the emission thrcugh_the-surface atoms.

If the clnssical dipolaf model’ is adopted to interprct this:
ekperincnt, we mnst first noticc‘that Sr is an electropositive atom
' that.decreaccs the work function. Also the atom nrotrudes'from'the
surface increasing the electric/ficld. Both factors would no dcubt
increace the electron emission. However, they also found'tnat
the F-N slope did nct.change with the adsorbed atom,_nof with an
increase of the slopes of the'logarithmic totnl%energy distribution
plocs. These.results cannot be'explainéd with the ciassical model
but afe qualitatively explained by the Duke_and Alferieff quel. .

The last thfee wofks discussed nave been greatly ignored by
mostvrescarchers that still sesort to consider the emission changés
with an adsorbate as changes in work function;.and from the work
function change, they resort tc calculating the.polarizability and
dipolar moment of the adscrbed substances. Thére‘are jnstified

reasons to doubt results obtained in this manner.
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- V. PURPOSE OF. THIS STUDY

The previous.chapteré.have»intfoduced-the.cbncept of work fﬁnction
and some methods of measuring it (Chap. II).

The effect of adsorbed layers on a metal substrate has also been
presented.étom the poiﬁt'of view of electroﬁ emission, and the dipblar
model that has often been used to explain the changes of work funétiog
with an adsorbate has’been described. | |

'Howevef, it has been clear that the idealizations used to establish
the’dipolar model, among otheré, are not easily obtained in réai‘expefi-
méﬁtél situations when the adsorBate is evaporated on a substrate.
Thus,'thére is an eﬁident need to find a different methbd to ascertain
the influence of atomic layers on the work functibn-of ﬁetallic crystals.

Thé experiments,condugtéd by this QUthor were designed to study
the work function changeé produced by a monolayer of adsorbed atoms
oh a known crystallographic plane of.a metal. The initial experiments
weré directed toward obtaining epitaxially grown monolayers on a
tungsten sﬁrface, while the-subsequent experiments ﬁtilized the layered .
structure presented by the superlattice‘planés of;an ofdered allqy.

Such a structure can also be interpreted using fhe models deveioped
for adsorption. 1 -' | o o P
| The ﬂﬂeai experimental situation to study polarizatiéﬁ effecté

on the work function using the.Gomer—Topping model requirés, by
1ooking'at’the formula: | |

| 21 Mool ' '
Ay = v.1)
(1+0Ln3/2k) : .
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'(#? A sﬁbstréte with é known crYstallogréphic orieﬂtation
i . :
(b) A method to ascertain the work function from different
c;ystallographic plaﬁes
(c) An adsorbed monolayer with the adatoms on the same geometrical
plane (or nearly so) so that tﬁe deppiarization féttor can
be calculatéd |
(d). Some way of independently knowing ﬂ and a
(e) 'Some way of determining the distance bétween the substrate
atoms and the adatoms |
-Thé'éréered allqys'(fbr example NiAMo,‘Ptho, Ni4w,'etc.) hgve
Been thoroughly studied'by‘X-raj and eléctron aiffraCtiOﬁ and,:lately,
.by field ion microscopy. They have been shown to preSent é strucﬁﬁre
of layers ofrfhe same atomic species in Certaiﬁ directions.v‘Using
one of these alloys for the work function mea&urements could present
a situation much closer to ;he one required by the dipolar.model than
the situétion provided by thevevaporatipn of atomé»on a sﬁbstra;e.‘
Thé alioy monocrystal could bé observed using field ion microscopy
to ascertain a specific crystaliograph1C‘orientétion, where atomic
_ moﬁélayers could be evaporated and the electron emissibn measured. .
From the elgctro& émission and.the knowledge of the cristallbgraﬁhy'
@f,the alloy, the other vériables gan_be found. Tﬁen we prbpose to
use ordered alloys for tﬁe stﬁdy pf'work fﬁnction changes froéuced

by the surface atomic species.
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It:is7evideﬁt that this proéess provides

(a) A known cryStéllographic orientation from FIM and thus
knowledge of iﬁtefplanar.distanqes |

| (b) A known-denéity of the uppermost layer of atoms and also

its atomic packing

(¢) The certainty that all the atoms in the top layef lie close
to thevSame geometric plane and not in the “valle&s and hills" of the
substrate

(d): The additional availability of findiﬁg the effect of several
layers of an atomic species on the electron emission (work function)
of'the_othéf, by prqperly'choosing the alloy for the‘experimgnt.

Thévpresent experiment.is an attempt to determine 1if, Based on

- the previbﬁs work flready discussed, the electron emission pattern

4

having a similar behavior to the adsorbed layérs of previous experiments.

obei'W can be predicted'by considering the layered strﬁcture as
'Ni4W has been chosen for these experiments because of its crystallographic
structure and the availability of pertihent information on this alloy.
The or&ered phase of Ni4W presents avlayered structdre of four
layers between tungsten layers forming the superlattiée planes and
mixed layérs of Ni and W in all the other élanes (see Chap. VI.)
Thus, orienting a NiAW specimen so that one of the well developed
superlattice planes can be studied, it shogld be possible tb ascertain

changes of emission.
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The most developed Supeflattice planes in field;eyapo£ated end
forms o&-this alloy have been shown to be the (101) énd (mllj planes.
Thus, an effort must be made to orlent the crystal in one of these‘
directions. ¥i has a slightly lower e1e¢tronegativity than tungsten
(1.8 and 1.9 respectively) and W will tend to donate electrons to Ni.
Hence, a layer of W should present a positively charged sﬁrface that
will teﬁd‘to lower the work function. From another aﬁproaéh, the
average work function of W (4.5 eV) is lower than that of Ni (4.8 eV)
and the tungsten monolayer should alloﬁ eleétrons to funnel thréugh
it more easily than‘would allow electrons to tunnel through it more
easily than would a top layer of Ni.

Inicoﬁclusion, if field evaporation is used'to'unc0ver differ;nt
layers of a superlattice”pole,‘it céﬁ be expected that

(a) when the uppermost atomic layer is tuhgsten; the electron
emission should increase to a maximum, -

(b) The change of electron emission should be of about the same
order of.mégnitude as that produced by a tﬁngsten 1ayér'on avnickel
substrate or vice versa.

(c) The polarizability can be_easily gstablished by calculating
the den;ity of the top layef. | |

(d) By measuring the work funcﬁion at the different stages of

field evaporation, the dipole moment can be calculated.
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\

Because this_area of research ié Qerﬁ time consuming, thié thesis
wiil concentrate on the first stage of this endeavor-that is,
ascertaining if fhere are perceivable-changes'in electroﬁ emission
from the superlat;ice poles of ordered alloys_after.evéporatioh of a
few monolayers. »

qu this purpose the simplest approach is to use a‘field emission
'method aﬁd‘scintiilation technique as described in sectioﬁ IIIA.1L.
The following two_chapte;s will give‘mofe defailed information abouf
the #lloy used and’expléin more specificélly the -techniques utiiized

to obtain the data.
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VI. THE METALLURGY OF N14W ,

!

Alioying nickel aﬁd;tungsten was importaﬁt to:industry since it
provided opé of ﬁhe earliest méthods of making'tungsteﬁ ductile. It
has alsé been important as a basis for acid resistant alloys.‘biﬁe
most receht nickelétungsten.phase diagram, by Ellinger and Sykes,70
is reproduced in Fig.v4 with two modifications. The first one is
the new intermetallic § phase:introduéed by Walsh and bonaéhie7l
énd the second is the widening of the B phase to be discussed'laﬁer.
From the melting point of nickel (at 1726+4°C) the 1liquidus curve
rises to a maximum (1505°C) at 35% W, and thep falls to 1495°C, the
eutectic temperature. The allo? of eutectic coﬁposition contains
ASZ_W. If_was-believed,'ﬁy'éarlier investigatofs; thaf the maxiﬁum
in thé 1iquidus was aésociated with é éompound, Ni6W capable of |
existing in two dimorphic states - the B state, stable above 900°C
énd the o sfate établé oﬁly:at'lower temperatures. At the present
time it is believed that Ni

6
(o), separating from the liquid in hypoeutectic.alloys, is a solid

W_does'nof exist and that the solid phase

solutioﬁ of tungsten in nickel. The limiting solubility at the
eutectic temperature is at about 407 W décreasing'to 38% at 9%0¢C and
to 32% at 800°C. |

During_an interdiffﬁsion study of nickel-tungsten, Walsh,and
.Donachie71 rgportedvthe obsefﬁétioﬁ of a new phaseb(ﬁ) that fits the
formulavNiW."This éhéée was present invdiffusioﬁ couples annealed
IOQh at 1000°C and 112h at 1038°vaut was not'bbserved in couples

‘annealed 60h at 1093°C or at tgmperatures'up to 131€°C. Additional
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anneal Qf: 488h at 1038°C resulted in a slight thickening of the
iﬁtermétallic phase layer. Ihe § phase seemed to bé peritectically
formed  from the a and Yy phases. |

Using X-ray diffraction, the apthors détermined that the new
phase (8) was orthorhomic_with‘a§=7.76A, bo=12.48A énd c°=?.10A.

On cobling.to 970°C, another peritectic reaction occurs bétween
- a and thé tﬁngsteh-rich solid solution Y to give an intefmediate phase,
B, contéining'43.932 W.72 Due to the marked change invsoli& solubility
with faliing‘temperatures; alloys containing 32 to 45% W exhibit age
hardening. Aging occurs vefy slowly at tempefatures of the order of

600°C, but relatively quickly at about 900°C. Ni,W has a range of

4
solid solubility that can be eétimated'to 2 weight'percenfv(B at.%) -
af 9OC°C and it has beén suggested to have a low tungsten bdundary
at 17.6% W or evén lower, below 850°C.

Afférbéuenchiﬁg the Ni4W alloy anneal, two phases will be present.

The tungsten’rich ) phase appéars as small inclgsions évenly dis-
tfibuted in the nickel rich (o) matrix. Thus, in a FIM tip there is

8 much.higher probability of imaging the o phase, and wheneQer we

_ meﬁtidn fhevas-éuenched'alloy we are actually referring to the‘a phase

with 38% W content. |

This phase has the same strucfure as nickél: it is fce with‘a
1attiée paramefer g = 3.6248. A slight contraction.occurs upon

ordering (below 970+10°C) and the new phaée has a body éentered

tetragonal structure.
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The unit cell of the B phase contéins’SiNi atoms aﬁd 2 tungsten
atoms.»,The parameters for the bct lattice are a = 5.730 A and
c = 3.553 A; c/a =-0.620. This makes the space group fczm.- IA/m.
There are six pdssiblg crystallographic'orientations'of a given ordered
domain &1th respect to tbe original fcc matrix. Two of thesei
orientations are shown in Figs. 5a and 5b. The unit cell'is fotated
by an aﬁgle 6 = 18.4° witﬁ.respect to the fcc unit cell.

Tong and W#shburn73 proposed'the matrix equation

Ao = BoiPiAi o ‘ : (V1i.1)

: h '
to relate the vector A.o = [k] formed with the Miller indices based on
_ 2 H ' _
‘the distorted fcc lattice and Ai' = [K] » the vector form with

: L :
-indices based the unit cell of the B phase.

s ._-1_
Pl“s["

Boy = \[(h2+k?+gz')/(nz+'1<2) %+ L

orw
owr

0 : '
0} (VI.2)
5 : :

. and

2  (VI.3)
According to Tong and Washburn73 no regions of o phase were
observed for the alloy aged at 850°C for 30 minutes. Thus the range

of stabilityvof_the ordered B phase must extend at 1east as far as

38 WtZ% on the low tungstén side. Epremian and Harker, in their x-ray

4
this basis, the 84 phase is widened in the phase diagram of Fig. 4,

defraction stﬁdy of Ni,W also found basis for a wider B phase. On
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‘From the geometry, it éan»be seen that the crystal can be
cbnstructed by alﬁerﬁating tungsten layérs’with four nickel layers
pa:ailel to the superlattice planes (Fig. 5); that is, the major
planes of the lattice are formed by W atoms (bct). The fundamental
planes of_the distorted fcc structure [as (211) bct which corresponds
to (111) fec] are férmed of layers of intermixed nickel and tungsten
atoms (see Fig. 6). | | |

Three dimengional modeis‘of Ni,W 8 phase are shown in Figs. 8 to 11.
The (011), (112) and (113) planes are‘obViously layered planes, as
~can be SEén fromvtﬁe models. These planes tend to develop prefefentially
in field eQaporatibn end férms of‘NiAMd and Ni,W and will be the center
of this.inveétigation. The resistance 6f nickel to corrosion by |
sulphuric acid is greatly increaéed by alloYing with tungsten, an
alloylcontaiﬁing 18% tungsﬁen shdwing a minimum zate of solution, less
than one fortieth the rate fof pure nickel.

The fensile strength of nickel falls.to a minimﬁm at 248Atungsten,
and then increases. By suitable heat treatment, a Brinell ha}dpess
of the 6rder of 490 can be obtained in alloyé containing 32-34% W.‘
Also, there is a linear increase in the electrical resisfivity up to
25% W. Thé nickel.tungsten alioys might’find industriéi applications
in the fabrication of jet turbines and any other_inétrﬁmentatioﬁ

" requiring high strength and high temperature metals.72
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VII. EXPERIMENTAL PROCEDURE

| ¥

A, Preparation ofﬂthe'Alloy;

The nickel—tﬁngsten alloy was pfepared-from an ingot of pure Ni
(99.99%) and 0.218 W wires (99.99%), melted in an arc furnace with an
excess of 1 atomic pércent'Ni to make up fqr evaporation. The produce
of the melting was then swaged and homogenized ét 1300°C in vaéuum

10~/

Torr) for 90 hfs, three consecutive times. Thé alloy so
produced was chemically tested and found to be 20 at.% W and 80 at.Z_Ni.
Further swaging and annealing was required until wires of 0.011 in.

diameter were obtained.

B. Heat Treatment

These wires were then annealed in a helium atmosphere at 1100¢10°C
for 144 hours and Quenched fito water. Two batched of wires were
separated; those as-quenched and the second batch, annealed at 850°

: /
for 168 hours in an argon atmosphere.

C. Preparation of the Specimen
. The actual tips for the field-ion microscope were méde of piéces
 of the polycrystalline wires spot welded to a hdlder or mount. '(Sge
description of the equipment.) The wifes_were then electropolisﬁed 
until a diameter of 500 to lOOQ A was attained at thé tip., Thebfollowing‘

two electropolishing procedures were used:
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Procedure A
A polishing solution suggésted by Nakamqfa74 for tantalum'composéd‘
of 4 parté 48% hydrofluoric acid, 2 parts concentrated sulfuric acid,.
2 parfs cOncéﬁtrated phosphoric acid, 1 part cdncentrated glacial ' .
‘acetic acid was uééd. This mixture was‘diluted witﬁ 75% in volume of -
pure water. |
For the ordered material ah intti&l potentiél of 32 volts dc-waév
used until‘thinning wés noticed, Then the tips were finished By slow
eléctropqiishing‘at 18 v gi&ing éhort electric puises of 0.1 sec or
less uptii the'deéired tiﬁ diameter was obtained. FIf VOltages lower
.than 18 volts were used, a nonconduaative film was'de§OSited on‘the tip.
This film could be removed by etching in 1 N NaOH at .5 Qolts de.
Several metals were used-as_cathodes but tungsten; tantalum and stainless
steel 304.were.Ptefereed.
Fo¥ the as;quenched materiai, the initial v01tége was'aboﬁt 12 volts.
The final shaping was obtaiﬁed with short pulsés 6f 0.10 and 0.05 sec
.ét a potential between 2 and 5 volts dc. - |
Procedure B
Electropolishing in éS%’hydfoéhloric acid solutton in water, Qas done
usiﬁg 10 vol;s ac for the initial thinning aqd 2-volfs ac for the final
shabiné for both ofdered and disofderéd tips. However.after éach immersion in
" the etching solution, it was found necessary to "clean" the tips from
nonconductive films by electropolishing in 1N NaOH, with é sHort
(1/5 sec) pulse at the same etching voltége. The NaOH does not attack.

the tip material appreciably, but long exposures to it will cause the
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formation of an oxidevfilm which is removéble byyelecfropolishing_with
the HCI solution. The f;nai shape of the tip was always ascertained
withvaﬁ optical micrdscdﬁe at 500x magnification. Most of the.tips had
preferential gtching along the shaft and cafe had to be put into the |
final shaping.: Tips that had a relatively fhick shaft and a fhin—end
point were preferred as they éeemed to better withatand the high
‘stresses produced during the field évéporation process.

The tips after eiectropolishing were washed in water and aicohoi_
- and mounted on the cr&ostat.- The final preparétion of the iﬁaging
surfacé was done through field eﬁaporatiqn iﬁ helium gas or in vacuum.

A new electropolishing setup is included in the aﬁpendix.

D. Temperature Control ’

To.pfoduce the rquirédArange of temperatures for the.experiment,
a glass;metal cryostat-was used and the specimens were cooled using
low temperature helium gas transferred from a standard 1iqﬁid helium
cbntéiner. A resistor in the helium container, electrically heated
by a conﬁrolled ac s;urce, provided the vépor pressure to force ;he
liQuid hglium to transfer.

Currents of 1.2 ma were found sufficient to maintain enough flow
of_liquid helium toward the cold finger to maintain temperatures of:
iO K atvthé tip holders (és ascertaiﬁed.with a thermocouple). Currents
of 0.5 ma.weré enough for teﬁperatures around thévliquid nitrogen
range. During operation thgée current readings and the characteristics
of the'image itself (résolution of single atdms) were taken as rough

indicators for the specimen temperature.
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_E._'The'Equipment

The equipment usgdxin this experiment was a versatile‘
méfél field-ioﬁ-field—emiséion microscope constfucted frdm a basic
'dgsign by Dr. H. C. Tong and adapted by the.author for these experiments
(Fig. 42).aha a Jarrell-Ash fecording microphotometer (Fié. 44) .

After 6 hrs baking at 120°C and710 hrs pumping time pressurés

0 Torr could easily be obtained and maintained in

as low as 1.5x107"
the apparatus, thus ailowing for field eﬁiséion observations. A
glaéé-metalrcfyostat was utilized that allowed four specimens to be
.Viewéd during each run. and also permitted_high temperature flashing
of thefspecimens (Fig. 43). An all metal orientable cryestat was also
used in the final experiments (Fig. 46). A gas supply of neon and
helium’wéé readily available in the apparatus. | |

- For the deposition of metals on tﬁe tungsten subStrate an
evaporatqr was consffucted; The eVapof#tor‘consisted of a filament
of'tﬁngsten (0.05 in. in diameter) heated_byva small D.C. current
passing thohgh it. The filament was shielded by a 1 in. in diameter
stainless steel tube that was topped by abfinger fitting cap with a
hole at the center. In front of the éqp there was attached a Smallér
bcylinder containing a swinging : gate'made of 400 steel. Outside the
shield two bars of 400 steel Sefved to concentrate'the externallyv
" applied magnetic field to make the gate swing open. The gate would
close by its own weight. This arrange@ent permited the outgéssing
of the filament without contamination of the specimen ﬁnd also.it'

was possible‘to control, by opening and closing the gate, the amount
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of metal atoms deposited on the substrate (éee Fig. 45).

F. General Description of the Jarrell-Ash Recording Microphotometer

Therbasic microphotometer is a table instrument designed for a
wide'vériéty of spectroéhemical, X-ray diffraction applications, or for
use in any,field where‘émulsion measurements must be made (see Fig. 44) .,

The microphotometer consists of a_stage wifh'transverSe motion,

a photographic plate: holder with cross motion, an opticai system with
:projecting line images, and an analytical slit with controls changing
length, width,'and‘transmission density. The stage is connected to
a.precision ball screw whiéﬁ cgn be operated maﬁuallyvor by a 12-speed
reversibie drive system, The plate hélder, ﬁpunted on top of the
stage,bié.moved laterally by a rack and pinion drive, using the
operating knob on ghe'front of the stage. | |

Density Range: O to 3.5 or better

Resolution: Two lines, 5 U apart, resolved at transmission level
of 50%
_Sensitivity: 75 square |, effective slit area for full scale clear

plate deflec;ioné
Reproducibility: % 1/2% over a 20Z to 702 transmission range
Linearity: t 3% | |
Scattered Light: Less than 17 full Scale
Clear Piate Stébility: 17 forvvéltages, 100 V to 120 V; (Disfeggrd
| ﬁomentary deflections due to surges faster

than 1/10 sec)
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Clear Platé Drift: Less'than t 1% per 30 min aftér a 45 ﬁin warmup

Zero Drift: i.1/3% of full scale over 36 min. | h |
The slit used in.thebpresent experiment was 0.2 mm width and

0.1 mm lengﬁh. The total probe area waé 0.02 mmz.. Maximum

transmission (100%) was set ZOZ above the 86% level set for background

fransmiééion (intensity of the screen béside the image). Our zero

line coincides with theISOZ mentioned above. Other details of the

equipment used are included in the appendix.
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VIII, EXPERIMENTAL RESULTS

In this chgpter we‘shali:report the experiments related to
electron emission changes dpe to variations in'compOSition of the
surface.monolayers in Ni4W.

Thfee basiéally different sets of experiments wefe carried out.
The first set_utilized'evaporatidn of different maferials on tungsten.
following similar experiments described in previous chapters. The
second and third set of experiments were done with the o (disordered)

and B (ordered) phases of Ni,W; field ion and field emission micro-

4
graphs were taken and current intensity differences were measured.

The chéngeé of current intensity were measured»using‘tﬁe écintillation
mEthod*and the photometric technique described in Chapters III and IV.
These methods proved to be adequate for oﬁr immediate purpose of comparing
emission qurrents to determine the effect of fhe top layer of atoms

on the current emission, and, thus, on the work'func;ion of a given
.crystallographic plane. Special care-wés taken-iﬁ keebing the size of

the emitting area much larger than thé area of the phbtometric probe.

In order to account for the screen.luminosify produced by reflection,
x-ray e#Citation and other spurioﬁs effecté, all the intensities were
compared wifh the background intensity At the screen taken.as 80.units.
LSeverél intensity measufements were made fo decrease the probable error
involved in using this method. “Each set of measuremehts was made on

micrographs taken with the same imaging voltage and fhe same exposure

time,



=82~

A. Deposition of ‘Materials on a W Substrgte :

The initial experiments uéing the aiready described instrumentafion
were ma&é.ﬁsing tungsten as specimens.\ Tungsten has been the classical
‘material observed in field ion and field emission microscopes because |
the specimens are éasy to prepare and can withétand well the high
stress produced by the imaging and.evaporating fields.' Therefore,
tﬁere is more'experimenfai data available on tungsten éhan on any
other material.‘ it is préper‘then to use tungsten as a'contrdl specimgn
to‘obtaihfinférmation on the validity of the methods utiiized, as the
results éan be easily intérpreted by comparisop with those.obtéined
by pfevioué authors. | |

The'specimensvwere prepared by.the'usual.method of eleCterolishing
in 1% NaCl and field evaporating-in thérmicroscope under a helium
atﬁmsphere or in vacuum. The field'ionizatién patterns of tungsten
were taken at liquidvnitrogen'tempeféture and 6X10-4 Torr
of heliﬁm..

We addressed durselvés ﬁo threé basic questions. First, was it
possible.ﬁsing FIM,.ﬁo observe the formatibn of mbnolayef of a
substanqe on a tungsten plane at iow temperature? Second, could such
a "monolayéf" be ¢onsidere&'paraile1 to the substrate or did it form a
Atﬁree dimensional structure? And, third, whatbwas the vélidity of the
current measurement method utilized?

The evaporation of tﬁngsteﬁ and other_metals on the tungsten 7
substrate (FIMItié) was accomplished by the ﬁse of a épecially designed

évaporator (See Fig. 45). With this evaporator the flux and



-83-

total amount of deposited adatoms could be controlled by cﬁahging the
current through the evaporating W wire and by opening and closing the
outlet thoﬁgh which the adatoms could fly to the specimeh; The outlet's
gate, as exPlaihed in Ch. VIII, could be controlled magﬁeticaliy.
from outside thg vacuum éhamber. ‘. B

: Tp start the operatiqn, the tungsten specimen was fiéld eVaporated
after a background pfessure not larger than 2><10—9 Torr had been
achieved. The equipment was thoroﬁghly outgassed by bagkiﬁg for
several hours.  The eQaporating wire was outgassed by heating to
temperatures above 2000°C using an electrié current though the wire.

While the specimen was field evaporated to the desired size‘and |

shape, the evaporating wire was heated again to evaporaté the impurifies
that might have collected in the.last minutes. The confaminatioﬁs
were continuously fumped out using a 6 1t/sec ion pumb and a titaniqm
- sublimation pﬁﬁp; Then fhevspecimen's voltage.was lowered or completely
shut off.and the evaporator's gate épened; _The #mount of atoms
deposited.were continuouéiy being observed by increasing the pressure
and the imaging voltage untii the specimen was imaged. |
| The‘teﬁperatﬁre'of the specimen was controlled by the flow of
low température helium_gas into the cryostat. The temperature pf‘the
specimen during'deposition was varied from room temperature to 10 K.
Theré'were no.obsefvable differences betﬁeen tHe.arrangeménts ofvthe

adatoms deposited at the various substrate temperatures.
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The evaporation of tnngsten was tried initialiy using short
deposition times (10 sec) at a substrate temperature of 10 K. In
all cases observed the W adatoms tended to adhere to the ‘high index
planes and in a few cases on the'close—packed planes. The adsorbed
atoms showed an anorphous array and often one or more atoms of.each
groupvshOWed a brighter image than its neighbors. These brighter
spots can be expected when an atom protrudes from theﬂsurface and
therefoee.presents a higher ionizing field than itsdneighbors.
Figurev12 shows six micrographs in which the same W specimen was used
as a substrate.

For orientation purposes Fig. 12.3 was labeled with the'Miller
indexes of‘several planes. The atoms pointed to by arrow B on the
(llO)rpole do not show any preferential.arrangenent; and the uppermost
atoms 1n.this array look brighter than the rest, suggesting hhat they
are.more protruding than the others. To the right of this.arrangement
another arrow, marked with the letter A, shows a pseudomorphic
arrangement of atoms in the (013) pole. These arrays are often found
in the {013}, {112} and other loosely-packed planes of tungsten. The
arreys.could be easily confused_with a pseudomorphic monoiayer of
adatoms; however, these experiments showed thet they are partially
evaporated monolayers of the substrate. The larger arrow narked by
C in Fig. 12.1 shows a single atom adsorbed on the stepped (high index)
area around the (011) pole. Careful observation of the area shows
many other atoms:adsorbed in equivalent sites. Figure 12.2 shows the

same specimen after field evaporation. The atoms adsorbed on the (110)

P
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pole we?e.desorbed before desorption oécurzed in‘thé stepped regions.
The arrgws in micrograph 2 show the clean areas of the (110) and (013)
poles after further field evaporatioh. | |

The arrows identified by G in several of the micrographs indicate
a grain boundary that is barely visiblebiﬁ'the first micrograph but
becomes more conspicuous in the second.

Notice also in‘Fig. 12.2 that the grain boundafy is_more exténsive,
as shown by the small grrows marked g. After further evaporation the
grain boundary once more becomes less consﬁicuous (Fig. 12.3). This
feature is not important for this discussion, ﬁut it does show
qualitativeiy_the amoﬁnt'of layers evaporated from that region before
all thé adatoms were removed. Also, it will be used‘for éomparison
of similar‘features in Ni4w.

‘In the ﬁext sequence of micrograpﬁs (Figs. 12.4 to 12.6), a much
larger amount of W atoms was deposited on the substrate (6 > 6); It
can be observed that the adatoms in Fig. 12.4 practically éover the
specimen, except for the'{Oll}'pianes which tend to follow the zone
line decoratibns'in'their adsorption pattern. Again, no pseudomorphic
.monolayers or epitaxial crystal formation wére observed. Subsequently
the depoéited layers were.sloﬁly field evaporated with the hope of
removing thé atoms in metastable energy states leaving‘the atoms that
were more:strongly bonded to the substrate. However, the last adatbms

to be evaporated still showed amorphous arrangements.
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~ Figure 12.5 shows a typicalvresult of the slow field evapdration

. process where a disordered array still persists. 'A'typical amorphous
arrangement is marked by arrow D in micrographs 12.4‘and 12.5. 1In

the last micrograph (Fig. 12.6), the clean specimen is shown.again'
after field evaporation of seVeral layers. Few adsorbearatoms are still
preSent in‘the loosely packed areas fthe areavindiCated by arrow D).

' The second series of experiments was aimed at eepositingvmonolayers
of Ni atoms. Again, the purpose was.to deposit a group of Ni atoms |
on a crystal plane so that at least some of the atoms could be seen as
forming ; layer closely parallel tovthe substrate.

A similar péecess to the one described befpfe was utilizedﬁ. The
nickel seurce was a tungsten wire with a nickel wire (99.9997% Ni)
wzapped around it. For these experiﬁents, temperatures slightly above
._800°C were enough to produee a flux of nickel atoms and safely avoid

the evaferation of tungsten atoms.that'oc':cin:red‘at.~ 2600°C.

| The Ni atoms are smaller than the tungsten atoms and have more
proﬁabiiitieslof forming ordered arrays iq the flat tungsten poleé;
Evapofation crfaf‘ew Ni a.toms on the substrate showed simiiar amorphous
arrangements to those of the tungstem atoms. The (011) aed (111)

poles were rarely covered by adatoms and_the'{OOI} poles showed‘small
‘conceetrgtions of adatoms in disordered array. The sequence of
micrographs in Fig. 13 record a'typieal experiment of nickel evaporation
on a tungsten substrate. Again, the (001) p1ane~(uppefmos£vp1ane in -

Fig.l3$b shows a geometrical atomic arrangement on a clean- specimen.
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If should also be noted that the (111) plane and surrounding areas
offer well developed flaf surfaces for adhesion. .Evaporating Ni for
20 min (about 12 monolayers) leaves the specimeﬁ completely covered
(Fig. 13.2) and the zone decorations bafely visible. Slow field
evapbration'exposes the clean specimen (Fig. 13.3 to 13.6). Areg A,
shown by the arrow, appears dark in the first micrograph, devoid of
protruding atbms. In tﬁe next micrograph (Fig. 13.2) the are# is
covered by.bright.dots (adsorbed atoms)f It is’espeéially interesting
to ﬁote that the (111) plane is barely visible to the right of A and |
its symmetry is still apparénc; thus, Ni atéms did not deposit on it.
' Figure l3.3rshows the specimen after several iayérs of deposited material
have been evaporated. The (011) plane‘is still covered by adatoms and
so is the (001) piane. The area A présents fewer atoms in Fig. 13.3.
.Further field evaporationbrendefs the closest packéd plangé almost
clean of adatoms, but the high index planes still preseﬁt the brighf
points~(see»area-A)(Fig.'l3.4).. | |
Inc:easing the volt&ge (Fig. 13.5) finally‘éVaporates»the last Ni
atoms from the (011) and other relatively clése—packed planes (appeafihg
as circleS)/ﬁut leaves Ni atoms decorating thé steppgd high indéx |
probes (area A). Field evaporation of several layérs from the (011)
and (QOl) poles was necessafy to completely desorb the nickel atoms
from ;he loosely-packed areaé of the tungsten substrate (Fig. 13.6).
Compa;ison of the»field evapofation Qoltagé necessary for deserption
of W énd Ni adatoms from a W sﬁbstrate, revealed that relafively Small

increments of voltage (~1 kV) above the best imaging voltage were
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necéssary‘tO'evapQrate W atoms from the (011) poie.. However, the
nickel atoms were more persistent and required ~2 &V above the
vimaging voltage to be désorbed from the (011) plane; This result
cannot be assumed to be produced by bonding forcés,.as.the (011)
planes for different specimens presented different radii of curvature -
and only the field at that ﬁlane could be indicative of the bonding
strength; |

Summing up, it was not possible, within our experimental conditions,
- to develop a pseudomorphic monolayer of mefallic atoms on tungsten
substrates. It was necéssary theﬁ to investigate furthef the poSsibili—-
ties of epitaxial depositién, VO:ganic substances were also deposited
on tungsﬁen. As it it known that the surface diffusion coefficients
wereﬂlowér for these substances,_it was expected tha; epitaxially
grown layers would result. Alcohol and acetone were separately‘evaporated
.on the’tﬁngsten substrate. These suﬁstances have a very low melting
point'(l78.3 K and 158.6 K, fespectively); therefore, the'evaporation
of'these substanées required a different experimental arrangement.
' The alcohol and acetone were kept as solids in glass containers at
1iquid nitrogen temperature (78 K). The containers were thdrogghlj
outgassed énd‘valved off from the main éhémber of the microscope by
a needle-vaive. Once the specimen was deﬁeloped, the temperature
of one of the organic compounds was increased to room temperatufe for
one or twb.minutes to allow a vapér pressure built up in the contaiﬁer.
Subsequently, the bottom of the container was cooled down again and

a small amount of gas was allowed to flow into the main chamber through
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the neédle valve and deposit.dn the cold spééimen that was kept at

ground potential._ The cryostat where the specimen was moﬁnted served

as a cold trap for a large part of the residual organic vépor,.and a
sublimation pump was used to pumé out the remaining vapor. Some
depositions were made in ;he presence of helium imaging,gas and some

in vacuum; however, tﬁere were distinguishable differences between

the two. By observing the FIM image, it ﬁas found that slight increments
in the imaging voltage wpuid produce outbursts of field evaporatibn_of
the oféaﬁic molecules. Thué, the compounds showed a very small Bonding
energy to thé suﬁstrate.

. It can be observed, in Fig. 14.1, that the alconol molecules
completely cover the specimen; however, they avoiaed the (110) ﬁlane
(centef). Most &6f the adsorbed molecules concentrate around the'{lil}
and {130} areas. The alcohol molecules were conrtinuously field-
evapérated éven at low iﬁaging voltage aﬁd substrate temperature of
10 K. It was not possible to‘eVaéorate slowly the aﬁmoleéules and
leave a visiblé ﬁonblayer adsorbed on the substrate. It can be ébsérved
in Fig. 14.2 that the adsorbed molecules seem to form a ring pattern
that is not.cqngruent with the ring pattern §f the substréte. Also,
some chains.of bright‘dogé can be observed in fadial difections from
the (110) pqle.!

.Thé procedure used to deposite acetone molecules oﬁ the W substrate
were similar to that used for alcohol. The acetone molécules tended to
be adsorbed at the zone line decorations, enhancing thé bfightness of

the decorations. Contrary to the behavior of metals and the behavior of
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alcohbl, acetone molecules deposited preferentially in the (110) plane .

éf W seemed to avoid the steppéd, loosely pécked areas around the
(110) ?iéne. The lack of image points in these areas could also be
intérpretedbasvadsorption of the moleculés in the steps #nd valleys,
thus lowering the ionizétion probability of the stepped areas..

B. Electron Current Intensity Measuremernts
from Pure Tungsten Specimens

The next series of experiments was aimed at determining the.
| vélidity of using a scintillation—photometric technique to aécertaih
changes in electron emission.

Again the tungsten specimens~were field evépbrated and field
emiésioh microgréphsltaken; Figure 15.2 shows'a'field emission ﬁattern
wherein fhe (310), (011) and (111) planes are clearly visible. The
FEM micrographs from a field evaporated_specimen of W usually present
~a clear bilateral symﬁetry.. As was explained‘in Chapter IV, the

heat flashing method produces nearly spherical specimens while_field

evaporation produces nearly parabolical or nearly hyperbolical surfaces.

This_is a product of éreferential field'evapération of certain planes
due to thé orientation depéndent differences in bonding energies .
(see Ch. III),. If'can be observed in Fig. 15.2 that the (111) region
presenté a larger field eﬁissibn image on.the microgréph fhan does
the (111) region; the {130} areas are nearly>equa1.

.Azimuthal intensity measurements were made on these negatives,
takiné‘two.direétions of sweep witﬁ the microphotometer. One direction
vcovéred the}{130} planés, and the ohhér was perpendiéular to that,

covering the {111} planes. v
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- It was important to find if the electr0n>emission from a well
developed plane was the same befere and after evaporating an atomic
monolayef. It must be reﬁemeered that the electron emission'depends
exponentially on the work functipn and the local field. Both
quantities are assumed to remain constant for a given plane before
and after field evaporation. .'

The average intensities T for the high emitting planes {111}
and {13Q} are included in Table I, togetherbwith the §ariances (s),
standard devietions a, end probable error €.

The standard deviation of 2.93 for an average intensity of 62.3
in the (111) plane is indicative of relatively large differences in
the intensities measured. It was expected that the intensities
measurea from the same of equivalent pianeé would not cﬁange abruptly
" with slight field evaporation.. The discfepancy between the individual
~ intensities (see Table:I) is probably produced by the conﬁribution
of the edge atoms to the measured emission.

The everage size of the FEM image from the emitting area of the
v(lll) peles is .03 mm2 (on the negative) and the photometric_prebe
hole has an area of 0.02 ﬁmz (see Table II). Thus, any.small changes
of area in the'emittingvplane or changes of position.of the probe hole
coﬁld either include or exelude the edge atoms f;om one measurement
to.another, abruptly varying the measufed intensity.

The experiments of Dyke and Bolan75 showed similer discrepancies
from azimuthal'measureﬁents made with a similar technique'on a heat
flashed tungsten specimen. Thus, there are differences in electron

N

emission from crystallographically equivalent planes, using either
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bne of the methods_(field.evaporation or heat flashihg) to shape the
specimen. This differences must be taken into account for the inter-
pretation of current measurements. |

 The cufves in Fig..16 show the intensity differences from one
plane:tO'another. Different curves were obtained after field
evaporation ofvone tungsten monolayer; that is, after observing the -
shrinkagé énd disappear#nte of the innermost afomic.ring.of the'{310}
planes.

Thé Highest intensities measured were from the {310} planes, and
sécond to these inténsities were those measured from the‘{ill} planés.
The loWeét intensities were meésufed at the (112) and‘(110) planes
(not included on thé table ).‘ )

.The (130) planes had larger emitting areas (1.5 mm2 on the
micrograph) and did not éhow large variations of inténsities from
one measgrement to another. The méximuﬁ standard deviation was 1.25
units, After field'evaporation of one monolayer, there werebdiscrepancies
as large‘as two units between the I measu;ed from .the {111} and one
unit in the f.from the {130} (probable érrors of ~ 2 énd-l respectively).

From the foregoing discussion, it can be concluded that the
'intensify measuremeénts, using a scintillation.technique with a
'microphptometer, can be adeqﬁately used for comparative intensity
Variaﬁions from‘field evaporated planes with emitting areas-tﬁat can
produce an.image larger than 0.9 mm2 on the original negative. Smaller
emitting areas.might produce spurious effects. Also, thé_technique
cannot be used to ascertain work function differences ffom different

planes in the same specimen because the measured currents from
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equivalentrplanes of egual workvfunction ean‘differ as muCh as two
intensitf units. | |
Eieldﬁevaporationvof,a few atomic layers'from a well deueloped
| plane did'not produce detectable changes in hhe\iocal radius of
‘curvature of a given plane. |
Based on these‘results; the technique‘was appliedvto the.study
of eleotron emiSSion from N14W specimensr . |

C. Electron Current Intensity,Measurements'

in Ni4W o and B ‘Phases

1. The o Phase (as-quenched from 1100°C)

The o phase was obtained after quenching the Speeimen from 1100°C

(o + v regionsvin the phase diagram). The specimeus'tended_toihave
a (111) pole as a center axis (see Fig. 17.2). However, some specimens
had a (100) ‘orientation (see Fig. 17. 4)

The field emission micrographs of the o phase showed a disordered
structure with dark lines (high work*function zones) propagating
from the {111} plane to the {110} planes (Fig. 17;1).: These dark
1ines'differ from their counterparts in Ni, in which there are six
dark lines propagating-from the {111} to the {100} planes. Current
intenslty measurements made along the dark bands showed (Fig. 20)
small variations in electron emission from nearly equivalent crystal—
lographic directions measured in three different paths at about 120°

' from‘one'another. The lowest emission was measured at the {111}
“planes and the highest at- the {301} and {100} planes. . From these

measurements we could ascertain that the area of,highest work function .
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appear to be the {111} planes. | |

The.field ion ﬁicrographs of the o phaée showed:a‘disordefed'
arrangemént.of atomé'and three dark bands, corresponding ih shape
_and direction tb those obse:ved_in FEM, HoWever, a complete discussion
of the FIM characteristrics of the o phase is irrelévant to this paper
‘and has been discussed eleewhere.51

Curfeﬁtvintensities were also measured after field eVaporatioﬁ
of one ménoléYer from.theA(lll) plane_(thé only plane clearly visiﬁle
in the o phase ionization micrographs). The results are shown in
Fig. 21. The three sets of curves correspond to three directions of
sweep with the micropho;ometer. It cah'be seen, froﬁ set a and set
c, tha; tﬁesdifferent crystallographic afeas other than the (lil)
.plane do not suffer ﬁajor changes in current intemsity after fiel&
evaporation ofbone or more atomic monolayers..

In #his experiment tﬁe film utilized was either 35 mm or 70 mm
Tri—X.Kodak'pancromatic film. The photogfaphic image of tﬁe 6 inches
in diametef glass wipdow of the microscope measured 1.5 iﬁ. on the
film;'thus,vfhe reduction factor of the emission and ionization images
on the film was 1/4. |
| Thevsizé‘of the slit utilized for photbmetrig measurements was

/0.2 mm width by 0.1 mm length; thus, the efficient area was 0.02 m?.
The average'diameter of the'images studiéd'was 2 cm. The emitting
areas of the planes under study waried greatly, and some of theAéreas

are presented in Table II.for comparison with the probing area of

the microphotoﬁeter. The area of.the (111) plane of the o phase was
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~ 0.02/mm2aon the average; hemne, the edge atoms might have contribnted
' ] '
to the Leasured‘emissidn.

2. The B Phase (Ordered)

The phase obteined efter further anneeling‘ofbthe as—-quenched
»alloy at. 850°C = showed a»large‘degree of otder in.field/ionization.
(Figs. 36 and 41). It was observed that atoms et random_positions
formed islands between well ordered‘regions. Ihese_islanos were
ptoBabi§;remnants of e that had not yet transformed. ﬁost‘of the
atoms imaged in the B phase were probebly'tungsten, according to
Tong and Washburn,73 But nickel atoms were observed in some instances
(see Fig. 32).

The Niaw ordered specimens proved to be fragile under the tension
produced by -the large_electric fields, so few of the specimens eould
be develo?ed-enbugh to study‘their’field emissionvpatterns. To
inerease their 1ife expectancy, few FIM pictnres were taken, consequently
shorténing the exposure of the specimen to the’high‘electfic_field..

About the first ten specimens ooserved'wefe short-lived and did
" not developito a large enough diameter through_fielo e#aporation tor
show.any detectable symmetry in field'ionization microgfephs. The
fieldvemission pattern of these specimens also presented a random
array of dark and brightlareas corresponding to the high and low work
function,planes.

Several sequences of field emission micrographs mere obtained
which had been alternated with the field evaporation process. Some

of them showed quite different intensities after approximately one

monolayer had been evaporated from one of the prominent planes. The
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micrograph in Fig;v22.1 was made after completing.an appropriate field
evaporation_end form of an ordered specimgn.' Evaporating approximately
one moﬂbléyer’froﬁ the specimen,'we obtained the emission pattern in
Fig. 22.2; Subsequently, after evaforating two»éhd three monolayefs;
the emiSsion pattern in Figs. 22.3 and 22.4 were obtained. The arrows
in the micrographs (A and B) ghow SOﬁe areas &ﬁere the variation of
inténsities is perqeiyable with thernakéd eye,

Other intensity fluctuations were measured with ‘the microphOtdmeter
and are shown in Fig. 23, These intensity changes could be attributed
to two factors. One would'be the changes in chemical compoéition of
the uppérméét layer of atoms in some superlattice planes. _This'can
affect the electron emisSion in a similar manner as adsorbedrétoms
do in pure metals; that is, thé top layer affects the tunneling
probabiliéy and the work funétion. Second, thé variation of the
eﬁitting a;éas during thé field evéporation-procéés migﬁt abrﬁptly
change thé local field. Either one of theée effects can dhange the
éxponentiai of the F-N electron emission eduation, producing large
4variatdons in currenﬁ.emissioﬁ.

To discover whicﬁ'of these factors céused the intensity fluctuatidn,
it-wés necessary to obtain Better developed specimens, oriented in
such a manner that one of the major superlattice planes could be large
enoﬁgh to produce an émisSioq image much larger than the photometric

probe.
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Attempts in this direction proved exhausting doe to epecimen
mortality; however, well developed specimens showing large (101)
and (011) superlattice planes were finally developed and a more
controlledvprocess of observation and measurementbwas employed.

Field idniZation bbservatioﬁs of ten soecimens were made but
bonly five of tﬁem vielded usable data. The specimens were typically
evaporated at liquid nitrogen temperature‘and observed'et‘~ 20 K
in the field iohiration mode. The voltage.at the specimen was always
increased a_fev volts at.a time in ordervto_evaporete é few of the.clearly
.visible'tungsten atoms from the (101) plane until a large enough
emitting area (> 1 mm2 on the micrograph) was obtained. Once this
condition was reached, a field ionization picture was taken.' The field
was then slightly lowered (under the best imaging vOltage), the tempera-
ture was iﬁcreased to ~ 80 Kves to evaporate residual He atoms fromV’
the:surface,'and'the.vhole system was pumped out to the backgrOund
pressﬁre'of 10_10 Torr;  A field emissionﬂimage_Vas then obtained
at ~ -1 kv end rapidly photographed to avoid contaminetion-of the
- specimen,
Helium imegihg gas vas.onee‘again-admitted into the chamber,
- after the heggtive voltage of field emission was turned off and the
positive field was slowlv increased to a voltage below the best
'imaging voltage. Conseqoently, it was ﬂound that no visib}e
COntamination Was,yet épéarent in tﬁe field ion pattern and that the
sire of the imagingvplane had not changed appreciably in area. A

miCrograph was sometimes 'taken at this stage.
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After the best imaging voitage Qas_restdred and ﬁhe temperatures

of the spgcimen incfeased above 20 K; the removal.of the next atomic
layer was.attémpted. An ingreaSe of femperature to ~ 50 K was
sometimes nécessary so that a lower e&aporating field céﬁld bg used:
“and the high stfesé produced on the specimen by the field céuld‘be |
diminished. To evaporate the nickel monolayers, we followed the process
described by LeFevré48 fof Ni,Mo. By slowly’inéréasing the field and
coﬁcentrating attention on the center 6f the.superiattiqe‘plane, it
was.possiblé to distinguish the evaporatibn of each nickel monolayer.

~ The nickel atoms were only visible an.instant before the uppermost
~nickel layér was cowpietely evaporated. Thus, extreme éare was put
into obser&ing thé "flash" préduced by the evaporation of a nickei
:monolayef before a FIM micrégréph was taken and the'cycle resumed-—
ldwe}iﬁg the field, pumping‘out the-iﬁaging'gas,'changing to ﬁhe_negative
volﬁage, and obServingvthe field emission image as explained before.
Latef'it was learned that the Ni monolayers could also be observed
more clearly by iﬁcreasing the pressure éf the iﬁaging gas.,

There werebseveral instances in which fhe Ni atoms were observed.
Most cqﬁmonly the afoms wére observed between the tungsten atomic.,
layers as shown'ih Fig. 32.1, when the imaging gas pressure was high

3 Torr) to increase the probaBility of ionization of

enough (~ 10~
He atoms by the nickel atoms. Figure 32.2 shows a partially evaporated
Ni layer on top of a tungsten layer. The atoms were imaged moments

before the whole layer was evaporated. Other instances of Ni atoms

imaged are shown in Fig. 32.3 and 32.4.
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Thus the solute tungsten atoms are preferentially imaged in
Ni4w as in other dilute elloys, but the nickel atoms can be imaged only
under certain conditions.

It was observed that only'three nickel monolayers were field
euaporated befote the outer ring of the tunésten monoléyerZSterted to
|
evaporate rapidly. A possible explanation for the missing layer is
that two Ni layers evaporate simultaneeusly This is especially
probable for the Ni layers just above‘a tungsten'layer, es will be
shown in the next chapter.

In Fig; 24.1 a FlM pattern showing prominent (101) and (011)
planes can be seen. Between these planes, the (112) plane appears
fairly well developed. Less conspicuous are the_(213)‘and (123)vplanes.

. By carefully evaporating the (Oll)'plane, we are able to observe,
with the naked eye, image intensity variations after evaporation of
one or two monolayers. (Fig. 24).

In order to avoid extraneous effects due to imaging conditions,
care was taken to evaporate each monolayer in such a way that the
next invisible (Ni) layer would have a'diameter large enough S0
that its edge atoms would not influence the.emission at the center
of tnelplane and the emitting area uould-always be much larger than
tne photometric-probe slit. It was assumed thatvthe_invislble Ni
.monolayers'wouldbnot:change Size abruptly untll'the uppermost plane

: waé‘totally.euaporated, 'This assumption was later validated-(See
Fig. 32.) by imaging a Ni monolayer at higher He pressure. The‘

sequence of field ién micrographs and field emission micrographs
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~on Figs.éS to 29 shows fhe observéd'changes of intensity after'fiéld
.évaporatibn layer by layer.

Aé haé previously beeﬂ'shown, the intensities measured can be
COrreléfed with the work functions by using the FeN.équatiéng but
.due to-the many spuribus effects encoﬁntered using the procédure
previously Qutlined, only current ratios and work function differences
and not absolute.work‘functions.wére calculated.

The éurrent rafios showed changes as large aé 56%Z in the (011)
piane after field evaporating three monolayers. ZEven larger changeé-
were observed in the (123) and (213) planes; but due to the small
emifting areas (& .9 mmz) these changes cannot hetessarily be considéred
as being céused by chaﬁges in composition of the top atomic monolayer
.of the planes. The emitting area of the (123) planeé was1comparable
in size to the microphotometer slit pfpbe. Thérefore,.the 6uter ring
‘of the emitting plane could have contributed to the current in some
photographs;overriding the effect éroduced byvthe'varying uﬁpermost
étomic layer. |

The (101) plane was also observed and intensity measu;ements
recorde&, But»no'fecord was obtained of the approximate'numﬁer of‘
mondlayers evaporated between emission micrographsf

Thélfollowing paragraphs reléte a séquence'bf'intensity meaéﬁrements
performed,oﬁ ordered specimeﬁs. In the (011) plane, the highest
intensity'measufed was 78.5%.26 afbitrary units, corresponding to a
well develoéed visible:ring assumedvto be tungsten. EQaporating'that

ring, another intensity measurement was made and the lowest emission
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was foohdt(51.216,5). This surface layer wes assumed to. be Ni.

The nickelwlayer was evaporated withoot major visible changes in
the diameter of the’ne#t'tcngsten ring. The next intensity measured
after this nickel 1ayer.was eveporated was much larger than the precious
intensity (75.4¥y70). " Again, another nickel monolayer was eveporated
and the'intensity measured was 06;601.40. Finally, nearly the
original intensity was reached again.(77.90i.54) when the lastbof the
nickel monolayers was evaporated and the tungsten plane had‘etarted '
to evaporate more rapidly, thus compieting the cfcle. 'The cycle
could be repeated until the tip broke off (flashed).v These Values are
shown ih Teble v and‘Fig;.BO. |

The current‘intensity;from the (101) plane also varied cyciically
but the values did not correspond to those measured from the (@11)
plane. As can be seen in Table V, the (101) intensity reached a lower
minima theh_the (011) -- (34.6 compared to 51.2 from.(Oil) plane.)f
Such a variation couid be produced:by differences in localbradii of
Curvatdrev(see Chap. III) between the pianes..

The (112) plane also presented a cyclicai'change'of intensitiee,
As stated for the (101) plane, we could not ascertain the composition
of the.layer:producing the observed emissions; however, the current
minima measured from this plane was closer to the minima of the (011)
(47 8 units). . This agrees with the previous suposition that differences
in curvature might produce the difference in current emission minima.
It must also be remembered that the (121) plane is more loosely packed
than the (011) plane, which could also account for the em1881on-

difference between the planes. The fact that the emission difference
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is in the minima.cah be explained considerihg that we hormalized the
data fof maximum eﬁission (reference line 80); By doing so, the
appermost,W plane that could oause the maxima would undoubtedly produce
a,different»(higher) maxima in the (121) plane than in the (011)"
plano.f As stated before, the only planes reported.here whose emitting
farea was as sﬁall as the photometric probe area were the (123) and
(213) planes, Depending on the orientation of the superlattice with
tespect to~the original fcc iattice, the (213) plane is formed by 1ayers
of either Ni or W (see Fig. 10) (as the previously discussed planes) and
the (123’ is formed by mixed layers of Ni and W (see Fig. 11 ) or
vice versa. It can then be expected that emission f£rom these planes
would differ due to the fdifferent atomic composition of fhe uppermost
layer. However, even though the emission from these planes changeo
: cyclically; the cycles coincided in intensity and phase (see Fig. 31).
As in the previous group of experiments, it could be claimed
that the changes in electron emission inteosity ffom’tho (011), (101)
and (121) planésvcould be due either to changes"iﬂ the local olectric
field of’ohanges_in the chemical composition of the uppérmoSt layer. :
However, tﬁe size of thé emitting area discards the possibility of
contribution from the edge planes. Moreover, to distinguish between
the two contributions, a series of micrographs was made in which
~emitting planes of different' sizes wero displayed together with
ﬁ-their eﬁission pattern. It can be oBserved that the’omission pattern
is‘indepoﬁdent of the plane size if the emitting area is larger than

0.9 mmz'in diameter on the micrograph (30A in diameter at the specimen).
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A bright spot (Figs. 33.2 and 33.4) (represéﬁtiﬁg'high curf;nt
emission5 ié prbduced by a larger émitting planevand alcompafable
bright spdt is also produced by'a small plane (Fig. 33.6). A dark
spot (representing low current emission) can be obsérved in Fig. 34.2.
It should be noted that it is produced by an eﬁitting plane thé; is
very small in diaméter. .Then, even when the local field is as High
as can be éxpected in Fig. 34.1,.the-increment in work funétio@.
produced byuthe Ni atoms overrides any fiéld inc:ement producing a
low currént-emission.

For comparison, Fig, 34 shows darkvépbts'prodUCed‘by planes
of different‘rélafive'sizes. It can be cpncluded;.then,‘thét ﬁhe_
emittiﬁg area déés not strongly affect the cufrent emigsion uhless

it is smaller than 304 in diameter. .

D. Summary of the Results Qf Electron Current Intensity Measurements

-1, The'intensity‘ﬁeaSureﬁents performed oﬂ field evapofafed fungsteh
specimehé”mﬁbWed:
a. The electron‘cur;ent ftom a given plane.reﬁains negrlﬁ»
constant when a féw atomic layers are removed from.:hat plane;
b. The electron éﬁrreﬁt emitted by two crystallog?aphically
equivalent planes is not nécessarily the same:for‘hbth planes.
c. The intensiﬁy ﬁight be sevérely_increaséd by ﬁhe édge atoms
of an emitting plané if fheix emissiﬁn contributes to the
measured intensity.. |
Z,V The iﬁtensitybmeasured frdm thé disordered d phase'éf N14W showé

the following characteristics:
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. Low emissivity of the (111) and (110) planes.

ﬁigh'emissivity of the (301) and (100)vp1aﬁes.

Low emissivit& of the (100) zones. |

thg disordered (o phase) specimens were field evaporated
Therevwere no méjdr changes in the current inténsity emitted

by the same crystallographic areas except the (111) plane

which presented a very small emitting area.

The intensity changed observed in thev(lil) plane could

be attributed to the contribution to field emission produced

by the edge atoms of the relatively small'émitting surface.

4, The intensity measurements performed with ordered (B phase)

specimens yielded the followiﬁg major results:

a.

The electron emission from equivalent crystallographic planes

(i.e. {011}) showed differences that could hot be attributed

IOﬁly to small'geometrical differences (i.e. radial differences).

Field evaporation of monolayers from the same superlattice

.plane produced large intensity fluctiations in the field

emission of that plane.

Careful measurements of intensities from the (011) plane

showed that the intensitieé were repeatéd cyclically with
every four atomic 1ayéré evaporated.

The highest intensities were measured when the tungsten
monolayer was at the surface and the lowest when foﬁr nickel

layers lay,bn top of the next W layer.
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e.  The intehsity Variatiqns were ?hownvﬁo depend'On the size
of the emitting\areé if the area'produced a FEM iﬁage smaller
than 1 mmzbon the photographic image. | 4
f.. The intensity variations_were shown to have little dependénce
‘on the size of the figld emission image 1f the planes were
larger than 1 mmz'on the photographic plate. |
Tn cdnclﬁsion, it was observed that there ﬁere relevant differences
in the current intensities from some crystallographic planes of ﬁhe
ordered alloy (supérlattige-planes) éfter evaéorétion of one or‘more,
,atomﬁi’layers and small local vafiations from diffefaat.areas of |
' the disordered alloy.
‘The ﬁext‘chapter will atﬁeﬁpt to interpret these results using
the modelé:developed for emission changes with adhesion atoms and
présent a model for the reéﬁlts that cannot be.explained.by these

models.
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IX. DISCUSSION OF RESULTS

A. Deposition of Materials on a W Substrate

The field ion micrographs obtained from tungsteh specimens with
-atoms.éf different mgtérials adsorbed on their surface showed that
the atoms tend to agglomerate in some crystallographic planes in -
arrangemépts that are not necessarily monolayers and mbrevprobablf
are three dimensional amorphous arrays of atoﬁs..‘ |

At‘the'low‘;empefatu:eéknecessaryjfor field ionization, the
amorpﬁous:érrangeﬁent'of afoms can be expected, becaﬁse, as there is
little-qr>novsurface difqui&n at temperatures < 78 K, the arriving
atoms will be trapped‘wherevér their kinetic energy is overcome by
the attraction ‘of surfaée atoms with free bonds.(i.e. in high index
planes of'by.previously édsorbed atoﬁs). Preadsorbed atoms seemed
to forﬁ'prefefential sites fdr adsorption,'especiaily in the low
index planés. This gan be observed in_thé (011) plane (Fig. 12.1).

Thé édsorbed atoms on’close%packed surfacgs présentia larger'
number vafree bonds than the surface atoms of thée substrate under
them, and the total surface free energy is decreased if the adsorbed
atoms fpfm small patches instead of being adsorbed at isolaﬁed sites.
Once three or more atoms are adsérbed, the interétomic spaces between
them 6ften form pféferential'sites for further.adsofption (or a
valley as in the high iﬁdex planes) and the "pyramidal or tﬁrée
diménsional type of adbesion précess observed in Fig. 12.3 results.
The arréyé produced by organic molecules are similar ;6 those produced
by métaléatoms évéﬁ though they show different préferential sites'fof

adsorption.
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Thgvfhree diﬁensio%al'érréy produced either-by'the deposition'
of atomé:of ﬁolecules ig the valleys of the high.index pianes or
by the stacking of atoms onv"py:amids" on theslowér index planes
produces large changes in the local field as can be easily seen from

the expression:

F o= — - ' (XAl

where K~5 has been used for most experiments and others have calculated

K from the general geometry of the specimen (K « &n %a).

However, Kr for the "pile-up" of adatoms is not Qf theisame value as
that at other sites of the specimen. It is a chh_smgller qgantity
thgt cannot be ascertained because the shape of the pilé-ué is unknown.
A Kr reduétion (from r ~ 1000 A fér the tip to r = 5 A for the pile
up) will increase exponenfially the emission of electrons, giving
a misleading contribution to the electron current. |

From our experimeﬁts, as from the experiments of evaporation of
metals on a tungsten substrate reviewed in Chapters XIII_ana IX, it
seems impfobable that the evaporation method could yield ﬁlanar;
monqlayeré.whefe the aﬁplication-of the Fowler anvaordheim equatiﬁn
(Eq. IID.3).and/or thé diﬁélar interpretation of electron emission

variation (Eq. IIB.7) could be justified.
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B, < Field Emission from Tungsten

The.field emission pattern from tungsten showed a different
emission_from the (111) and (111)/p1anes aﬁd the same electron emission
from the {130} planes. From the Smolucﬁowski model for metal surfaces
and F—N.equati§n, it is expected that planes of'équivalent crystallo-
graphic orientation should give the same eléctron current density. The
factorsﬂinfluencing‘the electron current are (from Fowler-and Nordheim)
in ordef of importanée.

1. Work function

2. Local electric field

3. Applied voltage |

4. Size of emitting area

Two_ﬁlanes of the same crystallographic fémily;hiatubic crystal
shbuld have the same work function. The applied voltage should be‘the
same for.the two' planes becausevmeasﬁrements were ﬁadé from the same
specimen. The emitting area can be considered constant aé it has a
geometrical relation (by Thales theorem) to_the fimed area of the
photomicrometervprobe slit; one is a geometric projection of the
other.and the emitting area is nearly a flat plane. Therefore,

the only variable that might be affecting electron emission differences
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from the {111} planes is differenceé in the local field. Again the

L : CL : .
relation F = V/Kr showslthat, for a given voltage, differences in

local radii of curﬁature can affecf the lqcal field.énd thus the.

-electron emission which is‘exﬁonentially dependeﬁt on the iocal field.

The field evaporation process cbuld have pfoduced such a radial difference
.due to‘fﬁe'original'orientation of the specimeh. Miiller39 'has‘bhown
such local radii differences in field evaporated ﬁ spegimens.‘ if the
field evaporated.surfaée'apprdaches a quadratic surface other than

a sphericai shell, then the apex of the curve COqld‘be oriented
slightly off the (110) (center) bléne and produce a larger loCai radius
of curvature for the'(lii) thén for the (111). :This is a common effect
in field evaporated surfaces. Because of this fact, work functions Of.
pure-métais are often measured from "heat fléshedf surfaces that»ﬁave

a shapeVCIOSer to the‘spherical shell. However, if measurémepts are
made frdﬁvthe‘same plane after field evaporation, there is no variation {
in the emission of elecfrons frﬁmvthe same {111} Of'{iBO} planes.

The above results shbw that the method of meaéufing-electfon
emission from field evaporated specimens can be used for ;He study of
work function variations with field evapération ffom the same
qrystallographic plane. If thé eyap§ration of several monolayers
ffomta pure ﬁetal did not produce ﬁeaéuraﬁle changes in thé electrdn
emissién, fhen any changes in eiecfron emission-from'a superiattice_
ljplane of an ordered élloy can be interpreted as.beigg produced by

changes of the surface dipolar moments affecting the work function

of that plane, and therefore the electron emission. Differences



- =110~

in emission from.equivalent planes in the séme'crystal can be caused,
as shown before, by differences in local radii of curvature for the

various planes.

C. Electron Current Intemnsity Measurements of Ni W

1. The o Phase

The_curfent intensity differences ascértained by measurements
aloné three_different directiéns 120° apart:can be interpréted as
being prbduced by work function differences from the various
crystallographic planes with some contributions from‘the rapdom'
distribution of solute atoms on the surface. Even though the three
' sweeps madé by the microprobé are nearly equivalent, sma11.differences
in orientation of the areas swept and differences of.local depsity of
- the alloying eiements produced electron emission discrepancies.

'Uéing the present technique,'if is not possible to assume that
the three areas cévered by the microphotometer are ex-ac.t.ly_ equivalent
crystallégraphically. There are only general reférence points on
the micfograph (i.e. the (111) plane and High work function difections)
fof the &irection of the sweep and not specific reference_points as
in tungsten (i.e. (011) and (111) poles). Moreover, by using a
computer simulation of « specimeﬁs,bit has been shown that there aré

differences in solute distribution at the surface151
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Byiconnting bright spots that reoresent solnte atoms.in the'simulaEed
micrograph and_an.actual FIM picture of the d phase, itican be shown
that there are areas of different density of bright spots (See Table ViI),
It is known from Gomer'siexperiments on 8137 dissolved in W; the
electron emisSion'will depend on tne density of'solute atoms appearing
on the surface. Therefore, the small changes of the emission pattern
canlbe accounted for by'the local change of the_surface potential.l
The surface potential is changed by the difference between the effective
charge of the solute atoms and ‘the charge of the solvent atoms at
the surface (electronegativity of solute vs. solvent). The contribution
‘of the two effects (crystallographic differences plus changes on the |
surflace notential field) give rise to the local differencesvin electron
emission. | | | |

The abrupt variation of emission of the (111) plane produced by
field evaporation of a few monolayers could be explained in a similar
manner as the randon variation in the (011) plane of tungsten. In
the o specimen, the (111) plane emitting area produced a smaller
vimage than the‘photometric probe used Table II. Therefore, we
measured contributions from the distorted field at the edges of. the
uppermost layer of atoms which tended to increase the emission by

increasing the local field This effect overshadows the dependence

- of the current on the work functdéion of the (111) plane.
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. 2. The B Phase (ordered phase)

Thévamo:phous dark baﬁds of tﬁe B phase'mehtioned iﬁ Chapter VIII
will be discussediin more detail in the next chapter. We shall,
howéver, QOntinue with the discussion of the results of the current
emission measﬁfemeﬁts in this chapter.

The intensity measurements obtained in our’experiménts have
cyclic Qalues with respeét to evaporation‘of monolayers, showing a
minimum value when the tungsten monolayer is‘evgporated. The ¢ values
have the opboéite behavior, as (from fhe F-N equation) the maxima
.of'the wofkvfunction'coincidés with the minima of the intensity.

The data Qbfained,'however, éhowed that.qnly th:ee Ni layers could
be'observed fiei& eVaporating between tungsten monolayers. To under-
sfandvbétter theprocess of field‘evapo:ation, a schematic representation
of a low index plane of a pure metal is shown in Fig. 7a.

| The evaporation process is'shown'fo start at‘the édgé of the
'uppermost layer and once some atoms have been removed from it a few
edge atoms of the next layer start to evaporate (left side of ﬁicture).
However, fast:evaporation of the second layer will not start until the
uppermost layer is fully evaporated.

According tovMuller'vs76 interpretatioﬁ of BAtdin's model for
alloys, "as field evaﬁoration proceeds the soivent atoms just #bovg

the solute atoms will evaporate preferentially."

This process is
schematically shown in Fig. 7c. Open circles represent the solvent

atoms and cross-hatched circles the solute atoms. Therefore,in Ni4w,
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Ni atoms which lie just above tungsten ato@s will bekpreferentially

o
\ : !

evaporated. The process for a superlattice plane'isfsimulatéd in
fig. 7b‘-whére thé'upﬁermost lgyer of Ni atoms (open:circles)'isv
been evaporated, éxﬁosing the underlying Ni layer tﬁat is just above
a W layer. It can be expecfed.that due to the 1Qﬁér sublimation .
energy éf the second nickel layer, it. will evaporate almost simultaneously
with the first layer. | |
Tﬁis effect can.account for'the'"missing layer' observed in the
field évapbnatién process of the (011) plane. The last tﬁo nickelx
1éyefs could have g&aporated almoét-simulfaneously; thus, the
experimenter coUldbonly oﬁserve the evaporatioh of three nickel layers.
The éurreht emission mgasurements made frém fhe (011) plahes of
thé'B:phase presented two imporfant characterisfigs; First, there
was a marked difference of emission when a tungsten layer lay at the
surface of the plane and when a nickél layer Qas exposed to the
surface, Second, thefe was a difference of eﬁission when the nickel
monolayers were removed through field evaporation. |
The #irst observed difference can be explained qn-the basis of
the,dipo}af ﬁqdel presented by Gomer,‘if we_con$idér the iaygred.(OII)'
plane simiiar to a Ni cyystal with a W.mOnoiayer adsorbed on i;s
surface. .Howevér, the difference in emission currents aftér-eVaporating

successive Ni monolayers falls outside the assumptions for this model.
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a. 'The dipolar model interpretation of intensity variations. The |

f#eld evaporation of atomic monolayers from the (011) plane of
Nigw S'phése qan be considered as an inverse process to the adsorption
of atomic mqnolayers on a metal substrate. The four nickel layers
could Be interpreted as forming a small crystal. When a tungsten
monolayér of the (011) pléne is brought to the surface by field
evaporation, it can be considgred as an #dsorbed layer on a low
index plane of theuhickel "crystal." The changes of eleétron emission
with thé evaporation of the tungsten monolayer are dualitatively
comparable to the changeélproduced by a tungsten ad-layer on a nickel
substrate. |

ﬁsing the Gomer-Topping modél, the variatioﬁ of work functidn
p;oduced by‘the.evaporation of a tungsten monolayer can be expressed
as | |

27 uo n

Ab = - - © (IXC.3)
1+09 n3/2 o '
max

where R oax refers to the density of surface dipoles when the W layer
completely covers the emitting surface. The expected work function
chéﬁge Ad can be directly found from the geometry of the system. The

polarizability is given by the following:

o = 0.221 /2 (IXC.4) ..

max

The (011) plane has a surface area of 38.2 A? Yper unit lattice)
X v

.containing two surface atoms. Then 5.24X10_2 atom/ﬁ2 = 5.24><101 at/cmz.
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Th? polarizability is then

a = 18.7120.02 A> (1XC.5)

.uo is the dipolar moment of a tungsten atom, patﬁially ionizéd, and

its image charge;.n?nmax,ig the dépsity of tupgs;en atoms‘on the (011)
surface. The &ipdlar‘moment uo_cén be calculated from first principles
if we conéider that thé tungsten atoms are single ionized. Then Z=1
and q=e (the electron‘charge). _

The field penetrationAgives a value for 2do = 0.5 A

- uo = l.6><10_-27 coul-cm ’ (IXC.6)

Introducing the results in Egs. (IXC.S) and (IXC.6) into

Eq. (IXC.3) we obtain

Ab = 0.83 eV - (IXC.7)

. A¢ 1s the expected work functidn change due to the removal of the
tuﬁgsteﬁ,ﬁonolayer from the (011) plane; This value of A¢ is comparable
in order of magnitudé to the'difference between the average work

i ,

functions of pure tungsten (4.5 eV) and pure nickel (4.8 eV), ¢Ni;¢w =

0.3 &v.
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;b, The F-N Approach to the Intensity Variationms. Ffom the ratios
of intensities meaéured from the (011) plane of-NiAW and tabulated
in Table VI, the actual change of work function can be calculated =
using the F-N equation.. Writing the equation in a'simplified form

3/2

In 55 = 1naAb & (IXC.9)
v v ¢

where b is a constant given by 0.68/c (see Sec. IXC.)..
oV = E : (IXC.10)

The chrrent ratios for‘the same imaging voltage yieldi

I (¢3/2 - ¢o3(?) .
1n T;-= - b — v . - (IXC.11)
- _ <¢3/2 _ ¢°?/2)'
In T;— = - 68 E . (IXC.}Z)

Iﬁ order to find A from the current ratio, we must find an

24 30

algebraic correlation between ¢3 and A¢. This can be done

by using the expansions:

- 2 3 o
¢ = 14 xIng + »(x ;?¢) + L= %??) * . (IXC.13)

and

C lme = 8L 4 L1 (-D)
, ln¢r- 3 ‘+_ 2 b + %.(91l)3 + ... (IXC.14)
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For a small.A¢, the relation (to a first apbroximation) can be

written as: A

1 6 -7 |
¢3/2-¢03/? ~ _23_[(¢¢1) - ;_o ] (IXC.15)
.then _ _ . - S
¢§/z-_ 0307 =3 [3%1&] o xc.16)

Using this last expressioh in Eq. (IXC.12), we get

RIS S b o |
1n T - 1.02 gt :  (IXC.17)

(o]

It was_showpvthat the (Oll)-plahe‘of N14W is looseiy packed. Therefore,
fhé wdrk functions for_the_electron emigsion from the (011) plane of
vNi4W (¢tand ¢o) should be lower than the‘average work fuﬁctioné of

pure Ni‘and W. Then, it'ﬁould be feasonable_tq assume that the product
of tﬁe averége work.functions of Ni‘and W (¢Ni ¢w) is higher than

'¢¢o and tt'couid.be us¢d as a first app;oximation for the.purpose

of finding Ad.

¢¢°.< ¢Ni ¢W = 21.6 (eV) . (IXCc.18)
Then an expfession for Ad can be ﬁritten as

Api= - 28 g L . (IXC.19)
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The average electric field at the (011) plane is pfobably not less
than 0.2 V/A or higher than 0.6 V/A and so a value of 0.5 V/A 1is -

adequaté for E.

Ap = - 10.6 1n %— o ' (IXC.20)
o .
Removing'the tﬁngsten substrate from the nickel "crystal"»reduces
the;curfent from 78.50 to 51.20 (arbitrary units) (see Table VI)

I=0.65. Hence, In I/I_ = - 0.4277 and

A = 4.51 eV o - (IXC.21)

'Thﬁs;.the required wprk function change tovprodUCe the eiectfon’
current fatio.ofv0.65 observed afterlremoving tﬁe tungsten monolayer
is much larger thanltheeexpected change due to a dipolar monolayer at
| the surface (A¢ = 0.83 eV). The current increment of 1.5 times
produced by the W monolayer on the Ni "crystal" may.be produced by
contributions from trapsmission resonance at the potential wells which in
furn are produced by the tungsten atoms, as Duke and Alferieff proposed in
their m.odel.1 |

The;effect of the W atoms on the external field should be nearly

the same as that of the Ni atoms because the surface density is the
same for both species in the (Oll) plane. Therefore, the enhancement
effect ﬁroduced on the current by the tungsten atoms at the surface
‘seems to -be relatedvto'the difference in tunneling pfobability

between the electrons tunneling out through the tungsten atoms and
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fh&se'tunneling through the nickel ato;s._ Tt is interéstiné'tq notice
that thé removal of the last two_monolayefs of nickel before the-néxtb
tungsten }ayér_is reached produce a change in électron current
given by the ratio 14/15 = 0.98»and_the logarifhm‘-0.019%1..f

Then, using the expression IXC.20, we get

Ap = 0.186 eV o - (IXC.22).

If we consider thé subétrate'to end at the tungsten monolayer (inclusive),
~and the.two'nickél layers can be thought as adsorbed layérs, their

" effect on the ekectron emission is comparéble to that expected from

a dipolér layer af the surfaée (Eq. XXC.7);- Therefore; two layers
df.Ni.ééem to produce an actual.change of work function at the surféce.
There is no evidence of field enhancement and tunneling fesonance in.
thisICase. Not haQing.the data pertaining to the work function :
changesvof Ni on W, we must use the available data on Cu. Using
Polanski and'S'idorski's66 data, we might be able to caicuiate the
effect that three moanayers of cpppef would hévé on the work_function
of a substrate and then éomparé'the results with the data obfainéd

_ frqm :Nil‘W. .
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Thé element copper is next to nickel in the pe:iodic table and
expected to behave chemicélly in the same manner as nickel. It
follows tﬁét the dipolar moment is probably of similar value, and
its influence on tﬁe_work function of é substrate should be within
the samé order of magnitude. |

To avoid field enhancement effects, lef us éonsider the work
function chénge that occurs when two or more monolayers of copper
are deppéited on the already ''smooth" tungsten surface; that is

o

_to say, the change introduced after obtaining ¢min =¢ = 4.2

(2 monolayers). The Fowler and Nordheim equation can be written

as
v I/V2 = a exp-b ¢3/2/V : (IXC.23)
where
b= 6.8x107 o XE | (IXC.24)
o = (1_y)1/2 : ~ (IXC.25)

and using Gomer's tabulation for-y:5

y 0.275 . ‘ , , | (IXC.26)
then. '

0.8514 . (IXC.27)

e
i

k depends on the geometry of the system.
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.Using a paraboloid of revolution'to‘simulate the shabé of the emitter

k, = 3 iax/r) (IXC.28)
For a hyperboloid
1, .
k2 = E-ln(&x/r) (IXC.29)

‘ x(ém) is the emitter to screen distance énd_r(cm) is the specimen

radius.

For our system x=7.5 cm _ (IXC.30)
and for the experiment under discussion

‘r .~ 1000 A ,  (IXC.31)

Then using Eq. (IXC.28) and (IXE.ZQ)

k, = 6.76 | - (IXC.33)
and
ky = 7.45 S (IXC.33)
60 312 = 4.23/2 _ 8,607 (IXC.34)

o

‘For six layers of Cu on a W substrate (from Polanski's data).66
32 < 43?7 - 916 (1XC.35)
¢3/2 - ¢ 3/2_ = +0.309 ’ . (IXC.36)

(o]
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For an order of magnitude approximation as

 kr/V=F~10 and a=0.85~1 | ~(IXC..3;?>)
/1, = exp - (432 - ¢03/2) x 6.8 .(Ifcc.ss)_
TAking.
b = 1 S . (1XC.39)
I/ = exp - 2.103 - (1XC.40)
/1, =0.12 N ‘ {1IXC.41)

- for five monolayers 6f Cu oﬁ the smooth W/Cu surface. This ratio is
of the same order of magnitude than the ratios shown in Table VI,
'betweeﬁ the currents fhrough Ni layers and those through an uppermost
W layer;. |

The wﬁrk_function changes observed by Polanski, after "smoothing"
had taken place, were not of the éome order of magnitude as the
worklfupction change produced by a single tungsten layef on the
nickel."crystai". Howevér, the largerchange produced by the "smoothing"
process of Cﬁ is éloser in Qalue to the one observed after removal of

a W monolayer from the (011) plane of N14W,

c. The Applicatibn of . the Dipolar Model for Changes Produced by the

Evaporation of Ni Layers from thé (011) Plane of.Ni4W.B Phase. The
F-N equation provides an order of magnitude éstimate of the work

function variations tﬁat could be expected to produce the measured
intensitiés. It is not c&ear,-however, if the dipolar model can be

used to justify these variationms.
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Iq‘hhe fol}owing pages, we shall discuss.thé éppliéability of
the modél.ﬁo ch;nges pfoduced by the desorption of oné or more
monolayers. In the dipolar model Snly thé-top atomic layer is
consideréd, and the measured.effect seems to shbw that other layers
are affécting the fiéld emisSion.process. The dipolar'modél is based
on the éften éccéptéd_model of surface épace charge. The surfaée
space charge model can be summarized as>followé: ' )

Any’accumulation or deplétion of qharge carriers in a surface
with respect to the bulk carrier cOncentration‘establishes a static
space—qharge'région near‘fhe_surface. An extgrnal electric fieid
applied fo #he»surface or an adsorbed monolayer of charged particles
(ions or polarized atoms or mblecules) can produce such a space-charge;
The height of tﬁe surface potential barrief A aﬁd the penetratibn
distance into the bulk dépend on.the concentration of mobile charge
cérriers in the sﬁrface region,

If N is the electron concentration on.the surface and produces
an image charge of équal density at the bulk, then‘thé potential
produée&.at any point by.these charges is ohly a functiqn‘of the
distance x éf the chargelfrém ﬁhe surface. = It can be found, by using

the Poisson equation,77 that

d4v _ eN |  (IXC.42)
2 €e -
dx o o
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where € is the dielectric constant of the metai and so is the
permittivity of free space. Integrating twice we get

eN(x—d)2=

2¢€¢€
0

K Ve (IXC.43)
Nofice that at x=d V(x=d)=0. Thus d is the distance at which the
elect:ostatic-potential, due'té'the charge.distribution at the surface,
becomes zero and the electron éoncentration attains its bulk value
again. |

The height.of_the SPace-charge potential at the surface 1s given

by

2
v - eNd

0 - 2€€
"o

(IXC.44)

As thévdensity of charfes at the surface.is'equal to the density of

image dharges.

| 2ee 1/2 o A
d & |V ' (IXC.45)

The éharges concentratéd in the surface produce images on the'bulk at
a distance 2x from them. Then, approximating the charge deﬁsity by
the bulk electron concentfation and using fypical values of the
surface barrier and of the permittivity (é), we can notice that fqr
electronrconéent;ations of 10'_7 cxn—3 ér larger the space charge is
restricted to distances on the order of one atomic layer or lesé. |
'This is due to the fact that the large free carrier density screens
‘the solid from the pénetration of the electrostatic field.which is

" caused by the charge imbalance.
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For most metals almost every atom contributes one free valence
electron to the carriers. Since the atomic density for most solids o

is of the order of 1022 cm—3, d could be of the order of .5 A or less.

39 uses_thé Thomas-Fermi approximatidh, in which the electric

Muller
field decays exponentially with its distance from the metal surface.

That approximation is expressed as

- |x|> ) .
F = FO exp‘— (—g— : : (IXC.46)

with the penetrétion depth given by

s = 1 wo'? o axean

‘where a = 0.53 A is.the Bohr radius and d is the dimensionqof the
unit surfacévCell containing one electron. For a unit cell_ofléize'
3 A, §=0.63 A, which is approximatel& equal to tﬁe'quanfity obtained
using the Poisson equation (§=0.5 A), |

_On less densely packed surfaces, the local geometry is simply

_describe& by én average atomic'spacing s, It is thought that one _

electron is spread over the Qolume s2d of the suffgce unit cell;_so

fhat | | _ _ |
5= % a 12 (32.4)1_/2' (e

The {011} planes of Ni W are very lobsely packed; thus Eq, IXC.48

4
should be applied for field pemetration.



-126-

Erom'the geometry ‘s % a
= 5.70A  (IXC.49) |
and f
deorny = ©0-672 | (1%C. 50) o
then ' ' - . v

2x 0606 = 635

5 =2 0592 (5.7
'Thevfield penetration 6=.635 1is still less than thé intefplanar
distnnce.(.953). Using this model, only the first layer of atoms
should contribute to emission beéause it is the only layer affected
by the extefnal field as to be polarized. Thus, according to the
surfacée space charge model, the electron moving toward the surface i
finds a bulk distribution of charges until it reaches the surface.
| If the surface is defined as the lonus plane for the atoms in
‘the unpermost'layer, then, as we said before, there should not be
perceptible variations of emission dué to removal of different Ni
monolayers until the W layer is reached. Two nickel monola&ers'
should not &iffer in their effect on emiésion if the emission only
dépends (as assumed by this model) on ﬁhe packing snrface dipolar
moments and theréfore electronegativity of the surfnce‘layer. The
current variatlon with field evaporation of Ni layers cannot be
explained using this simple model. It is important, them, to summarize
these findings 1n a 51mp1e model for field emissibn from superlattice
plangs of ordered alloys that could also be applied to some adsorption

phenomena.
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d. A Simple Model to Interpret the Variation of Electron Emission from

SgperlgtticeiPlgnes of‘NiLW B Phase. - To return to the two models more .
often used to explain electron current charges due to adsorption, thev
§urface diboles modelg'and the resonance model1 both,accepf the
Summerfeld free—eledtron modei fof the metal. Consequently, the
surface field only.penetrates to the uppermost étomic layer‘(~ .5°4),

However, our experimenté show that the electron emission varieé
for different nickel layers having the same crystallographic orientation
and theréfore having identiéal sﬁrface pécking. ‘This effect suggests
the influeqce‘of atomic layers within the bulk on the electron emission
(i.e. the proximity of the W monolayer to thé surfacé); Henée, the
obvious patﬁ,toward the interpretation of this effect is to redefine |
the surface or adopt an atamistic model instead of a model based on
a éontinuously charged surfacé layer. The (110), (i0l1) and (121) plaﬂes
cannot bé.represented as a smooth plane surface but instead as a opeh
surface where the atoms of_at least four subseqﬁenﬁ layers under the
upﬁermost layer contribute directly to electron emission. Figure 35d
shows a secgion of the (110) plane in which four (cross—hatqhed)'layérs
are of Ni atoms and the fifth layer from the surface is of W atoms
(open circles). The "size" of the atoms are drawn to scale with
respect to atomic distancés.

It.shoﬁld be noted that in Fig. 35d the unde:iying‘w layer is
completely covered by the fourth‘Ni layer. This wbuld‘correspond to

the intensity cufrent of 51;20 reported in the previous chaptér.



~128-

Removal of the uppermost Ni layer leaves more than 50% of thé underlying
tuhgsten monolayef exposed (Fig.'BSC). This c¢rresponds with the
current‘of 75.40 reported previously. Subsequent removal of Ni
monolayers does not drastically expose the tungsten "substrate'

(Fig. 35b the next current measured was 76.60). It éan then be
assﬁmed that most‘of the electron current tuﬁﬁels through the tungsten
atoms. Covering the W?aféms with Ni atoms diminished.drastically
the Cur;ent. Then, exposure of fhe W atoms, even if it lies three
layers under the sufféce, inc:eéses the current intensity by 47%.

" The emissivity of theﬂtungsten monolayer does not seem substantially
diﬁinished by its distance from the surface, i.e. under three nickel
1ayérs.: Thﬁs,.the field does not éeem to vary‘exponentially from
the uppermost layer, asvexpected frbm the Fermi-Thomas model. The .

_eiecfron cuffent dépendence on the work fuhction and the electric
field can>be‘expre§sed #s

j tx. exp - C ) (IXC.53)

" where
. ¢N13/2 ¢W3/2 e |
1=0 Ni /i W |

- where ¢w and Fw are_thé work functfons and field bf the W monolayer,

respectively. Fw will vary inversely with the number of Ni layeré
above it. ¢ . and F, are the work function and field of the 1P
nickel layer. N is the total number of Ni layers abbvé the next W

monolayer. Using the abbve expression we can interpret the
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expefimental resﬁlts. The tunneling probability D(W) for the
electrohs, throLgh atoms at the surface will be higher‘than for those
below the surfacé. This can be seen frdm Eq} (IIC.16) which can be
simplified as |

 ow e .
D(W) = e

(IXC.55)
where b is a quasi constant, W is the energy of the tuﬁneling.electron,

and.Fi is the external field on the iFh layer of gtdms. The more
superficial a layer lies, ‘the higher is the electric field acting '
on it.- |

‘Because the work function of W is lower tﬁan that of Ni, the
work fundtion.depéndence of the current (as expresséd invK;'(IIIC.ZS))
would m#ke the currentvthfoﬁgh thé tungsten atomsvthe most important
contribﬁtion to thé electron.émission; Accordingly, when the W layer
lies on the sufface; most of the current measured is coﬁtributed by
electrons funneling through its atoms.

The four Ni layers will have a decreasing deformafion of their
eléctron potential barrier due to a smallef figld FNi and that.
contriﬁutes proportionally less. Alsb because of thé W atoms'lower
i§nization potential, they act as a positive charge and are a
preferential_éath for the outgoing éléctrons. Onéelthe tungsten
monolayer is evapdrafed; (Fig. 35d),a.nicke1 monolaYef is at the
-sufface. The next W monolayer will lie four layers deep. The
electronegativiffbbf W'atomsv(l.9) stiil ﬁakes them preferential‘

paths for electrons. They contribute less, however, because'the W

atoms have a small field deformation of their potential and the tunneling

1
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probability decreases when they are lying under Ni atéms.that almost
totally cover them (Fig. 36d).

The Ni atoms have the effect contrary to that of.the W atoms on the
current emission. Their electronegativity is lower (1.8) and they .
do not contribute with é:net positive charge to the surface that is
as high as that produced by W. Hdwever; the field deformation of the
elegtric pot;ntial is larger and the tunneling probability througﬁ
them inéreaéés. Nevertheless, their overall qontribution is less
than that of tungsten at'a top monolayer. ?urther evapbaation puts
the W layer in the third layer below the.surface. Obviously the
eiectron electric potential barrier will now be narrower and the'
tunneling probability through it is increased. When the W moﬁolayer
is the third layer from the surface the total contribution of the W
and Ni atoms is much closer to that of total cdntributibn_given by
the W atoms ai the surface. The largest differencé results when the
W monolayer lies under four layers of Ni and the field Fw is:élmost
completely screened by the Ni atoms.“

| Most investigators point out that the electron emission depends
on the number of layers deposited on the substrate. For example,
Jones65 observed that during the deposition of silver atoms on a’ . -
‘tungsten substraté several layers were required (8=5) before the
current emission became independent of coverage. Larger coverages
e>7 werevneeded for copper and gold. These results caﬁnot be
explained by the dipolar model becéuse, again, the emission should

depend 6n the dipolar moment of the uppermost layer, and two layers
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of equai density and the same atomic species should present the same
dipolar moment. Once the surface of the substrate is covered with
adatoms,.there shéuld not be any further change in the electron emission
caused by the dipolar momentb(formed by the charged adatoms and their
image on the substrate). However, as we said 5efore, this is npt'
true: the electron emission keeps "féeling the éubstrate" untii
sew.reralb layers ar.e.depos'ited and then tﬁe current _emiSsion reaches

a constant value that has been ‘equated with the work function Qf the
adsorbate. This effect canvbe better explained by the use of our

simple model wherein the eﬁission through one of the'layefs is the =

~ main contribution to the total emission current.

D. Summary and Conclusions

Thé experiments pfesentea in this thesis were designed tobstudy
the effects of the uppermost layer of atoms on the éleétron emission _
current from a metal plane usiﬁg a field emission-field iOnbmicrbscbpe.
The initial experiments were directed toward obtaining afomic monolayers
of tungsten, nickel, aicohol, and acetone nearly parallel to a
_ _crystallographic plane of a tungsten field.evaporated specimen-which
was imaged at 10 K with helium imaging gas. These atfempts ﬁroved
fruitless as it was not possible, within our experimental éonditions,
to develop a pseudomorﬁhic monolayer of eiﬁher metallic or ofgénic
adparticleg; Instead, amorphoﬁs three dimensional arrays of adpafticlgs
were often observed; Considering these results and observing the

results reported by others, this author believes that the use of the _
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dipolar model [Toﬁping?] for the explanation of electron emission
changes with adsorption may not be justified in man& cases because
the dipolar model is based on the assumption that there is a layer
of polarized or ionized adparticles in a nearAplanér arrangement
‘parallel to the'emitting surface, This condition is not satisfied by
arrangements of adparticles observed. | |
As an alternate method for the study of the effect of dipolar
moments on the electron emission from a metal surface, this author
'propoéés the utilization of some ordered alloys that present an .
~ adequate 1aygred structure in some directions with well defined surface
denstty; crystallographic orientation, and chemical composition.
| ‘The pfeliminary studies along this line were‘dpne with the o
(disorderéd) phase of Ni4W in order to ascertain the magnitude of.the
' changes produced by cryétallogfaphic differences. It was expected
.that the effect of chemical composition in the disordered alloy would
be random and would produce the same éontribution for any one of the
crystallographic orientations chosen for the measurement of the
electron current.
However, measurements of electron emission from the disordered

o phase of Ni4W showed differences of»iptensity from equivalent
crystallographic directipns. These differences were explained as
being produced by vériations in the density of solute atoms at the
surface of the specimen. The'variations in densities of solute atoms
aretn'ﬁe expected from the random distribution of‘tungsteﬁ atoms in

a nickel matrix, as was shown.by counting iméged W atoms in different



-133-

areas of fhe field ion miCrbgfaph aﬁd using a computer simulation
teéhnique to'represent'the specimen'sbimage. Similar variations of
emission had been'oBserved by Cbmer5 uéing a solid solution of silicdh
and tungstéﬁ as an/emitter.:

Subsequeht exﬁerimeﬁts utilized the layered structure presented
by the (011), (iOl),-and (112) planes of Ni4W R phése.v Such a structure
provided.similar conditions to those encountered in adsorpﬁion
éxperiménts (a subétrate with adsorbed layers).‘ |

Changes in electron current emission wefe'peasured after
evaporating atomic monolayers from the (Oli) plane of ordered NiAWv
spécimens. 'Soﬁe éf thé changes were found to be of’§he'same order
of magnitudé as those éxpected by work fuﬁction changes due to adsorbed
atoms (applying the dipolar model). However, there were some largé-
current emission changes noticedehen aW monolayér_Was evaporafed from
the (Oli) plane. Theseichanges could be compare& to those predicted
by Alferieff in his fﬁnneling'resonahce model. . |

It was also observed thatvthe intensityxof the electrén emission
current depénded on the number of nickel ménolayers ébove the underlying
tungsteﬁ layer; To explain ﬁhis phehoﬁenon, a simple model was
proposed for the emissio# current from a layered super#aﬁtice plane.

It was pFonéed that the samé modél coﬁld_be applied to similaf
effectsbéﬁserved in adhesién e#periments._ |

The model applied fo_Ni W ordered phase considers preferential

4

tunneiing electrons through the tungsten layer as the basic contribution

to the electron current. Thus, the current may be affected by the
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scattering produced by niékgl atoms blocking ﬁhe path ef»thé glectroné
that.have prefé:entially tunneled through the W atoms. (The tungsten
atoms have a lower work function and electronegativity than the:
nickel atoms.)

.AlsO,‘the nickel 1gyers partially screen “the électric_field.
affécting the ﬁnderlying tungsten.layer.b |

However, the ¢3/2

/F ratio of.the tungstén layer 1yiﬁg under iess
than fourvnickel layers seems to be lower than that of thé nickel
layergvabove it. This mékeé the electron:current ;hrouéh ‘the tungsten
layer larger than the current fhrough the nickel layer.

In adsorption experiments, the preferential atoms for'tunﬁeling
might be the substrate atoms or the first or second layer of adsorbed

3/2/F as expressed in the

atoms (whichever preseﬁts a lower ratio ¢
model) .

In his thesis the presant author proposed another method for the
study‘of electron emission. The preiiminary results presented in
this thesis show that the use of ordered alloys cah be é promising
field because it offefs means to control different variables for the
#pplicétion.of the existing models of electron emission and for the
generation of new models.

In future research it would be important to proceed along the

following lines:
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i. ﬁetérmine the work function oflfhe layered planés of Ni, W
'(or other ordered alloys) as atomic ménoiayers are evaporated.
A method independent of the current density shoﬁld be used
(e.g. electron energy measurement). If there is no work
fuﬁctidn variatioﬁ pfeSenfed by the evaporation of monolayers
on the emitting plane, another explanatioﬁ must be foﬁnd for
_thg.current'variafion observed in the experiments presented
in this thesis. | “

2. .Compare electron emission and,wofk functioﬁ changes fromk
N14W with those produced by adsorption of Ni atoﬁsﬁbn 1)
sub#trate and W atoms on Ni substrate.n'If four nickel 1aygrs
‘deposited on W produce the same change in intensity (and
work function) as those observed in the alloy, the dipodar
model would bé applicaﬁle to adsorption, in spite of the
amorphous qualify of the adsorbates.

3. Ascertain work function changes produced-by depositing Ni
d;‘W on é Niawxsubstrate. This experiment would help in the
_élarification of the '"'smoothing' action of adsorbates. The
experiments proposed above could finally c2arify the use of
thevconcept of work function change as an explanation of changes
in current emiésion ﬁhich have been ﬁroduced.either by (1)
édsorbates or'(Z) laye;s of different chemical composition in

supeflattice planes‘bf ordered alloys.
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X. ADDITIONAL OBSERVATIONS OF‘N14W.

This chapter will include some observations of N14W which were
a by-product of the.experimental process but do not bear directly
on the central problem previously discussed.
A. Obséervation of the Y Phase of Ni

Al

' N14W at high temperatﬁres‘(above 950°C) présenfs a two:phase
system (see'Fig. 4) composed of a disordered phasev(a) and a tungsten-—
rich phase (¥) which has the same crystal structure as pure tungsten
(bce). |

Fo; specimens annealed at 1300 K.and water quenched, the
probability of observing each‘of the two existing phases can
be estimated from the proportion of the phases preseht at that composition.
By using the phase diégram (Fig. 4), the amount of Y phase given by
the lever~rule is 0.0875%, which gives‘a probability of ~0.01 for the
imaging of the v phase in specimens made out of polycrystalline wires
cbntaining bbth phases.

One of the specimens of Ni4w annealed at 1300 K showed an'unusuaily
disordered structure decorated with streaks (Fig._39.1). After field
eVaporatingva few atomic layers, an ordered image which showed
similaritiés with a pure tungsten FIM image was observed. The image
attained at a very low imaging voltage (15 kV) was faint and required
along éxposure times to photograph it Successfully (~8 min using a
lens aperture f:0’87)f Lowering the imaging voltage to 12 kV shpwed

more clearly the tungsten-~like image (Fig. 39.2) (in the white circle)
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but other features oBscuréd it.

Fiéld évap;ratingithe specimen and imaging again at the BIV did
not improve the image quality. ‘Therefore, the streaks appearing on the
micrograph did not seem to be surface defects. (Fig. 39.3).

To appreciate_the 1ikeness.of the 16w voltagé image (Fig. 39.2)
with that of pure tﬁngsten, a low voltage micrograph of pure W is
presented iﬁ Fig. 39.4. Notice that the zone decorations are very
similar tb those of Fig. 39.2.

To identify further the phase under observation, a field emission
micrograph was taken at 1.5 kV. The micrograph (Fig. 40.1) showed a
tungsten-liké emission image which, unfortunately, was.surrounded by
other bright spots that obscured its crysta11ographic characféristics.
By lowering the FEM imaging vbltage,.a classical image of a field\
evaporated (110) orienﬁed tungsten specimen appeared (Fig. 40.2). For
comparison, a FEM micrograph of pure tungsten is ﬁrovided_in Fig. 40.4.
Notice the similarifies with Fig..40.2.

"Figure 40.3 shows a FEM of an a.specimen imaged at iow voltage.
vNotice that the superposition of Fig. 40.3 and 40.4 could give an image
with a close resemblance to the tﬁage in Fig. 40.2. This superposition
could also be the origin of the streaks, as will be shown later..

Thus, the fiéld ion and field‘emission images from the ag—quenched
specimen could be inteppreted as the first time in.which the Y phase

of Ni, W has been imaged using these techniques (FIM and FEM).

8
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The origin of the streaks could be better discussed by eliminating

the most cbmmon.possibilities. Figure'38.l shows a tungsten specimen
vthat was subjected to ion bombardment during one second by reversing
the volfage on the specimen (from positive to negative) while there
.was a pressure of 10_4 Torr of helium in the microscope chamber.

Notice that the specimen showé an amorphdus distribution of atoms
with mahy bright streaks. These streaks are no doubt tﬁé product of
cold workvand sqrface pifting produced by the impinging ions.
Figure 38.2 shows a micrograph obtained after "flashing" a W tip.
Part of the tip was broken off by the high stress pfoduced by_thef
imaging field leaving a crater on the surface like that'represented
in the drawing of Fig. 4l.a.’ Notice that the streaks are radial with
respect to the crater (marked A) and that one of the planes sloping
tdward the crater (marked B} shows an elongated'shépe. The streaks
shown in fhese»micrographs differ from those ob#;ined in tﬁe Ni4w
specimen, in tﬁat.lowering the imaging voltage did'not show any
imprdvement in the symmetric characteristics of the imége as it did
in Figi 39.2. Also, slightly changing the imaging field for the N14W
specimen displaced the streaks with respect td each other, and this
aid not occur with the W specimens.

The other possibility left for the origin of the streaks is the
existence of a forked specimen (see Fig. 41.b), whére the largest‘end
of the would be a Y grain and the smaller end would be an drgrain.

An image produced by such a specimen would be a superposition of a

disordered region with a tungsten-like image, as in Figs. 39.1 and 40.1.
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Such a specimen is possible when the tip is made from a binary'alloy
wire, with botﬂ phases near the end of the wife.

The eﬁching solution ingfhis case is expected td preferentially
etch the grain boundary producing the double tip and then, as it
aissolves the'NiAW d phase more than'itvwould dissblve'pure tungsten;
we canlekpect that the d end of the fork will be reduced more than the
Y end. At a high imaging voltage, both "tips" tend to imége, but
lowering the voltage will produce preferentiallionization (or emission)
at the most protruding "tip"._ The shorter.tip.wiilvhave a_screened
field wifh lower ionization (or émission) probébility. This will
explain why the lowering of the field exposed more clearly fhe W image

by screening out the contribution of the a phase.

B. The B Phase

1. A Variation of the Standard Technique for Imaging Alloys

Fiéld ion microscopy of a specific metal specimen is usually
achieved at some determined optimum_conditions of voltage (best
imaging voltageQBIV) ﬁréssure (BIP) and temperature. .The pressuré
is usually a constant determined from éxperience with a given imaging
gas and a given mictoscopé; the best imaging temperature is 'ulsually
the lowest temperature achievable and the voltage is determined by the
specimen evaporation poténtial. The best imaging voltage should yield
the brightest image of the specimen without prombting'field evapofation;

For these experiments the BIP is 5x10™4 Torr and T=10 K.
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In the case of some alloYs and metals'with>:éiatively low mélting
temperatufgs, the BIV is very close to the voltage ﬁecessary for field
evaporation; therefore, the condition fqr imaging becomes vefy difficﬁlt
to produce without field evaporation.

Thg ordered B phase of NiAW, in general,‘couid be imaged at
voltages below the evaporating voltage, which would produce bright
images with gobd atomic resolution below 78 K.,. '

It'was bbsérved, however, that most specimens presented large

irresoluble areas, comparable to those of N14Mo48’49

at BIV and BIP.
It was also hard to ascertain if there were surface defects.in the
N14W specimens. ‘ | |

Attempﬁing to solve these technical probiems,_wé found that by
varying the pressure, voltage and temperature by small amounts, some
of the surface features obscurred under normal imaging conditions could
be clearly e#posed, |

Figure 36 shows a series of micrographs of Ni4W ordered, in which
variations of the above mentioned parameters yield‘femarkable resolution
for otherwise obscurred features. |

Figure_36.1 shows an FIM picture of a speciﬁgnvat a helium
pressure of 8?10—4 Torr, temperature T > 80 K and imaging voltage
V=26 kV.

The upper arrows in the figure show sharp dark lines; the lower
arrows show a pair of bright, almost parallel,vlineé that cut across
the surfacé of the crystal. Similar streaks weré_explained by

53

Ranganathan et al. as being produced by steps at grain boundaries.
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They also could be interpreted as slip lines. The letter A at the

bottom éf'tﬁe'ﬁﬂcrograph shoWs'bné of fhe dark irresoluble areas of
the.crystél. Notice that in ng.”36.1 the atoms cannot be resolved

and éppear blurred‘bécause of a slight field evaporation process.

Figuré 36.7 in comparison‘shows a field ionization pattern of the

same specimen at the best imaging voltage (18 kV), pressure (5*10—4 Torr),
and temperatﬁre (10 K). " Atomic resolution is ¢bvious; the dark bands

are still-present, area A 18 irresoluble and thé-sharp lines have
disappeafed.' (Faint traces are pointed out by the arrows.)

Thus, increasing the temperature, field and pressure decreased the
resolution but exposed some important surface featured.

Figufe 36.2 shows the FIM pattern at the same specimen témﬁeratﬁre
as Fig. 36.1 but at higher imaging pressure (2><10—3 Torr) and lower
imaging voitage.(18 kV). The areé A is resolved in this condition.

By decreasing the temperature to 78 K and maintainingvtﬁe same
preSsure and field as in Fig. 36.3, the feature markéd by the arfcws
labeled a can be resolved. The area below the é;a line looks blurred‘
but it is resolvéble. It can be noticed that there is a smallvcrystal-
lographic misfit. between fhe twovareas at both sides of the plané.

This is indicative of a twin boundary rather than a slip pla_ne perpendicu-
lar to the surface. The defect marked by the next set of arrows above
thé a~a line couid;be beﬁter imaged By'further decreasing the temperature
of the specimen (Fig. 36.4). It can be noticed fhat the sharp line_.

of Fig. 36.lvis definitely a grain boundary (right arrow), close to
_which a small area of o phase remains without transformating to B phése

'(peritectic,tranSformation).
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Further lowering of the temperature, (T=20 K) and maintaingng
constant the other conditions of pressﬁre and voltage (Fig..36.5)
create an image with atomic resolution in which it is difficult to/
distinguish the position and characteristics of the features mentioned
above. The arrows indicate the position of the grain boundary (top
arrows) and the possible twin boundary (a-a liné) which are bargly
visible. .Notice again that the area A is not resolved. »

Figure 36.6 shows the spécimen'in identical conditiéns as in
Fig. 36.5, but the imaging gas ﬁressure has-been incfeased again to
2><1O_3 Torf, Now area A is resolved as a well developed crystallographic
plane with the twin boundary (now marked by blackvarrows)’and the
grain boundary above it almost invisible. However, the other brighf
lines visible at the bottom of Fig. 36.1 reappear. The arystallo~
graphic orientation of the thin slice of material between the bright
bands also seems to be siightly different from.the reat of the crystal
(See Fig. 36.3 and 36.6). Consequently, it is safe to characterize
the slice as'shear'tﬁin probabiy produced by the high field stress.
Figure 36.7 shows a FIM using the BIV and BIP at‘10 K.

It is apparent that by varying pressure, temperature and voltage
many other features of the field ionizafion specimens can be observed.
The imprévemeﬁt‘on the image of the area above line a-a-in Fig. 36.3.,

can be understeond by looking at Eqe IIIE.5 that can be written as

2KrF /2

3KT

i=afl - ] <5gP(2'rrKT)"1
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where KrF‘= V(F). When pressure\P is increased, the fonic current i,
from an; point of thetti?, is proportionélly incréased. Tﬁe areas with
a smaller_ioﬁizing field F, th;t were not imaged with the BIP;kéan be
imaged with the increment of P making'uﬁ for the small F (Fig. 36.4).
The blurred area under the a-a line in Fig.'36.4 indicates a larger
ion current from that areé than from the area above it. The highef
~don cﬁrrent is produced by an increment on the probabiliﬁy of ionization
in that area as a consequence of the stepped surface. The blﬁrred
area is therefore at a slightly higher ‘level than the area ébbue tﬁe
a-a line gnd presents a larger local field F; Because of this fact,
the latter appears darker in Fig. 36.3 when the ionization probability
‘of imaging gas atoms‘have‘been'diminished by an incremeﬁf of temperature.
Equation IITF.1 shoﬁs'that the resolvable diétahce‘ié 1ineaf1y dependent
of the ébsolute temperaturé T.

'Therefore, incréasing T decreases the resolution. At the same |
time, increasing T, increases the ion current eépecially from the
more protruding areas (Eq. A.l).

Therefore, the salient features abserved at higher temperature
will be the steps produced at twin boundaries ahd slip planes
(Fig. 36.1). | |
| From the abové'discussion it is appareﬁt that an increment of

pressufevabove the BIP can serve to incregse,the dépth éf fieid
of the microscope by few angstrémé. Increments of temperature can
be used to visualize lafger features that would_be otherwise obscure

by the details of atomic resolution.in alloys.
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In pure tungsten, however, grain boundaries are clearly visible

using BIPvand'BIV, as can be seen in Fig. 12 marked by arrow G(aug. g).

2. Dark and Bright Bénds

Field ion micrographs of underdeveloped tips, that is specimens
that show only a few poles &eveloped, also show two unusual features
that, to the knowledge of this author, have not been described before
by other investigators. These features we shall call dark and bright
bands.

‘'The dark bands are characterized by filaments between the atoms
of some crystallographic directions. (Fig. 57.3) It can eésily be
seenvthat not only the atoms in these gectors give darker images

}but the interatomic spaces are darker than the surrounding interatomic
spaces. These bands follow very closely main crystallographic directions;
By ascerfaining the contrast between the dark baﬁds and their
surroundings, brightness’differencee as high as 757 were meesured.

The bright bands are rows of about six atoms in thickness that look
much brighter than the sﬁrrounding areas, however.these bands do not
follow main crystallographic directions. The measured brightness
difference for the bright bands was 22%. Both dark and bright bands
of the ordered structure do not seem to be surface effects. This can
be ehqwn through field evaporation. Micrographs taken after subsequent
field evaporation still show the bands.(Fig. 37.2). It can also be
observed that if they are produced by some kind of planar defect,

these defects must be almost perpendicular to the surface under
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observation, as there is no-'shiftfné of their posifion under field
evaporation. Séme of éhese bands appear sharﬁer after field evaﬁoration.
Careful observation of the dark bands in Fig. 3 shows that the
interatomic regions look darker, and mainly this effect produces the
dark bands. The atoms of the alloy imaged under standard conditions
arevthe tungsteh atoms.-

‘In the high index planes, like those presenfed in Fig. 37.3 and 4,
imaging W atoms are not necessarily at the top atomic layer.: Theréfore;
W étpms ﬁﬁrtially covered by Ni atoms just above them can be expecfed
to_image dimmer than those at the surface. Also, the area surrounding
the tungsten atoms of the high index planes will image darker in the
directions where the Ni atoms (with lower ionization probability) are
more7exposed than the W atoms. The projegtions of the Ni atbms in
other words,toccupy the interatomic spaces of the W atoms. The field
ioniZation tate of the i@aging gas 1s affected by the work function,
.surfacé energy states, their occupancies and electron orbital directions.

.Therefore, the dark bands present in some'high index crystalloéraphic

orientatiﬁns (Fig. 37.3) can be explained as being caused by the lower
ionization probabiiity of the He gas at the partially covered (lower
field) tungsten atoms and low ionizing Ni. atoms. The bright bands
shown in Fig. 37.1 and 37.2 aﬁd in. the detail of Fig. 37.4, are
probably fOrﬁed by tungsten atoms at the uppermost atomic‘layer that-
contrast ip brightness with fhe underlyiﬁg Ni atoms (see Fig. 4).

The surrounding regions that show slightly darker in the micrograph

are probably mixed layers of Ni and W layers covered by one or two
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loosely packed Ni layers. In.both situations; the W atoms will have
a lower ionization probability.

| Therefore, at some stage of a field evaporation brocess of ordered
binary alloys, it is to be expected that the image of the alloy will
present patches and lines éf contrast different than the rest of the
crystal. This is dﬁe to the different imaging probability at the two

atomic species.

[ SR S
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APPENDIX A

The'i’reparation"of Field Ion Microscope Specimens

The preparation of sharp needles for fiéld ibnizatioﬁ 6r field
emission microscopy specimeﬁs can still be classified as an art rather
than‘a'teChnique.

The authors would like to contribute briefly to this art With‘
their‘experience; | | | | |

Baéically, there are two majof approaches to "tipf making; These
are (a) simple chemical ﬁolishing and (b) electro-chemical polishing;
The latter technique ‘is proBably used more frequently and has asvmany
variatioﬁs as there are investigators in this fiéld.

Some electrolytes are ﬁOt'transpérént enough to permi? Qbsérﬁétion'
of the thinni#g procéss.l Others'reqﬁire cooling_.2 Thus, the ﬁalls
of the beaker get fogged and impair visibility. The authdrs found it
. convenient to uée a small beaker made out of a tube 7 @m ID,'tHe‘rim
- of which had been cut at a 45° angle (see Fig. 1). The adhesion of
' thévliquid to the walls provided é sianfed 1iqﬁid—to—air interface
allowing the experimenter to observe the thinning process by merely
~ focusing ﬁhe microscope to this interface and moving the specimén up
and down with a manipulator.

The floating layer or double layer technidue consiéts’of suspending
a thin laﬁér of electrolyte on the surface of a denser, inmiscible,
nbncohdﬁcting liquid. This technidue has been used by several
investigators,3 howe#er, Mﬁller4 contends that the field ibnization

patterns of specimens obtained by this technique display indications
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of plastic deformation and cold work. Also, shortly before break-off,

the Buoyaﬁce’produéed by gas bubbles  at the lower part of the tip may

bend it at the thinned section. Some of these effects have also been
observed by us and have been avoided by using the following set-up.

A beaker, (2.5 cm in diameter), with a flat window was made and
a tube 3 mm in diameter, closed at one end cut‘in half leﬁgthwise, was
attached to thé‘glass window (see Fig. 2). When the beaker is filled
with electrélyte, to a level just above fhe'top open end of the emall
tube, air is trapped inside the tube. The wirg fo be thinned was
introduced partially into the tube. Polishing.then'occurred in the
thin 1#yer:of electrolyte between the two air interfaces. Motion of.
the tip up and down controlled the length of the thinned portion and
thus the tip angle. Finally, after break-off, a pulse of current was
sometimes neceésafy to produce the desired fip shape.

Thié_method allows obéervation of the electro—chemicél thinning
-process with a microscope, even if the electrolyte is not transparent.

Mﬁllers suggests that the attack of the electrolyte should be
reduced in a gradual fashion and not abruptly as with an interface.
This can be accomplished using the same set-up'deséfibed above but

with the small tube open at both ends.

To attach the half tubes to the flat window, silicone rubber proved

useful;'however, as it is soluble in certain acids (e.g., HCL) wax can
substitute for it. Another method is to glass weld the flat glasé to
the large tube and attach the small tube to the flat glass with either

rubber sealant or wax.
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i ' { APPENDIX B

Description of a Orientable Low Temperature-High

Voltage Specimen Holder (Cryostat)

The purpose of this design was to make a sample holder that could
be rotated 360° so thgt_the specimen could be oriépted:toward a given
instrument 1like a fixed electron probe, an atom probe, én ion gun
or any other experimental apparatus and also toward the phosphorescent
screen for direct observation of the image (Fig. 46)

The present cryostat can be deécfibed as made of two parts:

a) The cryogenic tube

b) The envelope

The cryogenic tube was made of 304 SS and is composed of theee
concentric tubes (see Fig. 47.1). The innermost tube sérves
as the c;yogénic liquid inlet, (Fig. 47.2) a second tube serves ‘
és a vaéuum jacket for the former and a third tube serves as a .
return tube for the ﬁold gas evaporated from the specimen area (Fig.
47.3). |

Thesé three tubes were bent in 180° arc so that turning the upper
shaft of the tube will produce a displacement éf the loﬁer'end in such
a way that the specimen would rotate on an axis passing through the
geometric center of the spherical emitting Surface.(Fig. 47.1). Due
to mechanical difficulties during construction however, the specimen
' rotated slightly off axis in the cryéstat, but this did not disturb

our experiments.
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The envelope that goes over the three tubes was made from a

bellows of stainless steel purchased from Standards Bellows (Fig. 47.6).

The bellows was clpséd at one end by a glass-to-kovar tube that held.
a pin of tungsten, electrically insulating it from the rest of the
" cryostat.(Fig. 47.4 and 5). - |
_ This bellows allows the rotation of the tube and keepsvthe_

atmesphere—vacuumvseparation (see'Fig. 46).

Under operating c¢onditions liquid helium was used to cObl the -
specimeﬁ; |

. 'The cryogenic liquid was fhermally protected By the vacuum jacket

and fﬁrther pfotected‘by the returning cold gas through the return
tube. Thevdnly exposed area to radiation loss was that qf the glass
insulator and specimen holder'(tungéten pin: Fig. 47.5).

The images obtained showed that temperatures of 10 K and'uhder
were attained.

The cryostat also ai1owed for vertical motion éf the.specimen
by contracting and distending the bellows. A free vertical motion
of three inches was obtained.in this mannef. The electrical connection
was made by a tungsten wire spot-welded externally to the tungsten
pin (Fig. 47.5).  An spacer was found necessary (Fig. 47.6 1éft) to
~avoid grounding the wire. The spacer was found by a glass tube held
by a tungsten wire that could be attached to the eﬁd of the bellows.
The top plate observéblé in Fig; 46 is a fiber glass.insulating wheel

provided for turning the cryostat.
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.f‘average intensity measured from diffefent crystallographic

planesfof a pure tungsten specimen after field evéporating

z'a single layer.

I S o] €
(111) 62.33 8.58 2.930 2.774
(111) 60.67 3.58.  1.893 1.792
' (310) 78.17 1.58 1.258 1.191
(130) 77.67 1.33 1.155 1.093

(110) - 55.4 85.30 9.235 - 6.77
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Table II. AB and AD'are the average areas of the FEM images of the planes

- named at left, as measured at the negative (plate).* Compare
these areas with the size of the photon probe hole (0.02 mmz).
'Ihe planes that have an average image size equal to or less

than 0.02 give erratic emission measurements.

Phase - - Planes | | AB , AD

(111) .03
w (130) 1.50
(101) 1.01 | 0.79 .
| o11) | 1.76 : 1.13
B - (112) 0.79 - 0.196
(123) " 0.008 . | 0.008
o , (11D | ~ 0.03 | 0.03
*

B = bright image, D = dark image (see Figs.33 and 34)
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Table III. I is the_average intensities measured from three different
y planes of an a'specimep taﬁing three different aéimuthal-

directions following the high work function areas (dark

lines).
I S o €
(111) 64.167 ©0.083 .289 .273
(301)  34.333  1.083 1.041 .986
(100) 37.500 .750 .866 .820

Ii intensities measured from the (111) plane of an a specimen

after field evaporating a single atomic léyer;. I is the average

intensity, S variance, O standard deviation and € probable error.

I +
Ii I S o €
1 3L.5 30.166 1.583 1.258 1.1914
2 29.00 3

3 30.00
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Table Iv. fi to TS average intensities measured after field evaporation
single layers of the (0l1l) plane in Ni4w R phgse. S is the
variance 0 the standard deviation and € thelprobablé error
of the measurements.

1' i'i S - N te
1 78.50 0.125 0.3535 0.26
2 51.20° 77.075 _ 8;77924 6.44
3 75.40 - 0.925 0.9617 0.70
4 76.60 0.300 0.5477 0.40

| 7790 0.550 0,742 0.54

~
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Table - V. - I; to I average intensities measured at the (213),
(112), (123)€and (101) planes after field evaporating single

layers of the (011) plane in Ni,W ‘B phase. € is the probable

4
effor of the measurements.
Planes
Intensities o _ :
©(213)  te  (112)  fe  (123) *e  (101)  te
‘1, 75.80° .55 76.00 .52 75.90 .44 51.30 2.94
I, 70.60 .65 67.40 .80 66.70 2.67 34.60 2.39
I, 18,50 1.16 49.80 3,29 17.60° 1.95 41.70 6.65
I, 53.80 1.81 47.80 1.50 40.60 1.77 75.10 .52

I o 74.50 1.24 76.13 0.98 75.00. 0.25 70.75 1.43
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Table VI. Ratio of the avérage intensities obtained from the (011)
. plane (Table IV) and the work function change A¢ obtained

from the F-N equation;

011 I/Io Ad
11/15 1.00488 - 0.04788 .51
1,/1g .65536 - 0.422571 4.48
I,/1, .96512 - 0.3550 3.76
I,/1 .98048 - 0.01971 .28

12/I1 .65271 0.4277 ‘ 4.51
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Table VII. Density of spots (imaged atoms) in the field ion microscope

: { ;= . . )
and computer simulation pattern of as-quenched Ni4w

" (a phase) (from Ref;‘Sl).

Field Ion Micéograph Computer Simulatibn
§gg£g£ Density (spots) Dénsigy (spots)
cmz. ' cm
78°K
(111) - (110) 5.0 - 3.54
(111) - (100) 30,0 | 7.05

Random areas ' - 30.0 . 10.05




Fig. 1.

“Fig., 2.

Fig. 3.
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FIGURE CAPTIONS

(a) Potential energy diagram for electrons at a metal surface

iﬂ the presénce of an applied electric field (- ) showing
contributions from the image potential (---) and the appliéd
field of 30 mv/cm (—'-'5-) (from Ref. 2). A shows the |
direction of motion of the tuﬁneling electron in field
emission. ¢ and U are the work function and chemical potential
respectively. X is the distance from the QUrface. F=E in
the text.

(b) Potential model used by Dﬁke and Algerieff calcuiationv
for tunnéling Ehrough an adsorbed atom (froﬁ Ref. 1).

(a) Potential energy qf an electron of an atom.

(b) Potential energy of an electron of.an atom_in'an electric
field.

(c)iPotential energy of an electron of én atom néar a metal
surface that is the source of an electric field. I is the
ionization potential of the atom, ¢ is the work function for
electrons going 1nt; or out of the metal surface. (from Ref.
39, p. 10).

Schematic diagram of work function versus coverage of copper

. dependence fior loosely packed planes of tungsten.(from Ref. 66).

Fig. 4l Phase diagram of nickel-tungsten alloys, including the newly

discovered & phase and broadening of the B phase (from Ref. 70,

71 and 73).
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Fig. 5a & b. Crystallographic orientations of a given order domain

Fig. 6.

Fig. 7.

Fig. 8.

“of the é phase with respect to the a phase. Cross-hatched

circles are atoms in tﬁe (002) plane. Open circles are atoms

in the (001) plane. Large circles represent W atoms and

small ones Ni atoms.

(a) Aiternating tungsten layers with four nickel layers

parallel to the (121) superlattice plane.

(b) Layers of intermixed nickel and tungsten atoms forming
 the fundamental (211) plane.(from Ref. 48).

(a) Schematic representation of the field evaporation process

in a low index plane of a pure metal. The uppermost layer
evaporates much faster than the other layers.
(b) Schematic represéntation of a field evaporation process

in a layered alloy. The second layer tends to evéporate at

'the‘same time as the uppermost layer. (see Chap. III, Sec. F.

1B) .-

(c) Schematic representation of field evaporation df an ordered

alloy showing that solvent atoms evaporate preferentially when

they are just above a solute atom (based on Ref. 39).

Three dimensional drawing of four unit cells of the N14Wv

B phase. Large circles represent tungsten atoms, small

circles represent nickel atoms. The planes drawn are (101)
planeé that are crystallographical equal to the'(Oll) planes in
this structure. Cross-hatched planes are "all tungsten"

pianes.



Fig.
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»

9. Three dimensional drawing of a unit cell of Ni4W B phase

10.

11.

12.

13.

14.

showing partially the (112) layers.

Three dimehsionalvdrawing of a unif cell of NiAW R phase

showing the (213) layers.

Three dimensional drawing of a unit cell of NiAW B. phase

.showing the (123) layers.

Field'ion micrographs of a tungsten specimen showing the
process of adsorption of tungstén atoms and its subseéuent
field evaporation. (See text Sec. VIII.C)

Field ion micrographs of a tungsteﬁ specimen showing the
process of édsorption of Ni atoms add its subsequent field
evaporation.. (See text Sec. VIII.C) |

(1) Field ion micrograph‘of a tungétén specimén with adsorbed
ethyl alcohol molecules at 10 K.

(2) Field ién micrograph éf a tungsten specimen with adsorbed
acetone molecules at 10 K.

(1) Typical filed ion micrograph of a field evaporated
tungsten specimen with some of the low index planes indexed.
(2) A typical field emission micrograph ofva field evaporated

tungsten specimen with some of the low index planes indexed.

16a & b. Graph of azimuthal measurements of intensities on a

tungsten field evaporated specimen. Using a Jarrell-Ash
recording microphotometer, each measurement was made after
evaporating one monolayer. The dashed line is an average

of the intensity around the (110) plane.
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Fig. 17. (1) Fiéld emission micrograph of a field’eﬁaporated N14W
specimén o pha%e with a (111) orientation (T=20 K). |
(2) The corfesponding'field ion micrograph to Fig. 17.
(3) Another field emission micrograph of tﬁe same specimen
| after evaporating one monolayer from the (111) plane. There
'baré no noticeable changes in intensities.
(%) A'field ion micrograph of a (Q01) orieﬁted specimen of

Ni,W o phase (T=80 K).

4
Fig. 18. Stereographic projection of an fcc crystal with the same
‘orientation of Fig. 17.1 to 17.3, showihg the high work
function (low emission) areas (cross—hatched). |
Fig. 19. Stereographic pfojection of an fce crystal with the same
| orientation as Fig. 19 and showing the high work function
areas (cross-hatched). |
Fig. 20. Graph of azimuthal measurements of intensities performed
on a Ni4W o phase specimen using a Jarrell-Ash microphotometer.
Notice that there are only ﬁinor variations of intensities
between the three diffefent directions A, B and C taken at
120 degrees from one another. |
. Fig. 21. (a) Four measurements of intensities taken across the (111)»
‘plane of a field évaporated specimen of N14W o phaée.'
Figﬁre 21(b). and (g) were measuremeﬁts made after‘evapqrating

-one and two monolayers respectiveiy from the original specimen

in Fig. 21(a).



Fig. 22.

Fig. 23- :

Fig. 24.

Fig. 25,

Fig. 26.
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Field emission micrographs of abﬁi4W'B phase specimén. Notice
the variation of intensities in the areas shown by the arrows
A and B after evapbfating a few monolayers from the surface.
(Fig. 22.2, 22.3, and 22.4) Figure 22.3 shows two lines

in the direction of sweep of‘the microphotometer.

'Intensity measurements performed on the specimen shown in

the FEM of Fig. '22 using the Jarrell-Ash microphotometer.

Figure 23a, 23b, and 23d present four different directions

of sweep, parallel to the lines shown in Fig. 22.3. Curves

A, B and C were taken after evaporating a.few monolayers
from the‘surface. |

A typical sequence of field ion micrographs and its
corresponding field emission micrographs from N14W B phage
specimen. The two highest emissions are marked W in the
FEM as they correspond to a tungsten monolayer at the
surface. The numbers 1 to 5 indicate the evaporation
process initiated at 1 and the cycle is completed at 5.
inténsity measuremants taken from a fieZd evaporatéd Ni4W
(B phase) specimen using a Jarreil-Ash‘microphotometer when
the (011) plane presents.a maximum emiééion.

Shows the intensity measuremeénts after evaporatiﬁg a monoléyer

from the (011) plane.

Fig. 27 to 29. Obtained after evapdrating 2, 3 and 5 monolayers

‘respectively.



Fig. 30.

Fig. 31.

Fig. 32.

Fig. 33.

| 1
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Average'intenéity versus evaporation piot for the (011) plane
‘ : ' : I

of Ni4Wlphase.‘%The Roman numerals I to V indicate the

- evaporation of 0 to 4 monolayers from the.(Oll) plane.

Intensity versus evaporaﬁion'plot similar to Fig. 30 but

for ;he '(123) planes. Circles are average intensities

measured from the (223) plane and triangles from the (213)

plane.

Field ion micrographs.of a low index plaﬁe of Ni4w phase

showing Ni and W atoms. (Seé texﬁ Chap. III)

1. The nickel atoms are under a layer of tungsten atoms.

2. A nickel layer is partially evaporated at'the‘surface;
of a plane.

3. A nickel layer (barely visible) during field evaporatien.

4. A clearly visible Ni layer on top of a W layer on a (011)

plane.

Field ion and corresponding field emiésion'microgrpah of low

" index planes of Ni4W phase.

1. -The uppefmost visible layer if 45 A in diameter and
produces a bright field emission image'(2).

3. The upperﬁoét visible iéyer is 30 A in diameter and
produces a bright field emission imége'(é).

5. The uppermost layer is FO A-in diameter and produces

a bright field emission image.



Fig. 34. Same as Fig. 33. However, the field emission images are dark.

Fig. 35.

Fig. 36.
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1. Uppermost visible layer is 15 A in &iameter and produces
a dark field emission image. |

2. Uppermbst.layer 20 A invdiaméter and prbducedva dark
imagé. |

Notice that 1 and 2 are compérable in size to 3-and-5.of

Fig. 33; However, their field emission images are remafkably

diffefeﬁt.

3. Uppermost layer about 35 A in diamefer and proddces a
dark field emission image. These micrégraphs comparé in -
size with Fig. 33.1 and 33.2.

Schmatic diagram of a section of a (011) plane of N14W 8

~ phase showing the position of the nickel atoms (cross-hatched

circles) with respect to the tungsten atoms (open circles)

lying under them. Figure 35a, 35b, 35c, and 35d represent

' _one, two, three and four monolayers of nickel on a tungsten

monolayer.

A sequence of field ion micrographs of N14W B phase. (See

text Sec. X.B).

1. Shows a field ionlmicrograph of a specimen at an imaging
gas pressure P=8><1_0-4 Torr, temperature‘T=90 K énd
imaging voltage V=26kv. Arrows show streak contrasts.
Letter A shows irresolvable area.

3

2. Same specimen. T=90K, P=2x10 - Torr, V=18KV

3. T=78K, P=2X10_3 Torr, V=18KV
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4. T=50K, p=gx10~% Torr, V=20KV
. [ | ! i ‘

5. T=20K, P=8x10"" Torr, V=20KV

6. T=20K, P=2x30"3 Torr, V=20KV

7. T=10K, P=6x10"" Torr, V=22KV

Fig. 37. (1) Bright bands observed'in a FIM of’Niaw B phase at T=10K,
P=2x10"" Torr, V=18KV |
(2).Same'as 37.1'after’fié1d evaporatién.

(3) Dark bands showﬁ by'arrow observed ip a FIM of Ni4w
phase specimen at BIV and BIP, (T=10K, P=4x10-4 Torr,
V=18KV) |

(4) A detail of 37.2.

Fig. 38. (1) Field ion microgfaph of a tungsten specimen damaged by
ion bombardment produced by reversing thé'potential'froﬁ |

~+ 28KV to -1.5KV in a helium atmosphere.- N

(2) A crater producéd by "flaéhing" of a.W specimen shown

by letter A. 'Streaké'prodﬁced by cdld'work are shown by
arrows (é).v ‘

Fig. 39. (1) Field ioﬁ micrograﬁh of a N14W specimen as quenched fromv
1100°C showing an‘unusually'disordered.structure decofated
with brightbétreaks. (See text Sec. X,A;)(V=18KV)

(2) Same specimen és in Fig. 39.1 but at a lower véltage

.(V=12KV). Notice the tungséen-like structure (Y_phase).

3) Samé specimgn as Fig. 39.1.and 19.2 after fiéld evaporating

sengal atomic léyers_(V=18KV). |

(4) A field i§h micrograph of pure tungsten at a voltage well

below BIV to show its'similarity with Fig. 39.2.



Fig. 40.

Fig. 41.

Fig. 42,
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(1) Field emission micrograph of the Ni4

Fig. 39.1 to 39.3 (V=1.5KV). It has been tentatively indexed

with a (110) central plane.

- (2) Same as Fig. 40.1 but at a lower imaging voltage (900V).

Notice the tungsten-like image with a definite (110)
orientation. (This is evidently a Yy phase specimeﬁ.)

(3) A field emission image of a Ni, WY phasé specimen at

a voltage well below the BIV (V=700V).

(4) A typical field emission micrograph of a pure tungsten

field evaporated specimen. Notice the similarities with

'Fig. 40.2.

‘(a) A sketch of a field-ion-field emission microscope tip,

‘highly magnified, showing a central crater produced either

by bombardment or be '"flashing'" of the specimen. A tip
like this would produce an image similar to Fig. 38.2.

(b) A sketch of a forked tip presenting a y crystal in the
m§re protruding end of the fork and an a_érystal forming
thé other eﬁd and the shank. It 1s believed that ‘the
ﬁicrographs in Fig. 39 and Fig. 40 were produced by a
specimen with a shape similar to tﬁe one on the sketch.

A photograph of field ion—fiéld emission microscope used
for the e#periments repofted in this tﬁésis. Some minor

modifications were made for individual experiments.

W specimen shown in.
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Fig. 43. Diagraﬂatic drawing of the instrument shown in Fig. 42.

1. Specimens
2. Cold finger (cryostat)
3. Glass window with quartz screen covered witﬁ a
| e phOSpherescent material.
4;*'High voitegevconnections.
Fig. 44, }Schematic diagram of the optical system of the Jafrell—Ash
microphotometer used in these experiments.
Fig. 45. The metal evaporator used in the early perﬁ of these
| experiments. Notice the cap (1ower 1eft) with the maghetic
~swinging gate and the orifice. Also notice the intermediate
chamber at right that houses the gate and the two steel bars
that conduct the magnetic field from the outside.
Fig. 46. The steerable cfyostat'used in the latter part of these
experiments. 'Netice the standard belloﬁs that provi&es
_ the possibility of vacuum tight circular and vertical
orientation. Lower left (1 near end of the meter stick)

the eleetrically insulated specimen holder. Upper right,

thermally insulated steering wheel. (See text Appendix B)
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Fig. 47. Components Qf the cryoétat shownvin Fig. 46.__.
~1. Triple tube (bent at 180° at the end) which serves as
inlet and'outiét for the cryogenic liquid (or gas). The
innermost tube is surrounded by the éutlét tube and both
are protected by a Qacuum jacket. |

2. A detail of the lower end of the cryostat (lower left in
Fig. 47.1). The two visible tubes are the inlet tube
and the outlet tube. The vacuum jacket only reaches up -
to the flange shown. |

3. Upper end of the cryostat. The three tubes mentioned
in caption 47.l.are clearly visible.

4, Specimen holder. Rear view. Noftce-that it is
electrically insulated (surrounded by glass) and will
set within the lower end of the inlet tube., The whole
cap is‘finally'welded fo the standard bellows. (See
Fig. 47, lower left). -

. 5., Front view of the specimen holdef (a forked holder was
also tried). Notice the insulated tungsten pin.

6. The standard beliows used as a vacuum tight capsule for
the whole system.

Fig.-48.. Photographic caﬁera bui1t for these experiments. The lens
| is a Super-Fanon 1:87 with a compur system fof é shﬁttef. |
The base shown slid on parallel bars in front of the screen.
Fig. 49. Sketch of a small beaker used for specimen preparation when

épaque electrolites were utilized. (See Appendix A). f
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Fig. Sb;IZSketcP of a small beaker used for the preparation of épecimens.
The fiat sidévallows microscopic examinations of the whole
process and.the air bubble tfapped in the smaller tubé
permits the control of the area to be polished. (See

Abpendix A).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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