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ABSTRACT 

Measurements of the changes in electrical resistance of evaporated 

pure titanium metal films caused by chemisorption of hydrogen on the 

surface and the absorption of hydrôgen into the metal are described. 

Resistance measurements were conducted at 273, 298, 373, and 418 K. 

Titanium films of the order of 3000 Â thick exhibited a linear 

decrease in resistance with the amount of hydrogen absorbed. The rate 

of decrease at 298 and 373 K was less than the sharp drop in resistance 

observed at 418 K. This behavior is due to an increase in electron con¬ 

centration caused by absorption of hydrogen atoms in the Ti bulk with a 

simultaneous contribution of carriers (electrons) to the d-band. 

Iron films, the order of 1200 Â thick, show a decrease in resis¬ 

tance at both low and high Hg coverages withtthe formation of a solid 

solution of H in«< (bcc) iron. The slow observed resistance change is 

associated with the magnitude (small) of the effective charge of the 

hydrogen atom (.26e) that enters the conduction band. 

Palladium films of the order of 200 A thick, increase in resis¬ 

tance on chemisorption of hydrogen, pass through a maximum and then 

decrease.. This initial increase may be attributed to the formation of 

a negative anionic (H") layer that effectively reduces the number of 

carriers in the conduction band. The second effect (resistance decrease) 



may be ascribed to the diffusion of hydrogen atoms into the lattice 

together with the filling up of the d-holes at the Fermi level and the 

s-p band. 

Calculated ^Values for titanium films were slightly higher than 

unity for films of the order of 1400-1600 A but were about fivefold 

higher for thicker films of the order of 4000 A, suggesting that attain¬ 

ment of maximum coverage had not been achieved for these particular 

experiments. The much lower ^ values for the thinner films suggest 

that no drastic change in bonding type occurs. 

For iron, lvalues were less than unity for thinner films, and 

larger for thicker films. This information is shown in Table 2, column 

8. c? values for thinner films suggest that a strict one-to-one ratio 

of metal atoms to hydrogen molecules do not occur in the sorption pro¬ 

cess, therefore, a small fraction of molecular hydrogen participates in 

bonding by dissociative absorption into the bulk. 

Zc calculated for palladium resulted in values less than unity 

with a minor change in Pd-H bonding as the concentration of hydrogen 

within the lattice increase. has the following meaning, viz 

s* = 
P n 

. metal atoms 
R n o gas molecules 

adsorbed 

where R = change in electrical resistance 

RQ = resistance of film before sorption of hydrogen 
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Chemisorption of Hydrogen and Electrical 

Effects on Transition Metals 

I. Introduction 

A. Background 

For many years attention has been directed to the study of pro¬ 

perties of thin metal films. The use of evaporated films in experiments 

on the adsorption of gases, metal/gas surface reactions and catalysis 

were especially emphasized by the contribution of Beek and his co-work- 

ers, starting in 1939(1). Since then films have been turned to for 

nearly every type of materials characterization measurements. Two com¬ 

plementary objectives have been involved: (a) thin films are used to 

obtain information about the bulk properties of solids, and (b) thin 

films are used to investigate film properties not exhibited by the 

metal in bulk form. 

Current research is directed at correlating information acquired 

through experimentally measuring metallic thin film properties such as 

resistance, conductance, resistivity, conductivity, activity, Hall 

effect and other electro-magnetic propefcties. This type of information 

has important applications (2,3,4) in various aspects of electronic 

device technology, materials performance, and catalysis. 

B. Some Physical Properties of Hydrogen 

Hydrogen not only is the lightest of the chemical elements, but 

its chemical behavior is unique. It is distinguished from other chemi¬ 

cal elements by Its versatility as a chemical reactant and the variety 

of properties it assumes in different compounds(5). This versatility 



2 

of hydrogen 1s shown by its ability to form ionic hydrides such as Na+H7 

metallic hydrides such as Ti^, and a variety of covalent compounds(6) 

(7). The geometrical size variation of hydrogen ranging from its small 

size (.30 A) correlated with its ability to form a configuration by loss 

or gain of electrons allows hydrogen to play a dual role as member both 

of the halogen and the alkali metal groups. Such dual properties are of 

considerable complication in studying and defining hydrogen containing 

systems. 

C. Purpose 

In this study, the experimental details and results of Hg chemi¬ 

sorption on clean evaporated metal films of T1, Fe, and Pd are dis¬ 

cussed. An attempt is made to correlate the effects of the sorption 

process on the electrical resistance measurements with other solid-state 

propetties and to suggest details concerning the chemisprptive bond and 

the structure of the metal films as can be drawn from the results. 

II. Chemisorption and Band Structure 

A theory should be able to unify, predict, and explain new effects 

as new information is discovered. This is particularly important in 

surface studies where observed phenomena are continually increasing. 

Specific examples are the catalytic activity and adsorption properties 

of transition metals, a problem that is far from simple, and for which 

thus far no correlating general theory has been found. 

Models of the chemisorption bond of common gases are continually 

proposed. The evidence of Trapnell(8) for the qualitative specific¬ 

ity shown in Figure 1 Indicates hydrogen chemisorption is mainly con- 
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SPEC I FICITY )N HYDROGEN CHEMISORPTION 

l^jw MU LJ*(NINISMI» pH»9T ONMiSIfltt 

Figure 1. Specificity in hydrogen chemisorption. Coding based on 
perceptible adsorption from the molecular gas at 300 K, lO’Uorr. 

After Ehrlich (18). 

fined to transition metals. The high catalytic activity associated 

with transition metals lead Beek(9), Dowden(lO), Trapnell(ll), to con¬ 

clude that chemisorption involved covalent bond formation with unpaired 

«[electrons of the metal. This included empty d-levels in the Mott and 

Jones (12) band-structure concept of metals or unoccupied d-orbitals in 

the valence-bond concept of Pauling(l3). As an extension of the models 

to absorption, it is interesting to note that Oriani et^al_(14) from 

measurements of NMR of hydrogen in vanadium, tantalum and palladium, 

concluded that within solid hydrides, covalent bonds exist between 

hydrogen and the metal atoms. 

Additional hydrogen-metal bonding models are reviewed by McLellan 

and Harkins(15) including chemical interactions resulting from a mix¬ 

ture of ionic and covalent bonds. For example, if a saline bond is 

formed in hydrogen-metal interactions, and the Is state of hydrogen 

lies below the Fermi level, then the solvent metal will acquire an elec¬ 

tron from the electron gas of the metal and thus form H~ (anionic state). 

Alternatively, the Is state can lie above the Fermi energy, donating 
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its electron to the electron gas. This leaves the hydrogen in what may 

be called the protonic or metallic state(16). Figure 2 illustrates both 

models. Most experimental results on hydrogen in transition metals are 

consistent with the prontonic model(16). 

Hy<lre9*n Eonding Models 

Figure 2. Electronic States of H in Metals, a) Screened proton v * 
or metallic bond model, b) Anionic bond model. **' 

After Brodowsky (16). T 1 

The specificity of Hg chemisorption indicated in Figure 1 applies 

to molecular hydrogen(17) but, on absorption, these molecules disso¬ 

ciate and are bound as atoms. Therefore, chemisorption involves an 

initial endothermic process and the final equilibrium is determined by 

overall thermodynamics: the chemical potential of atoms bound together 

as molecules in the gas phase, must exceed that of atoms bound to the 

solid in order for large amounts of chemisorption to occur(18,19). A 

measure of this binding energy can be known by applying the modified 

form of an equation due to Pauling(20). 

1, °AB - «BM + DBB> + 23'06 <XA - XB>2 

= mean covalent chemisorbed bond strength 

where ; 
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X^.Xg = electronegativities of metal A and 

chemisorbed atom B 

DAA,DBB = respective metal and gas diatomic bond 

dissociation energies 

The electronegativity term Xg can be evaluated from data on homo¬ 

geneous systems(23,24). For the metal, the following relationship 

offered by Stevenson(21): 

2. XM = 0.3550 

may be employed where 0 is the work function of the metal. Bond(20) 

stâtes that this relation is not very accurate, partly because work 

functions are difficult to measure and quite a range of values have been 

recorded. 

The Stevenson equation does suggest, however, that the chemisorp¬ 

tion process and the transition metal electronic structure are inter? 

related. This relationship requires additional details of band struc¬ 

ture theory. 

One fundamental treatment of the electronic structure of metals 

are found in "band theory." This employs the molecular orbital concept 

from organic chemistry and extends these orbitals over the whole of the 

metal crystal. While this approach has had considerable success in 

explaining many bulk physical properties of metals such as electrical 

conductivity and magnetic susceptibility, the three-dimensional crystal 

model is difficult to apply to surface problems involving localized 

bonds. Thus, different models, including atomic orbitals are used in 

describing electron energy levels at the surface (See Figure 3). 



Electron Levels At A Metal Surface 

Fia«3 Effective potential and energy levels for electron in tho proximity of an atom 
coro at a surface (75). Er—-Fermi level; Em—oloctron level in free atom* Coordinate axes 
bused on coro show probability density (^*) for eloctron at the coro as a function of 
energy. Occupiedrtutes shaded. After Ehrlich(l8) 

In the basic description of the metal phase, the electrons in a 

crystal are not free but are bound by the periodic potential well of the 

metallic crystal. The effective wave function determining electron den¬ 

sity is formed from a linear combination of atomic orbitals (LCAO) of 

constituent atoms. This is often referred to as "tight binding approxi¬ 

mation." The resulting oyerlap causes the energies of the discrete 

atomic levels to broaden as shown in Figure 4 (). During crystal band 

Fig-4Tli» broadening of the discrete, electron energy levels of metal atoms in the first 
long period with decreasing interatomic distance. The broken line represents approxi¬ 
mately tho equilibrium interatomic distance in copper. (Reproduced with peirrossion 
from K&imes (19G3). "The Wave Mechanics of Electrons in Metals”. Korth-HoVana rubl. 
Co.Amsterdam.) After Anderson(4) 
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broadening, electrons are occupying energy states according to Hund's 

rule. It may be noted that the energy states at the bottom of the band 

are lower in energy than the atomic states from which they arose owing 

to constructive orbital overlap which increases the electron density 

between neighboring atoms(15). In contrast, levels near the top of the 

band arise from overlap otf orbitals of opposite phase so as to form 

antibonding states(15). 

Overlap provides the covalent contribution to metallic bonding and 

determines band width. In addition, there is a coulombic interaction 

between the atomic core and the valence electrons of neighbor atoms 

which provide a small energy shift of the band toward lower values. 

This electrostatic Interaction between neighboring atoms is equivalent 

to ionic bonding type. It is this latter interaction, occurring between 

atoms of identical electronegativity, which is an additional second o 

order contribution to the bonding energy of a metallic lattice(15). 

The simplest band theory tends to ignore orbital construction of 

bands and their special properties. Furthermore, It does not allow for 

hybridization between s^, £, and <i orbitals. Goodenough(21) and Frost 

(22) both stress that the fivefold degenerate d orbitals of the free 

transition metal atoms (d 2 „2» d„2 ,2» d » d
7v) must be split in 

the crystal field of the metal lattice. In Goodenough's model Figure 5, 

of the face-centered-cubic lattice, each internal atomiis surrounded by 

twelve near neighbors and six next-nearest neighbors, and the d-type 

atomic otbitals possessed by an atom in this crystal field consist of 

three t£g orbitals each having four lobes and two eg orbitals having a 

total of six lobes, The four lobes of each tgg orbitals are mutually 

orthogonal with the lobes pointing toward the near néfghbors in a face- 



Cg-orbitals orbitals 

Figure 5. Symmetry of d_ wave functions. After Geus (59). 

centered-cubic crystal, while the eg lobes point toward the next near¬ 

est neighbors. Goodenough(21) describes metallic bonding as due to 

overlap of atomic orbitals, the overlapping tgg orbitals being responsible 

for binding and electrical conductivity, The eg orbitals do not overlap 

significantly, and thereby remain localized in states within a narrow 

energy band and are responsible for magnetic effects. 
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Figure 6. Qualitative features of the band structure for face-centered 
transition elements of the first long period. After Goodenough (21). 
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This model provides a scheme for constructing qualitative energy 

diagrams from semi-empirical density of states curves for transistion 

metàls. This scheme also involves three bonding condition assumptions: 

First, there exist a critical radius, Rr (2.9 +0.1 A), such that if 

R<R_, then electrons occupying atomic 3d orbitals that are directed 
L 

along a ligand must be treated as collective electrons. Secondly, 

anisotropic 3d wave function obeys Hund's rule and may therefore con¬ 

tribute an atomic moment. Consequently, theicorresponding energy levels 

or narrow bands, are split into discrete subbands by any moment from 

collective 3d electrons that is induced via intra-atomic exchange of 

localized elettrons. Third, if nearest-neighbor anti ferromagnetic order 

can be propagated throughout the lattice and the nearest-neighbor- 

dicected 3d orbitals are half-or-less filled, the collective electrons 

(R<RC) can be stabilized by bonding band formation. If the orbitals 

are more than half filled, the extra electrons cannot be stabilized by 

antiferromagnetic correlation between nearest neighbori. If antiferro¬ 

magnetic nearest-neitjhbors order is possible, the electron form a con- 

S/entionaBlè metallic bond. These observations provide the criteria for 

Pauli paramagnetism, antiferromagnetism»! ferromagnetism, and ferri- 

magnetism in transition metals and their alloys(21). 

In band theory formulation for the formation of a surface bond 

between hydrogen and a transition metal surface, the localized doubly 

occupied bourid state can form below the bottom of the Band along with 

an unoccupied anti-bonding state which should lie well above the top of 

the energy band of the metal. During the bonding process, electrons may 

be removed from the energy band of the metal and cause a decrease in the 

number of holes (vacant electron pair bond states) or electrons may be 
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added to the band resulting in the increase of hole population. 

The bound state may be localized around the hydrogen nucleus and 

one metal atom as in conventional chemical bonds. Hayward(36) states 

that it seems likely that a^, £, and d^ states will all make significant 

contributions to the surface borid and that the most suitable type of c[ 

state will be those found in the top part of the à band where the anti- 

bonding states exist and have a charge distribution near any given ion 

core very much like that in the free atom. As some of these states are 

occupied in transition metals the formation of a bound state will have 

little effect on the occupied states in the band, with the main results 

being to remove an electron from the Fermi level to form the surface 

bond. 

The Valence Bond approach to surface bonding is muchheasier to 

visualize than the Band Theory. For free surfaces, the simplest model 

is one in which the metal atoms are assumed to have the same arrange¬ 

ment of electron orbitals as in the bulk, the only difference being 

that they do not possess their full compliment of nearest neighbors and 

theréfore certain orbitals are no longer involved in bond formation. 

This creates "dangling bonds" or free valencies at the surface. 

Two types of orbitals will appear in the metal surface; those 

which are normally involved in metallic cohesion (t2g) and those which 

are essentially atomic. The first will be s£ or dsp hybrides (Pauling 

Tbëory) or d orbitals with t2g symmetry (crystal field approach). The 

lobes of these orbitals will, in each case, be directed toward the 

positions that would be pccupied by the next layer of metal atoms. The 

second type of orbital consist of localized atomic d orbitals (eg), 

which are not appreciably involved in metallic cohesion. The lobes of 



these orbitals will, in general, point toward the position that would 

be occupied by next-nearest neighbor metal atoms. Such atomic orbitals 

will be available for bonding with transition metals. 

11 

Three types of surface bonds may exist for the adsorption of a 

single atom such as hydrogen: 

(a) A localized electron-pair bond consistent with the Pauli 

exclusion principle might be formed by overlap of an orbital of the 

adsorbate atom with either an atomic d^ orbital of the metal or a hybri¬ 

dized version of this. 

(b) A localized electron-pair bond might blso be formed by overlap 

with hybride bonding orbitals. This H likely to occur if the adsorbate 

takes up the position that would normally be occupied by the next layer 

of atoms. 

(c) An adatom may occupy an octahedral site such as the case of 

bcc iron ( «< iron), but the interaction is insufficient to localize one 

of the metallic electrons. In this case a resonating or delocalized 

bond would be formed in which the electrons from the adsorbate atom 

participate in metallic resonance. 

III. Methods 

A study of the effects of adsorption on the electrical resistance 

or conductance of a metal film requires a sample with sufficient sur¬ 

face area in as clean a condition as possible. A metal film evaporated 

on a cooled inert substtate in an ultrahigh vacuum environment from a 

previously carefully degassed filament approximates these requirements. 
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A. Materials 

Titanium, iron, and palladium films investigated in this study 

were originally in the form of .020 inch diameter wire obtained from 

Materials Research Corporation. The purity level of each wire is given 

based on specification furnished by the supplier; titanium 99.97, palla¬ 

dium 99.993, and Iron 99.99. 

All hydrogen used was obtained from commercial cylinders and 

further purified by solid state diffusion through a commercial palladium 

purifier (Engelhard HPD-50). 

B. Vacuum Technique 

The apparatus used in this study is schematically illustrated in 

Figure 19 and photographs are shown in Figures 20, 21, 22, and 23 

inclusively. Before film evaporation, the measuring cell A was evacu¬ 

ated with an auxiliary mechanical pump through valve B to a pressure 
-4 less than 5 x 10 mm Hg. Subsequently, the mechanical pump was iso¬ 

lated by closing valve J3 and valve £was oppaed to permit further 

evacuation! j?y a combination titanium sublimation ionppump £ (Ultex 

Model 210-1560). To insure a clean vacuum system the manifold section 

was brazed, welded and metal-sealed, while glass-to-metal fittings were 

Vi ton 0-Ring sealed. The system was continuously evacuated by a Welch 

Model 1400 mechanical pump connected through a trap attachment (See 

Figure 21) supplied with liquid nitrogen as coolant. In operation, and 

to reduce contamination by gas evolution from the walls of the appara¬ 

tus, the system was baked out under vacuum at 393 K for 12 hours. 

C. Film Evaporation 

After bakeout and prior to film evaporation, filaments ranging 
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in length from 5" to 5h" and ranging in weight from 4 mg to 78 mg were 

degassed by resistance heating at 2 x 10"^ mm Hg for removal of gaseous 

impurities. After this treatment, each wire changes from a dull appear¬ 

ance tnto a metallic one. 

The films were then deposited on the cylindrical walls of the 

Pyrex glass measuring cell A (See Figure 19) which was in turn immersed 

in an ice bath (See Figure 22) for maintaining temperature at 273 K. 

Each filament was heated by a current of aboùt 6 amperes which was suf¬ 

ficient to sublime the metal atoms onto the walls of the Pyrex measur¬ 

ing bulb A. When the current is raised to this value, the pressure 
-6 

rises momentarily to about 5 x 10 mm Hg then drops to a base pressure 
-S below 5 x 10 mm Hg. 

During the deposition step, the film resistance gradually 

decreases initially, then rapidly decreases as film evaporation pro- 

ceedd. This process was monitored by the Wheatstone bridge and provides 

a means for reproducing film thickness. Only one film was obtained from 

each metal wire. 

D. Measurement of the Film Resistance 

In this investigation the electrical resistance of the annealed 

films (240 - 4000 Â) were measured by a Wheatstone bridge method. Con¬ 

tact with the film inside the glass bulb was established through two 

tungsten leads which had been fused through the walls of the measuring 

cell A (See Figure 19) thereby allowing the Ti film to form one resis¬ 

tance arm of a DC Wheatstone bridge (Leed & Northrop Model 4670). The 

balance signal is then fed to the input of a potentiometric chart 

recorder (Texas Instrument Servo/Riter II) operating at 50 mv full 

scale. 
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All films investigated in this study were annealed at 375 K until 

the base line resistance dropped to a useful bridge arm resistance of 

the order of 70 ohms. This treatment was necessary to achieve surface 

film continuity as confirmed by a positive temperature coefficient of 

resistance (TCR). 

IV. ResQIts 

Effect of Hydrogen Sorption on Titanium 

The measurement of the effects of hydrogen sorption on titanium 

films are collected in Figure 8. At 298 and 375 K, the resistance of 

films Nos. 7, 8, and 9 decreases almost linearly with the amount of Hg 

adsorbed. The slope of the curves are given in the eight column in 

Table 1. At 418 K (films 4 & 5), the steepest dependence on hydrogen 

was observed, and may be due to sintering. In Figure 9, our resistance 

measurements were expressed as conductance and the relative change in 

conduction is plotted against the number of hydrogen molecules adsorbed. 

Our experimental results may be compared with ibme results of Van Heer- 

den and Zvjietering(55), who measured the conductance caused by Hg 

chemisorption on Ti at 77 K. Although their conductance measurements 

decreased with the quantity of hydrogen sorbed, our results showed a 

conductance increase. This comparison illustrates a difference in our 

conductance measurement as well as similar results reported by Strcn 

thenk et al(56). 

The change in conductance ie quantitatively expressed through the 

following equation: 



3. 
1 

A<r 
£ AR = A - 

where; 

AR = change in resistance (JO.) 

- change in resistivity (ohm-cm) 

l = length of film (cm) 

A = area of film (cra^) 

A <r = change in conductivity (mho/cm) 

An = change in number of charge carriers 

A/tf = change in mobility of charge carriers 

tT = charge of electron 

This equation indicites that the conductance change of these films are 

dependent upon the product of the following factors; change in number 

of charge carriers, change in mobility of charge carriers, and the 

charge of the electron. 
2 

The geometrical surface area of our films averaged 170 cm . We 

arrived at this value by making the approximation that the measuring 

cell A is a right circular cylinder and the lateral surface area may be 

found by applying the following formula: 

4. 

Lateral Surface Area = Perimeter 
of Base 

Average Height of 
Film Inside Bulb 

By comparison, the geometrical surface area reported in Van Heerden and 
2 

Zwietering experiments were 2330 cm . For our experiments, the number 
2 lfi 2 of Hg molecules/cm amounted to .34*10 molecules/cm . This value 

2 
may be compared with the number of T1 atoms/cm reported by Zwietering 
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et al_. (25) for the different crystal planes of alpha- titanium as shown 

below. 

10Î0 and Olio 0.72X1015 

OOll =s 1.35 xlO15 

1120 — 0.84X1015 

this comparison do not seem to suggest a one-to-one ratio of and Ti, 

and complete conversion t<5 Ti^ is not probable. 

Since resistance is a bulk property, we use an equation similar to 

the form introduced by Gués et al_.(5) which express the product of the 

ratio of the relative resistance change and the ratio of the number of 

metal atoms to gaseous molecules adsorbed. The values are given in 

Tables 1, 2, and 3 and is defined by the following equation, viz 

5. 
nmetal atoms 
ngaseous molecules 
adsorbed. 

where; 
AR = change in resistance 

R0 * base line resistance 

n^ * number of metal atoms 

n2 = number of gaseous molecules adsorbed 

The values of SC were slightly higher than unity for films of the order 

of 1400-1600 A, but were about fivefold higher for thicker films of the 

order of 4000 Â, suggesting that attainment of maximum coverage had not 

been achieved for these particular experiments. The much lower values 

for the thinner films suggest that no drastic change in bondtype occurs. 
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Welder and Strothenk(56) established that the conductance of 

interstitial solid sôlution of ^ titanium hydride is smaller (i.e. 

resistance goes higher) than that of pure titanium at high temperatures 

and as titanium hydride is formed, the conductance is larger and 

grows with increasing hydrogen content. At room temperature the 

ordered hydride instaùtaneously forms as hydrogen absorbs into the . 

lattice and the resistance drops or conductivity goes up. 

In the book by Livanov et aJL (28), the adsorption of hydrogen by 

titanium is accompanied by an increase in volume, due totfche lower den¬ 

sity of titanium hydride. During hydrogenation, the density of titanium 
3 

decreases linearly from 4.506 to 4.27 gm/cm as the hydrogen content 

increases from 0 to 40 atomic percent. 

The Ti-H phase diagram shown in Figure 7 indicates that hydrogen 

is present in the ~6 phase at room temperature. At this temperature, 

Welder and Strothenk($6))reports that the conductance of a titanium 

•c # of hydrogen 

FIGURE* 7(b) Phase dja^am of cigiüum-hydtogen^ ^ 
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film exhibits a decrease as hydrogen is taken up, until the non-stio- 

chiometric titanium hydride is formed (T1/H~ 0.06) and the conductance 

increases again. 

According to Gibb and Kruschwitz(29), the % phase structure is 

described in the following way. The titanium atom occupy lattice sites 

in the face-centered structure of the hydride, while the hydrogen atoms 

occupy tetrahedral interstitial positions, because the octahedral 

vacancies are too large for neutral hydrogen atoms. The assumption is 

that the hydrogen atoms in the hydride may be partially ionized, with 

the formation of positively charged ions. Partial ionization of hydro¬ 

gen in titanium hydride is supported by the fact that the magnetic sus¬ 

ceptibility of titanium increases and is larger than that of metallic 

titanium. This evidence is consistent with the presence of additional 

electrons in the lattice as Illustrated by the protonlzed model of 

Figure 2a. Electrons contributed to the lattice via this model, pro¬ 

vides the exchange interaction necessary to increase the magnetic sus¬ 

ceptibility. 

Futther information given by Huber et a]_. (30) through" X-ray dif¬ 

fraction methods, indicates that the hydrogen atoms occupy tbtrahedral 

vacancies in the crystal lattice of the hydride. Libowitz(37) states 

that thessign of the Hall coefficient indicates hole conduction. This 

fact is supported by the Hall Effect measurements of Bastl(44) who found 

that the absolute value of the Hall coefficient^) during hydrogen 

sorption decreases and is characteristic of n-type conductivity for 

RH<0. After the H/Ti ratio has attained a value of approximately 

0.5, the conductivity type 1s changed from £ to £ (See Figure 10), 

further increase in amount of sorbed hydrogen results in the rise of 
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the Hall coefficient value and the latter passes through a maximum at 

(H/Ti 1.2 to 1.7) and finally decreases. Therefore, in view of these 

data, Libowitz' explanation for the nature of carriers and our experi¬ 

mental results shown in Figure 8 are consistent with an electron phase 

change within the d-band of titanium. 

Effects of Hydrogen Sorption on Iron Films 

The effects of H2 sorption on the resistance of iron films are 

shown in Figure 11. Experimental results are reported for films No. 1 

(298 K), No. 2 (373 K), No. 7 (418 K), and No, 9 (373 K). Films 1, 2, 

and 9 exhibit a mild linear decrease in resistance with increased hyd¬ 

rogen. Maximum number of hydrogen molecules available from the gas 

phase for interaction with the film surface ranged from a low value of 

1 x 10 ° mol ecu!es-cm"^ up to a high value of 34 x 10 0 molecules-cm"^ 

for the 373 K experiments. For 298 K experiments, available hydrogen 
15 -2 was about 2.42 x 10 molecules-cm . These values may be compared 

with the calculated atomic populations in iron (110), (100), and (111) 
15 -2 surfaces of 1.7, 1.2, and 1.0 x 10 cm respectively. Adequate hy¬ 

drogen was available for surface saturation so bulk sorption processes 

must have occurred. 

is • W) à • 
M/M* . 

Figure. 10. The relative change of the Hall coefficient, 
K, as a function of atùmic ratio, r »* H/Me, of Hydrogen*, 

in Titanium, K a R^/R^. After Bastl (44). ; 4 
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It 1s observed that further increases In ^ sorption causes the 

resistance to decrease for each experimental temperature (i.e. 298, 

373, and 418 K). Fast(27), states that when hydrogen reacts with iron, 

no hydrides are formed; bùt only a solution of ^ inc< (bcc) iron is 

formed at these temperatures. Further, a linear dependency of hydrogen 

concentration on the square root of the pressure (Sievert's law) sug¬ 

gest interstitials of hydrogen atoms rather than d1interstitials or 

higher-order clusters of mobile species (See Figure 12). However, our 

experimental results is not consistent with Fast's explanation cited 

above. We observed that each iron film changed resistance at a very 

slow rate when expôseddto each dose of hydrogen. This §low change may 

be associated with the magnitude of the electrical charge pf hydrogen 

within the lattice. Wach et al_. (51) in the study of the diffusion of 

electrolytic hydrogen in pure o< iron, calculated that the effective or 

average charge of the diffusion species (hydrogen atom) was .26e. This 

value is in agreement with Oriant et al_.(52) of +.25e as wellaas 

Paulings(53) calculationsof .26 electron per iron atom 1n the conduction 

band with uncoupled spin. Based on this experimental information, pro¬ 

bably half of this charge may correspond to ionic bonding. Thus, the 

charge contributed to iron should increase with amount of hydrogen 

absorbed and result in the slow resistance decrease observed for our 

films in our experiments. 

In the presence of hydrogen, iron has a positive Hall coefficient 

and electrons supplied by the solute hydrogen atom goes into antibond¬ 

ing states(54) so that coupling 1s anti ferromagnetic (weak magnetism) 

and the magnetic susceptibility is decreasing to a small positive value. 

Therefore, the majority carriers are positive holes (excess electrons 
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in conduction band). 

Effect of Hydrogen Sorption on Palladium 

Values of the absolute resistance versus the relative micromolar 

concentration of hydrogen to palladium are shown in Figure 13 for 273, 

298, and 418 K experiments. The film resistance increases, passes 

through a maximum and then decreases. The percentage resistance 

increase due to ^ absorption after annealing, ranged from a low of 1% 

for film No. 9 (418 K) to a high of 3% for film No. 8 (273 K). 

In Figure 14, the relative change of the electrical resistance is 

plotted against the coverage. This result may be compared with the 

relative electrical resistance change of palladium films investigated 

by Suhrmann et al.(34). Although ôur film resistances are lower ihd: 

apparent coverages are about tenfold higher, there is qualitative 

agreement between our film resistance measurements at 273 K and 

Suhrmann's curve (Figure 15) at 295 K. A maximum occurs at an apparent 
16 -2 coverage of about 2 x 10 molecules-cm compared to a peak resistance 
15 -2 coverage of about 1 x 10 molecules-cm for Suhrmann's curve. High 

resistances are also observed to occur at lower coverages for experifi 
15 -2 ments at 298 and 418 K, and corresponds to about 4 x 10 molecules-cm 

1 fi O 
and 1.8 x 10 molecules-cm respectively. 

Suhrmann et al_.(34) interpret their results as being due to the 

formation of the anionic hydrogen (H“) layer before the resistance maxi¬ 

mum is reached and dissociation of hydrogen in protons and electrons 

after the maximum. By comparison, our data (Figure 14) shows that the 

maximum is shifted further to the right at larger coverages as probably 

a certain quantity of hydrogen atoms is diffusing into the surface 

before the maximum is reached. Supportive evidence for this interpre- 
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tation 1s the progressive change of the surface potential from some 

negative to a positive quantity for H/Pd * .15 (43). 

Suhrmann's Interpretation has some correlation with the results of 

Hall Effect measurements as a function of hydrogen content at 298 K in 

the Pd-H system by Wisniewski et^ al_.(41). The Hall coefficient for the 

coexistent phase for atomic ratio Pd/H = .83 shows a small 

decrease oftthe order of 3.5 electrons/Pd atom? however, at an atomic 

ratio Pd/H = .83, the Hall coefficient rapidly decreases (See Figure 16). 

^ FIG. 2. (a) Hall-effect data for Pd-H syslftm.(o)Ef- 
fective number n* of free electrons per palladium atom 

Afltr Wisniewski etal(41) 

Similarly, the Hall coefficient measurements by Schott et al.(42) 

reports that Hall coefficient measurements for H/Pd <,.80 were constant 

and negative where elections are the majority carriers. These results 

are consistent with an increase in resistance before the maximum as 

reported by Suhrmann and is due to the absence of bulk atomic hydrogen 

diffusion into the lattice caused by the formation of a negative or 

anionic adatom layer that is formed by the dissociative adsorption of 

hydrogen on the surface of the film. The negative surface potential 

measurements of Pd'-iH system by Dus*(43) indicàtes that an electronega- 
-2 tive form of hydrogen exist at low H/Pd ratios (** 1 x 10 ) and is 

associated with electrical film resistance for the Pd-H system. Elec- 
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trical resistance decrease occurs at the onset of bulk hydrogen diffu¬ 

sion into the lattice with the simultaneous filling up of d-holes of Pd 

at the Fermi level(34). This film behavior is observed to follow a 

first order reaction and is governed by the following equation, 

6. Log (R» - R) = -kt + Log R«, 

where R«o is the final change in resistance after the time t(Surhmann 

etaàl.) (See Figure 17). 

The electronic specific heat measurements(38) and magnetic-suscep¬ 

tibility measurements(39) also indicates that the d-holes of Pd are 

being filled. Mott(12) states thât sorbed hydrogen causes a decrease 

in the paramagnetic sysceptibility of palladium which Is due to the 

hydrogen electron filling the d-band of the metal. Since the suscepti¬ 

bility drops to zero where there are about 0.55 hydrogen atoms/palladium 

atoms in the 0 phase, it is suggested that the hydrogen atom is complete* 

ly ionized (as protons). 

An alternate interpretation for internal lattice electronic inter¬ 

action, and perhaps more detailed, is that screening of produced protons 

by the electrons of d-band having high density of states is thought to 

be more energetically favorable than screening by electrons of the s- 

band. Thus, the augumented plane wave calculations for Pd-H systems by 

Switendick et al.(39) indicates that hybridized PÜ-H bonding states 

represents modified Pd band states, rather than additional states. The 

added electrons in^ phase Pd-H fill the d-band hole of the Fermi level 

as well as the s-p band states. These assumptions are based on the de 

Hass-van Alphen effect on palladium(47) which have fehown that the metal 
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contains only 0.36 holes/atom. Similar results is reported by Mueller 

et al.(48). 

Therefore, inccontrast to the widèly accepted "proton model" this 

experimental evidence surest that the hybridized Pd-H bonding states 

indicated above, is due to the strong interaction hydrogen Is elec¬ 

tron states and the low-lying Pd states(39) with the formation of a 

strong modified band with strong hydrogen palladium bonding developed 

below the Pd d-band. This view is taken based on the charge-density 

calculationsof Switendick(39) that show these states with greater than 

0.6 electron of Is character inside the hydrogen APW sphere (radius 

0.704 A). This charge is largertthantthe 0.5 electron inside the same 

size sphere for the hydrogen atom. Thus, the proton is well screened in 

Pd-H. Therefore, the low-lying states in Pd-H are modified states which 

already exist (and were occupied) in Pd metal, the additional electrons 

associated with the hydrogen must fill previously unoccupied states(39). 

After discussing the experimental results of ^ via the electronic 

interaction of the Pd-H system, a general description of lattice and 

phase changes are appropriate at this point. Thrpâghcexperimental evi¬ 

dence, it has been established that in the palladium-hydrogen system, 

two face-centered cubic phases termed and / are present. The 

phase is said to be "hydrogen-deficient" and the / phase a "hydrogen- 

rich" solution of approximate composition Pd2H. A study of the phase 

diagram shown in Figure 18 indicates that concentrations with atomic 

ratios less than H/Pd = 0.015, corresponds to the phase with a lattice 

parameter that varies continuously during hydrogen diffusion from 3.89 

to 3.895 Â(31). Above H/Pd = 0.53, only the / phase exists and is 

characterized by a lattice parameter of approximately 4.02 A. 
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Figure 13. The phase diagram for the palladium 
hydrogen system on the temperature-composition 
plane. After Muetterties(5^) 

IV. Discussion 

As mentioned in the experimental results of section II, the changes 

in resistance of annealed titanium, iron and palladium films are ascribed 

to hydrogen dissociation at film surfaces and sorption of hydrogen atoms 

into the films. These results are consistent with scattered results 

reported in the literature(26)(28)(34) done under narrow temperature 

ranges and less systematically. 

The resistance decrease observed for ôarrtltanium films are attri¬ 

buted to an increase in electron concentration caused by dissolution of 

hydrogen atoms in the Ti bulk with a simultaneous contribution of car¬ 

riers (electrons) to the conduction band. These contributions generates 

a band electronic state characteristic of n-type conductivity (majority 

carriers are electrons) as supported by Hall effect measurements. 

Secondly, the results of hydrogen sorption on iron films were 

observed to cause the electrical resistance to decrease for all experi¬ 

mental temperatures. This behavior (resistance decrease) observed for 

iron films are probably due to the formation of an interstitial alloy 
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with a higher conductivity formed by a solution of hydrogen in (bcc) 

Iron at 273, 298, 373, and 418 K. Also, the linear dependency of 

hydrogen concentration on the square root of the pressure (Slevert's 

Law) gives evidence that hydrogen atoms occupy interstitial position 

within the iron lattice and therefore, acts to contribute electrons to 

the conduction band and causing the electrical resistance decrease pre¬ 

viously discussed. 

Thirdly, the respective resistance increase and decrease observed 

for sorption of hydrogen by palladium films at 273, 298, and 418 K are 

probably due to: (a) the formation of a negative or anionic adatom 

layer on the film surface; (b) the diffusion of ionized hydrogen into 

the lattice resulting in electron addition to the p phase Pd-H and 
filling the d-band hole at the Fermi level as well as the s-p band 

states. 

Based on our experimental results and information reported in the 

literature and referred to herein, the probable mechanism acting at the 

film surface and within the lattice may be described 1n two ways: 

i. The conductivity 4s proportional to the concentration 

of the conduction electrons within the conduction band. 

Consequently, an increase of the electron population 

within the lattice via an ionized species may result 

1n the metal accepting these electrons and causing and 

effective conductivity increase. 

11. The conductivity decrease is associated with the forma¬ 

tion of an anionic adatom layer which acts to extract 

electrons from the conduction band of film surface 

atoms at low coverages. 
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In view of the mechanism explained above, our results for titanium 

are consistent with i, as our films were observed to decrease at experi¬ 

mental temperature conditions. 

The uptake of hydrogen for titanium 1s temperature dependent. For 

films 4 and 5, our calculated slopes ofJresistance change versus the 

ratio ef micromolar concentration of Hg to T1 at 418 K is .90 and .93 

respectively, while for films at lower temperatures the Slope is signi¬ 

ficantly smaller (See Table 1). This is consistent with more rapid 

thermal diffusion of hydrogen atoms into the film. Consequently, for a 

temperature rise we expect the lattice to expand resulting in an increase 

in the amplitude of thermal vibration of metil and hydrogen atoms to a 

point where the metal-to-hydrogen distance readies some critical radius. 

Under these conditions, it is energetically favorable for hydrogen to 

migrate from the tetrahedral sublattice to the octahedral sublattice. 

Results for iron films are consistent in thât Iron do not absorb 

hydrogen in large quantities as observed for titanium. values range 

between .10 for film No. 9 (373 K) to .84 for film No. 8 (418 K) and 

suggesting a limited bonding between iron and hydrogen. At higher tem¬ 

peratures, more hydrogen absorbs Into the surface layer of the film. 

The small resistance change observed for film Nos. .7 and 8 at 418 K and 

at low coverages (1.5.4 moleHt/^mole Fe) is due to.addition of elec¬ 

trons to the conduction band of Iron. 

Palladium films Investigated at 273, 298, and 418 K are shown in 

Figure 11. The film resistance behavior 1s related to both surface and 

bulk bonding and has explanation through theoretical calculation of the 

properties of metallic clusters as Indicated by Baetzold(49) and offers 

a newer approach for the absorption of hydrogen at metal surfaces. In 
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the paper of Baetzold, nickel is the metal considered, but it serves to 

illustrate the principles involved. 

As reported in the review of Hydrogen Interaction with Metals by 

McLellan and Harkins(15), the bonding in NiH is purely covalent and a 

shift in electron pair bond towards the hydrogen nucleus is predicted 

based on values of electronegativity (Ni, Xj-,==11755and H, X^j = 2.5). 

The effect of additional metal atoms to form metal crystallities 

on NiH is considered. For Ni-Ni bonds, the presence of d-bonding in the 

NI*2 molecules yields dissociation energy of 1.2ev and leads to very high 

binding energy of the N1-H molecule when calculated the modified Pauling 

formula of equation 1. The formation of cubic crystallites clusters as 

shown by Baetzold(49), thittthe highest occupied states and the lowest 

available unoccupied states are purely d-states. For nickel atoms, 

this clustering slightly lowers the ionization potential associated with 

the highest occupied stite but rapidly increases the electron affinity, 

thereby causing the Internal-orbital electronegativity to increase, 

This apparently has little effect for hydrogen bound to the surface 

atoms of the crystallite. This bond may still be considered as a stan¬ 

dard covalent single bond which the calculation of Fassaert etill.(50) 

indicates, with bonding ascribed to the hydrogen Is orbital with the 

3dz2 and 4s orbitals of the nickel surface. Recent magnetic suscepti¬ 

bility measurements of hydrogen chemisorbed on thin nickel films have 

been Interpreted to indicate that the electronic density is polarized 

toward the hydrogen as the electronegàtivit#yindicates(51). These 

facts, togëther with the surface potential measurements of Pd by Dus' 

(43), the Hall effect measurements of Pd-H system by Wisniewski(41) and 

Bast!(44) are consistent with the interpretation of Surhmann(34), that 

i i . 1 e / v" !. 
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an anionic layer of hydrogen adatoms forms on palladium films at low 

coverages. 

The results of Switendick(39) offers still another hydrogen-metal 

bonding model. He suggest that hybridized PdH arise due to the strong 

interaction of Is electron states and the low-lying Pd electronic states. 

For this condition, a strong modified band with strong hydrogen-palla¬ 

dium bonding develops below the Pd d-band. This view is taken based on 

the charged-density calculations of Switendick(39) thât show these 

states are hybridized bonding states and the proton ts well screened by 

the s-like character electrons associated wtth the hydrogentposltlons. 

Therefore, additional electrons about the hydrogen position must fill 

previously unoccupied states and thus contribute the electron concen¬ 

tration to the conduction band necessary to cause a drop in electrical 

resistance reported by Surhmann and duplicated in our experimental 

results. 

In summajry, it must be regarded that the proton theory must be 

considered aa a useful simplification for explaining hydrogen/metal 

interaction inspite of the picture for Pd-H bonding advanced by 

Switendick which gives a different viewpoint. Thus, we have an emer¬ 

ging picture based on our study, which reveals the complexity of hydro¬ 

gen interaction with transition metàls: covalent bonding to surface 

atoms, and subsequently changes to protons as the hydrogen nucleus 

passes through the surface layer while électrons are simultaneously 

added to the d-band of the host metal. This process, in operation, pro¬ 

vides an effective increase in the number of electrons within the con¬ 

duction band of transition metals investigated in this ttydy, and cause 

the observable resistance decrease for these films. 



REFERENCES 

1. Smith, A.E., and Beeck, 0. (1939), Phys. Rev. 55, 602. 

2. Neugebauer, C.A., Newkirk, J.B., and Vermilyea, D.A. (eds.), Struc¬ 
ture and Properties of Thin Films, John Wiley & Sons: New York, 

3. Leaver, K.D., Thin Films, Chap. 3, Springer-Verlag (1971). 

4. Anderson, J.R. (ed.), Chemisorption and Reactions on Metallic Films, 
Academie Press, (1971), Vol. 1. 

5. Hurd, D.T., An Introduction to the Chemistry of the Hydrides, 1_, 
John Wiley & Sons (1952). 

6. Gibb, T.RFP., Jr., Hydrides-A Brief Review of Their Natüre and Pro¬ 
perties, 578, Journal of Chemical Education (1948). 

7. Cotton, A.F., Wilkinson, G., Advanced Inorganic Chemistry, 204, 
Interscience Publishers (1966). 

8. Trapnell, B.M.W., Proc. Roy. Soc., (1953), A 218, 566. 

9. Beeck, 0. (1950a), Adv. Catalysis, 151. 

10. Dowden, D.A. (1950), J_. Chem. Soc., 242. 

11. Trapnell, B.M?W. (1951), Proc. Roy. Soc., A, 206, 39. 

12. Mott, N.F., and Jones, H., The Theory of Metals and Alloys, Dover 
Publishing Company: New York, 1958, 189. 

13. Pauling, L., Proc. Roy. Soc. A 196, 343 (1949). 

14. Oriani, R.A., McCliment, E., and Youngblood, J.F., I. Chem. Phys., 
27, 330 (1957). 

15. McLellan, R.B., and Harkins, C.G., Materials Science and Engineering, 
18 (1975), 5. 

16. Brodowsky, H., Berichte der Bunsen-Gesellschoft, 76 (1972), #8. 

17. Sachtler, W.M.H., Schuit, G.C.A., and Zwietering, P., Proceedingrof 
the Third International Congress oii Catalysis, 1 (1965), John 
Wiley. 

18. Ehrlich, G.J., J. Chem. Phys., 31, (1959), 1111. 

19. Hickmott, T.W., and Ehrlich, G.J., J. Phys. Chem. Solids, 5, (1958), 
47. 

20. Bond, G.C., Surface Science, 18, (1969), 11. 



39 

21. Goodenough, J.B., Physical Review, 120, 67 (1960). 

22. Frost, W.R., Can. J_. Chem., 37, (1959), 460. 

23. Pritchard, H.O., and Skinner, H.A., Chem Rev., 55 (1955), 745. 

24. Stevenson, D.D., ÇL Chem. Phys., 23 (1955), 203. 

25. Zwietering, P., Koks, H.L.T..,t and Van Heerden, C., J. Phys. Chem. 
Solids, 11 (1959), 18. 

26. Geus, J.W., Surface Science, 2 (1964), 48-55. 

27. Fast, J.D., Interaction of Metals and Gases, Vol. 1, 126 (1965), 
Phillips Technical Library-Netherlands. 

28. Livanov, V.A., Bukharaova, A.A., and Kolachev, B.A., Hydrogen In 
x Titanium, Isreal Program for Scientific Translation (196577 

Jerusalem. 

29. Gibb, T.R.R., and Kruschwitz, H.W., J. Amer. Chem. Soc., 72 (12), 
5365, 1950. 

30. Huber, G.J., Gates, J.E., Young, A.P., Robereskin, M., and Frost, 
P.D., J. Metals, £_(5): 918-923, 1957. 

31. Haywood, C.T., and Verdini, L., Can. J. Phys,, 46, 2065 (1968). 

32. Worsham, J.E., Jr., Wilkinson, M.K., and Schull, C.G., J. Phys. 
Chem. Solids, 3, (1957), 303. 

33. Ferguson, G.A., Schindler, A.I., Tanaka, T., and Morita, T., Phv- 
Rev., 137,4483 (1965). 

34. Suhrmann, R., Welder, G., and Schumicki, G., Structure and Proper^ 
ties of Thin Films (proceeding), Neugebauer, C.A., Newkuk, J.B., 
VormiTëa, D.A. (eds.); John Wiley & Sons: New York, 268 (1959). 

35. Singleton, J.H., J. Phys. Chem., 60, 1606 (1956). 

36. Haywood, D.O., Herley, P.J., and Thompkins, F.C., Surface Science, 
2, 156 (1964). 

37. Libowitz, G.G., The Solid-State Chemistry of Binary Hydrides (1965), 
W.A. Benjamin, 37. 

38. Flanagan, T.B., Simons, J.W., J.* Chem. Phys., 44, 9, 3486, (1966). 

39. Switendick, A.C., Eastman, D.E., and Cashion, J.K., Physical Review 
Letters, 27, 1 (1971), 35. 

40. Glazunov, S.G., Phase Diagrams of Titanium Allpys (translated from 
Russian)-Israel Program for Scientific Translation: Jerusalum, 
1965. 



41. Wisniewski, R., and Rostocki, A.J., Physical Review B, 3, 2 (1971), 
251. 

42. Schott, D., Bloom, D., Wise, H., Journal of Catalysis, 6 (1966), 
320. 

43. Dus', R., Surface Science, 42 (1973), 324-328. 

44. Bastl, A., Collection Czechoslov. Chem. Communication, 36 (1971), 
1172JL1WI 

45. Korn, C., and Zamir, D., J_. Phy. Chem. Solids, 31 (1970), 489. 

46. Jones, M.M., Little, E.J., Jr., Journal of Chemical Education, 37, 
5 (1960), 231. 

47. Vuillemin, J.J., Physical Review, 144, 396 (1966). 

48. Mueller, F.M., Freeman, A.J., Dimmock, J.O., and Furdyna, Physical 
Review B, 1, 12 (1970), 4617. 

49. Baetzold, R.C., J_. Catalysis. 29 (1973), 129. 

50. Fassaert, D.J., Verbeck, H., and Der Avoird, A.V., Surface Science, 
M, (1972), 501. 

51. Wach, S. and Miodownik, A.P., Faraday Society Transaction, 66 (1970), 
573. 

52. Orianiî R.A., and Gondalez, O.D., Transaction of the Metallurgical 
Society of AIME, Vol. 239, 1041, 1967. 

53. Pauling, L., The Nature of the Chemical Bond, 3rd Ed., Cornell Uni¬ 
versity, Press, 1960, p. 397. 

54. Muetterties, E.L., Transition Metal Hydrides, Vol. 1, Mercel Dekker, 
Inc.: New York, 1971. 

55. Heerden, C., Zwietering, P., K, Akad Wetensch. Amsterdam Proceedings, 
Ser. B, Vol. 60 (1957), 160. 

56. Welder, V.G., Strothenk, H., Ber. Bun Senges. Phy. Chem., 70, 214. 

57. Goodenough, J.B.* Magnetism and the Chemical Bond, Vol. 1, Inter- 
Science Publishers; New York, 1966, 307. 

58. Geus, J.W., Koks, H.L.T., and Zwietering, P., Journal of Catalysis, 
2, 274 (1963). 

59. Geus, J.W., The Influence of Adsorption on Metal Films, In Chemisorp¬ 
tion and Reactions on Metallic Films, J.R. Anderson (ed); Aca¬ 
demic Press: New York (1971), 362. 



T
ab

le
 

1 

PR
OP

ER
TI

ES
 O

F 
TI

TA
NI

UM
 F

IL
M

S 

41 

CM a i 
•«- E 
S-. CD O 

4-> Ow 
CD CO 
E M— cO 
O U CD a 3 s. 

CD CO <C 

CL 
* X (U^ 

£ 

o> 

s- 
a> 

+-> 
4— <C 
^ r«< 

rfO 
CO CL> c 
CM C a: < 

£ 

o> 

£ 
o 

4— 
CÜ 

CO 

CO <o <u 
c 

CM c ct:/ <c 

E c/> 
I— CO 
•r— cu 
Li. C ^oc 

• u 
+> *r- CO JC 

CD 

E 

^ O 

o in 
• • • • 

in in o CM r— CO CM 
in 

* 
o co vo 00 CO CD CM 
CD CD CM CM O CM 

in O CM O o O 
vo r^. VO vo in 00 

00 00 00 00 00 co CO 
i— CD CD CD 

*0" CM CM CM co CO 

o O 00 O in CO 
in vo O LO VO in in 

in in in in O in CM 
00 r— 00 00 00 

o o O o o o o 
o i^. O o o CM CM 
i— 00 vo <3- vo 00 
vo r— r- 

CM CD CM ** 00 
• • • • • • • 

VO VO *d“ CM o CM CO 
CO CO r— 1— 

LO VO 00 CD O 
r— 

LO 
VO 

in 
co 
vo 

CM 

in oo 

vo 
r— 
CO 

CO 
CM 

I 
S- CD 
CD 0> > «O 

<C 

s- 
CO 

CO 
-P 
CD 

O 

•r— 
CO 
c 
CD 

"O 

II 
"O 

• A 
E 

•r- 
4- 

CO 
CD 
U 
CO 

II 
< 

O 
4- 

CD 

5 4- 
o o 

«— co 
o co 

4" CO 

« S 

JZ II 
■P 

CD 
c 
•r* • A 
>> </> 

»— CO 
CL CD 
CL C 
CO 

O 

-Q* J= 
-P 

T3 
CD E 
•P r- 
C0 T 
E 4- 

II -P 
CO 
CD + 

CO 
CO 
CD 
c 

O 

i— II 
•r- 
U. 4- " 

'
 

^T
cT

^ 
* 

* 
“ 
 

 
♦L

in
ea

r 
se

gm
en

t 
o
f 

cu
rv

e 



T
a

b
le
 

2 

P
R

O
P

E
R

T
IE

S
 

O
F 

IR
O

N
 

F
IL

M
S

 

42 

to 
E 
o 

nr 
<0 

CD 

<L> I 

O 
cu 

CM 

<U 
a.. 

00 * II 

o 
CM 

I 

u CD o 
4->    
CD «0 
£ 4- <0 
O i- cu 
CD 13 S- 
CD OO C 

O- 

X CD ^ 

4-> 
4— CO 
< C 

•r- 
^ i— 

f0 
OOCD 
r^c 
CMC 

a: < 

<L) * 

CD DO 
CO C 

^ r— 
A3 

OOCD 
r^c 
CMC 

CGC <C 

E o> 
i— io 
T- CD 
u. c 

-x <c 
• o 

4-> •«- 
CO -C 

CO 
E 2 

E 

o 

o o LO LO CO *3" o 
CO LO CO o CO 00 r-» 

• • • • • • • • 

o as 
CM 

CO O <3- to CO CM 
r- CM CM o r- CM *3- 

LO a\ O o LO o o LO as 
LO LO LO 00 LO 

00 CO CO 00 00 00 00 CO 
CO r^. r-N. r—• r— r- r** 
CM CO CO *3* *3" CO 

00 CM 00 O o LO LO LO o> 
LO CO CM 00 LO LO 

LO 

O o LO LO o LO o o LO 
*3* 00 00 00 LO o 00 

CM o o o o o o CM 00 
as o o LO ^3* o *3* 00 00 
CO LO o LO *3- o r— 00 CM 

CO *3- CO r— 

LO 00 «d- CM as co <3* LO LO 
• • • • • • • • • 

r— 00 as CM r^. CM r— O 
LO CO LO LO LO 

1 
S- CD 

r— CM CO *3- LO 00 as cu as 
> «0 
< 



PR
OP

ER
TI

ES
 O

F 
PA

LL
AD

IU
M
 F

IL
M

S 

43 

CM 
O I 
•r- E 
s- <u u 

+-> 
CD 10 
E 4- rO 
O S- CD 
CD 3 $- 

CD LO <C 

CL • E-*~* 
X d)^ 

LÜ I— 

s- S CD 
4-> 
4~ cn 
< c 

•r— 
i— 
CO 

CO CD 
r*. C 
CM c 

cc «C 

CD 
&- 
o & 
4- 
CD o> 

CO c •fm» 
r- 
fO 

CO CD 
C 

CM c 
cc <C 

0\ O LO 
cn *— •— 

I— CM 
CM r— 

ON 
CM 

• 

CM 

to 
CO 

o 
1^. 

LO o 
CO 

o 
LO 

o 
CO 

00 00 00 00 CO 00 
cn Cn cn cn r— 
CM CM CM CM CM «d- 

o LO o 
LO 

cn 
LO 

CO 
CM 

o 
CO 

o 00 IO LO 
CO 

o LO 
CO 

o 
CO 

Fi
lm

 
ne

ss
 

cn CT» O o o o 
CO CO CO «0- CO 

E
st

. 
T

6i
c CM CM CM CO CM CM CM 

• 

•M 
3:^ 

cn 00 *0“ cn CM 00 o CO 
E s: • • • • « • • 

LZ 

<sf LO •0" *d- LO LO 

E L CD 
LO CO 00 cn CD 0> 

•«— o > «3 
ÜL Z < 

CO 
CO 

CM 
«Çf 

LO 

CM 
1^. 



P
u
m

p
 

44 

Fi
g.
 1

9.
 

E
x

p
er

im
en

ta
l 

ap
p
ar

at
u
s.
 A

.M
ea

su
ri

ng
 c

el
l.
 

S.
 M

ec
h
an

ic
al
 p

u
m

p
 i

so
la

ti
o
n
 v

al
v
e.

 C
» 

Io
n 

pu
m

p 
is

o
la

ti
o

n
 v

al
v
e.

 



Fig. 20. Close-up section of vacuum system. A. Mechanical pump isolation valve. B. Hydrogen 
storage bulb isolation valve. C. Measuring cell. D. Mechanical pump isolation valve. E. Titanium 
subli mation pump. 



Fig. 21. The vacuum system. A. Hydrogen gas storage bulb. B. Pressure gage (Texas Instrument -
Model 145). C. Hydrogen storage bulb isolation valves. D. Air circulation fan. E. Mechanical 

pump . isolation valve. F. Measuring cell. G. Ti sublimation pump. 



Fig. 22. Side-view of vacuum system. A. Cold trap. B. Hydrogen gas storage bulbs. C. Storage 
bulbs isolation valves. D. Air circulation fan. E. Annealing oven. F. Power Supply (Veeco PS-202). 
G. Titanium sublimation ion pump (Ultex 210-1560). 



Fi g. 23. Expe rimental apparatus set-up for moni tori ng film depos i tion and making electrical 
resistance meas urements . A. Amme ter. B. Ice bath. C. Wheatstone Bridge (Leeds & Northrup). 
D. Servo/Riter II, chart recorder. E. Isolation valves for hydrogen gas storage bulbs. 


