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ABSTRACT 

In this investigati.n, the resistivity of 

vanadium nitride at elevated temperatures has been 

measured using a resistanc~ bridge based on the 

Dauphin~e/hlovsGr (1~55) chopper system. 

In general, an almost line~r increase ~f 

resistivi ty wi th tempera tm'a ',:as observed for VN) but 

at certain temp~rature s , daviations from linearity 

(anomalies) were observed, these have been classified 

into three types. 

Attempts have been made t. ce r relate the 

a nomalous behaviour and temperature coefficients 0f 

resist ivi ty with the ambi ent atmQspheres and with th~ 

impuritias, (especially oxygen), steichiltmetry and 

density of this material. 

Oxygen and excess - nitrogen appear to be 

electron doncrs in their effects on VN alld result HI 

a decrease in the slope of resistivity vs temperature 

ctlrves. 

Oxygen and/ • ....... 
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Oxygen and excess nitrogen also appear to 

increase the overall resistivity due t~ an increasd in 

defect ccncentration. 

No effects due to the ambient atmosphere 

have been observed in the case of hot-pr.eSSBd saillples. 

l~dicating that reacti on can only occur if the reacting 

gases can r ef',cn "hl. j,ute.ri. ox' ('f the samples . 

",-T...!.A~B--,L~E~....:O::.....::.F / ....... . 
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(1) INTRODUCTION 

I (i) REFRACTORY HARD HETALS 

Refractory hard metals a re a group of ionic 

chemical compounds which are formed by combination of 

nitrogen, oxygen or carbon with transition metals of the 

4th, 5th, or 6th groups. These compounds are characterized 

by extreme hardness, high melting point, metallic lustre 

and an electrical conductivity approaching that of the 

transition metals. This latter has led to the theory that 

their conduction mechanism is similar to that of the 

transition metals although, under certain circumstances, 

they show semiconducting behaviour. 

I (ii) ELECTRICAL PROPERTIES OF CRYSTALLINE SOLIDS 

(1) Theories of Conduction and Metallic Conductors 

A number of theories have been proposed in 

attempts to explain all facets ~f the conduction mechanism. 

However all such theories are 0nly approximations to the 

truth and each has its inherent limitations. 

(a) Free Electron Theory 

The Free Electron theory is based on the argument 

that orbital/ .....• 
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tha t orbi tal 'lvor.lap 0 ceur s when a toms are brought together 

t'l fLrm a crystal, then orbital overlap being so extensive 

that the quantizatiJn schdme, in which eRch "lectr ''ln is 

associated with a given at~m, breaks down for the valence 

~lectr')ns, leaving these valence electrons, the so-called 

conduction electrons, free t') m::Jve as if they were a gas 

ab out the crystal, 'vh Ci se structure is defined by thd fixdd 

p"sitiv8 i::>n cores ': f t he atoms (Ziman 1::164). Th" mutual 

repulsior. betvleen electr :ms is ign'l r<d .. and the fiejLd du" 

to the positive i::>ns is assumed uniform through0ut the 

crystal. 

The kinetic energy of a free electron is given 

by: 

E-V l.c 2 = "zmv 

= p2/2m 

where p is the m')nentum and m is the mass ;)£ the electron, 

p being related t e. t.he Ci6 Br:-glie wavelength ), by the 

relation: 

p = hl>-. 

N0W, defining a \'Iav.e number k by: 

it follows that: 

Hence: 

k = 2 rTj,>.., 

k = 2np 
h 

2 8n m 

i 0 eo-the enengy / • , ....•••• 
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i.e. the energy is a Quadratic function of the wave number, 

k. Thus the E-k curve for a free electron will be 

parabolic, Fig 1. 

Conduction is explained as being due to the 

acceleration of the electrons towards the positive pole, 

the current being limited by electron-ion and electron­

phonon collisions, a phonon being a Quantum of the lattice 

vibration energy, and being proportional to the applied 

voltage according to Ohm's law: 

The current density j = neScE/m = nepE 

wher e 't: relaxation time 

E = applied field 

m = electronic mass 

jJ. = mobili ty = e -t/m 
Now if j = ere.. 

it follows that: 0' = neJl 

where n = no. of charge carriers per unit volume 

e = electronic charge 

Now, defining the current I by the relation: 

I = - nev 

where v is the average drift velocity, it can be shown 

that I should be prop~rtional to the temperature because 

v, is limited by collisions between the electrons and 

lattice phonons. The number of phonons is proportional 

to the temperature and thus the probability of scattering 

is proporti~nal/ ••.••• 
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is proportional to temperature (KitteJ 1968). From this 

it may be seen that the current, and hence the conductivity, 

is proportional to (temperature)-l. The free electron 

d ensi ty in a metal changes li ttle wi th increasing 

temperature (n is independent of T) if the c~re electrons 

are not thermally excitable, thus its conductivity 

decreases due to the increased scattering, i.e. ~ decreases 

as T increases, 

This theory cannot explain why some materials 

are conductors, while others are semiconductors or 

insula torSi. 

(b) Z~ne!Band Theory 

The potential field inside a crystal is in fact 

not spatially uniform, but varies in a periodic manner t 

through t he crystal according to the translational 

periodicity of th e ion cores. Bloch (1928) has shown 

that the energy spectrum of an electron in a periodic 

crystal may be divided into allowed and forbidden zones, 

Fig 2. 

When the parabola representing the energy of a 

free electron, as a function of k, is compared with the 

energy spectrum of an elect r on in a periodic field, it 

may bel .......... . 
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may bv shown, defining a wave number: 

k = 2f(/7'.......... (1) 

that discontinuities will occur in the free electron 

parabola for values of k given by: 

k = rrJT/a .......... (2 ) 

where n !l, !2, !3, 

and a is the lattice spacing, Fig 2. Combining (1) and 

(2) leads to the result: 

n ~ = 2a .••..•...• (3) 

which c~rr 6 sponds to the Bragg condition for the 

diffraction of X-n',y::; or electrons for the glancing angle 

o = JO o , and follows directly from the wave nature of 

electr::ns. (2) may be written as f ollows: 

k [UVW) = "ff / d (hkl) .......... (4) 

\'I h er e d (hkl) is the spacing of planes (hkl) normal to the 

d ir dcLi o~ UV~'I of mov ement of the electrons. Equation (4), 

which determines the discontinuities in the energy spectrum 

of the electron, may be interpreted to mean total 

reflection of electrJn waves by planes normal to their 

direction of motion, or as Bragg reflections by other 

crystallographic planes SO that such waves cannot be 

propagated through the crystal - they are forbidden. 

We may define a reciprocal lattice as follows: 

A reciprccal lattice is a lattice whose primitive v,ectors 

a~l' a~2' a*3 defining the unit cell, are defined by: 

1 if i = j/ ....... . 
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'S< 
a i ,a j = 1 if i = j 

'*' 0 if i .L j a i . B j = T 

where a l , 3 2, 0.
3 

are the primitive vectors of a crystal 

lattice . (Cusack, 1958) . 

If we now imagine a number of straight lines 

j oining the nucleus of a metal 3tom with those of its 

nearest and next-to- nearest neighbours , then we may define, 

2,n a tcmi c polyhedron or Wigner -Sei tz (prir.li ti ve) uni t , 

cell by planes which bisect these lines perpendicularly, 

(Dekker 1958), Similarly , we may construct a Wigner ­

Seitz cell. in reciprocal space , Fig 3 (Kittel 1968) , and 

the Wigner - Seitz cell of the reciprocal lattica 

corresponds to the first Brillouin zone, in k space of 

the crystal. It !TI'3.y be shol;n that the planes which [;lost 

strongly ref lect the el ect ron waves are those which go to 

define the first Brillouin zone of the crystal lattice . 

Another, more closely spaced, set cf planes is required , 

to reflect electrons lying in the second Brillouin zone 

etc . It c:J.n be shown that the ener gy spectruUl is 

continu=us inside the first Brillouin zone, but there is 

an enerGY gap on crossing a Z0ne boundary , i . e . the energy 

spectrum shOWS gaps, and the electronic energy l evels fall 

into bands I,!hose li:!li ts are defined by the zone boundaries . 

Th e E-k curve shows energy discontinuities at 

the zone/ ....... . 



• ___ Reciprocal lattice points 

.. 

Reciprocal lattice vectors 

.. 

, ' 
, --

'. , 

: ' . : . . ':. 
~ . ~ . , . 

. '.:-
" ... '.' . 

"': '." , 
" ' 

~ .. ' .: ~ :' 
.. . : " 

, , ' 
.', " 

. ' .. ' . 
. , ." 

. ' 
1 • -; :: ', . --

" . . . .' " 
,~ . .' .' . . : . ~ . , 

. ',' '. 
' ~ -', ".: . : 

" . 
.- .. 

, , 

. ' 

" , " : ... 
: . - ' . 

' .. . , .... 
. . . .' 

.' 

First 8 r:llo uin Zone In Two Dim ers ions .. 



7 . 

the zone boundar ies, thus different E- k curves arise fo r 

different di r ections in k space for complicated, i . e . 

non- spherical, zone shapes . This resul·s in the 

discontinuities in the E- k cur ves occurring at differ ent 

ener gies and ~t differ ent k values , in differ ent 

directions in k space . 

vlhile the zone shapes are determined. by the 

crystal lattice type , the shapes of the E- k curvas , the 

widths o f the allo wed and f orbidden energy bands and their 

degree ~ f overlap are deter mined by the nature of the 

atoms and by their separ ation . 

The energy contour enclosing the occupied states 

is called the Fermi surface , as it lies at the Fer mi 

ener gy , wh i ch is the maximum ener gy avai l able to the 

electrons at 0 K, or the energy at which exact l y half 

the states. a r e occupied at some higher temper ature . 

If the bands over lap , then the quantum sta t es 

at the bcttom of the second band are at a lowe r energy 

than thr)se at the t op of the first band, thus it i s. 

impossible to completely fill one band without par t i ally 

filling another , thus the upper bands of such cr ystals 

will be only partially filled , if there a r e sufficient 

electrons available to f i ll the isolated lower ba nd . 

When bands/ . . . ...•. 
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lifhen bands are only partially filled , or when 

band overlap occur s, elect ron s lying near the Fermi energy 

will be able to move frem one quantum state to another 

under the influence 0f an applied electr ic field , and tha 

cr ystal will be a conductor . If however the first band is 

completely filled, and the bands do not overlap , then 

electrons will not be able to move into adjacent quantum 

states; those lying near the top 0f the band cannot be 

exc ited to states outside the allowed band, as these a r e 

forbidden, thus such a crystal. will be an insulator, or 

semiconductor if the forbidden gap i s not too large , a nd 

can b e bridged at the temperature of opera t ion. 

The number of quantum states per unit energy 

interval in each zone is denot ed dN/dE cr N(E)/dE and is 

termed the density of states per uni t energy interval . 

The density of states N(E) may be shown to incr e~se as 
1. 

E2 , and therefore a plot of N(E) against E will be 

parabolic for free electrons but will be modified by the. 

Bril louin zones in an actual crystal , being parabolic for 

l ow electron energ i es , but falling to z,ero as the zone 

bO·.mdary is reached. In the case of tw o over lapping zones , 

then, overlap of the N(E) against E curve also occurs , 

Fig 4, the resul tant curve being obtained by superposition 

of the individual curves. It is possible to deduce how 

the available states are occupied by electrons in a 

cr ystal at/ .......• 
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crystal at a particular temperature by examination of the 

density of states function, as the density of states that 

are occupied , N(E), is related to S (E) , the density of 

available states. The distribution of the electr~ns 

among the available states is given by the Fermi 

distribution function applicable to a degenerate system 

obeying the Pauli exclusion principle: 

N(E)dE = f(E)S(E)dE = (E- EO!kT 1 e + 

where f(E) = Fer mi function 

E = energy of all~wed stata 

Eo = Fermi energy . 

The value of f(E) gives the fraction of levels at a given 

energy E, which are occupied when the system is in 

thermal 3quilibrium. 

(c) Resonatin~Valcnce Bond Theory 

Pauling (1938, 1947, 1948) has assumed that the 

metallic bond is very similar tc the covalent bond, i.e, 

that some of the outermost electrons of metal atoms f orm 

elrctron pair bonds with neighbour ing atoms but, since 

the number of electron pa i rs available is usually smaller 

than the number of nearest neighbours, it is assumed that., 

resonance of electron pairs between the available 

positions occurs . 

Pauling has/ .. ... •.. 
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Pauling has postulated that the length of a bond 

is a me:lsure of its strength and ther efor e of the number 

af electron p:li r s which resonate among the available 

pGsitions in the lattice . He h:ls shown that the valence 

of the met').l incr eases fr om I to 5 . 78 in the series K, 

Ca , Sc, Ti , V, nnd Cr, r emai ns constant at 5 . 78 for Mn, 

Fe , Co and Ni , :md begins to fall with Cu . Since ,only 

one s and three p orbitals are avn ilable, these large 

bond or ders suggest that at le"lst sOIne of the d orb itals 

mus t participate in bonding. Pauling also postulates 

that not all the d orbitals participate in bonding, those 

remainil.g being termed the atomic orbita ls; the 4th , 5th, 

and Cth groups of the per iodic table which are best suited 

f,r the f ormation of refractory hard metals have 

unoccupi ed atomi c d orbi tals. 

Pauling (1949) has shown the existence of 

Bril10uin zones to be cCLlpatibl<.l with the resonating 

valenca bond theory; by a considerat i on of the resonance 

of electron pa irs among all the available posi tions in 

the crystal , nn a}p r oxi~ati on to the wa ve functi on fo r 

a \Letal "l'C,y be obtained. Thus if each a t om in the llletnl 

has coordination number n , then there will be tnN 

available positi ons for n atoms and the inN electron pair 

wave functions will constitute an energy band which will 

be split into Brillouin zones as a result of the lattice 

periodicity./ ..... . . . 
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peril)dicity. 

This ~pproach has been used by Eastman et 0.1 

(1950) in their discussion of bonding in the sulphides 

of thoriut:! and uranium , these wo r kers proposing that the 

stability cf these cl)t:!pounds and their abnormally short 

bcnd lengths a r e due to the availabil ity of d electrons 

which may be used to form metall ic bonds , US , U2S
3 

and 

ThS each having two d electrons per oetal at om which a r e 

involved in metallic bonding. 

Hol t (1960) in o.n inves tiga tion of Udangl ing" 

bonds in III-V compounds uses a si:nilar appr oach, 

propcsing that the bonds on the III and V element faces 

a re made up by r eson:.nce of tetrahedral orbitals, o. lthough 

this theor~' was challenged by G:ltos (1961) who claimed 

that it did not fit the experimentql results. This 

approach is also used by Robertscn and Rapp (1969) in 

their 3tudy of niobium oxi des . They propose that two of 

the five ~uter electrons of each Nb ::ttom in lIbO form 

res8nat ing bonds with the 2p electrons of the surrounding 

o atom~ , o.nd conclude that considero.ble over lap oc curs 

between the non-bonding elect r ons of the Nb ions . 

Criteria fo~ good metallic Conduction 

According to Weisskopf (1943) the following 

conditions are/ ....... . 
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cond~tions are required for good electric~l conduction in 

a solid :'letal: 

(1) The ,_ tOi;JS should be monovalen t, in or d er tha t the zones 

be nct completely filled . 

(2) The atoms should be massive , in order t o reduce the 

amplitude of thermal vibrations cmd their scattering 

effect on the charge carriers . 

(3) The met:11 "hould be hard . The ~larder the metal, the 

lower the amplitude of the atorrJic vibr3.tions for d. c i'.ren 

energy. 

I (iii) SElHCONDUCTORS, INSULATORS j,;m METALLIC 

CCNDUCTORS 

(8.) Summary 

In a crystal composed of N unit cells , 2N energy 

states are availsble in each all',wed band; thus, if thCl 

primitive unit cell contains an odd nu~ber nf electrons , 

it is not possible to fill all 0f the allowed energy states 

and the crystal ITl\Ast be 8, cC'nductor. On the o ther hand, if 

thE pr~illitive unit cell contains an eVbn number of elect r ons , 

then it will be a conductor only if the valence and 

conduction bands overlap , i. e . if there is no forb i dden 

band betwetu valence and cr,nduction bands. 

(b) Serdconductors/ . .. . ...• 
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(bl Semiconductors 

If the forbidden energy gap in a non-conductor 

is small, then Rome of the electrons lying near the top of 

the valence band may gain sufficient ther mal energy to 

bridge the forbidden gap, and transfer to e'TJpt y states in 

the conduction band. Since such electrons are able t J 

contribute to the conductivity, the ~rystal becomes a 

semiconductor, such a material being called an intrinsic 

semic~nouctor. The density of conduction electrons will 

increase with increasing temperature in such d crystal so 

that its conductivity will incre~se with temperature. 

Extrinsic semiccnduction may arise as ~ r esult 

of imperfections, such as impurity a tOG1S in the cr ystal, 

which have the effect of introduCing further discrete 

energy levels in the forbidd en g'_p. For example, we may 

consider cermaniuCl and silicon w:1ich are quadrivalent, 

and wh0se crystal str~ctures are the same. If sub-

sti tuti:ln:J.l i rapuri ty atoms wi th five or m ,re valence 

electrons ~nter the crystal, they ~re said to donate "I 

excess electrons to the crystal, as only four of their 

electrrns are used in bond formation. The energy of these 

SO called donor states is slightly lower than that of the 

bottom of the conduction band. If the ihlpurity atoms 

have three or less valence electrons, however, they can 

then acc ept/ ..•.•... 
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then accept electrons, and the energy of these ac~ep~0r 

states is usually slightly greater than that of the top 

c f the va:ence band, Fig 5 . These impurity atoms usually 

occupy fixed sites in the crystal, therefore their qu~ntum 

states in the energy band are localised. The energy level 

of the donor st~te depends on the energy required to 

remove the excess electrons fro m the iClpuri ty atom . If 

the electrons from ~n impurity level are more E~sily 

excited into the conducti on band than thos e from the 

filled valence band, there will be a larger number of 

electrons in the ccnduction b:md than there are vac'J.ncies 

(holes) in the valence band, in which case the majority 

carriers will be electrons and the semiconductor will be 

n-type. If, however, electrons from the valence band are 

more easily excited into acceptor levels than intr:> the 

conduction band, then there will be mer e vacancies in the 

valence band (holes) th~n electrnns in the conduction 

band, in which case the semicond'!ctor will be p-type. 

If electron- donating i mpurities are included in 

an n-type seLliconQuctor, electrons will be donated into 

the conduction b::mc' and conductivity will :ncrease, but 

will bp decreased in a p-type semiconductor. Conversely, 

electro~-withdrawing iwpurities will reduce the conducti on 

in an n-·type semiconductr:>r, but will increase it in a 

p-type semiccnductor. 

(c) Insulators/ • . . ..... 
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(c) Insul:ltors 

If the v:llence [LId conduction bands are separated 

by a large forbidden energy gap then the electrons cannot 

9. t tain suffi cient thermal energy to bridge the gap , and 

the crystal is ~n insulator . Insulating crystals might 

conuuct by migrati ~n of ions or vacancies through the 

cryst31, however. 

(d) i-Iei-allic Conductors (structure) 

The c18klli c b ond ,nay be r egarded as an 

unsatur9.ted non- directional covalent bond . This r esults 

in :no st, but by no me'J.ns all , meta ls Rss u:1ing the cubi c 

or hexag~n21 close-packed, or body- centred cubic structures , 

The elcctronic structures of the ~ tOQS must be 

cons i dered in order to deter~inB which cr ystal structur e 

is assumed. Pnuling :1949) considered the electrons of 

each individual ato ~ , proposing that bondinG is due to 

resonating ol ectrGn- pair bonds , but this appr oach is unable 

to explain ferroeJacnetism wi thout resort i n[; t o non- integral 

valencies fer some of the atoms . 

The tr'l.nsi tion ;1etals for Cl rJetnllic bonds 

regardl ess of the number of ato:.,s per prinitive unit cell, 

a nd their/ ....•. . . 
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and their conducti vi ty :.~ay be explained by zone o\-er::"ap . 

Copper, silver a.ld gold have full d- shells , 

wh i le nickel , platinum and palladium have aluost full 

d shells . These d shells produce a outu~l repulsi on 

between adjacent atoms wh ich is, however, non- directi onal , 

thus these Cle tals assume a close- packed structur e._ The 

lighter ele'1ents scandiuo , titanium and v'l.n::tdium , have 

only partially filled d s;lells , which can participate in 

b0nding . In the case r f vanadim" for example , all the 

electrc'ns in the 3d half- shell have parallel spins , but , 

since the 3d orbitals of van::td iu~ overlap , the ener gy ~f 

the crystal is lowered if the spins o f the electrons in 

the overlapping orbi t s.ls are anti - parR.llel but this 

Jrrangement is not possible in a close-packed structur e 

a s ::tIl tJe atoms must be identical . However, it is 

possi ble in the bod y- cen tr ed structur e, which is assun ed 

by vR.nadium, a nd in which each vanadium ato1'} is surrounded 

by eight nearest neighbQurs with opposite spins (Azar off 

1960) . 

(e) Banding a nd t~e Band Theory 

The ba nd clodel may als o be 'lrr i ved at from a 

conside~ation of the covalent b ond . 

Considering only/ • ......• 
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Consider ing only the electrons involved in brnd 

form3.ti.Jn, the fo r oation of a covalent bond results in a 

spli ttinz; 'Jf the energy lev Gls into tw o equal g r oups, one 

of vlhich is raised in energy, while the o ther is lowered 

in energy as described in molecular orbita l theory; 

these a re termed repulsive a nd attractive states 

respectively. 

When atoos combine to fo r rJ "t molecule or crysti.l , 

the total number of quantum states with a particular 

quantut. nun.ber rOl;l2.ins un::tltered , thus the t o '"al nuuber 

of quantuo states of ary one kind in the cr ystal is equal 

to the t0tal nUQber of atoms pr esent . The energies of all 

these st~tes are different (Pauli exclusi on principle) 

recaus e of interactiLns, but the individ "Lla l differences 

are too small to be detected, thus these energy levels 

are assumed to for~ continucus energy bands . 

The group of higher energy st~tes is ca lled the 

antibonding or conduction band, while the lower energy 

b::tnd is termed the valence or bonding band . These bands 

are gener ally separated by forbidden regiors which r esult 

fr OG] quantizati c n of the electronic ener gy lev.;ls. The 

energies of these levels can only co rrespond t o values 

lying vii thin each allov'ed energy band. For electronic 

conduction to oc cur, an electron oust gain energy and 

transfer froD/ .•.. . •. . 
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transfer from a filled quantu~ state to an unfillEd ,tate; 

thus an assemblage of atoms wil:. exhibi t metallic behavi<'ur 

(electronic conduction) on:y when there are fewer elec~rons 

~er atom than there are states per atom (resulting in an 

unfilled band) or when there is overlap between upper and 

lower bands, leaving no energy gap. 

I (iv) THE HALL EFFECT 

The conductivity, ~, of a semiconductor is 

r elateG to the mobility , p, of the charge carriers by the 

equatUn: 

0- = n)M 

where n is the c2.rrier density 

['.nd e is the cha rge on the carrier (Cusa~k 1958). 

The mobility is the average drift velocity per unit 

electric field, which is dependent upon the nature of the 

charge carriers (electrons or holes), and on the scattering 

due to inhomogeneities in the crystal. 

The mob~lity of the charge carriers may be 

determined wi th the aid of the Hall effeci;, The Hall 

effect is tha t phenooenon in which, if a current is passed 

in one direction a long a conductor, and a .. agnetic field 

is applied at right a np,les t o the current direction, then 

a voltage nort;;al to both the current and magnetic field 

directions is/ ....... . 
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directi"ns is produced, the so called Hall voltagE', I'hose 

sign and magnitude depends on tile nn.ture and mllbility :-If. 

ohe charge carriers, Fig 6. 

The Hall coefficient R is determined by the 

carrier density n; 

R = 1 
ne 

where e is the charge of the carrier whose sign determines 

the sign of the Hall c0nstant . The Hall coefficient is 

also related to the current I and applied magnetic field 

H by the relation: 

RHI 
VH = -t-

where VH is the Hall voltage and t is the sample thickness . 

The H2l1 drift mobility uH may be determined by 

the relation: 

the charge carrier density from: 

HI 
n = VHte 

while the sign of the charge carriers may he determined 

from the sign of R. By convention, R is taken as negative 

for negative carriers. 

I (v) THERMO ELECTRIC/ ....... . 
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I (v) THERMOELECTRIC POWER 

Thermoelectr i c e'-fects !.lfl.y be sir.:tply explain8d 

~n teros of the free electron theory (Cusack 1958). 

The enth~lpy of a conductor depends on the 

kin"tic energy of the electron gas, which varies fr om 

metal to hletal , i.e . the enth~lpy of a given number of 

01ect r ons will be different for two different metals at 

the sa me tel.lper atur e . If a given nU'1ber of electrons 

cross a j'lllction between two metllls under the influence 

of an applied euf, then a certain ar,lOunt of h ea t will be 

~~sorbed or liberated due to the differing enthalpies of 

the el )ct r ons on ei ther side of the .juncti on, thus 

'3xplaining the Peltier effect and its re-rersibility . 

Alternatively, if one end of a metal r nj is 

heated, electrons will be driven froo the cold to the hot 

end, s ett ing up an e~f by virtue of the alteration in the 

charge distribution . If a second rod of :J. different ~let9.1 

is placed in contact with the first, so as t o complete an 

electric circuit, there will be a net eof i,n the loop, 

i . e . ~ Reebeck effect . 

If we define EAB (Tl , T2) as the syr.:tbol for the 

emf of a couple uade of met '~ls A and B wi th junctions at 

temperatures TIl . ...... . 
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temp era tur es Tl and T2, then it can be shown that: 

(i) NAB depends on Tl and T2 and not on the way in which 

the temperatura is distributed along the conductors. 

(Law ·:Jf l>1a:;nus), 

(ii) EAB (T2,Tl) = EAB (T2,T3) + EAB (T3,Tl) (Law cf 

Successi ve Temperatures). 

(iii) EAC (T2,Tl) = EAB (T2,Tl) + .c:.sC(T2,Tl) (Law of 

Intermediate Metals). 

Abs olute Thermoelectric POwer 

A phenomenon which is useful in determining 

absolute thermoelectric power is the Thomson effect, which 

is the name given to the evolution or absorption of heat 

when a current flows along an homogenous wire in which 

there is a temperature gradient. The Thomson coefficient, 

0 - T' is E.qual to the heat absorbed when uni t charge rises 

one aeg=ee in temperature (Cusack 1958). 

According to Koerber (1962) the absolute 

thermoelectric power of a metal may be determined by 

placing it in series with a superconductor which has zero 

thermoelectric power at some vel·y low temperature, Tc . 

In this way, all the thermoelectric effects will be due to 

the co~ductor alone. The value of the absolute thermo ­

electric pOlver may then be determined at a temperature 

T by / . .•.••• • 



22. 

T by applying the rel8.~; ::;'; 

,.T 

s =f -~)- dT ...... _ .•• (1) 
}m ~ 

_.- .J.. .~. 

'> 

where S is absolut e th~rlnelectric power. 

Now, if:r-Tis prop0rtiona.1 to temp erature (and thermo­

tl18ctric measurements here reported suggest that thi.s is 

in fa ct the case for this material, since S is proportional 

to T), eQua tion (l) :c "QUG>:> t .; : 

S = 0-"T , •. .••••.• (2) 

Once the abG~lu t3 therm0eltlctric power has been 

measured f0r any stanG '1.::d metal, e. g. lead, any 0 ther 

abs')lute tharmoele c tri c ;Y·'.;er S, may be de ter l!lined by 

measuring the th6rm0electric ?ow~r of a junction between 

the standard and the unkn'_ wn a t any given temperature, and 

subtracting the c'ntributi0n due te th0 standard . 

If, in the measurement 0f absolute thermoeleoctric 

power, the hot juncti0n bec'_'mes positive, and the c·" ld 

juncti0n negative, then the therm0electric pDwer is g iven 

a negative s ign, and negative charg8 carriers are inv01ved, 

the opp.,site polarity be;.ng obs8rved f0r positive charg(l 

carriers (Putley 19(0 ) , 

J orgensen and ~art lett (1969) have determined 

the mobilities and number s :,)f charge carriers in a sami-

c.o nduchr (LiNb0 3 )/ •••••••• 
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conductor (LiNb0
3

) by the relations: 

and 

s = 

where 

a- = n:;p .......... (3 ) 

k [ 3 (g (2 m~)3/~)] 
eL2-lnn-l2lnT+lnt h 3 ] •••••••••• (4) 

s is th~rmo~l~ctric power in ~~l 

k is Boltzmann's constant 

m~ is ~ffective olectron mass (assUffied equal to that 

r:;f free_ ~lectrr)ns) 

h is Planck's c~nstant 

e is the ~l~ctronic charge. 

In this way, the sign, mobility and nUllDer (density) of 

current carriers may be determined_ by measuring absolute' 

ther,moelectric pOwer of a semiccnductor .• 

then: 

s = 

In the caSel of a :netallic conduchr-- (Clark 1~'8), 

1 

:y (E) E 
" 

where ~(E) is the corductivity of ~ metal with Fermi 

level at E. 

If scatt.ering is ®nly projuced by latti-oe 

vi~.raticms, then th '~ abnve relation reduces , tto: 

rr2 k 2T 
S = - eBo 

(II) P ~ 0 PER TIE sl ....... . 



(II ) PROPERTIES o F REF R ACT 0 R Y 

II (i) DEFINITION OF THE CLASS OF REFRACTORY 

HARD J.lETALS ------

According to Schwarzkopf and Kieffer (1953), 

the refrqctory hard ~etals are a group of inorgani c 

compounds of transiti~n metals with H, B, C, 1'1, having 

high melting points and metallic properties, most of these 

co~pounds having a positive temperature coefficient of 

resist a nce. 

They do not exhibit a well defined stoichiometric 

compcsition however , the c'J.se of vc.nadiur.J nitride being 

typicaL The systeril vanadium ni trogen probably exists 

over a wide homo[eniety range (Schwarzkopf and Kieffer 

lJ53), t ~ IO !Jhases hav:ng been reported by Hahn (1949), 

the face cen tr ed cubi c phase VI i th 'lpprOXiL,a t <: composi tion 

VN, and the hexagom.l phase with approximate cOwposit ion 

V
3

;J, Fig 7 . A third pha:::e, V2 N has bew reported by 

I~iesslinG (1954) and its preparation by Brauer (1965). 

II (ii) CRYSTAL/ ........ 
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II (ii) CRYSTAL STRUCTURES 

Hagg (1930, 1931; bega n the study of the cryst21 

,tructures o f these cr upounds by the invest i gation of the 

avai.lable X-ro.y <lata, and postuln.ted that the st r uctur es 

of these phn.ses are determined by the radius r atio of the 

non- meto.l:metnl atoLlS . When this is less th'ln 0 . 59 , then 

the structure can be described as a siraple GJetal lattice, 

with the n~n-Detal atoms placed int~ the inter st i ces of 

these lattices. HiGg observed that the Detal atoms for m 

a cubic or hexaGonal close- packed st r uctur e , i n which the 

small hydrC'gen or boron a toms t end to occupy t etn,hedr'11 

L'terstices \,:ith coordinat i en nUhlber 4 (e . g . the system 

Zr-H, \; hich :Jay have the cOGJposition Zr 4H (cubic) , Zr 2H 

(hex,), ZrH (cubic), '.'hile the lar ger carbon and nitrogen 

a tO IJS prefer the 0 ctahedral si tes with coord ina t icn numb er 

6 (e . g. th~ syste~ Ta - C: which exists in the homogeneity 

r:'tnge TQ2C (he):.) and TaC (cubic)). Ph:;.ses hQving these 

structures wcre termed si~pld structur es, but complicated 

structures l'esult "Ihen the r<ldius rati:) exceeds 0.59; xmy 

of th<,-';8 cooplic:?ted str'.!ctures, n evertheless exhibit 

~et&ll!c properties, 

In the c~se of radius ratios which are close 

tG 0 .5J, sL;plJ structur es are observed with a low 

n',On- ,r ,)tal c,tOill concentrati, ) n but \vi th higher concent r at i ons , 

Llore complic2,ted! •. . .. . .• 
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mr)re cconplicated structures are observed . The formation 

C'f complicated structures was regarded as resulting frC'm 

an increase in lattice parameter with an increase in 

~he nen- metal concentration, i . e . although the radius 

()f tho metal at0m r em'l.ins constant, the increase in 

lattice p~rameter which results on increasing the non-metal 

cnncentration is considered due to an effective increase 

i n the radius nf the nr:n- metal atcm wi th increasing 

cC'ncentratinn, causing a deviati on f r om the critical 

radi us ra ti': 0.59 , thus resulting in compli ca ted 

struc~ures, Analysis of these structures led to the 

ccnclusi on that refractory hard metals could only fcrm 

id.en the 1a t ti ce dimensions permitted con tact between the 

n~n-m8tal atoms and the surrJunding metal atoms , resulting 

in the c('ncept 0f a lower limit to the permissible radius 

ratio . It can be shown by geometrical considerati ons 

that, [or the occupation of octahedral interstices, this 

lower radius ratio is 0 . 41, with the non- metal atcms at 

all times tending to attain the highest possible 

cC:.Jrdination number. According to Hagg, the metal atoms 

in these cdmrounds are no longer in the close-packed 

structure, although their arrangement is st.ill the same 

as in the parent metal, but the metal atoms are now in 

cont.act with non-metal atoms , instead of with other metal 

a~oms, and the existence of the cri tical r adius ratiO is 

due to limitations on the extent to which the metal 

lattice may/ ...... . . 
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lattice may expand. Hcwever, as Rundle (1948) has 

indic~ted; the metal lattice in refractory hard metals is 

';ery seldom of the same crystal structure as the parent 

~e tal (see Table I), Investigations on the borides by 

Ehrlich (1949), and on metal- car bon- boron systems by 

Glaser (1952), have shown that not all refractory hard 

c '0mp . unds form simple s tructur es -"s prop'ls ed by Hagg, 

Sch\'Hw?;kopf (1950) having reported no less than eight 

different structures among the borides, of which only the 

hexagonal diborides and the related structures of M02B5 

and \,/B5 c::.n be considered to be simple . The crystal 

structur3 in fact appe3rs to depend cn the atnmic structure 

0: the parent metal and the number of available valence 

e:.ectrons. 

II (iii) P.LECTRONIC STRUCTURE 

The interatomic binding forces rather t~an the 

crystal structure should be taken into account when the 

metallic character rf the refractory hard metals is 

c~nsidered, When 3 curve of a tomic radius against atomic 

number of transition metals is compared, the 4th, 5th and 

5th group me tals are f 'lnd to lie on falling port i ons of 

t~ e curve; these metals also shew high para- or even 

ferromagnetic behaviour and relatively low electrical 

c:md·J.c"Givity . The free atoms of t'Jese metals are found 

to have/ ....... . 



TABLE 1 

Comparison of Intersti tial Ni trides and Parent l~etals 

I I • 
par entl'structure ! Lattice! Nitride : Structure ;Radius iLattice 

I J I 
Metal ;of Parent ~ Constants! (Schwarz-: of i Ratio iCons tant 

, 

, 

, 

, 

Ti 

Zr 

V 

lfb 

Ta 

Cr 

Mo 

Th 

. "I , 

I Metal of He tal i kopf and i Nitride: (S & K) : 
I J 

of 

HCP 

HCP 

I 
I ; 
I BCC ! , 

i , 
, 

! 
BCC ! , 

. 

. BCC 
, 
! 

, , , 
i BCC , 

, 
I . 

I 
I 
I 

! 

BCC 

BCC 

FCC 

a=2.950 
c=4.686 

a=3.232 
c=5.147 

3 .0 4 

3.30 

3.30 

2.88 

! 

I 

, 

, 

(S&K) I !Nitride 

I 

I 
i 

Kieffer) , 

I 
I 
i , 

! (s & K) 
I 
I j\ , 
! 

TiN FCC 0.48 4.23 

ZrN FCC 0 . 44 4.56 

VN FCC 0.53 I 4.13 

a=2 .8~ 
V3 N HEX 0.53 c=4 . 54 I I , 
NbN FCC 0.49 4.39 

I 

I 
I a=3.05 I , 
I 

, I 

Ta2N i HEX 0 .49 c=4.95 I 
, 

! CrN FCC 0.56 4.14 I , J -,-
!a=4.80 

, , , 
Cr 2N HEX 0.56 Ic=4.47 I 

I 

la=2 .86 i , 
I MaN HEX 0.51 IC=2.80 

0.51 I 4.16 
__ --4_, -1 

0.51 i 4.12 

0.51 4 . 13 

0.39 5.20 

0.47 4.88 
U FCC 

0.47 5.31 

0.47 10 .68 
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to have inc,)mplete d-shells wi th l<..wer principal quantum 

numbers than the highest OCCUpi9d s - shell . Comparing ~he 

~·efractcry hard phases , it is observed that simple 

3tructures result when the sum 0f the electrans in the 

outermost s - shell and incomplete d- shell is four or five, 

while complex structures arise in the case of Sr , Ho and 

W, whose sum of sand d electrons is s~x (Schwar zkopf 

and Ki effer , 1953) . 

Two different theories , the band theory a nd the 

resonating valence bond theory, have been employed in an 

attempt t o elucidate the electronic structures of the 

r3fractory hard metals . 

(1) The Theory of Ubbelohdc 

Ubbelohde (1931), whose theory corresponded to 

the band theory, proposed that when hydrogen was jissolved 

in transitior, metals such as Pd , Ta a;ld Ti , then the 

hyjrogen was in the metallic state , i.e . it exists as 

H+ ions with free electrons . In support 0: this theory 

it was noted that Pd had 0 . 55 holes per atom in the d-band, 

and that when 55 atum percent of hydrogen was absorbed by 

the Pd , the magnetic mome~t of the Pd was lOWG~0d and it 

b3came diamagnetic, i . e . when the concentration was 

suff~.cient to fill all the holes in the d- band with 

electrons frcm/ ....... . 
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e'.ectrons from the hydrogen. Also the high solubili ty 

of hydr0gen in Pd could b~ reduced by alloying the met~l 

with silver , in which case the electrcns from the silver 

viOuld fill the holes in the Pd. Ubbelohde suggested that 

the t c~dency of the transition metals to form refractory 

hard compounds was due to the ability of the metal to 

absorb electrons from the non-metal, into holes in the 

d-bands; thus the structures of the hard metals were 

interpreted by assuming that the metal is an electron 

acceptor. 

As the ionisation potentials of carbon and 

nitrogen are similar to those of hydrcgen, this theory 

has 1)een extended to cover other refractory hard phases 

as well, since the en erg:' relations would nQt preclude 

ionisation of carbon and nitrogen. 

In support of this theory, Seith and 

Kubaschewski (1935) have demonstrated the electrolytic 

migration of carbon in6r-iron, suggesting that the carbon 

is in fact in an ionised state. 

The hardn~ss of these phases is ccnsidered te. 
be due to the presence of no~_metal atoms between the 

('lese-packed metal atoms, which severely restrict s Li.p 

pr:~ ~s ses juring plastic deformation, incr eas ing the 

hardness above/ ......... . 
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h,trdness above that of the pure me ~al. 

(2) ThJ The ~ry of Rundle 

The theo ry of Rundle (1948) , which corresponds 

to the resonating valence bond theo r y of Pauling, applies 

only tr the monocarbides, mon~nitrides and monoxides of 

trans i tion metals and pos tula ces tha t the formation of 

phases of the NaCl type inv<)lves a rearrangement · ~f the 

metal lattice , pr oviding octahedral interstices which 

become available for occupati on by non- metal atoms. 

Rundle observed that the formation of r efractory compounds 

involved a lengthening in the metal - metal (M- M) bond 

distance, i.e. a weakening in the M- M bond due tr the 

withdrawal of electrons 1hich are ut ilis ed in the 

forma tiC.l of metal - non-metal bonds. The high melting 

prints of these compounds in spi te of the weakening of 

the Ivl-H bonds, suggests considerable strength in the 

me tal--nun- metal bonds and Rundle has sugges ted t;la t the 

hardness and brittleness of these compounds is due to 

the f ormation vf directional metal-non-metal bonds which 

would have the octahedral configurati0n in NaCl type 

ccmpcunds. 

Rundle and Sturdivant (1947) in their 

examination Jf tetramethyl piatinuul and other electron 

deficienc cO'llpounds ,/ ••.•. 
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deficient compounds, based their interpretati~n ~f the 

s tructu~ e on the concepts ~f half bonds, i.e. bonds that 

are fOl'med by one 'If the n"n- metal orbitals and an 

electroll pair from the metal atom which resonate between 

tW ) transi tinn metal orbi tals, thus fcrming tw" b"nds . 

(a) In this way the three 2p 0rb i tals of the non- metal 

cl)uld form six directed half bonds, three electr ons be i ng 

required in the formation of metal ··non- metal bonds, or : 

(b) The s and a p orbital could hybridise and the tw o 

hybridised sp orbi tals together wi th the two remaining 

p orbitals, could participate in bunding - necessitat i ng 

the formation of electron-pair bonds by two of these 

Grbi tals and the other four forming half bonds , all six 

bonds being made equivalent by resonance . In this case, 

4 electrcns would be r equired to form metal- non- metal 

bonds. 

In fact, the bond distances (Schwar zkopf and 

Kieffer 1953) determined by X- ray diffraction agree with 

(a) in s ome cases and in other cases with (b), dependi nf 

on the electronegativity of the atoms involved and the 

number of electrons available. 

This theory is applicable to transition metals 

only, as these are the only metals whose number of bond 

orbitals is greater than that of C, N or O. 

Acc ~ rding tol ... .... . 
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According to Rundle, the metallic properties of 

these c·. tnpounds is due tn b"nd resonance, in analogy wi. th 

Pauling's reson~ting valence bond theory for the metals . 

This theory d:es not involve a net transfer of 

e:ectrons from the non-meta: to the metal, but the metal 

remains metallic and donates its electrens to the 

formation ()f bonds, thus it may rather be cnnside:"ed as 

a trans~er of electrons from the metal to the non-metal 

phase and back donation 0:' electrcns from non- metal to 

metal. 

(3 ) Rec en t \lork 

Houska (1965), in the investigati()n of the Ti-N 

system ~~s~usses his results in terms of the theory of 

Ubbelchde, concludinc that the most stable cnnfiguration 

would be ~iNO.67' since in Ti metal there are four 

d electrons and the N would donate three p elect:ons to 

the band, becoming a positive nitriie i on , and it was 

assumed that maximum cuhesion would cccur in this type 

of ccmpeund for a transition metal with clese to six 

d elJctrons . 

The results of Jaffee and Campbell (1949) in 

their study ~f Ti, appear to conflict with the extension 

of Ubbelohje 'sj ....... . 
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of Ubbel(hde ' ~ theory to include ~xygen and nicrngen, as 

these wl rk0rs fcund that wh~le oxygen or nitr ogen 

concentlations of up to one atomic percent in Ti 

increased the resistivity of Ti linearly fr om 48 to 50 
o micro -c hm cm at 25 .6 C, hydrcgen at a similar concentr ation 

hc..d no efl'ect, sugges ting tLa t oxygen and ni trogen in a 

crystal do not behave in the same mannel as uoes hydrogen. 

Th i s cOkld be due to the additional 2s a nd 2p electr ons 

of nitr cgen or oxygen being made available f or the 

formation of metallic bOIIGs , wherbas ther e are insufflc i ent 

electrons available t o the hydrogen atom . 

The results of Piper (1964), i n the study of 

several transition metal ca rbides and nitrides a~pear to 

support Rundle ' s theory . Piper has pr oposed that the 

electronlc band structures of comp ounds such as NbC, 

ZrN and TaC are detelmined by the valence electron 

concentration (VEC). He has proposed that as tr.e VEC 

is increc..sed above 8, then the additional electrons 

start to form a new energy band . Ttis leads to the 

result that the density of states increases from z er o 

at aVEC cf 8 , r eaching a lliaxi mum near 9 . 

Denker (1964) in an investigation of TiO, 

concludes that the hardness of TiC is due t o an almost 

full b onding band , while in ~iN anG TiO, additi onal 

electrons gol ........ . 
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electrons go into antibrnding levels and these are there­

fore n)t as hard as TiC and have lower melting points. 

This theory is in agreement with that of Rundle, both the 

cetal and nen-metal donating electr ons to form bones. 

This is also supported ty the results of Ern and 

S~ittendiGk (1965) in their study of TiC, TiN and TiO, 

in which they conclude that the mJtal-ncn-metal inter­

acti on cecreases in the series TiC-TiN-TiO, while the 

metal-metal 3d interaction is strong in all three compounds. 

Denker (1968), in a later paper, has proposed that the 

high conductivity and high temperature stability 0f hard 

metals is due to a mixture of covalent and metallic 

bonding. He suggests that maximum temperature stability 

is achieved in compounds with a crystal structure in which 

nearly all the bonding orbitals are oc cupied and all the 

antibording orbitals are vacant . This leads t o the 

assumption that maxi~um stability occurs for a VEC of 

between 8 and 9, supporting the results of Piper. 

Fecently, Ram~vist (1968a) has correlated the 

hardness of group 4b carbides with certain ather properties 

and f,und that the lattice parameter is very sensitive to, 

and is lowered by , 0 i ssolved gases, conflicting with the 

theories of Rundle and of Hagg, who proposed an increase 

in lattice parameter with the inclusion of impuriti es . 

The hardness of these compcuJ1ds is found to increase with 

increasing carbon/ ••.....• 
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increasing carbon conte~t and with the presencE of 

dissclvEd gBses, supporting the theory of Denker (1968' 

who pl' edicted aY' increasE' in bend strength wi th increasing 

~arb0.n content on the basis that the VEC tends to 8, 

which is the most s~able configuration, as the carbon 

c~ntent i~ increased. In extendin3 the study (f carbides 

to the group 5B carbides, Ramqvis~ (1962b) sbowed that 

the hareness of V-C phases increases with increasing 

carben content, as in the case of 4b carbides , but the 

hardness of the To. and ;Jt, - C phase:: decreased suggesting 

some djfferences in band overlap for the latter two 

metals . An inc r ease in resistivity together with a 

decrease in lattice parameter was observed with decreasing 

carb~n content of the group 5b cubic carbides . Frem an 

electrcn spectroscopic study of the transition metal 

carbi -IAs, nitrides and oxides, Ramqvist et al (1969a) 

ccncluded that 81ectronic charge is transf9rred fr om tbe 

metal to the non- metal a t om (confli c ting wi th Ubbelohde 1<;; 

thecry) , resul ting in the metal having fewer d e' e ctrons 

in the hard metal than in the pure l".etal. Ramqvist et al 

(lSG9b) also suggest that the charge transfer decr eases 

in tb'3 order TiC - TiN- TiO . Ramqvist (1969c) concluded 

that the carbides of the 4th , 5th and 6th group transiti on 

metals have a low density of states at the Fermi level, 

but there is no gap between the valence and conduction 

bands, and they are therefore gocd electrical conductors, 

but nct as good as the parent metals . 

(III) THE PRE PAR A T I 0 N/ . .... .. . 
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(III ) T H Z PRE PAR A T ION -------- AN D 

NITRID£: -------

IF (i; THE PREP;"fu1.TION OF VAHADIUt1 NITRIDS 

Suitable methods for preparing oxygen- f r ee VN 

were iw-astigated. s~ far as p~ssible these methods 

involved 3tarting wi th, "r prepar:ng, oxygen-fr ee reagents, 

ar.d ne-::ess i ta t ad d evelopm9n ts beyond the technique.> of 

:)ther \vo r~ers<t 

In an attempt to obtain approximately 

st~ichi0metric VI.OUl .O' the VN was prepared and sintered 

at aC"llt 1100oC, this b3ing about the most sui table 

temperature for the ,reparation of stoichiometric VN, 

according t, th e observations of Epelbaum anl Ormont (1947) 

in the~~ i nv estigation of the V-N system, 

A number of methJds are available for the 

prep~r~~icn of vanadium ni~ride : 

(a) By heating vanadium or its oxides or carbides in 

ni t rogen anu hydrogen, or in ammonia. 

This ~ethod was used by Dvwez and Odell (1950) , 

and by/ .•..•..• 
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and by Agte and 140ers <,.931) , who heated vanadium meta l 

powd3r ~n ritrlgen/hydrogen mixtur es, while Kiessling 

(195~·) us ed ammonia as the gas _ This method was no t 

,~p10yed in the pr esent project, as pure vanadium metal 

pOlVder was no t readily available , and because Hr:>y (1963) 

has sh0wn that there are difficulties in nitricing the 

metal ful::'y. 

A similar method was )mplo yed by Shoma te 8.nd 

Kelley (1~49) , whc heatec vanadiu~ carb ide in a nitrogen 

and hY~Fger. mixture , and by :er iedrich and Sitt i g ~1925) 

IVho heated the oxide with carbon i n the pr esence of 

nitrcgen, but obtained a prcduct containing 0 . 5% S i0 2 . 

Satoh (1938) prepar ed vanadium nitride by heating vanadium 

oxide in ammonia, but alsC' obtained a prcduct containing 

These latter metheds have no t 1:Jeen emploY'ld in 

the present project, as they appear likely t o re~ult in 

oxyg en- or carbon- containing pr oduct. s . 

(b) Ther'lla l dec ompcsition of ammonium vanadate in ammo nia . 

The decc-ml)osi ti <, n of NH4 V0
3 

in NH3 \~as 

investigated by Erelbaum and Br ager (1940) , who used 

it as a methcd f or preparing VN . Thi3 method was also 

used in work repo r ted in a lat ur paper by Epelbaum a nd 

Ormont (1947),/ ....... . 
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Ormont (1947), and was clsed extellsively by Hahn (1949), 

Hey (19t3) and King (1903). 

For the preparation 0: VN, NH
4

V0
3 

is heated in 

° about 1100 C fo r 8 to 48 hours. Althcugh cQ~venient, 

tLis oeth( d was not used extensively in the prlOsent preject 

as the resul"ing prnduct usually ;contair.s oxygen. 

Au chor Appr oximate Reportad 

Oxygen Contenc 

Hoy (1963) 4% 

Hardy and Hulm (1954 ) 2% 

Epelbaum and Ormont (1947) 0.4% 

(c) V~n Arkel (1925) vclpour phase decompcsitiln - of 

vanadium halid es on ~n incandescent filame~t. 

In this method, which has been emplJyeo by Moers 

(1931), -"y Campbell and co-workers : 1949) anrl whi ch has 

been extensively investigatad by Pollard and Fewles (1952), 

for ~ num1er of refractory hard metals, a tungsten or 

molybdenum filament is he~teJ to ab out 15000 C in a mixture 

of ni trogen and ho drogen COil taining VC14 , whi C;1 results in 

crystals of VN baing deposited ~ n the filament acc~rding 

to the stoichi cmetr~c equati on : 

2VC14 + N2 + 4H2 - ~ 2VN + 8HCl. 

This method/ ••..•..• 
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This method was investigated in the present 

project, bJt was found to be unsuitable, as it is net 

convenient for ~he preparation of large q~antities of 

VN, and it is difficult to obta~n oxygen-free VC1 4 , 

On the other hand, it w)uld be useful for the preparaticn 

of si~gle crystals of VN, and has been so use« (Campbell 

and co-wcrke~s, 1949). 

(d) De~umpositi0n of vanadilm ~alides in ammonia or 

nitrngen/hydrogen mixtures, 

Funk and Bohland (1964) used this met~od to 

prepare VN by r.eating ammcnium fluorovanadate in ammonia 

to 6)00C for 1 hour. 

This was investigated in the p~esent project. 

Preparaticn of Vanadium Nitride in the Present Project 

(a) 

(NH4)3VF6 was prepared by the methld of sturm 

and Sheridan (1963) in which V203 and NH4HF2 were heated 

t( 250°C f or about 30 minutes, in a graphite crucible in 

air. The product was recrystallized from water in order 

to remove any carbonaceous impurities. This product was 

then placed in a porcelain boat, contained in a silica 

tube, and/ .• , •• , •• 
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tube, and heated to 640 0 C in NH3 f e r one h our in a tube 

furndce add then allowec t o cool in the NH3 stream . The 

lid spacings" fr ' IID the X- ray powder pattern f or this 

oomp ound were found to agree cl~sely with those calculated 

f or VN and wi th the ASTt' PO',ld er Data Ind ex values, but the 

puri t~' of the VN was not checked by vanadium analysis at 

this stage. The pur i ty 0 f the ammonium hexafluorovanada te 

was sus}Ject, however, and wa~' inves t iga ted using X-ray 

powder methods. The "d spacings" oJtained f"~' this 

compound did not d.gree w:cth those c;ive!1 in the "A.S.~.M." 

index, suggesting that it was in fact n2t (NH4)3VF6' but 

the true nature of the c ompound was Lo t determined. Other 

methuds of preparation of ("IH4)3VF6 were then investigated , 

and that due to Haendler, Johnson and Crockett (1958) was 

attempted . In this method, vanadium brrnide dissclved in 

methanol is added to an excess of a me'hanolic solution 

(f NH4HF2 from wh'ch (NH4)3VF6 precipitate~. An X-ray 

powder photograph of the re"ulting produ~t was found t o 

agree with the "A.S.T.M." data for (NH4)3VF6' and a 

vanadium analysis ~ n this material eave a value (22 . 7%) 

very close to the tbeJreticcl (23.3%). A further sample 

of VN w~s then prepared by heating this comp ound in NH
3

, 

as detailed before, using AE & CI "refrigeration grade " 

NH
3

, in o,der to rroduce VN. However, a vanad'um analysis 

on this product gave a very low result, suggesting that 

it was in fact V20
3 

rather than VN. It was then concluded 

tha t the/ ... . .. . . 



41. 

that the ammonia u~8d i n the preparation of the VN was. 

~x,cessi vel~ cC'ntsmina ted . wi th 02 ' and me thods o f 

preparation which d i d net involve its use wore investigateD" 

(b) 
S Cl 

2 2 'VCl 
I 3 

N 
>VH-hVN 

~, 

V20
5 

was prepared from "B.D.H. Analar" amm'niu1ll 

metavanadate (cc:ntaining n0t less than 98.5% NH
4

VO_) by 
;J 

heat i ng to ~c50 oC 0vernight, in air, ''''hich sho uld a ffGrd 

cC'mplete c0nversic n to V20
5 
~ccording to the results of 

Taniguchi and Ingraham (1964) ;, The V 2°
5 

was then 

converted to VC1
3

, using the meth0d of Brauer (1965)" 

by refluxing overnight (ab'Jut 14 h0urs) under anhydrous 

condi tions wi th cB "D . H. S2C12 It : wi th continuo us stirring 
~ 

at about 130 - 140 ' C. 

At first, an attempt was made to purify the 

VC1
3 

by converting it to VC1
4

, distilling the VC1
4

, and 

then converting back to VC1
3

• The VC1
3 

was converted t :) 

VC1
4 

by heating i.n an inclined pyrex tube, thr0ugh \vhi.ch 

chlorine was passed. The chlorine was generated by 

oxidati on of hydrochloric acid with p o tassium pcrmanganate 

in t he appara tus as described by Bwee n0Y (1917), and was 

purified and dried , by passing through potassium permanganatu: 

solution :followed by H2SO~." The VC1
4 

was collected 

in a pear- s haped flask c0ntained in a n ice bath. The VC14 

was then/ •.....•• 
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was then distilled under chlorine, the fraction boiling 

betwee., 1'(0 and 1850 C being coilected. This purified VC1
4 

was converted uack to VC1
3 

by heating under dry hydrogen 

at about 1650 C for two days, according to the method of 

Simons and Powell (194~). The VC1
3 

thus obtained was 

found to result in a product which contained oxygen, and 

this purification was abandoned. 

During later preparations, the crude VC13 was 

purlfied by extracting with carbon disulphide overnlght 

in a "Soxhlet" extractor, in order to J.'emove sulphurous 

impurities. The excess carbon disulphide was then 

removed by keeping the VC1
3 

under vacuum in a d.esicator 

for 2-3 hours. 

The VC1
3 

was then placed in an ungl~zed, hard 

porcelain boat cvntained in a non-porous "Dimuli t" 

(Mullite) furnace work-tube (manufactured by "Rosenthal" 

of Germany); this tube was fitted with Quickfit joints 

held in place by hard vacuum wax. The inlet and outlet 

tubes were uf glass in order to exclude oxygen . The 

system was first flushed with high purity nitrogen, which 

had been passed over copper turnings heated to about 

3750 C, in order to remove any traces of oxygen. The 

VC1
3 

was then slowly heated t o about 9000C in a current 

of hydrogen, purified by passing through a palladium 

thimble, . wi th/." ..•... 
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thimble, with a flow rate of about 10 l/h. The VC1
3 

was 

kept at thi s t",mpera 'cure f. :) r approximately 22 h')ur s , 

after which time no fu.rther HCl or H
2
S was evolved, and 

by which time the VC1 3 had been cc;nv':'>rted to V!anadium or 

vanadium hydride (Brauer 1965). The furnace temperature 

was then raised t.o apprr,ximately 11000C for 21 hours while 

high-purity nitr"gen , .f' irst pastled over heated copper. 

turnings, was pc.: "ed through the tube at a flow rate of 

'. '.'.: 3 o.nver t ing the vanadium or vanad i um 

'lyc1ride to 1/." -;: .. c ~roduct was then allowad . to coe l tQ 

room temperature' ',.., "'.18 ,,'i,t-''''''gen stream and, upon removal 

from the tube it was nbserved to be brown in colour with 

a violet lustre, SJmetimes, gold coloured particles wer:e 

observed in this pr oduct . 

(c) Ready prepared vanadium nitride. 

A numb~r of samples Gf v~nadium nitride which 

had been prepared by the direct nitridation of vanadium 

metal wire were kimlly supplied to us by Dr. R. Kieffer c. f 

the Technical Ins ,Ltute Vienna. 

These sample s ',>/e,:e <:mploy ed . in the later run s, 

and in the preparation of d9nse (h0t-presseJ) samples. 

III (ii) THE ANALYSIS! ...... .. 
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III (ii) THE ANALYSIS OF VANAD IUM NITRIDE 

(1) Review of lnalysis Methods 

A number of methrds have been empl oyed in the 

determina3i n n of the compcsiticn of vanadium nitride. 

(a) ;:-~ay Crys tallographic Ana1ysi s 

X-ray powder m'3t'lJds have been used by seve"'al 

authcrs in urder to det~rmine the comp0si tion of VN, 

al the ugh th';'s is ra ther a crud e technique for accur a t e 

analysis. 

Sh~mate and Kelley (1949) used this method in 

c: rder to determine the "\lurity of VN, while Epelbaum and 

Brager (1940, 1946) have determined the relationship 

between lattice paramet e rs and oxygen content of the 

VH- VO system. Hahn (1949) has investigated the 

relationship betlveen the stoichiome~ ry and lattice 

parameter of the V- U system. 

This method was used in the present project in 

order to obtain a r ough estimate of the purity of VN . 

(b) Nitrogen Analysis 

Three gener alj ••..•..••. 
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Three general "wet chemical" methods are 

available for nitlogen analysis, viz. Duma,", KjeldahU. 

and vacuum fusion ~nalysis. 

Alth0ugh the Dumas method was considered unsuitablo 

by Epelbaum and Olmont (1948) it has been employed. by Hahn 

(1949), and has recently been descr.i"Jed in modified f.orm by 

Parker, Healy and Henderson (1968) •. The Kjeldahl method, 

"Ihich has been employed by Epelbaum and Ormont (1547) and 

by Hoy (1963), was f'lund to give unsatisfactory rest.lts :;.n 

tLe case o f VN hy Hoy (1963), Healy ani Parksr ,19 ',('), a:ld 

Palker, Healy and Henderson (19G8), pr 'Jbably cn accol.'!) ,\; ,) f 

diff~culties in dis["olutior; of the material, (B:)llman and 

Mortimore 1971)" Vacuum fusion analysi sis compli ca ted by 

the fact that it is not suited to metals which form carbideE' 

e .g. Ti and V (Gocken and Tomkins IJ62) and the complex 

-
apparatus was not available in the present investigation. 

Of these three methods, the Dumas method, (as described by 

Parker, Healy and Henderscn 1968) ., appeared most suital:le 

f er the determina ti0n of N, and was empl '::>yed in. the later. 

stages of the i nves·t iga ticn. , 

Ano ther oeth::>d, which does no t appear t o iJ.C:V0 b e en 

used in the analysis of N in VN before, is neutr,on 2,ctiva '~ion 

analysis. Ho#ever this is at bes~ only 1% accurate in the 

determination o f major c::>rnpcments, e.g. N in VN. 

(c ), Vanad i um Analy si s/ .. ...... 
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(c) Vanadium Analysis 

Two general methods are available fer analysis; 

i.e. gravimetric and titrimetric . 

In the gravimetric method, the VN is calCined, 

in a stream of oxygen , to V20 5 ' which is weighed. This 

meth_d was used by Friedrich and Sittig (1925), Satoh 

(1938), Epelbaum and Ormont (1947), and by Hahn (1949), 

but was not used in the prAsent investigat i 'iln as it is 

not sui table for determi_nati'ns on small amounts of VN 

due to the possibili ty of decomposi tion of the V20
5 

at 

elevated temperatures (Taniguchi and Ingraham 1964). 

In the titrimetr ic method, the vanadium is 

~xidised to V(V) and titrated to v(rv) with ferrous 

solutions. This method has been employed in the 

determinati6n of the vanadium content of steels for 

flBritish Chemical Standards", and was also the method 

used ~y Hoy (1963). 

In the second method, the vanadium is reduced 

tJ V(rV) and titrated to V(V) with K~-jn04; This method 

was that emp16yed by Sat8h (1938) and as a cintrol by 

Hahn (1949). This method is suggested by Scott (lq39) 

and by Voggl (1961). 

(d) Oxygen Analysis/ ......• ~ 
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(d) Oxygen Analysis 

With the exception of Hardy and Bulm (1954), 

who employed vacuum fusion analysis (which was not used 

in this investigation f or reasons detailed in (b), 

most previous authors appear to have determined oxygen 

by difference. This necessitates both an accurate 

vanadium and an accurate nitrogen determination. 

Attempts have been made however, to observe the effects 

of oxygen content directly by ultraviolet reflectance 

and by infrared absorption spectrophotometry. ~eutron 

activatlon analysis appears to be a promising method for 

the determination of oxygen as this is only a minor 

constituent of the VN. 

(2) Analysis Me thods Used in the Pres ent Pro.ject 

(a) Vanadium Analysis 

(i) In the firs t method empleyed, the V in VN was 

oxidi sed to V(V) with HN0
3 

and H2S0
4

, and titrated with 

ferr ous solutions. 

Abo ut 35 mg of VN was weighed out and dissolved 

by heating in a mixture of 10 ml concentrated nit~ic 

acid, and 5 ml concentrJted sulphuric acid, the heating 

being continued/ ••.. .•.• 
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being continued until brown nitrous fumes were no longer 

evolved. ~his treatment also converted the vanadium to 

the V(V) state. The acid solution (A) was diluted to 

~bout 200 ml, 3 illl of 85% phosphoric acid were added and 

the vanadium was titrated potentiometrically using a 

Pt/W elec~rode couple, against standard O.lM ferrous 

ammonium sulphate. This method gave low results, 

considered to be due to incomplete exida tion af the 

vanadium. 

(ii) The vanadium in VN was oxid ised with KMn04 and 

titrated with ferrous solut ions. 

In an attempt to oxidise the vanadium completely 

to vCV ), the acid solution (A), prepared as detailed in 

(i) , was diluted to about 200 ml, and sufficient O.O I M 

KMn0
4 

solution was added to impart a faint pink c.leur 

to the solution, about 0.5 ml of the KMn0 4 solution being 

reQuired. Phosphoric acid (3 ml) was added t o the 

solution, which was then titrated with the standard 

O.lM ferrous solution. Two separate end-points were 

obtained, the first being due to the excess permanganate, 

and the second being due te the vanadium, difference 

between the two end-pcints giving the vanadium content. 

This methcd gave ail apparent vanadium content which 

depended on the excess of permanganate which was used. 

(iii) Procedure (ii) was repeated using O.lM eerie 

sulphate in/ ....... . 
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sulphate in place of the permanganate. This method gave 

good results in some cases, Jut in others, no end-point 

was o,tained at all, possibly as a result of pOisoning of 

the electrode system. This method was later greatly 

imprnved by carefully cleaning the electrodes with chromic 

acid after each titration, and gave results reproducible 

to within about 0.5% 

(iv) The procedure detailed by Welcher (1958) was 

attempted. 

The vanadium in VN was reduced to V(IV) and 

titrated with an excess of E.D.T.A., which was then back 

titrated with Mn(II) solution. 

The acidic solution (A) prepared as in (i) was 

diluted to about 100 ml ard boiled, until blue in colour, 

with abvut 1.5 g of sodium sulphite in order to reduce the 

vanadium to V(IV). A small excess of standard O.lM E.D.T.A. 

was added to the solution, which was then neutralised with 

ammonium hydroxide, and acidified to about pH 3 with 

acetic acid. The solution was then heated te boiling and 

diluted to about 250 ml with cold water, after which about 

O.lg of ascnrbic acid was added. This solution was 

rendered ammoniacal and back-titrated potentiometrically 

with the Pt/i'I electrode system, against O.OlM manganese 

(II) sulphate, using Eriochrome Black T as indicator in 

some cases/ . . ....•• 
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some cases, in addition to the potentiometric end-point 

detection. 

(v) The vanadium in VN was reduced with excess ferrous 

sulphate which was then back-titrated with K2Cr20
7

• 

The acid solution (A) prepared as in (i) was 

diluted to ab0ut 200 ml and an excess (15 ml) of 0.1 M 

standard ferrous ammonium sulphate was added. 5 drops of 

1% diphenylamine sulphate indicator vias then added and 

the excess ferrous ion back-titrated with standard 

0,1 IT pot:,ssi.Lm dichromatE:" The resl:lts, using this 

method vlere in close agreement wi th those using method 

(iii), \-Ii th none of the disadvantages introduced by the 

(b) Oxygen Analysis 

The oxygen contents of several samples were , 

determined by ISCOR, using neutron activation analysis, 

wi th a precision of about 10% of the total oxygen 

present. 

(.:.) Several of the samples vlere sent to Harwell 

f 'T de ·Lerminatif'n of their nitrogen content by neutron 

activation analysis/ •••••••• 
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activation analysis, a precision Jf about 5% of the t otal 

nitrogen cDntent being claimed. 

(ii) The nitrogen content ofa number. Qf the later 

samples was determined using a modified . Dumas t.echni-lue, 

described by Parker, Healy and Henderson (1968). 

About 20 mg of VN was placed into a p.rcelain 

boat together with ab)ut J. G)+: CuO. The boat was theI;. 

introduced into a silioa tube sealed at the one ene 

(which cJntained so1ium bicarbonate) and which was 

connected to a nitrometer, via a tube containing heated 

copper gauze . After flushing the system with CO 2 , 

genera ted by hea ting the NaHC0
3

, the por tion o,f . the tube 

containing the bJat was heated t o 800°C in a furnace for 

about 5 minutes after which the temperature was raised t o 

lOOOoC until nitrogen evolutivn ceased. CO 2 was passed 

through the system thr ~ughout, and nitrogen ev.lut i on 

ceased after about ·30 minutes . 

IV (i) DISCUSSION OF/ ....... . 
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IV (i) DISCUSSION OF RESISTIVITY AND HALL EFFECT 

M&iSURING TECHNIQUES 

High sensitivity and reliability were required 

for the measuring system wi th which the electrical 

measurements were to be made on the VN. The criteria 

for the choice of a suitable measuring system are 

discussed critically below . 

Re~uirements of the Measuring System 

According to Dauphinee and Mooser (1955), 

apparatus for the measurement of Hall cOefficients and 

resistivity should have the following characteristics: 

(i) It should be quick and easy to set up. 

(ii) It should be easy to handle, not demanding long-term 

stability, and should only have to be balanced once for 

each reading. 

(iii) The measuring range should be wide, and cover 

resistances from 10-3 to 10 5 ohms, the Hall coefficients 

from 10 .. 4 to 105 cm3 coulcmb-l • 

(iv) Measurements shculd not be affected by thermal emfs. 

(v) At balance, no current should flow in the potential 

leads , which would result in errors due to contact 

resistances. 

(1) ~easuring Techniques/ •.....•. 
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(:'.-) Heasuring Techniques 

These may be divided into' three main groups: 

(a) D.C . methnds. 

(b) A.C. methods . 

(c) Chcpper methods . 

(a) D.C, Methods 

These are usually of great sensitivit~r and a:'e 

of several different types, which may broadly be divided 

int0 two groups, i. e. potent i ometr ic and bridge methods. 

(i) Potentiometric Methnds 

These are the methods usually employed in 

determining accurate resistivity values (Lark-Horowitz 

and Jr'hns0n, 1959). 

Basically , these methods ccnsist in measuring 

the voltage across the sample, I'hile a known current is 

f10wing. This may involve two probes only, Fig 8, but 

suffers from the disadvantage that contact resistances 

are also included :n the total resistance measured, as 

a voltage due to current flfw across the sample-contact 

junction will also be measured and in the case of low 

resistance samples/ •....••• 
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resistance samples, this may lead to seri, 'us errors, e.g. 

the contact resistance may be of the order 0f 10-1 ohms, 

while the sample r esistance may only be about 10-3 ohms. 

However in the case of high resistanc e samples, this 

methed has been used successfully, e.g. by Robertson and 

Rapp (1969) in measuring the resistivity of NbO (about 

51) ohm cm). A better methrd, and one which does not 

include appreciable effects due to contact resistances, 

is the four-probe meth0d, Fig 9, using ~wo probes to 

cnmplete the circuit for the current, another two to 

measure the voltage drop across the sample. If the 

voltage is measured using a p0tentiometer, neglible curr ent 

will be drawn from the potenti21 probes and thus no voltage 

other than that due to the sample resistance should be 

observed, This method was used to gond effect by H~y 

(1963) in determining the resistivity of VN. 

(ii) Bridge 11ethods 

These are used to measure ~ifferences in 

resistances, and to compare res: stances, and are of two 

basic types: 

(a) Those employing a Wheatstone type bridge, and 

(b) th::Jse employ il'g a Kelvin Double bridge. 

(a) In the Whea ts tone bridge circui t, Fig 10, an unknown 

r esistance Rx is directly compared with a known resistance 

Rs. Thi sl ....... . 
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Rs. This circuit suffers frnm the same serious 

disadvantage for small resistances, that contact 

resistances in Rx, (which is a two-probe resistance) 

are also included in the resistance which is measured. 

(b) Fnr the measurement (f low resistance samples, the 

Kelvin Double bridge, Fig 11, is usually employed. 

Errors due to s\,i tch, lead and contact resistances are 

vir tually elimina t ed in this br idge, as the sample has 

f"ur prvbes. 

When taking measurements using d.c. methods it 

is necessary to make multiple balances, i.e. separate 

measurements with both current dire~tions , and with both 

nagnetic field directions, in the case of Hall effect 

f'l3aSUrements, in order to eliminate stray emfs . In t he 

case of the Kelvin Double bridge, the various resist~rs 

Rl, R2, R3, and R4, Fig 11, must be varied alternately, 

and tha bala nce puint approached by a series of 

approximations, this being rather a lengthly procedure 

which renders rapid measurement with this type of bridge 

difficult. 

In some cases, the thermal emfs may be consider­

ably larger than the emfs to be measured, and several 

ingenious methods have been employed in a tt empts to 

eliminate these. The mOst common remedy is the 

applicaticn of/ •.•. ..•• 
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application of a "bucking" voltage, this metl.od having 

been emplo:'ed at 'l. reb.tively early stage by Smith (1910), 

whc used an auxiliary pntentiometer to count eract 

misalignm8nt and thermoelectric emfs, while determining 

the II::l:Cl coefficients of rueta ::' s . Other methnds usually 

involve ~he reduction ~f temperature gradients across the 

s~mple sO far as pos sible , liquid baths (Tufte ? nd Ewald 

1961) and copper plates, in thermal (but not. electrical) 

contact wi th the sample (Sanford et al, 1961) having been 

used for this purpose. These meth~ds h0wever cannot 

easily be employed when taking measurements at high 

temp era tur os . 

~b) A.C. Methods 

A.C. methods are applicable to both potentiometer­

and bridge·-type circuits. 

T;1e main advantage of a.c. meth"ds is the 

elimination of thermal and other stray d.c. emfs, thus 

Gnly a single bal:mce need be made for each measuremen'" 

and nc bucking circuits are requi r ed. 

The rapid alternati on of the sample current is 

r oughly equivalent to taking d.c. measurements with both 

current directions, and in this way, stray thermal and 

contact emfs/ ....... . 
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COl1'G2,ct emfs may be eliminated. Thus, by in'jroducing 

blcckjnc capacitors into the circuit, which will pass a.c., 

but '- c' 'v d" (; ., the effects of even relatively large thermal 

Conven ~ional d . c. po ten ticmeters may be us ed 

with a.c. sample currents, but a.c ,-s ensitive detectors, 

such a s as c'.llos copes or headphones, mus t be employed 

in place of the galvanometer. This method has been 

em91cyec, '00' Domghue and Eathe:dy (1951) using a modified 

d,c, pcotentj,('mc ter '·'it~ a . c. sample current, and a peaked 

a.c. 2mplifier and oscilloscope as detector. 

Conv~nti0nal d.c. bridges such as the Wheatstone 

"" Kelvin L:Juble bridge ''Jay also be used with an a.c. 

rc-v e" supply a:J.d oscilloscope as detector, and a.c. 

brid6 es , such as th8 Schering bridge, Fig 12, in which 

capacitative c lements in addition to the usual resistive 

elem ')L ss a:: :" i nclud ed, may also be employed. This type 

cf bri,dge has the 8.dvantage that effects due to sample 

capaci.tance ,·Ihich mcty render the use of a d.c. type brj.dge 

difficul:, due to phase shifts, mRy be eliminated. 

A number of disadvantages are inherent in a. c. 

met~ Jd~: especially if a high sensitivity is desired. 

(i) 'Li', e :mp:ll'a tus is usually complicated, and difficult 

to set/ .•....•• 
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to set up, as high stability a.c. power supplies and a.c. 

amplifiers must be used, e.g. Lavine (1958). 

(ii) Shielding of all compcnents is essential, as these 

circuits are very sensitive to stray a.c. electric and 

magh e tic fields, and inadequate shielding will result in 

a pick up of these fields, usually due to a.c. mains, 

which \;c·uld result in the pr"ductinn of spurious "beatn 

frequenciE.s. These "beats", or the stray a.c. fields 

themselves may be amplified by the higt gain amplifiers 

used in such circuits, unless the amplifiers are tuned 

to reject all such frequencies. This implies long term 

stability in the amplifiers , ~hich is very difficult to 

achieve. 

(iii) If relatively high a.c. frequencies are used, then 

capacitative effects ma~ introduce phase shifts which will 

render l:alancing of the circui ts very difficult or 

impossible. These capacitances usually arise be tween the 

circuit and its surroundings, such as shielding, bench 

tops etc. , and are very difficult to eliminate. 

These effects together reduce the available 

sensitivity of a.c ., as oppused to d.c. methods. 

(c) Chopper Methods 

Chopper methods involve bridge circuits, i.e. 

comparison of I ....... . 
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c0mpa:rison of resistances, and are a combin"0i,,,n of n.c. 

anJ d . c. techniques. 

The chopper method , fi r st described by Da uphinee 

and ~;cser (1955), combin~s the meri t s of the reject i on 

rf stray d.c. signals by a . c. techn ~ ques with the detection 

sensitivi ty of the d.c. technique. 

Choppers (motor dr iven switchJs) are used to 

convert" d . c. current into a squar e wave a , c . current, 

which ~hen passes through the sample and standarj resistor 

in seri es . Fur ther ch ')ppers L.re used t o r ectify the 

v·,ltages appearing across the sample and standard , while 

the difference (zero at the null balance) is measured 

'--Ising a c,)TIventional d.c. gal v.J.nometer circuit. 

This type of circuit has a number of advantages, 

ccmbining the best features of a.c . and d.c. methods. 

(i) As the s ::.mple current is alternating , s tray d.c. 

voltages a r r cancelled out , a nd capacito r s can be 

interpused i.n the putential leads to block such emfs. 

This aJsc eliminates the necessity for bucking voltages, 

0r e limination of al l temperatur e gr adients across the 

sample, (although these must be kept to a minimum). 

(ii) As the output voltage is d.c ., a s i mple and 

sen:3itive d.c . galvanometer may be used as detector , 

eliminacing the/ ••.. . •.• 
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eliminating the necessity for unstable, hig~-g~in 

aml'lifiers. 

(iii) The apparatus is simple to set up, requiring n~ 

extended warming-up peri0d or elaborate setting of 

contruls. 

(iv) Elabrrate shielding is not essential, as the chopper 

frequency may b2 chos en in order to reduce beat frequencies 

produced by stray a.c . fields. Some shielding between 

compcnents is, how eve:' , desirable. 

(v) At the r el at ively low chopper frequencies employed 

in this system, c,pacitative effects in the circ~it are 

negligible and may b e ignored. 

(-,-i) The sensitivity of the apparatus may be made as 

high as that of d.c. equipment, as it is mainly limited 

".Jy the sel~si tivi ty of th" dete:::tion system, in this case, 

a d.c. galvanometer. Thus resistances as small as 10-3 

chms and Hall coefficients of 10-2 cm3jcoulomb may be 

determined to a precision of about 1%. 

(vii) Practically no current flows in the potential leads 

bt balance, i.e. it is a four - probe methed, thus effeots 

due to contact resistances are virtually eliminated. 

This method was chosen for use in the present 

pr0ject on account of these advantages. 

A number of disadvantages are alsO inherent in 

the me~hodj •••••••• 
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the method hJwever: 

(i) Unless very high quality choppers, with (preferably) 

solid gold contacts are employed, then the choppers them­

selves will be likely t o give rise to spurious v~ltages. 

(ii) The choppers must be motor driven, as the magnetic 

field deveLoped by magneticall y dr iven chnpper s is likely 

to give rise to spurious voltages. As the choppers are 

motor driven, difficulties are encountered in keep i ng the 

chopper frequency c'nstant, which is mOst imp"rtant if 

the choppers are to reject stray a . c . fields. 

(iii) The chopper units t~emselves are extremely sensitive 

to a.c . magnetic fields which give rise to stray emfs when 

they are Urectified" b) the choppers. 

(iv) The sensitive d.c. galvanometer circuit is sensitive 

to thermal emfs which must be elinlinated by means of a 

bucking voltage from a ~thermal compensator". 

Most of the above disadvantages can be minimised 

however, by careful attention to the ddsign and building 

of the circuit, and use of only the highest quality 

components available. 

(2) Contacts and Sample Designs 

(a) Contact Arrangements 

(i) Standard Four / .......• 
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(i) Standard Four Probe 

In this probe arrangement (Lark-Horowitz and 

J~hnson 1959), Fig 9, two current contacts are a~plied t o 

the sample ~s close to the ends as possible. Two p~tential 

probes a~e then placed in contact w~th the sides of t~e 

sample, sufficiently far removed f~om the current contacts 

to avoid fringing or end effects . The current contacts 

usua7.ly have a relatively large surface area in order to 

ensure good contact, while the potentia l probes are as 

small as posciible, in order that their separation may be 

determined accurately , so tha~ they do not disturb the 

fields within the sample. 

When taking me~sure~ents by this method, it is 

necessary to determine the cross section of the sample 

accurately, in addition to the probe separation. The 

resistivity of samples with a uniform cross section 

between the potential probes is given by: 

or 

V/here V is 

I is 

R is 

a is 

1 is 

f= 

(= 

Va II .......... Pote.ltiometer method 

Ra 'f .......... Bridge method 

voltage across prob es 

sample current 

resistance between probes 

cross sectional area 

probe separation. 

In this/ ........ 
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In this method hO'jever, it is difficJlt to 

determine the resis 'vivi ty of samples which do not have a 

uniform cr~ss sectloD. In such samples, the resistivity 

is uS'lally determiu.;d by comparison wi th the me::tsured 

resistivitJ of kn(." ,m samples with the same dimenr;ions, 

this met;10d havin.:; been employed by H.)y (1963). 

(ii) Spreadj.2:]g R.esistance 11easurement 

In this method , Fig 13, two conta~ts are 

employed, on~ of large area and l ow contact r es istance, 

the other a ,ihisl:or of much s:""1aller area. The resistance 

measured vii.ll b e G',pendent mainly on the resistanc e at 

the point cont~ct, the resistivity being determined from: 

£.' = 2DR •... . ..• . . (illrk-l:'c r ow itz and Johns,m 1959) 

where D iL di ameter of the contact 

R is th8 me~ sured resistance. 

Althuugh useful in the determination of the 

resistivity of surf~cG layers, it suffers from the draw­

back that it is veI'~- difficult to determine the actual area 

cf contact, and it also suffers from the other problems 

associated with two probe methods. 

(iii) Four Point! ........ 
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(iii) Four Point Probe Meth0d 

~n this method , Fig 14, all o f the cur r ent and 

po te :: ~ial contn. cts are p ',iat probes which a r e uS'lal l y 

held in a 3pecial holder with their points in c o ~tact 

vii th the surface of the sample . Twu .::ontacts car ry the 

curr en t, the other two being po ten ti:J.l probes . The 

s eparati on of the probes must be smaller than the smallest 

dime:.3ion ~f the sample , and they must cot be placed too 

close ~ c the edge of the sample. 

The conducti vi ty of the sample is given by : 

1 

~h e=e S is pr~be separation 

V is measur ed voltage . 

1 (Lar k - Horowi tz 

and J0hnscn) 

The dj.sadvantages of this system are due t o the small probe 

s epa!'ations, which are difficult t o mea sur e , and small 

llleas t:recl voltages . In low conductivity samples the 

pcssibility of carrier injection may cause trouble . This 

method has nevertheless been used by Kr uger ann Moser 

(1967 ) in their study of the carbide , phosphide and 

sulp::ide of plutonium, these workers repo r ting that the 

high c~nductivi ty of these samples p r evented carrier 

injection. 

(iv) The van/ ... .. .. . 
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(iv) Th& van der Pauw Method 

:n this method, Fig 15, (van der Pauw, 1958), 

the rvsistivity and Hall ccefficien: of samples Rf 

arbitrary oh~pe may be measured, using a fJur probe 

technique, four point probes being ~p~lied to the edge of 

the sample. The sample may in fact be of almost any shape, 

provided that it is uniform in thickness, and that no 

isol;~ted hules are present. This has tLe advantage that 

cn~y t~e sample thickness need be measured and not any 

other dimenslcns, or the probe separatirns. For 

convenience of preparation, a disc shaped sample is used. 

lJumbering successive contacts 1, 2, 3 and 4, at 

arbitrary positions ar0und the circumference of the 

sample, and defining the resistance R12,3'~, as the voltage 

V4-V3 between contacts 3 and 4 per unit curru~t through 

contacts 1 and 2, and defining the resistance R23,41 

similarly, it may be shown that (van der Pauw, ~.958): 

exp( - 7iR12,34 d/F) + exp(-7i'R23,41 dip) = 1 ..... (A) 

Where p is resistivity 

and d is sample thickness 

Equation (A) has a solution of the form: 

1fd (R12,34-!R23,41) f/R12,34\ ( ) 
f' = ln2 2 r .. R23, 41/ ••..• B 

where f is a function of the ratio R12,34/R23,41 and 

sa ti sfi es the/ •.....•• 
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satisfie, the relation: 

\'Ihich cClnr,ot "be solved for explicitly for f. 

If R12,34 and R23,4l aTe almost equal, then f can be 

apr::'')xim:>.':ed by the equation; 

f = 1 .. /B}2 ,34 - R23,4J,\2 
\ R12,34 + R23,4l; 

ln2 -2- •.•.. (D) 

HO'l.'over if R12,34/R23,4l is greater than 2, then (D) does 

no c :;.rovid e D. very close appreximation , thus (e) must be 

solve('~ dir8ct ly .~ 

In tho present prrject, (e) was solved for 

R12,34/E23,4l by generating decreasing values of f, in 

small steps, and computing the corresponding values of 

R12,34/I'23,4l using an leT 130_ computer prog.:'a.Jmed in 

"Manchester Autocode". Values of f, and ~he corresponding 

values of R12,34/R23,41 were printed out, for values of 

R12,34/R~3,4l between 1 and 104, and values of f from 

1000000 to O. tOOOO, in steps of 0.00005. The vCllues SO 

obtainod wero in Qsreement with the graphical solution 

:p:::-esentGd 1:Jy V:ln der Pauw (1958). 

The H'l.ll coefficient, Rh, may be obtained from 

Rh = ~ 6.R24,13 

where b R24,13/ •....... 
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where ~ R24 ,l3 is the change in R24 ,l3 pr1duced by 

ap~lying the magnetic field B. 

The van der Pauw methed may be used either 

in a potentiometer circuit, in which case the potential 

acr oss contact s 3 and 4 would be measured with a known 

current fl oy/ing thr ough land 2, nr it may be used in 

a f our-probe br idc;e circui t, in which case the 

r es is tance Rl2 ,34 ~ould be measured directly. 

A number of disadvantages are inherent in 

this method, as all t he contact s are point cnntacts: 

(i) Ther~ exists the possibility of carrier 

injectior.; but in the case of VN, which has a 

relatively low resistivity, this effect shculd be 

negligible 

(ii) In the case of the preliminary tests on a 

nickel samp le, heating at the points of contact was 

observed. However, in the case of VN, this did not 

occur, as a 1 ')we:' sarrple current was required than in 

the case of ni~'e l , in nr de~ to produce a measurable 

potential o.cr<)s::; the s2.mple. 

(ii i ) The theory r equir es true point con t acts ~hich 

are not possible in practice, but exceptionally larg~ 

contact areas! ....... .. 
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contact areas aJ:'c necessary beiore appreciable errors 

would arise. Vd:. dcr Pauw (1958) presents an error 

analysis. 

(iv) Reasonable results are only obtained if the contacts 

are appr <' ximately evenly spaced out otherwise the vcltage.s 

generated are very small. Thus the rrethed is net suitable 

fJr measurements on lcng thin samples. 

(~) Types of C)n~act 

In 0rde.' to facili tE'.te measurements on low 

resistance f;amp~.e ,'l, :i t is necessary that the contact 

resistances be kept l~w as possible. Although the 

four probe method will eliminate mOst of the problems 

associated with high contact resistances, the measuring 

circuit must still draw some current tnreugh the potential 

probes, especially when in an unbalanced condition, and 

this results in difficulty in obtaining a balance. 

If high crntact resistances are present at the 

current contacts, then Jo ule heating rray occur at the 

contact points, leading to temperature g;radients across, 

the sample and p : ssi.ble c~mtalllj.nation at the contact p0i n cc c' 

A nwnb 81' c/ Il'eth0ds are available for: the 

r eduction cf ccntact res istances; as follows: 

(i) Me tal Foil/ ........ 
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(i) Met~l Foil Contacts 

These have beer employed by Bevan and Anders0n 

(1948) and by Hoy (1963) , '·/ho used "trips of gold leaf 

held in contact with the sample. Althou6h this gives 

a good contact, due to the large su~ fqce area rf contact, 

there are a number of disadvantages, viz. the current path 

w:'..ll not be uniform near the ends 'Jf the sample, especial ly 

if it is relatively thick, and foil cont,acts do not behave 

as pOint contacts, thus it is difficult td determine their 

separation. Nevertheless, this type of contact is suitable 

as a current contact, provide~ that it is not too close to 

the potential probes, and has been employed in this way in 

the present project. 

(i:) Spot Welded Contacts 

These have been employed by a number of workers, 

e.g. Schindler and Gillespie (1963) on Nb/Zr alloys and 

Heckman (1967) cn cerium hydride. The former workers 

were however dealing with a metal alloy , onto which ~robes 

could be welded without c~using thermal decomposition, 

which would probably occur in the case of VN before its 

melting pOint (over 2000oC). Heckman applied contacts 

to an ingot of cerium metal before hydriding, which would 

b, difficult in the case of ~" as nitriding of a 

vanadium inget/ .......• 
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vanadium ingot VI )uld be extremely difficult ani, in any 

case, VN was not prepared ~y the direct nitridati-n of 

vanadium metal in the present project. 

(i i i) Plated Contacts ----

These may be employed at relatively high 

tC)mperatures, and are formed by eV2.p .. rating metal contacts 

cntc the samples. A few VN samples werA treated in this 

way, by evaporating silver 0nto selected points }n the 

sample in va"uo, hOI. ever this did not appear to improve 

the contact greatly, and coulc1 lead to contamination of 

the samples. 

(iv) Soldered Contacts 

A number of workers have employed s~ldered 

contacts, using indium or gallium alloy solders, e.g. 

Tufte and EI.ald (1961) in their measurements on grey tin. 

However, these workers conducted measurements below 
,J 

300 K, at which temperature contamination due to 

diffusi on of the s,)lder wes unlikely. At h!gh temperatures 

such diffusion could easily occur, and although high 

temperature solders have been described by Harman (1960), 

all attempts to make such alloys adhere to VN were 

ur.succes sflJ 1. 

(v) Bridge Samples/ ....... . 



71. 

These are cut Il ith large ccntact areas in order 

te minimise contact r esi~trnces, Fie 16, in such a way as 

not to disturb the gecl'letry of the currellt flow through 

the s ample. H::lwever, it ' Iould be e;:treme1y difficult to 

cut VN into bridge shapes on account of its extreme 

b~ittleness, although sand blasting might be suitable. 

(vi) Pressure Contacts 

Pressure c ':Jr, tact:c "'1'e favoured at elevated 

temueratures. as thev can be constructed from inert • , v 

metals which \,i11 not lead to contamination of the samples. 

Llso, by sp~ing-loading such contacts, movement of the 

sample due to thernnl expansion will not result in breakage 

of the con t'l.cts ., Such contacts have been used extens i vely 

in the present investigati on, but suffer from the 

disadvan~a: ~ that they often result in excessively high 

contact res istances whos ~ effects are, of courae, 

c~nsiderably reduced by the method of measurement. 

IV (ii) EXPERIMENTAL! ....... . 
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Bridge-Type Sample 

Fig 16 
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IV (ii) E X PER I MEN TAL 

(1) Sample Press~and Sintering 

Ca) Rectangular Samples 

Rectangular samples, approxima tely 45mm x 8mm x 

lmm were used in the initial measurements. These were 

pressed in a circular die, 50mm in diameter with suitable 

inserts, manufactur ed by G. Haslam and Co. of J0hannesburg, 

Fig 17. 

The samp les were pressed from dry VN powder at 

ro~m temperature, the die being subjected to vibration 

before pressing , in order to obtain a unif0 rm thickness 

uf VN in the die • . The sampl e was then pressed in an 

3 -2 hydraulic press at a pressure of about 3.8 x 10 kg cm 

f)r two minutes. Upon removal from the die, the sample 

was f,'und to be very fragile, and unsuitable f <." r inserti"n 

intr the conductivity cell. In an attempt to improve the 

mechanical properties of the samples, they were sintered 

in ammonia f or 24 hours at lOOOoe. After this perird 

they were still fragile, necessitating further sintering 

in ammunia f)r 24 hours at lOOOoe. After the second 

sintering, the sampl e had excellent me chanical properties 

and resembled fine porcelain in texture, and hardness. 

Later samples! ••..•••• 
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Later samples were sintered by heating to 11000C in 

ammonia for 48 hours, the temperature being raised to 

this value over a period Clf about 18 ho"rs in order to 

avoid thermal shock. Tht. samples WE.re then allowed to 

cool to room temperature, over a period of ab~ut 12 hours, 

in the stream of ammonia. After th: s sintering process 

the mechanical properties of the samples were usually 

vbry good. Some of the samples cur led sligh tly during 

the sintering, however, rendering mea surement impossible. 

(b) Disc Samples 

In the later measurements, based "n the van der 

Pauw (1958) equations, disc samples were used. These were 

approximately 13mm in diameter and 0.2-O.7mm thick, and 

were pressed at room temperature in a "Paul Weber" KBr 

disc die. It was found necessary to "skim" and polish 

the faces and sides of the die in order to prevent the 

VN from sticking to it during the pressing, anG to avoid 

bl'eaking the samples upon rem,)val fr..,m the dle. The 

3 -2 samples were pressed ao about 9 x 10 kg em for 1 minute 

in an hydraulic press. The samples thus prepared had 

fairly good mechanical properties and measurements could 

be made on the unsintered samples, but their electrical 

properties were found te be very erra tic, necessitating 

sintering. 

These samples/ ••.•.••• 
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These samples were sintered at 11000C for 48 

h~urs in high purity nitroben, first passed over heated 

copper turnings in order to remove residual oxygen. The 

furnare temperature was raised to 11000C over about 12 

hours, and the furnace was allowed to cool over a similar 

period in order to avoid damage to the samples due to 

thermal shock. 1,. few of these s amples curled slightly 

during sintering, but not to the s~me extent as did the 

r ectc.ngular samples. 

(2) The ConGuctivity Cell 

(a) Fr r Rectangular Samples 

A sa;:Jp le hr>ld er, whi ch was a combination of the 

designs of Bevan et al (1948), Butler (1960), a nd Brooker 

et 0.1 (1957), wa s constructed for measuring oonduotivity 

and Hall coefficient en rectangular samples. The la:'out 

of tho point probes and current contacts is siTilar to 

tLa1 given by Lark-Horowitz and Johnson (195S) Fig 18. 

The cell, Fig 19, was fitted with a 

ohromel/8,lumel thermocouple in the base, directly under­

neath the sample. This had the disadvantage (If b e ing 

ferromagnetio. The current and end Hall probes were ~f 

platinum foil, while the potential probes were of stainless 

stee l wire/ •.... •• • 
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steel wire which had the necessary "springiness" a t 

elevated temperatures. Pl~tinum wires were used in 

connecting the sample contacts to the external circuit 

and t :le c"ntac.t mo unting screvls wer'l L'f stainless steel. 

The cell was mounted bn a base of Wonderst"ne, which was 

first cut to size and shape, (allowr.nce being made for 

the contraction upon firing) while holes were drilled 

frr the various wires and screws, ~fter which it was 

e:nbecd ed in talc, and fired in air '1 t 1::'60oC fnr 12 hour s, 

the temperature being raised to this value over about 

14 hours and cooled over about 12 hours in order to 

prevent cracking and distortion. During the firing 

process, the c 0 10ur ef the Wonderstone changed from grey 

to pink, and its hardness increased until it was about the 

same as that of glass. The potential prJbes were held 

directly onto the base by means ~f stainless steel screws 

and were clamped between st~inless steel washers, while 

the sample was clampec. between an upper silica plate and 

r. lowF;r Wonders t one plate. 

These materials were chosen for the construction 

(f the cell as they were unreactive (plat inum, Wonderstone, 

silica) or only slightly reactive under the system 

conditions (stainless steel), They were also relatively 

unaffected by high temperatures , had a low coefficien: 

of expansion and were net ferromagnetic. 

In order/ .•..... . 
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~n order to arrive at this final design, several 

m<"'c1ifi.cations were made to the original design, which had 

a base cf asbestos cement, brass fixing screws and 

tun:3E~cn pr,'bes, thesl- materials be'ng r eplaced in 

succ8ssi~e designs, as they proved too suscept ible to 

oxidatiJn and repeated heating and r001ing. 

Diffi culty was enc"untered in making good 

pr '~c '-, ,~'>-,s3.!ilple contact with this cell c.esign , and a 

perf8ctly flat so;.mple I:as also required; these wero 

diff!.8ult t- prepare, as bending 0'; the samples usually 

c:::cur r8d during sintering" Therefore a new method of 

:Iwa s'.'reLient , 'ch C) van der Pauw (1958) methud was 

in;.r(;3tig2. ted ~ 

(b) A new conductivity cell, which was used to take 

;nellcUTem" '1'·s by the vltn der Pauv! (1958) method , was 

constructed, Fig ~O, in order to hold 13L~ diameter 

san;ples \,j. th four inc +· ead of seven probes . 

'EnG design for this cell wa s based on that of 

GecrGann and ;:02 (: rs (1966), but the brass was replaced by 

',r.Jn2'3rstone, steel coil springs were used in place of 

flat sprin3s to tension the ccntacts; the springs were 

8.ttache<:l t o the probes by deans cf long ccmnecting wires. 

This cell of Wonders tone was rectangular, with a circvlar 

"''311 about 15:nm in diameter and 4mm deep in the centre of 

the base./ ...... . . 
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the base. This was also fitted with a platinum/platinum-

13%rhndi um thermo couple, wl,i ch replaced the ear li er 

ferromae;neti c chromel/alumel ther-:Jocouple . The 

thermvcouple was situated immediate'.y below the well. 

The cell was fitted onto "he end of a silica 

tube of 6.3mm outside diameter, which served as a holder 

f0r the therm~oouple leads, and which was held into the 

base by means of pO\verful springs a ttacLed to "!;he endc; 

cf the fixed contact connecting wires. 

The cell was fitted with two fixed and two 

moving ccntacts, of ;lOn ferrcmagnetic chromel thermocouple 

wire, t;le moving contacts being held in contact wi th the 

sample by mea ns of springs (situated in the part of the 

cell main~ained at room temperat'lre) which were connected 

t o the probes by means of stainless stee l wires. The 

moving c"lntacts were :Pitted into cer3.mic insulating 

tubes which were a sliding fit in holes drilled into the 

base ~ f the cell. 

In the earlier designs bf the cell the 

ccnnecting wires and probes were of stainless steel, 

which was later replaced by platinum which proved ton 

brittle, then by nichrome which was unsuitable becaus~ 

:t was ferro magnetic, and finally by chru8 el which is 

not ferro magnetic/ . •• .•• • • 
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not fer ro magnetic and was entirely satisfactory . 

Most of the later runs were performed using the 

cell ~n its final form. 

(3) The Furnace Tube 

A furnace tube of silica was constructed, 

Fig 21, by the National Institute for Mctallur~y in 

Johannesburg. This was provided wi th a B3 4 "Quickfi tit 

socket at it~ open end, in order t ~ facilitate the 

c~nnection (f gas supplies and connecting wires, also 

permi tting insertion and remrJval of the conductivi ty 

cell. This tube had a 34mID inside diameter along most 

of its length, but was flattened a t the end, having an 

internal r:ross section of 11 x 4()tJm in order tu permi t 

its insertion between the magnet poles which had to have 

a relatively small ga~, in orde~ to ensure an intense, 

uni fO~.il fi eld • 

A furnace to heat the furnace tube was 

c0nstructed in the form of a miniature tube furnace of 

rectangular cross section, Fig 22, constructed of flat 

porcelain plates provided with open tubular element 

holders, int0 which a ~oiled heating element was plac8d. 

This ty~e cf furnace replaced an earlier design, in 

which the/ •.• •..•• 



Fi 21 -g--

Si de 



1:.'\ ~,,- 1", -.", ,', ~" .. -,."", -r .. 7··.~ 7"':;.'''0.:-.. ". . El ement hal d er 
--. "-Element 

Furnace 



79. 

which the heater was integral with the tube and had the 

fcllo~ing advantages over this design: 

(i) Coiled heating elements were less likely to develop 

short circuits through expansion, as they were run in 

separate tubes. 

(ii) The windings could easily be replaced,. as n,,' cement 

was used in thA construction of the furnace. 

Uii) If shC'rt circuiting o.f the wires were to occur, 

then nC' damage to t~e furnace tube would result. 

(.~.) The Fun.ace Controller 

Good temperature c~ntrol and stability was 

required for the furnace that was used to heat the sample 

r.uring measurmaents, and this necessitated the use Ilf a 

furnace c0ntrJller. 

A commercially available temperature controller, 

Eur<:>Y,erm "PID-SCR", was used. 

This operated by means of a thyristor-controlled 

output, in order to give .stepless '1 control. The a.c. 

furnace current, however, was found to produce 

galvanometer deflections in the measuring circuit, making 

it necessary to rectify the cutput ~f this contrcller. 

A chuke-inputj ..•..••• 
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A choke- input rectifier constructed for this purpose was 

capable of handling the furnace current of approximately 

5 amps . This rectifier employed a bridge rectifier 

circuit, obtained from Hamr ad of Cape Town. The 

sensitivity of this controller necessitated considerable 

lagging of the furnace with asbestos and glass wool in 

order t o maintain a steady temperature at elevated 

temperatures. The controller employed a plat i num/platinum-

10%rhodium thermocouple as sensing element, which was 

placed in the furnace as close to the windings as possible. 

This circuit replaced earlier temperatur e cont r ol 

units which were used in the earlier measurements . 

The first controller, Fig 23, employed a 

galvanometer amplifier to trigger the furnace current, 

the galvanometer being operated by a bridge circuit, one 

arm of which was arranged as a temperature-sensitive 

resistor , close to the furnace windings; failure of 

the photoresistors \,i thin the galvanometer circuit 

resulted in this method being abandoned. 

A second furnace controller based on the design 

of Tomizuka and Zimmerman (1959) was used later, F':' g 24 . 

This circuit employed a platinum resistance thermometer 

in one a r m of an a . c. resistance bridge , the output of 

which was/ . ...... . 
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which was amplified and used to switch the furnace 

c:J.rr ent; control was :lOt very good with this instrument. 

(5) ~he Magnet Circuit 

In order to supply the magne t with power, a 

svurce of very steady d.c. was required in order to 

prevent fluctuations in the magnet ic field. 

The most convenient source of steady d.c. was 

found to be f.c cumulators, after attempts to stabilise a 

d.c. p~wer supply adequately had failed. A battery of 

12 v.;lt accumulators was use,: with a total voltage of 

72 v"lts. Thes e accumulato rs were charged by r.:teans of an 

n.T.C. power supply with a suit~ble water-cooled resistor 

in series: they were only charged when not in ~se, 

however, as the magnet ic field from the transformer of 

the power supply affected the s~ability of the measuring 

circu::.t. 

The current to the magnet WRS switched by means 

of motor ca~ st~rtfr solenoids which were oper ated by 

means of push buttons and a rel~y system , Fig 25; a 

l a rge knife switch w~s pr0vided in series with the 

s)lenoids in order to inter rupt the current shculd they 

fai l. 

(6) The Electricalj •••••.•• 
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(6) The Electrical Circuit 

The Dauphinee-Mcoser (1955) chopper system was 

emploied in the electr ical measurements. 

The design of this circuit is deriveu from that 

(f the basic measuring circuit, Fig 26. The mode 0f 

o~eration of the circuit is as follows~ 

When capacitor Cl iti connected to W (st~ndard ~esistor), 

it charges up to the voltage Vw+. Cl is then switched 

to the sample S by means of the ch )pper M3, when Cl 

el ther charges or discharges through galvanometer G 

unti~ it has the voltage -Vs-. This pr~cess is repeated 

about 30 times each second, and the result of any 

difference between Vw+ and -Vs- is a pulsating direct 

current, ~l' through che galvanometer circuit, similarly 

a current, i 2 , is produced by the chopper unit M2 if 

Vw- Ie -Vs -, i l and i2 are 1800 out of phase wi th each 

other.. If there are no stray ewfs in W or the sample, 

and if the forward and reverse currents are equal, then 

+ + - + Vw =-Vw and Vs = - Vs. Any difference, f). Vl = Vw -

(-Vs-) = Vw+ + Vs-, giving rise to current i l is 

accumpanied by a corresponding c.ifference, D. V2 = Vw + 

Vs+ = - (Vw+ + Vs-) = -DV1 , giving rise to current i 2 • 

The pulsating currents i l and l2 give rise to 

a square/ •••.•.•• 
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a square wave alternating current i l + i2 which flows 

throubh the blocking capacit~r C3, and the balance point 

where c:, VI = D. V2 = 0 and therefore i l = i2 = 0 is shown 

by a ,lUll ga lvanometer reading~ Thermal emfs, arising 

in W or S, a re essentially direct currents, and a re 

blocked by capacitor C3 and thus do not affect the null 

reading of the galvanometer. 

The circuit eventually arriveu at was similar 

to that described by Dauphinee and Preston-Th0mas (1958), 

which is similar to the basic circuit, Fig 26, but 

employs a fourth chopper unit in the detector circuit in 

order to obtain full - wave indtead of half-wave d.c. 

thrcugh the galvanometer, thus increasing the stability 

and sensitivity of the circuit , Fig 27. 

Construction of Putentiometer Fra,J.e 

The fra~e for the case of the potentiometer was 

made :f angled aluminium which was covered wjth aluminium 

sheeting. The various components inside the case were 

separat ed by perforated aluminium shelves in order to 

reduce electrical interference hetween comp0nents and 

allow air circulation thr~ughout the case, the latter 

baing facilitated by means of a fan on the endoof the 

chopper drive shaft . Air circulation was required in 

order tal ....... . 
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order to maintain all of the components of the circuit at 

uniform temperature, and thus reduce thermal emfs. 

External circuits were connected to the 

potenticmeter by means of binding posts meunted on the 

outside of the case, the circuits usually beine connected 

to these by :neans of "banana" plugs. 

Choppers 

The choppers, designed accorrding to the 

specifications of Dauphinee and Woods (1955), were 

manufactured by Guildline Instruments of Canada, and were 

de uble-pole double-throw units driven a t'lbou t 30 Hz in 

order to reduce 50 Hz a.c. pick up. The choppers were 

provided with wiping action contacts, of gold in order 

to prevent oxidation. 

The chopper units were connected to the rest 

of the circuit by means of twelve-pin "Belling-Lee" 

plugs, in order to facilitate their rapid r emoval from 

the unit for cleaning and adjustment. The current-chopper 

CH4 was "make-before-break" in order to prevent sparking 

at the contacts and stray back-emfs, while the 

voltage-choppers CH1, CH2 and CH3 were all °break-before-

make", in order to prevent short circuiting of the 

capacitors. 

The Chopper/ ..•.•••• 
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The Chopper Drive 

The choppers were driven from a Carter 1/20 H.P. 

constant speed single-phase induction mr t or which n e eded 

to be mounted outside tho case of the potentiometer in 

ord er to r educe the otherwise ser i ous problem of a,c. 

magnet i c pick up ,. This Do t or was connected to the 

choppers by deans of a speedometer flexible drive cabl e 

with s uitable pulleys and a rubber "0" ring dr ive- belt 

between the end of the speedometer drive and the chopper 

units. The di ame t ers o ~ these pulleys were chJsen such 

that the chopper f.requency di d not give l ow frequency 

"beats" with the 50 cis l'lains f r equency . This also 

ne cess itated a constant chopper frequency which was 

provided by using this r e l atively powerful electric motor, 

whose speed was independ ent of the light chopper load. 

Decade Ll.e.sistors 

The decade resistors used in the 8ircuit were 

made by Gener a l Rad i o Co. and were divided into two 

sections, one for high r esistance measurements, above 

10 ohms, and the other for l aw r esistance meas ureclents . 

The high r es i stance decades cans isted of a single decade 

5 box wi th decades of fro!;] 10 ohm to 10 ohi:! steps , while 

the l ow resistance decades consisted of three separa t e 

decade units/ •.....•• 
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decade units with 0.01 ohm, 0.10 ohm and 1.00 (hm steps 

respectively, which were interconnected by copper wire 

about 2.5mm in diameter in order to reduce stray 

resistances to a min i mum. 

A 0 .001111 ohm shunt, manufactured by Guildline, 

was included in the low resistance section in order to 

facilitate measurements in the 10- 5 to 10-3 ehm range. 

A low contact resistance switch (Pye), S6, was 

provided in the low decade section in order to switch 

th e shunt only , or the shunt plus low resistance decades 

into the circuit. 

A "Beckman" ten- turn, 25 ohm Helipot was 

in81uded in the low resistance circuit, Fig 28, in order 

tv obtain any fraction of the total resistance, 1 part in 

3 000 being the lioit Jf res olut i cn of the Helipot, due 

to it~ wire winding. 

Capacitors 

These were constructed by mounting a number of 

one micro-farad mylar capacit(rs onto thin strips of 

"Veroboard" which were cemented onto sheets of perspex 

with epoxy resin adhesive, Fig 29, perspex being used 

as it / ....... . 
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as it has an extremely high resisti vi ty. One rlic r c-farad 

capacitors were used in the construction of the capacitor 

banks, as these wer e relatively in,xpensive and readily 

available. 

Galvanometer 

A "Tinsleyn M.S. 245E galvanometer and photocell 

galvanometer amplif:er with a sensitivity of about 

200mm uV- l was used as a null detector. The sensitivity 

of this set-up could be varied by means of a feedback 

control en the amplifier, and by means of a resistance-

raFo circuit on the input to the amplifier, this being 

combined wi th 8. thermal compensator t'J "back-off- any 

stray d.c. emfs in the galvanometer circuit. The 

ga~vanometer was shunted by a 105 ohm resistor in order 

to introduce some damping, a nd thus improve stability. 

Single strand copper Wire, insulated from a 

surrounding grounded shield, was used in connecting up 

the galvanometer circuit in order to reduce thermal emfs 

and a c. pick up. 

Both the amplifier and galvanometer were mounted 

en a heavy stone slab resting on co~k blocks on top of a 

sand box in order to eliminate mechanical vibration. 

The transformer/ •••••••• 
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The transformer for the low voltage stabilised pownr 

supply tr the ga l vanometer and amplifier was mounted on 

the opposite side of the sand b ox to the potentiometer 

in order to reduce a.c . pick up. 

D.C. Power Supply 

The d . c. supply for the potent i ometer was 

ol)tained from a Phi:ips PE 4802 constant voltage power 

supply , capable of delivering 15 volts at 6 amps , this 

being in excess of the current actually used . The 

choppers were protected by a 75 ohm wi r e - wound ballast 

res'.stor and 250 rnA fuse in order t o prevent short ­

circuiting of the power supply while both sets ~f 

contacts were closed . A reversing switch was also 

providqd in the input in order t o reverse the sign of 

the incoming d . c . supply, if necessary . 

This power supply was mounted several metres 

fr om the potent i ometer in order to avoid magnetic pick 

up from its tran.sformers . 

Switches 

All switches used in this instrument were Pye 

~PreciRi ( n Instrument " switches , chosen on account of 

their lOw/ .......• 
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their l~w contact potentials and resistances . 

Swi tch Type Applicatirn 

Number 

81 D.P.D.T . , Reversal 'If capacitors Cl nnd C2 with i 

respect to ch'lppers CH2 and CH3 in 

82 D.P .D.T . order to eliminate the effects of 

polarisati on of the capacit ors 

S3 D.P .D.T.' Selection of Hall or conductivity 

84 

85 

8 f) 

pr obes on sample. Later used to 

reverse po tential appearinb across 

potential probes of sample 

i D.P .D. T. i Reversal of voltage appearing acrrss 
I 

I standard res::'stance 

S .P .D. T. Selection of high resistance or low 

resistance dJcade ranges 

S.P.D.T. Selection Jf 0 . 001111 ohm ShUllt 

alone, or together with low value 

decade resistances. 

(7) Testing of I . . ..... . 
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(7) Testin;; of Ele~trical Measuring B]uipment 

Capaci tors 

The 160 V 1 micr~-farad mylar capacitrrs which 

were intended for use in the potentiometer cirsuit were 

c~refully tested. 

The dissipation factor was measured using a 

Gener~l Radio capacitance bridge, and was found t~ be 

about 5.7 x 10-4 at 30 cis, when ('ompared wi th a high 

quality General Radic--polystyrene capacitor of the same 

capacitance. 

Polarisation was measured by charging the 

ca~acitor fullowed by short-circ-J.iting it momentarily, 

the residual voltage being .I:!easured using a "Lemouzy" 

vacuum tube voltI:!eter (1012 ohI:! impedance). Upon charging 

to about 70 V and short-circuiting, the r es idua l voltage 

was found to be about 0.025 V, thus showing negligible 

polarisation. 

The resistance of the capacitor was measured 

by placing it in series with a 1012 ohm resist or and 

2 V accumulato r, the voltage across the capacitor and 

resistor then being measured with the vacuum tube 

voltmeter, in/ ....... . 
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voltweter , \n this way, the r es i stance was fcund tr be a t 

least 1014 ohms , showing that there wruld be neglig i ble 

l oss due t o leakage acr oss the capacitor . 

Capaci tor Bas es 

The resistance 0f "Ver oboar d" and pcr spex were 

measur ed using the same technique as that used in 

~e~suring that of the capaciturs . 

In this way, the r esistance between tw ~ copper 

strips, 4 CCI apart on a sheet of UVerobrard" 30 cm long 

was frund to be about 1 . 4 x lOll o h~s , this be i ng much 

less than that of the capacitors . 

The res i stance between two strips of conductive 

pa i nt 4 cm apar t ~nd 30 cm long on a perspex sheet 1 ,5mm 

14 thick however , was found to be about 1 . 5 x 10 ohms, 

mak i nf, it suitable as a base f or the Glrunt i ng ')f the 

capaci tors. 

PotentioGleter 

The potentiometer was tested and standardised 

by using standard four -t erminal r esistances in place of 

the sar,lple. In th i s way , the low resistance decade 

circuit was/ . ... ...• 
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circuit was foun~ t·: h~ve a stray r esistance of about 

3 x 10-3 ohL1s , pr oi1u.t ly due t, the connecting wires and 

soldered termil18.1~>, ';'his r esistance wa s carefully 

de ter mined <.InC. ~.'1 :, 1;:.C:e t1 in the decade value when taking 

measuret:lents ::';: ~fl:i . " : ·8.n::5e o This was nC't includ ed in 

the r esistanc~ of' t.n" 0 0 001111 ohm shunt hOwever as 

this could be is')lated f r y ') t h e r es t of the circuit wh ca 

necessary. 

Fluctuati ·')n s in the galvano me t er read ings 

lead ing t o poo'.' TCr:r ·l(l.'lcj.bil i ty were then investigated 0 

The ch')pper frequency '.vas found to fluctuate . 

appr ec i ab ly but t~i.s was remedied by r eplacing the rubber 

band drive b el t 'Ni th a heavy r ubber "0" ring and employing 

a mor e poy/erful electric o::l tor than that supplied with 

the choppers. The freCJ.uency of the ch.)ppers was then 

carefully adjusted by means ')f l a yers of P.V.C. t ape 

around the driving pulleys in Jrd er to obtain a 

fre~uency at which the galvanometer fluctuations were 

Gl inimised. This did not el i minate the galvanoCleter 

fluctuations hOwever. 

The make- brenk r.at i os of the various ch0pper. 

uni t s were inves tiga ted, a nd it was observ:ed that, the 

closed time of the po tential ch,Jppers ov erlapped that of 

the curren t/ •••••••• 
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the current choppers, resulting in pick- up of stray 

transients from the latter. Only a slight improvement 

was observed, however, on reducing the closed time of 

the potential choppers. 

The effects of stray a.c. magnetic fields 

upon the system was investigated. The main sources of 

such fields were found to be t~e chopper drive motor, 

galvanoilleter transformer, d.c. p cwer supply transformers 

and the power supply to the sample furnace. These snurces 

of interf~rence were all reduced however, by placing the 

units at distances of at least 1 metre from the chopper 

uni ts, which resul ted in a reduction in the galvanometer 

fluctuatinns of about 90% , and per:litted measurements 

limited only by the resolution of the Helipot, which was 

about 3 x 10-7 ohms on the lowest resistance range. 

Negligible drift was observed with the circuit in this 

form, provided that the ga lvanometer was allowed to 

stabilise overnight before taking readings . 

(8) Experimental Procedure 

In making resistivity and Hall coefficient 

me~surements, the dimensions of the sintered VN samples 

were mea sured, using a travelling microscope . These 

measurements were later used in obtaining absolute 

resistivity values . I • ....•.• 
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resistivity values. The samples were then inserted into 

the conductivity cell and the electrical pressure contacts 

applied to the samples, the individual contacts each being 

checked by means of a "mult imeter" in order to avoid 

excessively high contact resistances, although these are 

not important from the measurem ent point of view in the 

four-probe method. 

The conductivity cell wad then placed into the 

furnace tube which was in turn held between the poles of 

the magnet. and the whole system was flushed with the 

carrier gas (usually high-purity nitrogen; for at least 

12 hours, a flow rate of abou t 50 ell/min being used 

through the furnace tube of volume 1 000 mI . 

The resistance of the sample across the potential 

probes was then measured at rOOm temperature, for beth 

input current directions, the aver3.ge of the two readings 

being taken as the true value, this rOllm temperature 

measurement being made at the start of each run. Both 

current directions were employed in order to eliminate 

errors arising from slight drifts in the galvanometer 

circuit which would cause the null point to be effset 

to seme extent from the galvanometer zero. The 

effective r esistance across the Hall probes was measured 

similarly, for both Inagnetic field directions, and this 

reSistance, t ogether/ •.•.•••• 
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res istance, together with the magnetic fi eld strength 

was used in the calculati'on of the Hall ~efficient. 

The temperature of the sampl, was then raised 

in 50-75 degree steps and allowed to equilibrate at 

each temperature, 25-30 minutes being required for this; 

the resistance and Hall cGefficient were obtained at 

each temperature as detailed above. The maximum 

temperature which was reached was ".lsually between 700 

and 800°C, after which the sa:.lple was cooled in steps, 

further mAasurements being made during cooling. The 

sample was finally allowed to cOol to roce temperature 

in the carrier gas streao, and the newrtlom teu1p erature 

resistance ag~in measured. 

In several of the later runs, the sample was 

first heated to the maxil!Juw temperature and kept at this 

for about one hour, in nrder to condition it, before 

commencing readings - first decreqsing, and then raising 

the temperature in steps, until the maximum ter.lperature. 

was finally reached again, after which the sample was 

allcwed to cool, and the new room temperature resistance 

again measured. 

(9) Thermoelectric/ •••...•• 
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(9) ThermLslectric F~wer Measure~ents 

Theruoelectrical power r1easurements were made 

on VN samples in order to ascertain the sign and mobility 

of the charge carrier s. 

In the apparatus used , Fig 30 , the sample was 

held between two copper rods which were both prrvided 

with heating elements and which were each controlled by 

a separate variable autoc ~transformer. The heating coils 

were insulated from the rods by means of asbestos paper. 

The ends of the rods were inside a glass envelope which 

was provided with a l arge "Quickfit " joint in order to 

enable the rods to be separated when inserting or 

removing the sample. The lower copper rod was glued 

int!> the glass envelope, "hile the upper rod was a sliding 

fit , being provided with a "stop " in order ~o prevent it 

from falling out of the envelope completely. The weight 

of the upper rod was sufficient to hold the sample firmly 

in place. The elass envelope was provided with inlet and 

outlet tubes which carried leads for the heating coils 

and therm~couples and enabled nitrogen or argon to be 

passed through the cell while taking measurements. 

The copper rods were fitted with glass-insulated, 

copper/constantan, differential thermocouples nea r their 

ends,. in/ ....... . 
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ends, in order to measure the tewlperature difference 

across the sample, and also the mean saGlple temperature. 

Beth the thermocouple and heater leads were insulated 

with a number of short glass tubes, enabling them to 

mcve freely. 

When measuremen ts were made using this apparatus, 

the temperature of the two rods were adjusted sc as tJ 

ootain a relatively small teGlperature difference (about 
o 15 ) between thew, while the Glean tet:lperature of the 

s~mple could be varied between about 20°C and 200oC. 

The heating elements were calibrated separately before-

hand so that a desired te:aperature, and temperature 

difference, could be readi ly attained. 

(10) Surface Conduction Measurements 

A number of surface conduction measurer,lents, 

~s opposed to bulk conductioll measuremen ts, were made rn 

\iN sn~ples at temperatures of about 4000 C, in order to 

determine the effect of oxidation and reduction on 

sur~ace conductivity. 

A special conductivity cell, Fig 31, was 

used for this purpose. The one side of the cell was 

f~tted with a plain cylindrical electrode (1), the 

other side/ ... .... . 
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cther side being fitted with a sioilar cylindrical 

electrode (2), surrounded by an annular guard electrode 

(3), the two cylindrical electrodes being opposite each 

ether. These electrodes., which were made of copper, were 

held into a Wonderstone ba se by [[,eans of "Alundum (305)" 

refractory cement . The two halves of the cell were held 

t~gether by means vf brass screws and nuts, the sample 

being clamped between the two sets of electrode~ together 

wi th a chroLlel/alumel thermccouple, used to 20ni tor the 

cell temperature. The cell was enclosed in a glass 

envelope which was closed at one end, the other end being 

provided wi th a large "Quickfi t" jcint in order tf) exclude 

air fr <)o the s aClple while peroi tting its insertion into 

and remov~l from the envelope . Provision was also made 

for the introduction of va rious gases into the tube while 

taking measureElents. T~is tube was placed inside a tube 

furnace whose temperature could be regulate~ by means of 

an "Electro ther mal" energy regula tor . 

In the electrical circuit used, Fig )2, an 

ammeter was placed in series with the cylindrical 

electrode (2), which wa s surrounded by the guard ring, 

and the positive terminal of the d . c. supply . The 

negative terC1inal of the supply was connected to the 

other cylindrical electrode (1) , while a switch was 

connected between the positive terminal of the supply 

and the/ •.•.•.•• 
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and the guard eleDtrode (3). A ~Scalamprt galvanometer 

was connected across the two cylindrical electrodes in 

order to measure the potential difference acro ss . the 

sample, and thus obtain .an estimate of the bulk 

conducti vi ty. 

When making measurements with this cell , the 

sample tube das first flushed with the carrier gas fo r 

about 3 hours, after which th8 furnace temperature was 

raised and allcwed tl!> come into temperature . equilibrium, 

about 10 .hours being required. Surface conduction 

measurements were then made on the sample in both 

oxidising and r educing atmospheres~ 

In order to determi ne the surface conduction, 

the current through the ammete~ was first recorded with 

the switch ~o the guard ring open, the switch was then 

closed and the cur rent again recorded, the dif~erence 

between the two readings being due tv, and being a 

measure of, the current fl owing through the guard ring, 

and therefore of surface conduction. 

(11 ) Hot-Pressed Samples 

In order t o ob.tain dense, non-porous VN samples 

with IJW interpart i cle reSistances, a number of samples 

were hot-pressed •. 

Beveral samples/ ........ . 



100. 

Several samples were hot-pressed, by the Diamond. 

Research Laboratories in Johannesburg. 

The VN powder which was emp10yed for the pressing 

of these samples was that obta ined from Dr. Kieffer and 

was pressed .. at 1500"'C for 5 minutes in resistively heated 

graphite dies. This pro cedur e resulted in the production 

of sui tably dense samples of from I t 3 mm thick, depending 

on the quantity of VN powder used. 

(12) Density Determinations 

The density of the pressed VN was determined 

by measuring the volume of a weighed quantity of the 

material. 

The mass of about I g vf VN fragments was. 

c!etermined t') ± 0.2 mg.. These f l'agments were . then intr.o-· 

duced into a microburette containing a known volume of 

dibutyl phthalate, which had been avacuated in order to 

remnve any diss olved a ir. After introduction of the VN, 

the burette was again evacuated in order to remove any air 

bubbles adher ing to the VII par ticles, and the v.0lume of 

the cJ ibuty1 ph thala te plus the VN was then de termined, 

the differences between the first and second volumes:. 

giving the volume of the VN. 

(v) RES U L T S / •••••••• 

J 
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(V) RES U L T S 

(1) RESISTIVITY MEASUREMENTS 

In the normal four-prebe t.e-ehnique, determination 

ef abs)lute resistivities requires measurement ef the 

dimensions of the sample and of the separation et the 

potential probes on the sample surface. Using a travelling 

microscope, these dimensiens could be determined to abeut 

0.004 cm, representing an a.ccuracy af abGut 4% for the 

thickness of the sample, (a micrometer was not used in thesE 

measurements as these samples were v~ry fragile). The 

resistivity is then obtained fr om:-

where R = resistivity measured_between prebes 

~ = probe separati on 

a = cross-sectional area.. 

When using t he va n der Pauw (1958) method, 

however, only the sample thickness (el.) is requlred, an. was 

measured t o within 2% using a micrometer.. The resistances 

R12 ,34 and R23 ,4l a cross. tw o sets of adjacent c.ntacts were 

mea sured and substituted into the equatien:-

exp (- TTR12 , 34 d~) + exp ( -IT ~ 3, 41 d/D) = JL 

which has/ •••••••• 
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which has a solution ';.f the form:-­

rid (/ R12 1 34++ R23 , 41 , ,P = In2 - ... 2 - - -) f (R12134)­
R23 ,41 

In IJrder to check the van der Pauvi method, the 

resistivi ties of a numb3r of different ly shaped brass and 

bronze samples were measure:i, employing both methods. for 

each sample. Results ,Iere very consistent by bo th methods, 

but the van der Pauw values were lower by a factor - of 

1.045 ';Ihen checked against the f our-probe meth-)dj therefore, 

t~ correct f~r this discrepancy and obtain resis tivities 

appropriate to the ectablished method , the readings 

obtained in all of the laGer runs were multiplied by this 

factor. No reas~m f or the discrepancy could be found, 

ei ther on checking the equaticns and method, or on 

communicating with Dr. van der Pauw himself, but the 

correction pr~cedure described render~ the results 

consistent with the standard f our-pr0be procedure. 

The absolute r es istivities, at room temperatur~ 

of VN were found t o average about 270 micra-ohm cm for 

cOld-pressed samples, and about 101 micro-ohm cm fJ_r 

hot-pressed sampleso The average resistivities recorc.ed 

in the present investigati cn are ~ f the same order as 

those report ed by o ther workers, but nO resistivities 

as Inw as those of .samson:" and Verkh'lglyadova (1962) 

or of/ ....... . 



or uf Agte ana Moers (~931) have been recorded, as shown in 

the table foll owing:-

Author Resistivity/micro-ohm 

Samsonov and Verkh0g1yadova (1962 ) 85 

Agte and Moers (1931) 86 

Present investigation 101 
Hot-pressed samples 

Hoy (1963) 100 

Friedrich and Si ttig (1925) . 200 

Present investigatisn 270 
Cold-pressed sample s 

Epelbaum and O;.'mont (1947) 332 

(2) OHM'S LAW 

In order t o v~rify that VN was, in fact, an ohmic 

conductor with the con tact system and condi tions used, 

resistivity measurements were made on a VN sample at 

31Q C using currents of between 5 and 25 rnA, and f~rward 

and reverse current directions, as most of the measurements 

were made in this current range. The resistivities 

observed in this way, Run 16.1, were f~und to be 

independent of current, . the values ranging from 310.1 

to 313.3 micro-chm cm. This variation in resistivity 

lay at the limit of detection of the bridge, which was, 

about 2.5/ •••••••• 

cm 
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ahout 2.5 micro-ohm cm ,:t that stage ef the investigati~n. 

(3) RESISTANCE/TEMPERATURE BEHAVIOUR 

The resistance/teffiperature behaviour ' of a number 

of VN samples was investigated in beth reducing and exidising 

atmospheres, see Table 2. 

The resi stivities of the samples were measured 

both while heating and while c)oling the samples. No 

variati on in the measured resistivity was obs erved, at 

reom temperature, upon ctGj ;;.st ing the positions 0f the 

con tacts on the sur face ,f the samples. In general, the 

hea ting and c ~ c ling curves fJr the hot-pressed samples were 

identical, but slight diff.e r ences in the t wo curves were 

usually observed in the case of cold-pressed samples, 

probably as a result ~f the effects ef gases which wera 

absorb ed from the ambient a tmospheres at elevated 

temperatures, or slight annealing effects. 

In general, metall ic behav i our was observed, i.e. 

the resistivity increased with increasing tempera.ture, 

temperature coefficients ,)f resistivity o:f from 0.12-0.40 

mi cro-0hm cm lC l (at 500:lC) being 0 bserved flar COld-pressel 

samples, and from 0 .060- 0 0 072 micr o- ohm cm lCl (at 500°C) 

for hot-pressed samples . 

Several different/ •••••••• 



TAllLE 2 

SUMMARY OF RESISTANCE VS TEMPERATURE BEHAVIOUR OF VANADIUM NITRIDE 

Run Sample No. Prepared Preea- Type Temper- Slope at 100°C Slope a t 500°C I 
~~o .. Fr~m:- ing of' ature 

~ I hl?:~ I ! 6o::uU- Anom- at dP / 1 d/> / 

I 
tiona aly which dT I" dT dT P tiT 

! Anomaly micro- -1 micro- -1 
I ob"Q~ -.lhm em K x K x . 

I"hm em - 4 I 10-3 I 

I ed -1 -1 10 

I 
jOc K x K x 

I 10-1 10-1 
L .. ~. 

5 i YN(XXn)l NH4 V03 & NH3 C41d. A 100 3.20 1.34 2.40 I 7,14 

19 Vii (XXVI jAl vct
3 

&: (N2+H2 ) Cold A 120 1.90 0.83 1.30 4.57 

20 VN(XXVI)Al VC1
3 

& (N2+H2) Celd. A 120 1·92 0.87 1.30 4.76 

21 VN(XXVI)Al VC1
3 

& (N2+H2) Cold A 120 1.87 0.80 1.29 4·52 

22 VN(XXVI)Al VC13 & (N2+H2) Cold A 120 2.00 0.82 1.22 4.15 

31 VNBHl -V & N2 Hot A 100 0.85 0.76 0.72 5.05 

38 VNAHl ·V & N 2 Hot A 100 0.73 0.72 0.66 5.16 

~3 VN(XXVI)A2 VC13 &: (N2+~) Cold B 100-350 - - 1.09 2,62 

35 VNBH2 "v & N2 Hot B 25-400 - - 0.60 4.74 

36 VNBH3 -V &: N2 H"t B 25-400 - - 0.69 4.87 

34 VNACl "v & N2 C.ld C 125 10.17 2.99 1.21 3.71 

37 VNAC2 "v &: N2 Cold C 160 3.48 1.12 1.51 4.34 

39 VNAC3 "v &: N2 Cold C 215 4.91 1.58 1.00 2·93 

18 VN(XXVI)Al VC1
3 

&: (~2+H2) Cold None - - - 1.33 5.34 

25 VN(XXVI)Bl VC1
3 

& (N2+H2) Cold None - - - 4.00 6.86 

27 VN(XXVI)B2 VC13 &: (N2+H2) Cold None - - - 2.13 6.63 

28 VN(XXVI)B2 VC1
3 

& (N2+H2) C.ld Nene - - - 1.78 6.08 

32 VNBHl "v &: N2 H.t Nnne - - - 7.14 5.06 

33 VNBHl "v & N2 Hot None - - - 6.92 5.15 

l_~·. 
, 

~Supplied t. us by Dr. R. Kieffer. 
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Several 1ifferent types of anomalous behaviour 

(deviations fr om ~e tallic behaviour), for both hot- and 

cold-pressed samples were observed in plots of resistivity 

vs temperature, all below about 400° C. Three types, which 

are somewhat arbitrary groupings ef anomalies, have been 

distinguished. A gra~hical summary of the conclusions 

appears in Fig 33. 

(a) Type A Anomalies 

In the an':malies of type A, the curve of 

r6~istivity vs temperature has a relatively high slope at 

l ow tempera tur es (be l ow about 1200 C), this slnpe then 

decreases over a r ange of about 500 reaching a constant 
o sl"pe between 1.50 and 200 C. In Run 19 fer example, the 

slope below 100'J C is 0 .19 micro-ohm cm r l ,- while ·above 

about 1700 C lt ls 0.13 micra-Ohm cm rl. 

This type of behaviour· ~as ebserved in seven runs, 

cycled between 25 and 7000 C, on tw o celd- and two hot-pressed 

samples. 

(b) Type B Ar.() maJt~ s. 

In t h e CdGe of type B anomalies, the slope of 

the resistivi ty v,s temperature curve has a large va lue at 

l ow tempera tures/ •••••••• . 
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low temperatures, but gradually decreases over a temperature, 

f b t 3000. range 0 a au Between 350 and 400 0 C, the sl(pe agaQn 

increases t o a constant value which is maintained up t. the 

highes t temperatures r e" .ched. 

This Gype of t?:~, ,'vi "ur was observed in 3 runs, en 

(c) Type C Anomalies 

In anomalies of type C, the curve of resistivity 

vs temperature had a ~ery high slope at low temperatures, 

about 0.5 micro-chm em K- l being typical. The curv,e 

r eached a maximum at betvJe e n 100 and 250:JC and then fell 

t:J a minimum at about ~000C , a bove which tempera t ure a 

monn t onic, slight ly supe::' ,- lincar rise in resistivi ty up t o 

the maximum temper:l t n's :; J"l'c;.,_,hec was observed. 

This t yp e ~f "..-eto. 'j,our was observed in 3 runs ~ r:, 

3 cold-pressed , sample s, prepared by the direct ni triding c.~ 

vanadium metal, but was not Observed Qn h~t-press ed samples ) 

or on cOld-pressed samples prepared frJm VC1
3

• 

(4) EFFECTS OF/ •....••• 
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(4) EFFECTS OF PREPARATIVE AND PRESSING CONDITIONS 

ON RESISTANCE/TEM~~ATURE BEHAVIOUR 

The preparative conditions and the pressing 

cGnditions appeared to modify the ancmalous behaviour of 

the VN samples. Thus type A ~nomalies appeared under all 

:prepara ti ve and sintering condi tions, and were Ilbserv.e:J., in 

the case of cold-pressed samples prepared by heating 

NH4V0 3 in NH3 :Run 5), in samples prepared from VC13 
(Runs 1,9-22), and were also observed in the ~3.se of samples 

prepared by hot-pr.essing VN prepared by direct nitridine of 

vanadium metal (Runs 31 and 38). 

Anomalies of type B were observed in both hot-

pressed VN (Runs 35 and 36) which was made from V,N 

prepared by direct nitriding of vanadium, and in a sample 

prepared by cold-pressing and sinterLlg VN prepared fr"om 

V'C13 (Run 23). 

Anumalies of type G were only obs erved in cold­

pressed samples Df VN prepared by nitridatLm of vanadium 

~et~l (Runs 34, 37 and 39). 

A number of VlT samples showed no anomalous 

behaviour, and here again bC'th hot·- and cold-pressed VN 

samples, prepared from both VC13 and vanadium metal, 

were involvsd/ •••••••• 
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were involved (Runs 18, 25, 27, 28, 32 and 33). It appears 

that only the anomalous behaviour of type C &epends upon the 

preparatian and pressing canditions of the samples, while 

those of type A and B are independent of the method of 

preparati Jn or of pressing of the samples. 

It was observ.ed that samples which were hot-pressed 

showed a much lower resistivity (about 100 micro-ohm cm) than 

those that had been cOld-pressed (about 270 micu'-ohm cm), 

this is probably on account of the greater. densi ty of the 

f ormer, whi ch is from 97-100% of the X-ray crys tal densi ty, 

while that of the latter is only ab out 72-75% of the 

theoretical . The higher resistivity of the low density 

cOld-pressed samples Gan probably be attributed to the 

effects due t o interparticle resistances which would be 

expected to be vsry much higher than those of dense, hot­

pressed, samples. 

(5) REPETITIVE RUNS ON THE SAME SAMPLE 

A series of runs (18-22) was c~nducted on a 

single cOld-pressed VN sample in mrder to determine the 

effects of successive heating and Qooling cycles on the 

one sample. This sample was prepared fr om VC13 , by 

reducing in hydrogen f o llowed by nitridation with high 

purity nitrogen. It was cCld-pressedand then sintere~ 

at 1100oC/ .....••• 
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at 1100o~ in a high purity nitregen atmosphere. This series 

of rUl:S was conducted in an atmosphere C'f high puri ty 

ni trogen whi ch was fir st p[.ssed ov:,e r c'Jpper turnings hea ted 

t'J 375
0

C (in order to remove any residual 'Jxygen). During 

thi. s series o f runs it was cbserved that in all, e:xcept 

Run 20, the resistivity of the sample was increased, the 

room temperature resistivity increasing by 18.5% durine 

5 ~uns, showing a mean increase of 3.7% per run. 

:t was observed that, in the case of cOld-pressed 

sr.mples, the overall rc.sistivi"y increased when run in a 

ni trogen plus about 10 ppm o;:ygen a tmo sphere, as observed. 

in Runs 18-22, whereas it increased to a v.ery much smaller 

extent 'J r even decreased, wr.en the samples were n:n in a 

reducing atmo r;phere, as in Runs 27 and 28, which were 

c::nduc t ed :.n a nitrogen + 0% hydr 'Jgen atmosrhere, and in . 

\\,hi ch the room temperatux'e resistivity was observ;ed to fall 

'.:Jy about 12%. 

In the case of hot-pressed samples, the room 

tempera ture resi sti "i ty was observed t o fall sligr. tly on a 

first run in a nitrogen atmosphere, a fall in resistivity 

of 2.5% "eing observed in Huns 31 and 32 on the S2.me 

s3.mple. However, this is probably due t o some annealing. 

effect, as later measurements r.howed that ~he ambientt 

atmosphere had negligible ~ffect on ~he resistivity behavieur 

of these/ ......•. 
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of these samples. 

Despite the observation that the overall 

r~sistivity of the sample used in RunL 18 t. 22 showed an 

increase, thE: s10pe l)f the curve ') f resistivi ty vs 

tempera ture in Run 22 WcLS f')und t o have decreased by about 

10% from that observed in Run 18; later runs, in general, 

exhibited ~ slightly smaller slope than earlier ones. In 

Runs 27 and 28, in ni trogen :lnd hydrgen mixtures the slope 

of resistivity vs temperature also decreased by about 23%, 

tte two curv,ef. appearing tl) cor.verge to the same resi sti vi ty 

at about 163 K. In Huns 31 and 32, on het-pressed VN, 

the slope of the resistivity vs temperature curve was also 

Gbserved to decrease slightly , but this was probably due to 

the slight difference in overall resistivity, since 

( 1 ~;) was substantially U.e same, at 5.05 x 10-4 K- l 
j> 500°C 

and 5.06 x 10 - 4 K- l , f~r Runs 31 and 32 respectively. 

(6) SINTERING CONDITIONS 

In an attempc '00 produce dense samples, cold­

pressed compacts were sinter ed at 11000C for about 

48 hours. However this resulted in lew density samples, 

of density of the order of 70-75% of the X-ray crystal 

density. A number of samples were sintered at 13000C 

instead of 1100oC, but, agJ. in, their density was enly 

about 75%/ .......• 



TABLE 3 

DENSITIES OF VN SAMPLES 

r Preparative Pressing .::Jintering Density/ Percentage 
Conditions Condi ti <'ns Temperature 1-1 of X-ray 

1°C 
gm crystal 

/ density I 
"' ''''' .. 

I 
VC13 & (N

2
+H

2
) . Cold noo 4. 4±O. 4 7 2:t:.6 I 

I 

VC1
3 & (N2+H2 ) Cold 1300 4.6±.0.4 75:!:.6 

V & N2 I Cold noo 4.7+0.3 77+5 I 
6.15+0.2J1OO.O:3oS 

I 
V & N2 Hot - I 

I - I - i 
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about 75% of the the0r'etical, and their room temperature 

resiSvi vi ty was high, i:()ing about 250 micro-0hm cm. These 

samples were severely cre.cked and distl!lrted and could n ot be 

employed in high-temperature restitiv~ty measurements. See 

Table 3. 

(7) rIC! T,-PRESSED SA!'JPLES 

In order tc 'lrepare samples with densities close 

to the X-ray crysta l density, a number o f samples were , 

hot-pressed. The VI; p )wd0I' , prepared by the dir,ec.t 

nitridat i on of vancdi 'J'" rr.etal, was supplied to us by 

Dr. R. Kieffer. T:le s :1.'rples were pressed at 50 kilobars 

at 1500~C for 5 minE ',:,e s in graphite dies. The density nf 

these samples was f 'J 1W.d t'J be frl!lm 97-100% of the X-ray 

crystal densi ty. 

These s am::,J.es had a 10wer reststivi ty than had 

the COld-pressed sat2illds, and were no t affected by the 

ambient atmosphere C;u.r il'~ high temperature resistivity 

measurements, (Run 32,1) . In their anoma lous 

~esistance/tempe ratur e behavi'Jur, they behaved 3imilarly 

v~ the cOld-presse:i s a mples which were pressed fr c'ffi VN 

prepa red from VC1 7 0 The h,::>t-pressed material, however, 
:J 

displayed different anorr.ulous behaviour to COld-pressed 

samples fr om the saGle batch of VN, SO that the mode of 

pressing has/ .....••• 
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pressing has a significant effect on the f orm of the 

anomalies. 

H')t-pressed VN samples from tw. differen'c batches 

of similarly prepared VN exhibited very similar overall 

resistance/temperature behaviour (cf. Runs 31 and 38), 

whereas the bebaviour of cOld-pressed samples, even from 

the same batch of VN, shJwed very different behaviour 

(cf. Runs 25 and 27). 

The hot-.pres <,ed samples re<J.uired a longer 

annealing time than cOld-pressed samples, the resi stance 

at 700°C of the hot-pressed samples falling continuously 

for about 30 hC'ur s before becoming constan t, wl,ereas tha t of 

the cold-pressed samples reached e<J.~ilibrium after about 

3 hours. 

(8) RESISTIVITY AS A FUNCTION OF TIME 

In order to examine the effects of impurities, 

of the ambient atmosphere, and especially of the effects of 

oxygen on the resistance behavi our of VN samples, a number 

of cOld-pressed VN samples were maintained at el ev~ted 

tempera tures (700-720oC) for extended periods and "doped" 

with oxygen, which was introduced into the carrier gas 

stream by injecting air at intervals, or they were 

maintained in/ ••.••••• 



TABLE 4 

SUMMARY OF RESISTANCE VS TIME BEHAVIOUR OF VANADIUM NITRIDE 

Increase in 
Resistivity 

Run &l.mple No. Prepared. Pr.ess- Telliper- Atmos- with Time 
No. From;- ing ature ph ere" 

Condi- vf Run df/dt 1//' 
tions /oC micro- (dP/dt) 

chm . -1 ml.n 
, em 

x 10-4 . -1 ml.n 
x 10-2 

-- I 
22.1 VN(XXVI)Al VC13 & (N2+H2) Cold 715 I N2 2.34 0.72 

22.2 VN(XXVI )11.1 VC13 & (N2+~ ) Cold 713 N2/Air 4.53 1.34 

22.3 VN(XXVI)Al VC13 & (N2+H2 ) Cold 715 N2/1I.ir 9.73 2.69 

22.4 VN(XXVI )11.1 VC13 & (N2+H2 ) Cold 712 I N2/Air 5.91 1.53 

23.1 VN(XXVI)A2 VC1 3 & (N2+H2) Cold 712 N2 3.58 0.87 

23.2 VN(XXVI)A2 VC13 & (N2+H2) Cold 712 N2/Air 15.30 3.56 

28.1 VN(XXVI)B2 VC13 & (N2+~ ) Cold 712 N/8%H2 -0.56 -0.17 

28.2 VN(XXVI)B2 VC13 & (N2+H2) Cold 713 N/8%H2 0.36 0.11 

29.1 VN(XXVI)B3 VC13 & (N2+H2) Cold 716 N2/8%H2 0.60 0,07 

34.1 VNACl V & N2 Cold 700 N2 1.22 0. 40 

34.1 VNACl V & N2 Cold 700 N2/Air 1. 75 0.55> 

34.1 VNACl V & N2 Cold 700 N2/30%H2 -0,12 -0.04 

32.1 VNBHl Y, & N2 Hot 700 {N!Air 0 0 
N2/30%H2 , , 
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maintained in a r eclu :,Ll.g '~::nosph8rc , . containing from 8 to 

30% hy;urogen, see :;'::,'Jj. ~ ". , 

In the Cfl,se :) f Run 22.1 (in a high purity 

nitrogen atmosphere), f or example, the increase of 

resistivity with t i me (l 9-f'Jwas Observed to be \.(,d t , 

7.20 x 10-5 min -1, \,hi l e that in Run 23.1, als) in a 

nitrogen atmosphere, was observ£d to be 8.67 x 10-5 min-l • 

This increase in resistivity suggests that s ome change in 

the cumposition of the VN, such as nitridation, is 

occurring; the possibil:Lt~r of Jxidation a lso arises here, 

as the purification mJthod will nClt have remc. v ed a l l 

traces of oxygen fr 0m 'uV.8 gets . In order to check this 

r esult, a number (',f s e.mples ,iere maintained at elevated. 

temp eratures in a n itrcgen atmospher e. while slugs 0f a ir 

were injected in to the carr ier gas stream at intervals. 

The rate of increase i n resistivity Observed in 5 such 

runs, (~~()had a mean value of L.93 x 10-4 min~l, while 

that uf three samples run irr, a high purity nitr.lgen 

atmosphere was observed to be 6.61 x 10-5 min-l, i.e. the 

samples run in a nitr ogell/o xygen atmospher e shewed a 

greater increase c f l·(}f· :'.s ·~ i"Hy with time than thcse 

s<'.mp 1es run in pure nj. ·;;r ~· t:,~n. 0 the::- vrr samples WAr e 

cain t a ined a t cl0', ~. '; ~j ':,,,,, ~.:::.~ tu' 8S in ni b'ogen 

atmo spheres to \·!!E(;~l. ~: :Ct '3:; .. 30% (;1' hydrogen was added. 

These samples sho- :;,'o. , ".:·c'l LClaller increase I)r, in s';me 

cases 1 ev.en/ .......• 
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;ases, eY-en a decrease in resistivity with time. The 

av;erage incnecse in resistivity with time (~~~) determined., 

duri~g 4 runs on 3 samples was observe~ to be -7 x 10-7 min-l , 

i.e. an ov,e-.:oall decrease 'lf r esistivity wi;,h time was 

observed. 

Hot-pr essed samples , on the other hand, did no;t 

appear to be affec t ed by the nature '. f the ambient atmosphere 

after an ini hal annealing process (Run 34.1). 

(9) RESULTS OF CHEMICAL A~ALYS!S 

Several sample s, sintered, unsintered, and hot-

pressed, wer e analysed for their oxygen content by neutron_ 

activation analysis by ISCOR, see Table 5. 

Neutron a ct iva tion analysis enables a direct 

de termina tion of oxygen t o an ascuracy o f about 0.2%, 

whi ch compar .es favnurably wi th tha t de termined by 

diffgrence, the precisic n of the oxygen neterminations by 

differ ence in the present pr o ject bei~g 0.4-0.5%. 

However the accuracy appears to be only ab out 1.0 to 1. 5%, 

when the results determined by diffierence a re compared 

with those obtained by neutron activation analysis. 

In order t o examine the effect of successiwe 

hea ting and cooling cycles on these samples, differentc 

samples from/ .......• 



SAMPLE ANALYSES -
, 

Sample and Weight Per.cent. V ! N N ° ° Nature Theory for '1m '-' r~ I 
Dumas N.A.A Diff.:erence (0 INo A•A 

22 22 ° ° 
VN(:;CXVI) Uns inter ed, 174 • 6 1 2.41 
prepared fro m VC1

3 
a:ld ; -

I 
- -

N2 ' H2 +0.2 +0.24 

VN(XXVI)B Sintered, 17 .6 1.50 
prepared from VC1

3 
and - - -

N2 ' H2 ±C. 2 +0.15 

VN/XXVI)B Sintered, pre- !17.71 2.12 pared from VC1e a:ld N2 , H2 - - -used in Runs 2 , 78.1 
':iD•7 .:to •23 I and 28.2 under N2 C ,~H2 

I VN(XXVI)B sintered, 
i 

, 117 .2 , prepared fr.o,!! VClo; a:ld I I - i +0 .4 
- - -'~r H2 used l.n Ru;, 25 I u der high purity N2 

VN(XXVT)A Sintered, pre- 73. J1 pared from VC1e and Nr • H2 I us ed in Runs 1 -22 un§er - - - -
high purity nitrogen +1.5 

VN(A) Ho t-pr es sed ., 79 .. 5 20.6 0.81 
prepared from V and N2 , - ° - 0.4 
not used in measurement +0.2 +0.2 +0.8 

VN(A) Hot-pressed, 79 • .4 20.6 1.25 prepared from V and N2, 

° - 0.5, I used in Run 38 under -
high puri ty nitrogen .:to. 2 +0.3 +0.12 

VN(A) Sint er ed , cOld-
77 . 9 21.1 1.98 pressed, prepared fr om. 0.5 - 1L • .5 I V a nd N2 ,':lO t U '3 a.d in, 

- , 

:i-O. 3 1 
+0,2 +0.20 measurement 

VN(A) Sintered, co ld- 77 ,'( 21.2 3A50 pressed, prepar ed frem. 

I 0.6 - 1..6 V and N
f 

uS9d in :;:'.:r.s -
34 and A.l ±C. 2 +0.3 +0. ,35 

VN(A) Unpres s.e d ~ 7,',1 .4 20.6 0.15 

° - 0.4 prepared from V. a nd N2 .:to .2 - .:to . 2 .:to •02 

VN(B) Unpressed, 79.4 20.6 0.10 ° - 0.4 prepared from V and N2 ±C. 2 - ±.0.2 +0.01 

VN(B) Ho t-prassed, pr e- 79. 4 20.6 0.75 
pared from V and N~, !.:.:J tL - ° - 0.4 
used in measuremen . .:to . 2 +0.2 +0.08 

N~A.A is neutron a C.tivation analysis. 
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samples from the same sintered batch, or parts of the same 

hot-pressed sample (and, therefore, presumably of the same 

ini tial composition), were analysed, both bef.ore and after 

subjection to the measuring process. 

From these analyses, it was ob served that, 

although th3 sample used in Runs 28.1 and 28.2 (run in 

ni trl\;gen and 8% hydrogen) showed a d'3crease in resisti'Ti ty 

up on heating in a reducing at~osphere, the oxygen content 

of this sample was actually higher c, at 2.12±O.23%, than 

that of another sample from the same ba,tch, wi th an oxygen 

content of 1.5+0.2%, which had not been subjectBd to the 

measur ing pr o cess (Table 5), but this variation in o,xy:sen 

content lies at the limit 0f accuracy of the analytical 

method. 

Although the oxygen c~ntent of the samples was 

found to be hi:she,:, than e'{pected in sam:;Jles prepar.ed fr.om 

VC1
3
/ probably because it was not completely r emov ed from 

the V20
5 

in c.;nverting to 'fC13 , t"le vanadium content was 

feund to be ra ther low, abcu t 75+2% V (analyti cal accuracy 

being + 2%) being typ i cal, while the theoretical perc en t ,',go 

of V in VI Nl (allolving for the oxygen) is 80%. This 

suggests other impurities besides oxygen. 

In the samples preparced by ni trida tion 

of vanadium, the vanadium content was found to be 

approxima tely 7~. 4%/ •••..•.• 



approximatp.ly 79.4%, while the nitrogen cDntent was found 

to be approximately 20.6%, corresponding tc a V:N ratie ef 

1.00 to 0.94, close t o the stoichiometric r at io. These 

figures ~uggest that litt:e impurity is present in this VN; 

however oxygen contents of from 1 to 3% have been obser~ed 

in these samples, cold-presGed samples exhibiting a higher: 

oxygen content than hot-pressed samples. The sum of the 

vanpdium , nitrogen and oxygen contents of some of the 

samples is found to be greater than 100%, suggest ing s ome 

inaccuracy in the vanadium or nitrogen determinations, and 

showing that little reliance can be placed on Dxygen 

determination by differenc e . 

Several of the samples prepared from VC13 were 

analysed spe~trographically by the National Institute fer 

Metallurgy, for impurities other than oxygen, but the t.tal 

of such impurities e.g. 8i0 2 , appears t o be less than 0.5%. 

Several of these samples were a.LSO analysed for ni trogen by. 

neutron activation analysis at Harwell but these values were 

alsc v.ery h.w and appeared to be independent of the previous 

treatment of the ~amples, values of a'Jout 17% N being 

obseFved. The low nitrogen content suggests a nitrogen 

deficient cLmpeund, Vl.OONO.86; however, some dnubt as ~e 

the accuracy ef the nitrogen determination by activation 

analysis exists, as the impurity concentrations det:erminei 

by difference for this material were found to be abeut '% 

by weigh t/ ••.••••• 
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by weight, which seems unlikely in view af the 

spectragraphic results . 

(10) THERt'lO ELECTRIC POWER DETER1'1INATIONS 

Thermoelectri c power measurements wer e made on 

se~eral VN samples , using copper electrcdes and maintaining 

a temperature difference of about 1 50 across the sample im 

order to cbtain a measure of the differ ential, rather than 

of the integral, thermoelectric power . 

The thermoelectri c p')wer, however, was found t a 

have v,ery poor repr')ducibili.ty In cJG!paring the heating and 

cooling curves, and all that could be deduced froG! this was 

that V~l was apparently n-ty)e, 'rli th the hot·-press ed VN, 

and that prepared from VC1 3 , being slightly mGr e n-type 

than the cOld-pressed VN pr epared by ni trida ti 'Jn of 

vanadium metal. The abso l ute thermoelectric power was 

-1 abou t 3 micro-vclts K • 

(ll) SURFAC E CONDUCTION 

No significant result s \-Iere obtained in attempts 

tv measure the surface conductian of VN, as the contact- to­

sample resistances were ver ~' ;:lUch greater (10 t o 100 tiG!es) 

than the overall sampl e resist~nces themselves. In order 

to obtain/ I;) 0 ..... .. 0 • 
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to obtain reasonable re sults for this, it would be necessar­

to emp l oy u. four-probe rathe~ than the two-probe technique 

which was used Ll the attempts. 

(12) HALL 3PFECT NEASUREl'1ENTS 

In an a ttempt to de termine the sign and mobili ty 

Gf the cha rg e c;arriers, serious and extensive attempts 

(which ar e n"t fully delineated here) were made to 

determine values af the Hall CoefL.cient ~or VN. This was 

found to be less than 2 x 10-5 cm3 C-l , about the limit 0f 

detection of the bridge using the available magnetic field 

strength of about 5000 gauss. Typical values of the Hall 

Coefficient for me~als are of this arder , e.,;. that . f or 

copper is 15.5 x 10-5 cm3 C- l (Cusack 1958). The value 

of the Hall Coefficient her e observ,ed f or VN was much 

lower than the value of -0.45 cm3 C- l reported for this 

compound by Samsonov and VerkhoglJadova (1962). 

( VI ) DIS C USB ION/ •••••••• 
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Most 0f the r.esisti.vity vs temperature and 

resistivity vs time curVBS e.re essentially v.ery similar , in 

their general form, differences only beine apparent when 

these are examined in deta!l; many of the argyments 

presented here have been derived fr om these detaile~ 

differences. It is difficult to draw detinite ODnclusions 

irc_ ti.is procedure, for ' this ~ould require a great deal of 

speculation on the 0bserved res1tlts, and we have attempted 

t o avoid speculation not based on a firm experimental 

f oundation, in sO far as i t has been possible with the data 

available. 

Acoording t o Mathiessen's Rule (Kittel 1967), the 

resistivity of a conductor may be expressed. as the sum of 

tvJ) terms, one of which is temperature dependent, while the 

other is independent of temperatu=e:-

jl= c ............ . (1) 

wher.e fa = 
n;;po 

~ 0 • • • • • .. .. • (2 ) 

= tempera tur.e c.oeUicien t of resi sti vi ty 

b = residual/ •••••••• 



b = residual resistivi ty 

n = carri e r concen tra tion 

Y o = temper a t ur e coefficient vf mobili ty 

e = charge on carriers -

The mObility,/ =/oT, may be obtained., from a plot of/vs 

T if nand e are known , witD the relation:-

As /b is p:ropo:::_oir .,,,01.:! ',00 1/ (~), the sllDpe of a 

plo t of / vs T gives a measure of the product of carrier 

concentra ti on and mobili ty p.-i; 2..ny t em~erature T. Thus, 

if/)lo is known, then n may be determined; alternatively if 

n is known, then~ (or~) may be determined. 

The constant, b, determiines the residual resie~1TttY' 

at T = 0, and appears . as a r esult of lattice defects and 

interparticle resista nces. The po tential field in the 

vicinity o f defec ts in a metal is different from that near 

the metal atoms; thus defec.ts, act ing as scattering centres 

for electrons, pr oduce d2-.-jai.;ions from lattice periodicity. 

Electrons in a metal c()ntaining de fects are scattered by 

the defects as well as b ,r t h e thermal vibrations (phonons) 

~f the atoms (Dekker 1958), a nd, if the number of defects 

is unaffecrted by T, t hen b 'iill b e independent of T. 

(3) SUMMARy! .....••• 
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(3 ) SUMI1ARY 

Vanadium nitr i de has been observed to exhibit a 

r oughly linear increase of r esistivity with increasing 

temperature, i.e. metallic behaviour. However, certain 

deviations fr om linearity have been observed, and these 

are assumed to be due to impurities in the VN, or due t o 

temperature effects on the in';erparticle resistances in the 

case of low-density samples . 

Impurities could affect the bulk conductivity of 

the VN in three ways:-

(a) If the impurity donates carriers to the conduction 

band, then the slope Q,f the resis ti vi ty vs temperature 

curve will become less; steep or, in extreme cases, the 

resistivity could actually fall with increasing temperature. 

A fall in the resistivity vs time curves at constant 

temperature could thus result if the impurity is slowly 

absorbed from the ambi ent atmospher e at the temperature of 

meas ur emen t • 

(b) If the impurity withdraws carriers, then the slope of 

resistivity vs temperature will become steeper, and an 

increase in resistivity with time at constant temperature 

may be observ.ed, if there should be slow adsorption of 

impurity fr om the ambient atmosphere. 

(c) If the incorporation of impurity atoms into the VN 

structure results in an increase in defect concentrati on, 

then the/ ••..•.•• 
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then the over~ll resistivity will rise, but the slope of 

resistivity vs temperature curve will remain constant. 

An increase in resistivity with time at constant 

temperature may be observed if absorption from the ambient 

atmosphere r esults in an increase in defect concentration. 

The above assumes that the conductivity can b~ 

strictly divided into a temperature dependent and a 

temperature independent term and that only one process is 

operating at one time; however more than one of these 

effects may oper ate at the same time, giving rise to 

apparently contradictory r e sults. 

In the present investigation, all three of the 

types of behav~our described have been observ.ed to seme 

extent, under various conditions, and changes in carrier 

concentrations required to produce such changes have been 

examined. Attempts t o cor relate these effects with oxygen 

concentrations lead t o values f or the apparent oxygen 

content, (assuming that each 0XYben atom contributes one 

or two electrons to the band) which are impossibly h~gh in 

view of the analytical results for this element. Therefore, 

concentrati on is focussed on the possibility of changes in 

interparticle resistances. 

In the case of cold-pressed, lJw density samples, 

the interparticle resistances may be very mu~h larger ~han 

the .ulk/ ......•. 
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the bulk resisGance vf the VN, thus changes in the latter 

may be masked. 

The presence ) f hydrogen in the VN lattice was, 

previously assumed to result in the an.mal.us resistivity 

vs temperature behaviour, and in the changes in the 

resistivity with time of the VN . The presence of hydrvgen 

in the VN was proposed in view of the low analytical results 

omtained for V, Nand 0, and of the possibility of its 

incorporation into the VN during preparation fr om VC1
3 

and its sin tering in nj_ trogen/hydrogen mixtures. H.wev,er 

the presence of hy(l r:)~; ... : ~}uld no t account for the anomalous 

behaviour of the samples, pressed fr om the VN which had been 

prepared by the direct nitridation of vanadium, as neither 

hydrogen or ammonia was inVOlved in preparation or sinter ing 

.f the material. 

(,n G.t:NERAL DISCUSSION O}' RESULTS 

(a) Hot-Pressed Sampl es 

Hot-pressed samples were pressed fr om VN which 

had been prepared by t he (~ i . rect nitridation of vanadium 

metal. Their stOi chiometry, as determined by analysis, 

was found to be appr oxiua t ely VNO• 94 ' and they should 

not contain impuri ties ':Jther than oxygen due to their 

methed .f/ ....... . 
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method of pre~aration and pr essing. Their density was 

observ,ed to be close t ::> the X-ra y crystal density, thus 

resistance effects due t o interparticl e r esistances may ~e 

expected t o be smal~ . 

These sampl e s exhibited a very much l~wer 

r esistivi ty than the c'l ld --p1'essed 72-75% dense sampleI', 

as expected, and their resistivity vs temperature behaviour 

may be rega rded as the more t.ypical ef that vf VN itself. 

Al though their absolute resistivi ty was l ~)wer 

than that of cOld -pr essed VN, anomalous r esis tance/temperature_, 

of types A and B (see later) were still observed in the 

cas e of these samples, SO that s uch effects appear t o be 

inheren t in the VN itself. Tnese effects could be due to 

s"me irnpuri ty, such as 'Jxyg en, or t o d evia tions from 

stoichiometry of the VN, but 1t has n~t been possible to 

G8termine which. 

The dense sampl es have sh::>l!n no l'esi s tance/ time 

effects due t~ the amb i ent a t mosphere, prcbably s ince 

their high density and non-porosity prevents attack by 

the amb i en t atmosphere occuring elsewher e than on the 

ou t er surfaces of the saoples . This i mplies too low 

diffusivity of the r eaction products through the VN, 

vihich is expected from such a hard and dense rna teria l. 

(b) Absolute Resistivity/ •••••••• 
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(b) Absolute Restst,i.vj. ty 

The abs~lute resistivity of cOld-pressed VN at 

room temperature (about 270 m:,, ( ;~' o,·,chm cm) is v.ery much 

higher than that observed for. t i l8 ho t-pressed material at 

the same temp erature (about 100 micro-ohm cm), probab ly: as 

a result of large inte::pa.:,:tj.cle :(' esi;:;tances in the former, 

a!ld suggests that in the case of (;ol '~-pressed samples, -Ghe 

interpax'ticle resiS'cance:, may be the m3.jor cvmponent ... f 

the overall resistivity . 

I t appears tha' -. e~'~' ,,} igh t differ ences in 

ni trogen, or oxygen, conter'.t mc y affect the resistivity t::J 

a l arge extent . Thus tl:3 c"esistj,vity of VNa.93 (85 . micro-ohm 

cm) (.SamscnoV' an~: Verk:'logl::rad C' v2.. lS'62) is rather lowe:' 

than that of the VNO•
94 

(101 uic,:r' -chm o.n) observed, im 

the present project; hOvIBver the oxygen content, about 1%, 

c.f the samples used in the p:-es "}n-G investigation may a ls J 

!-.ave seme effect. These }_arge c:,ar..ges of rezi sti vi ty wi th 

relatively small changes in ni tragan, ur oxygen, cont ent, 

suggest a~ first sight that there is a relatively low 

concentration (;f carriers i n the cwnducticn band, and 

further suggest that nitrogen a nd oxygen are electr on 

acceptors if, as appears frem thermoelectric power 

measurements, ' VN is n-type, H{jlVever, an increase in 

nitrogen content could result in an increase in deflect 

concentrati0n and/ .....• o. 
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concentration and, hence, an increase in resistivity, even 

if nitr~gen (or oxygen) were inert or an elec,tron donor. 

In erder to determine whether ni tr.)gen (or oxygen.) is an 

electron donor or acceptor, it is necessary to examine the 

changes in the slope of . resistivity vs temperature rather 

than the absolute values of the resistivities. 

(c) Temperature Dependent Reversible Behaviour 

In the detailed examination of curvas 'Jf 

resis ti vi ty vs ~0 ill1Je i.·a ture, devia tions from lineari ty have 

been observed in [,,2. :1~· C .• sos. Although thes e deviations, Gr 

anomalies, are 3c:1 c"ally small, they could result fr om the 

presence of large c~ncentrations of impurities if it is 

assumed that VN is a metallic conductor, with a high 

carrier con centra tion in the conduction band. 

The ambient atmospher e appeared t.o have littl e 

effect on the anOID3.l::)Us behaviour of the VN, but i.t must b e 

borne in,mind that some reaction with the ambient atmosphere 

occurs in the C8.se ,:1' COld-pressed samples, which may cause 

over all cha ng es j.n r(;si st i v:i ty or in the s10pes of 

resistivi ty vs tt:nnp,, ~ ~~tl) ~"3 curves. 

The anC)[:: ,. LOUS behaviour is illustrated in Fig 33, 

and summari Red in Table 2, and was mainly Observed be.tween 

o 100 and 250 C. 

(i) Type AI ....... . 



TABLE 2 

SUMMARY OF RESISTANCE VS TEMPERATURE BEHAVIOUR OF VANADIUM NITRIDE 

r 
~:~ J." . _ I S:>.mple No. Prepared Press- Type Temper- Slope at 100°C ° Slope a t 500 C 

Fr"m l- ing of ature 

I ,60::"11- Anom- at d~ / 1 dP/ d,o I h;. d,.o I 
tiona aly which dT PdT dT f' dT 

! Anomaly micro- -1 micr-o- -1 
i 08"6",- -.lhm err 

K x K ' x 

10-3 ('hm em -4 
ad -1 -1 10 tc K x K x 

10-1 10-1 
I 

.-.~-, 
5 I "' il (XXII)l NH4 V03 & NH3 C.ld A 100 3.20 1.34 2 , 40 7 . 14 

, 
! ',:: i;XVI }A1 Vd15 & (N2+H2 ) Cold A 120 1.90 0.83 1.30 4. 5 7 
i , 
I VN(XXVI)Al VC1

3 
& (N2+H2 ) Ccld A 120 1.92 0.87 1.30 4.76 

I 
I Vil (XXVI )Al VC1

3 
& (N2+H2 ) Cold A 

I 
120 1.87 0.80 1. 29 4 .5 2 

: ' -~r (XXVI )Al VC1
3 

& (N2+H2 ) Cold A 120 2.00 0.82 1. 22 4,15 
, Xv & N , V!"3Hl Hot A 100 0.85 0.76 0.72 5 . 05 I 2 i 

I VNAHI ·v & N Hot A 100 0.73 0.72 0.66 5.16 I 2 
I 
! 

i ! n (XXVI)A2 VC1
3 

& (N2+H2 ) Cold B 100-350 - - 1.09 ' 2.62 
I 

=«v & N2 .~: _ EE2 Hot B 25-400 - - 0.60 4. 74 i , 
I 

-V & N2 0.69 4. 8 7 I VNBH3 H ... t B 25-400 - -
I 

···S 
, 
i 

--V & N r~JACl Cold C 125 10.17 2.99 1.21 3 ,7"-, 2 
I 

VNAC2 By & N2 Cold C 160 3.48 1.12 L 51 4.34 I , 
I »'v & N I VNAC3 Cold C 215 4.91 1.58 LOO 2 · 93 2 

I ,':; (XXVI )Al VC1
3 

& ("2+H2) Cold None - - - L33 5 ':)4· 
I , 

I I'.' . (XXVI )Bl VC1
3 

& (N2+H2 ) Cold None - - - 4,00 6 .. 86 
, 
i I:: (XXVI )B2 VC1

3 
& (N2+H2 ) Cold None - - - 2.13 6.63 

I 

i 'JI; (;r :VI )B2 VCl
3 

& (N2+H2 ) Cold Nvna -- -- -- 1.78 6.08 
I Xv & 7. 141 I VNBHl N2 Hot Nnne - -- - 5 . 06 , 
I i I Xv & N I YNBHl Hot None -- -- - 6.921 5 . 15 , 2 
, _ ,,-l_ 

--,,"'ppHed to us by Dr. R. Kieffer. 
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(i) Type A Anomalies 

Type A anomalies are charac,terized .. by a change 

in slope in curves of resistivity vs temperature; changes 

in slope of abnut 14% in the case of ho t-pressed samples 

and 47% in the case of cOld-pressed samples have been 

observed. If we assume that the carrier mobility is 

independent of temperature, then the above changes in 

slope represent changes in carrier:' cc..ncentrati on Clf 1-4 and 

47% respectively. If we , assume that each VN "formula unit" 

(~ntributas 2 electrons t~ the oonduction band (Piper 1964) , 

assuming here that donation occurs onllf abov.e the "kneeo, 

then the above changes in Garrier, concen tra ti on represent', 

impurity concentration~ of 14 and 47 m~le % if each impurity 

atom also donates 2 electrons t o the band. If the impurity 

is oxyp,en, then the abnve impurity levels cClrrespond ta 

about 3.5 and 11-.5% by weight respectively. Both the 3.5% 

by weight of oxygen required in the case of hot-pressBd, 

samples, and the 11.5% by weight in the case of cOld-presseru 

samples are excessive in view of the analytical results fJr 

this element. In fact, it appears unlikely that any 

undetected impuri ties could reach this lev;el and Ive are led 

to the conclusion that some o ther mechanism which may 

affect the interparticle resistances (small in ~ the case 

of hot-pressed, samples) is involved, or that the changes 

in slope result fr om deviations from stoichiametry (i.e. 

regarding excess V ~r N as impurity). 

(ii) Type B/ ......•• 
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(ii) Type B An~ma1ie& 

Type B anomalies, are als ;) :r:eViersible anomalies 

ini ch have been observed in the case of b,~; th h yc·, and 

Qu ld -pressed srtmples. In this typ e (' f [\Ylomaly, the 

:olrpe of the resistivi ty vs tempera'Gu.~' :' curve d ;) C'_,-ea :o: es 

o '; ver a range of ab6ut 300 , a nd subs equen tly rises aga i n , 

be coming c~nstant. This type of behaviour may be a more 

prQnounced effect than that of type A anomalies, due to 

the presence of slightly higher impurity levels which 

dGnate electrons to the band up to ab~ut 350 0 C, above, 

which temperature thp. d~nation ceas es, and normal metallic 

b ehaviour is observed. Overall cha nges in slope of abDut 

54% were observed, which would represent. an impuri ty 

_,,-'!lCentra tion of the same order assuming ea ch i mpur:c -~y 

,)01'1 donates or withdraws two electr (lDs . I f the i mpm"ity 

:~s assumed te be oxygen, then the aocve c"ncent:-_~ t :iJ ·n 

c rresponds to a bout 13% by weight, which is exc8~'"iveJ-y' 

high. In the case of hot-pressed samples, the in t erpar t:\.cle 

resistances are fairly l ow, suggesting that such drastic 

changes in slope cannot be due to this cause. Another 

possibility would seem to be semiconducting behaviour 

of the VN at lC)'~ temperatures, resulting fr "m devia tions 

from stoichiometry which changes t~ oe t a llic behav).oUl" 

a t higher temperatures, al thL ugh why this change sh:;uld 

, ccur is not at all clear. 
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(iii) Type e Anomalies 

The anomalies uf type e a~e also reversible, 

and are characterized by a large incr.ease in resistivity 

followed by a fall, in the temperature r a nge 100 tu 200ve, 

succeeded by, a monotonic, but slightly super-linear, 

lncrease of resistivity with temperature. This type of 

behaviOur is similar t o the type III behaviour 

observed by Hoy (1963), but occurs at a much 10wer 

temperature. This behaviour was only observ.'ed in the case 

of' cold-pressed samples, pr epared from VN which waSo 

derived from direct nitridation of vanadium metal. The 

higher oxygen content of these samples (about 3%) than 

that of the hot-pressed samples from the same source 

material may have had some effact On their r esistivity 

behaviour . However, even this oxygen content should nut 

result in sO prof"und an effect on -Ghe resistivity unless 

the carrier concentration in the c ~nduction band is low, 

but as the magnitude e;f the thermoelectric power of these 

samples is of the same order as that of the hot-pressed , 

samples, this seems unlikely. Thus we are led to the 

conclusion that this behaviour is a purely physical 

effect due to thermal expansion, which affects the 

interparticle r esistances in a rev.e.rsible way. This 

assumption is borne out by the fact that Hoy (1963), in 

a series of measurements on ehe lattice parameter up to 

about 500oe/ .. ..... . 
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o about . 500 C, observ..ed no phase change which could lead t .o 

this type of behav~our. Also the impurity concentrations 

reCJ.uired t o produce the observ:ed changes in slope (about 

400%) would be impossibly high. 

The above treatment suggests that, in the case 

.Jf anomalies of type A, at least, the impurity (probably 

oxygen) is an electron donor, producing a reduction in 

the slope of resistivity vs temperature. The effects of 

impurities on defect concentration, and therefore on the 

absolute resistivity, has been ignored. If the 

c~ncentration of impurity in the VN remains constant 

during measurement., then only the electTcn donating ;; r 

wi thdrawing effects of the impuri ty ',n r.esistivi ty will 

be observ.ed and this behaviour should be rewersi ble , wi th 

respect to temperature. If the impuri ty concentrati(n 

changes during the measurements, how ev:er. , then 

irreversible changes in the resistance behavaour may b e 

observed. 

(d) Irrewersible Effects un the Vanadium Ni tride 

3esistance 

In determining curve8 of resistivi ty vs time 

cn cold-pressed · VN samples, a steady increase in 

resistivity with time was I'bserv.ed in nitrcgen, or in 

oxygen-doped nitr~gen/ •••••••• 



SUMMARY OF RESISTANCE VB TIME BEHAVIOUR OF VANADIUM NITRIDE 

Increase in 
Resistivity 

Run Sample No. Prepared. Pr.ess- Telliper- Atmos- wi th Time 
No. From:- ing ature phere,. 

Condi- vf Run dfjdt l/r 
tians j Oc lllioro- (dPjdt) 

ohm . -1 
em IDln 

I . -1 x 10-4 
mln 
x 10-2 

I 

22.1 VN(XXVI)Al VC1
3 & (N2+H2 ) Cold 715 N2 2.34 0.72 

I 

22.2 VN(XXVI )Al VC1
3 

& (N2+~ ) Cold 713 N/Air 4.53 1.34 

22.3 VN(XXVI)Al VC1
3 

& (N2+H2 ) Cold 715 N2!Air 9.73 2.69 

22.4 VN(XXVI )A1 VC1
3 

& (N2+H2 ) Cold 712 I N2!Air 5.91 1.53 

23.1 VN(XXVI )A2 VC1
3 & (N2+H2) Cold 712 N2 3.58 0.87 

23.2 VN(XXVI)A2 VC1
3 & (N2+H2 ) Cold 712 N/Air 15.30 3.56 

28.1 VN(XXVI)B2 VC1
3 & (N2+~) Cold 712 N/8%H2 -0.56 -0.17 

28.2 VN(XXVI)B2 VC1
3 & (N2+H2 ) Co ld 713 N2!8%H2 0.36 0.11 

29.1 VN(XXVI)B3 VC1
3 

& (N2+H2 ) Cold 716 N2!8%H2 0.60 0,07 
. I 

34.1 VNACl V & N2 Cold 700 N2 1.22 0.40 

34.1 VNAC1 V& N2 Cold 700 N2!Air 1.75 0,55' 

34.1 VNAC1 V & N2 Cold 700 N2j30%H2 -0.12 -0. 04 

32.1 VNBHl V, & N2 Hot 700 {N/Air 0 0 
I N2j30%H2 
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oxygen-doped nitr~gen atmospheres, s ee Table 4. This 

could be due to either an electr on-trapping effect of the 

ni trogen, occurrlng only at high temperatur.e and no t 

reversible (which would cause changes in the slopes of 

subsequent resistivity vs temperature curves) or to the 

incorporatic~ of nitr ogen o ~ oxygen atoms as defects in 

the VN structure (which would no t affe~t the slopes ~f 

subsequent resistivity vs temperature curves, but would 

result in an increase in r esidual resi stivity if it is 

assumed that the oxygen or nitrogen is electrically 

neutral). Incr ea ses in r esistivity of about 3% have been 

observed during r uns in nitrogen or oxygen-d0ped nitrogen 

atmospheres, which represents an impurity concentration 

vf about 3 mole %, or abnu t 0 .7% by weight of oxygen. 

However, the slopes of cur v;es of res istivi ty v,s tempe:r:ature 

were obserwed to decrease after heating in a nitr ogen or 

nitrogen-Oxygen atmosphere, showing that an increase in 

carrier concentration had in fact occurred during the 

heating. Thus the slope in Run 23 was less than that in 

Run 22, on the same sample which had previously been run 

in nitrogen and nitrogen-oxygen atmospher es . 

Whil e c.vnducting similar measurement s in 

nitrogen/hydrogen atmospheres, however, v.ery much smaller 

increases >r ev,en decreases in r esisti.vi ty wi th time 

were ebserv.ed. This suggests that the presence of 

hydrogen in/ ••...••• 
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hydrogen im some way irbibi ts the absorption af ni trogen 

0:'" oxygen, or even results in it.s removal .. fro m the hulk 

of the VN, possibLy RS the result of the f or mat ion ~f 

ammonia or water from the nitrogen or oxygen contained in 

the VN. The formation of ammonia should, be possible under 

the prevailing conditions, as VN is a catalyst f or its 

formation (Lo tz and Sebba 1957). 

Resistance vs time measurements on hot-presselli, 

dense, VN samples exhibited no effects due to the ambient 

a tmo spher e , sugges ting tha t changes in VN due to the 

effects of the atmosphere are merely surface effec.tcS, and 

can only occur in the case of porous samples in which the 

~as es can reach and react with a larger proportion of the 

materia.l. This further suggests that all measurements ::m 

cold-pressed samples were, in fact, non-equilibrium 

measurements, which is burne out by the irre~ersibility 

of changes ob serwed upon successive heating; and coo.ling 

cycles on these samples. The dense samples would then be 

in metastable equilibrium .• 

(e) A Mechanism for the Effects of Sorbed Gases. 

In the case of por ous samples, which are 

aff.ected by the ambient atmosphere, it would appear. 

that both nitrogen aild I'xygen are electron donors in 

their eff.e c t sl ....... . 
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their effects on VN, but their incorporation into the 

VN l attice result.s in an increase in the residual 

resistivity. 

The increase in residual resistivity often 

maskt; the effem,s clue t, the increas e in c:arrier­

concentr ation which, hnw8ver, i s evident frau the 

changes in slope of the resistance/temperature curves, 

before and after running in nitrogen. 

Hydrogen appears to affect the resistivity by 

inhibi ting the absorp tion of :1i tr)gen or oxygen to s.;me 

extent, or even resulting in the removal of these 

o!ements froD the VN, without itself being incorp0r~ ~ eu 

into the bulk of the VN. 

(f) Thermoelectric Power Measurements 

On account of the irr eproducibi lity of the 

thermoelectric pcwer measurements, little information cnn 

be gained fr ou these results other than to suggest that ­

VN appears to be an n-type conductor, which agrees with 

its behaviour as a metallic conductor. The magnitude 

of the absolute thermoelectric power, about 

3 micro - volts K- l , is also typ ical "f a metallic 

conductor. 

(5) CONCLUSIONS/ •••.•••• 
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(5) CONCLUSIONS 

In general, VN exhibits metallic behaviour, 

having a pos i tive temperature c0efflcient of resistivity, 

negative c:'l" rge carriers, and a relatively low 

thermoelec G ~' :'.c power, suggesting a rela tively;' high 

carrier ccncentration in the conduction band. 

Howev,er, the conductivity behaviour !If VN is 

sensitive to impurities, and changes in the slopes of 

resistivity Vci "emperature curves corresponding t o 

increases in appa~ent carrier concentrations of over 50% 

have been observed in some cases, but in the case of low 

density sa mples, these could be due to changes in 

interparticle resistances rather than changes in the VN 

itself. In order to observe the latte~, it is necessary 

to exarnino t:O, e effec ts of impuri ties on hot-pressed, 

uense, Vl!, 

The anomalous behaviour (of type A) at 1200 C 

appears to be due to ei ther some i mpurity which is almos " 

always present in the VN, such as oxygen, or to changE'S 

in the interp::".,'ticle resistances, or a combination )f 

both; probably rllainly the fOlmer in het-pressed VN, 

but which i s sl'amped by the latte r in cOld-pressed VN. 

The impurity is thought to be oxygen, as it is v~ry 

difficult to/ .......• 
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difficult to prepa re completely oxygen-freeo materia l, 

and it has been d.etect.ec, by neutrC"n activatioru analysis 

in all of the VN samples employed in the present 

investigation. 

It appears that oxygen is a n electron donor in 

its effects on Vii, uut its presence raises the absolut e 

resistivity due to an incr ease in defect concentration , 

The resistivity increases observed on running 

samples in ni t r 0gen/o xygen a t mosphel es may be due t o v,e::·y 

small increases i~ nitrogen or oxygen content result ing 

in large fractional changes in de fect C:.l:lcentratio n an" , 

therefor e , of r esidual res istivity; in many of thes e cases 

th~ r esidual resistivity kS the maj or component of the 

resistivity. 

~6) COMPARISON OF ":HE PRESENT I NVESTIGATION AND THAT. 

OF HOY 

Apart frolli the work of Hoy (1963 ) the 

r esistivi ty of the V···_· i{ syst,,;n does not a ppear to have .. 

been studied with r espec t t o temperature at elevatea 

tempera tures. 

(a) In both Hoy's and the present investigations, VN 

has been observ,ej to exhibit mor e or less metallic 

behavi~ur, i. e.I ....... . 
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behaviour, i.e. increas ing resis+,ivity with increasing 

tempe-ra ture was r)bserv:..ed. 

(b) Hoy observed an')malous resi stance behaviour at, 

elevated t emperatures" This wa~ assumed to be due to 

impuri ties in the VN, and oxygen was suggested. 

Anomalous behaviour has also been observ'ed in the present 

investigation, but nnt the anomalies ~f type I, II and III 

observed by Hoy. However, the type C beha viour obserwed; 

in the present investigation resembles the type III 

behaviour observ,ed by Hoy, except that type C behav:our 

occurs at a much l ower temperature. This difference may 

reflect the sensi tivi ty of the VN anomalies t ,o the 

particular preparation and pressing, especially 

cvld-pressing conditions. 

(c) Although no resistance variation with time was noted 

by Hoy, such variation has proved to be significant in 

the present investigatiln (in cold- press£d, low density 

samples) and probably becomes apparent consequent upon 

the application of the higher temperatures now used, and 

the present mor e sensitive technique of conductivity 

measurement. 

(VII ) PRO P 0 SA L/ ....... . 
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(VII) PRO PO SAL FO R FUTURE 

VI 0 R K ---

The sensitivity of VN resistivity to 

st0ichiometry and impurity concentration bears further 

investigation. 

The nitr0gen a nd vanadium aualyses performed 

in the present investigation )n samples prepared from 

VC1
3 

leave some d0ubt as to the stoichi)metry of this 

compound, the a t omic r atio V:N being about 1:0.85, 

which suggests tha t the temperatlrre of preparation, i.e. 

1100oC, may have been too high, (contrary tw the results 

of Epelbaum and Ormont (1947), who predicted the 

for mation of almost stoichiometri c Vl.ON1 •0 at this 

tempera ture). However, the method of nit r ogen analysi s, 

by neutron activation analysis may not be v,ery sui table 

in the case of this material. Thus an investigati~n 

into the relati on between stoichiometry and temperature 

of preparation of this compound employing the mOdified 

Dumas technique, in order tn determine nitrogen, and 

neutr on activation analysis, to determine oxygen, may 

prove frui tful. 

The effects/ •••••••• 
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The effects on the anomalvus resistance/ 

temperature behavi our of dense samples with differing 

oxygen and ni tr og'3D con ten ts could be investiga ted. 

The different oxygen ~1r:J ui. t r oge n ccntents would require 

incorpora tion dur in :~ prep:'.:: : . t!.on in the cas e ot: hot­

pr essed samples, as "eloping" of the ambient atmosphere 

during measur ement appears t o have no effect on the 

resistivity behaviour of these samples. 

~lBLIOGRAPHY/ ....•.•. 
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147. 

t,_ P PEN_ D I X 

1-------
! I H8a tin~ 

Temp" 
0,_. 

v 

I R - t - - t I eS1S l Vl y 

i mi cro-<)hm em 

:------!~ 
21 
64 

l C2 
165 
211 
253 
)00 
352 
,~-0 3 

'f51 
500 
555 
~0 1 

650 
7~;G 

7 :.~2 
8(11 

1 _ __ . __ ._ -- -

, 
197 .7 
22601 
238.8 
256.7 
267.3 
279.4 
290 , 6 
3.02 ~ 3 
31 5.8 
327.7 
338.6 
349 -,8 
367.0 
374.8 
390.7 
~~03 c. 9 
418.3 



148. 

Run 16.1. 

VN(XXVI)A 

Atmosphere: High Purity Nitrogen. 

Current Temp. Resistivity 
mA °e micro-ohm em 

.. . 
5F 31 307.4 
5R 31 312."1 

10F 31 308.8 
lOR 31 312 .• 3 
15F 31 314.3, 
15R 31 312.3 
20F 31 310.9 
20R 31 312.0 
25F 31 310.2 
25R 31 315.2 

Run 18 ./ ••..•.•• 



149. 

Run 18. 

VN(xxvrJA 

A tmusphere: High Pur i ty Ni trogen. 

Cooling Heating 

Temp. Resistivity Temp . Resistivity 
Pc miero-Qhm em °c micro-ohm em 

803 293.2 172 206.6 
803 292.3 172 202.5 
733 279.6 247 213.4 
733 283.0 247 214.4 
663 272.5 311 224.4 
663 271.3 311 222.7 
593 263.0 456 243.0 
593 264.1 456 243.8 
521 253.3 524 253.3 
521 252.7 524 253.5 
447 240.6 601 264.9 
447 243.5 601 262.0 
375 232.5 670 274.7 
375 234.1 670 273.6 
283 , 220.5 755 286.3 
283 219.3 755 280.8 
212 210.2 363 231.4 
212 212.0 363 234.8 
148 201. 7 21 187.3 
148 198 .6 21 187.0 
118 196.1 
118 197.0 

Run 19./ •.•..... 



150 " 

Run 19. 

VN(XXVI)A 

Atmosphere: High Purity Nitrogen. 

Cooling Heating 

I 
Temp. Resistivity I Temp. Resistivity 

I DC micro-ohm em DC miero-~hm em I 
.1 

808 308.8 I 64 217.7 
731 300.1 

I 
121 228.3 

661 289.9 188 240.4 
589 282.7 I 258 249.4 
515 273.7 

I 
325 259.0 

440 264.1 410 271.4 
370 265.9 475 280.5 
299 25::.7 540 289.5 
228 247.4 618 299.5 
168 238.6 682 309.8 
108 230 .4 755 321_5 

22 
I 

210.1 
I I , 

Ru.n 20./ .......• 



151. 

Run 20. 

VN(XXVI )A 

Atmasphere: High Purity Nitrogen. 

Co oling Heating 

Temp. Resistivi ty Temp, Resistivity 
°c micro-ohm em °c miero-_hm em 

809 310.9 143 227.2 
740 305.0 210 236.9 
665 296.4 281 245.4 
595 286.6 350 254.5 
530 278.3 420 263.5 
450 267.5 495 272 .9 
379 258.0 568 282.8 
309 249.1 639 291.9 
243 241.3 713 304.1 
173 232.4 783 312.4 

80 216.7 '23 204.9 

Run 21./ •.•...•. 



152. 

Run 21. 

VN(XXVI)A 

Atmosphere: High Purity Nitr~gen. 

Cooling Heating 

Temp. Resistivity Temp. Resistivity 
°c micr o- ohm em °c micro-ohm em 

811 326 • .0 143 242.1 
735 316.8 2C7 250.5 
671 308.5 280 258.7 
GOO 298.8 351 266.1 
525 289.3 427 275.0 
456 280.2 505 286.1 
382 271.2 576 295.4 
310 263.0 640 305.1 
237 254.7 715 315.6 
172 246.5 787 327.0 

87 226.5 23 216.1 

Run 22./ •••....• 



153. 

A tW'J sphere: High Puri ty Ni tr ngen. 

Cooling Heating 

Temp. Resistivity Temp. Resistivity 
"c micro-ohm em °c micra-ohm em 

828 337.9 144 249.0 
745 327 0 0 

I 
210 258.9 

669 315.9 282 267.4 
;;96 308 .. 3 352 275.4 
523 298. ,~ 428 285.2 
450 287.4 495 294 •. 7 
379 279 •. 4 575 305.3 
37,9 279.2 641 314.0 
304 271 . 1 713 325,.0 
304 271.1 30 226.0 
2357 263.2 
23.7 262.8 
170 254.6 
170 255.4 

83 236.1 

Run 22.1./ •••..•.• 



154. 

Run ?2.1. 

VN(XXVI)A 

Atmosph~re: High Purity llTi.t rogen. 

Temp. Ti me Resistivity 
DC min " miero-<.hm em 

713 0 325.0 
715 30 327.8 
715 67 327.3 
715 90 328.8 
7J.5 12n 

I 
32803 

n5 150 331.0 
- , 

Run 22.20 

VN(XXVI)A 

A tm:>sphere: Air Doped Ni tr~g eri. 

I 

Temp, Time I Resistivity 
°c min. I micra-ohm em 

! 
I 

713 0 I 338,2 
7il3 38 

I 
340.5 

713 60 340.3 
713 90 343.9 , 

713 120 I 344.6 
713 I 150 345,0 ; 

~ __ I _ ._._, .--, 



Run 22'.3i 

VN(XXVI)A 

Atmospher.e: Air Doped, Nltregen 

Temp. 
I!.C 

722 
715 
715 
715 
715 
715 

Time Resistivity 
min. micro-ohm 

0 
30 
70 
90 

120 
150 

Run 22,4 

VN(XXVI)A 

362.0 
366.0 
372.2 
373.2 
374 •. 7 
376.--; 

CDli 

Atmosphere: Air Doped Nltrugen. 

Temp. Time Resistivity 
°c min. micro-Iilhm em 

718 0 384.1 
713 30 387.8 
7J.2 60 392.1 
7J.2 105 394.3, 
712 125 395.2 
712 150 395.6 
7(13 180 398.1 
712 210 398.5' 
7,12 270 401.2 
7113 300 401.0 
712 335 404.0 

Run 23 .• / ••....••. 



Run 23,.. 

VN(XXVI)A 

Atmosphere: High Purity Nitrogen 

Cooling Heating 

Temp. Resistivity Temp. Resistivity 
°c miero-ohm em °c micro-ohm em 

712 437.0 llO 378.2 
630 430.1 175 397.8 
558 421.3 241 398.7 
486 415.4 310 399.9 
412 407 .0 388 403.2 

56 374.8 458 413 .. 3 
527 418.9 
603 427.1 
678 438.5 

23 384.6 

Run 23.1,. 

VN(XXVI)A 

Atmosphere: High Purity Nitrogen. 

Temp. Time Resistivity 

°c min. micro-ohm em 

712 0 413.0 
712 30 412.5 
712 65 418.0 
712 135 416.6 
712 170 417.8 
712 225 418.8 
713 310 426.0 
713 340 424.0 

I 

Run 23 ... 2./ •..•.... 



157. 

Run 23.2. 

Atmosphere: High Purity Nitr~e~. 

Air Injected at 0 min. 

r:: Temp. Time Resistivity 

°c min. llli cr 0 __ C) hm cm 

712 0 429.,9 
712 5 429.7 I 

! 

712 10 432.4 
, 
i 

712 15 437.2 
, 
I 

712 20 432.6 ! 
I 

712 25 433.4 I 

Run!25./ .•....•• 



VN(XXVI )B 

Atmosphere: High Purity Nitrogen. 

Cooling Heating 

Temp. Resistivity Temp. Resistivity 

°c micro-ohm em °c micro-ohm em 

708 636.7 157 480.2 
639 618 .0 225 504.2 
565 594.5 298 530.6 
493 570.2 372 556.6 
421 548.8 447 581.7 
351 525.7 521 603.7 
282 505.4 596 630.0 
213 483.0 665 651.3 

34 433.2 23 444.4 
86 454.8 

Run 27./ ....... . 



15.9 . 

f!. tmosphere : High P;,;.ri ty Ni t rogen 

Conta ining 8% flyd r ogen. 

Cooling Hea ting 
\ , 

Temp. Resistivity Temp . Res istivi ty 
°c mi cro - ohm crn °c micro-nhm cm 

. ' .... _- -j 
711 361.4- 118 231.8 , 
640 360.2 184 24-6.0 I 
568 34-2 . 9 250 268.1 I 
496 323 . 4 1 328 292.1 
424 307.8 398 )03.9 
353 292 .4- 'i7l 315.2 
282 276.8 ~:;, .2 328.3 
215 262. 3 620 347.6 i 54 218.0 689 362.2 

763 371.1 
22 224.9 
_.-

Run 28./ •.•..••• 



Temp. 

°c 

709 
640 
566 
495 
428 
352 
283 
216 

79 

160. 

Run 28. 

VN(XXVI)B 

Atmosphere: High Purity Nitrogen 

Containing 8% Hydrogen. 

COOling Heating 

Resistivity Temp. Resistivity 

micro-ohm ern °c micro-ohm ern 

329.3 113 218.1 
317.8 182 232.9 
304.8 255 247.2 
292.4 327 261. 7 
278.9 400 274.7 
265.l 471 288.7 
252.8 544 300.5 
239.1 619 312.9 
20').9 689 325.2 

765 339.1 
22 196.7 

Run 28.1./ •......• 



16L. 

VN(XXVI)B 

Atmosphere: High Purity Nitr~gen 

Contain~~~~1~Bydrogen. 

Temp. Time Resistivity 
°c min. micro-ohm em 

n2 0 328.9 
712 35) 329.1 
7,12 60 329.1 
713 136 328.5 
712 162 I 3~27 • 7 
712 196 I "?- 9 

I ../- f .• 
712 250 327 . 4 
712 286 I 327.3 
712 330 I 326 . 8 

I 

~}}n . 28. 2./ ...... . .. 



162. 

RU!L28 .2. 

VN(XXVI)B 

Atmosphere: High Purity Nitrogen 

Containing 8% Hydrogen. 

Temp. Time Resistivity 
°c min. micro-ohm L_ em 

22 --- 1 194.1 
713 0 I 327.2 
7:13 43 327.7 
713 68 327.8 
713 153 327.7 
713 188 328.3 
713 213 328.0 
713 248 329.2 
713 278 328.3 
713 313 328.4 
713 360 328.4 

22 --- 194.1 

Run 29.1./ •.•.•••• 



163 .... _ 

Run ~. 

VN(XXVI)B 

Atmosphere: High Purity Nitrogen 

Containing 8% Hydrogen. 

Temp. Time Resistivity 
Uc min .. micro-ohm em 

22 --- 480 .5 
713 .0 869 • .0 
714 5.0 868.9 
714 75 871.5 
716 195 869.9 
716 255 

I 
871.2 

716 335 87.0.8 
716 385 87.0.6 

22 55.0 I 497.5 

Run 31./ •••••••• 



164. 

Run 31. 

VN(B) 

Atmosphere: High Purity Nitrogen. 

Heating Cooling 

Temp. F..esistivity Temp. Resistivity 
°c mi cr o- ohm em °c micra-ohm emJ 

I 
22 107,2 715 158.4 I 
92 113. 4 629 152.0 I 

155 119 . 5 557 149.8 
219 124.7 488 142.5 
290 130.3 419 137.0 
370 135.9 349 131.8 
430 140.6 205 120.5 
505 145.8 106 112.9 
576 150.7 66 108.4 
648 155.2 22 104.9 

Run 32./ •......• 



165,. 

Heating 
--r---- -. 

~--~-------------l--- ----v--------~ 

Temp. Resistivity . 1' 8ill~) , r .Resistivi ty 

°c micro-ohm em I °c·- I [;lier o -ohm em 

1
! ____ , __ J,. 

22 104.9 
117: 113.1 
181 118.4 
252 124.0 
318 128.9 
406 134.8 
466 140.0 
531 147.5 
608 149.9 
681 154.9 
752 157.2 

656 I 150.6 
145.8 
140.9 
136.0 
131.2 
125.7 
118.9 
114.2 
105.1 
104.0 

I 
58~, 

51 5 
448 
381 
309 
225 
159 

51 
25 

Rup. 3_2.,1./ .......... .. 



, 
Atmosphere Time 

min. 

N2 0 

N2 25 

N2 50 

N2 75 

N2 155, 

N2 215 

N2 275 

N2 335 t 
N2 370 

N2 405 

N2 490 

N2 1290 

N2 1350 

N2 1410 

N2 1470 

N2 1590 
N2/30%H2 1620 

N/30%H2 1650 

N/30%H2 1710 
, I , , 

166. 

Run 32.1. 

VN(B) 

Temperature: 700°C. 

Resistivity Atmosphere 
micro-ohm em 

153.5 N/30%H2 
153.0 N/30%H2 
152.8 N/30%H2 
152.6 N/30%H2 
151.9 N2/30%H2 
151.4 N2/30%H2 
150.8 N/30%H2 
151.0 N2/Air 
151~3 N/Air 
151.0 N/Air 
150.5 N2JAir 
148.9 N2/Air 
148.9 N2/Air 
148.7 N2/Air 
148.9 N/Air 
148.':7 N/Air 
148.3 N/Air 
148.2 N/Air 
148.4 N2/Air 

I 

Time Resistivity 
min. mierfO-ohm em·. 

1740 147.8 
1770 148.3 
1840 147 ~3 
2780 148.5 
2840 148 • .1-

3150 148 • .6, 

3210 148 •. 0 
4200 148.4 
423.0 148.3 
4290 148.3 
43.50 148.3 
4470 148.3 
453.0 148.2 
4545 148.2 
4546 148.1 
4595 148.2 
4650 148.~ 

4820 148.1 
5625 148.2 

Run; 33~/ •• •••••• 



167. 

Run 33. 

VN(B) 

Atmosphere: High Purity Nitregen. 

I 
Cooling Heating 

Temp. Resistivity Temp. Resistivity 

°c micro-ohm em °c micro-ohm em 

697 148.0 97 106.9 
638 143.8 167 111.4 
567 138.7 228 115.8 
498 134.2 302 121.1 
427 128.4 371 125.8 
351 124.6 440 130.7 
282 120.0 517 136.0 
226 115.4 591 140.,7 
140 109.9 658 144.9 

38 102.6 730 149.7 
I 

Run ~4./ ....... . 



168. 

Run 3.4. 

Atmosphere: High Purity Nitrogen. 

Cooling Heating 

Temp. Resistivity Temp. Resistivity 
°c micro-"'hm em °c micro-ohm em 

753 331.8 100 344.5 

I 
689 325.0 144 353.8 
619 315.6 213 304.3 I 545 307i .2 280 288,8 

i 4·75 299.2 350 288·.9 
410 293.0 420 294.4 
355 289.1 495 302.1 
305 288.1 561 309.5 
120 355.5 637 317.9 

33 266.9 730 329.1 
I 

Run 34.1./ ••••...• 



169. 

Run 34.l. 

VN(A) 

Temperature: 700°C. 

r-, 
Resistivity Atmosphere Resistivity I A trn')sphere Time Time 

I min. micro-ohm em min. mi cro-ohIlli em, 
}---

i Ar. 0 306.6 N2 1560 321.4 
I Ar 60 306.8 N/Air 1590 321.2 J 

I Ax 150 306.7 N2/Air 1630 323.6 , 
, Ar 195 306.6 N/Ai r 1710 325.9 
i Ar 270 306.7 N2/Air 1740 325.5 
J 

I N2 330 307.6 N/Air 1770 325.6 
I 

N2 390 308.9 N/Air 1800 325.6 

N2 450 311.1 N2/30%H2 1830 325 •. 3 

N2 540 315.7 N/30%H2 1890 325.6 

N2 600 319.~ N/30%H2 1960 325 •. 7 

N2 720 322.4 N2/30%H2 2100 325.2 
I 

N2 1440 321.4 N/30%H2 2840 324._2 
I 
• N2 1485 321.1 N2/30%H2 2910 324.2 
I N2 1520 321.5 
I 
\ , 

Run 35./ ••.....• 



170. 

Run 35. 

VN (B) 

Atmosphere: High Purity Nitrogen. 

I 
Cooling Heating 

Temp. Resistivity Temp. Resistivity 
°c micro- ohm em °c micro-ohm em 

747 141. 7 101 104.9 
680 137.5 165 109.7 
611 133.5 227 112.5 
542 129.0 299 116.8 
475 125.2 370 120.8 
403 120 • .8 441 123.9 
332 118. 8 555 130.2 
236 112.7 585 131.6 
181 110.5 655 135.5 
109 105.8 748 140.9 

23 96.6 
I 

Run 36./ •....••• 



171. 

Run 36. 

VN(B) 

Atmosphere: High Purity Nitrogen. 

Cooling Heating 

Temp. Resistivity Temp •. Resistivity 
°c micro-ohm em °c micro-ohm em. 

705· 156 0 6 120 117.1 
638 150.0 195 122 09 
213 122.9 259 126.9 

32 110.1 350 132. 4 
I 420 136 .. 8 

I 
492 140.,6 
565 144. 8 

I 
685 

I 
154. 6 

779 160 .7 
L.... _ _ I -

Run 37./ •...•..• 



172. 

Run 37. 

VN(A) 

Atmosphere: High Purity Nitrogen. 

Cooling Heating, 

Temp. Resistivity Temp. Resistivity 
°c miere-ohm em °c micra-ohm em 

707 380.1 35 279.0 
633 368.3 94 309.8 
569 357 .7 143 321.6 
49 4 346.3 205 316.8 
429 336.0 305, 321.0 
340 324.3 422 336.0 
259 317.6 527 352.4 
146 322 . 7 665 372 •. 9 

I 

Run, 38./ •••..••• 



173.4 

Run 38. 

VN(A) 

Atmosphere: High Purity Nitr ogen. 

Cooling Hea ting 

Temp. Resistivity Temp. Resistivity 
°c micr o- ohm em Un miero-nhm em v 

697 HO.O 35 95. t, 
630 135.6 117 102 . 3 
565 131.8 288 113.2 
499 127.1 490 126. 5 
429 122.6 727 142.0 
361 117.9 
304 114.2 
213 

I 
108 .1 

101 101. 4 
, 

Run 39./ •........ 



17 4·, 

Run 39. 

VN(A) 

Atmosphere: High Purity Nitrogen. 

Cooling Heating 

Temp . Resistivity Temp. Resistivity 
°c micrJ - Dhm em °c mierc'-ohm em. 

701 36108 97 309 <9 
572 3490.2 35 278.9 
494 3ttL5 I 90 308,8 
440 336..3 360 328.3 
40 5 332 . 8 ! '~80 340,1 
288 329,0 660 357.7 
193 354.0 

I J 

Run rjp 1. 1 ....... . 



175. 

Run Tip 1. 

VN(XXVII}A 

Atmosphere: Argon. 

Ther moelectric Power of VN(XXVII)A vs .• Cu. 

Mean Thenilo el e c.tr i c 

Sample Power 

Temp. 

° c [;]icr o-volts/oc 

25 1.10 
32 1.06 
51 1.25 
71 1.40 
95 1.58 

130 L54 
156 L82 
169 1.70 
194 2.04 
224 2.07 
204 2.21 
191 2.13 
180 2.13 
165 1.98 
148 L95 
133 1.84 
114 , 1.85 
102~ 1.65 I 71 3.21 

J , 

Run Tip 2./ . ......• 



176. 

Run Tip 2. 

VN(A) 

Atmosphere: Argon. 

Thermoelectric Power of Cold-Pressed VN(A) vs. C~ . 

Mean Thermoelectric 
Sample Power 
Temp. 

°c micro-v:llts rl 

33 2.67 
39 2.84 
45 2.76 
50 2.72 
61 2.52 
76 2.29 
82 2.16 
87 2.07 
92 2.05 
97 1.97 

101 1.90 
95 0.76 

102 1.62 
llO 1.87 
128 1.50 
147 1..16 
170 0.81 
193 0,85 
215 0.77 
205 1.17 
183 1.12 
161 1.27 
139 1.42 
118 1.49 

l! 1.69 
77 1.50 
53 1.52 

Run Tip 3./ ....... . 



177, 

Run Tip 3. 

VN(A) 

Atmosphere: Argon. 

Thermoelectric Power of Hot-Pressed VN(A) vs. Cu. 

Mean I TherGloelectric 

I Sample Power,' 

Temp. 
°c Gl icr:>-volts K-1 

45 3 . 00 
67 3.28 
85 2.62 

104 2,64 
124 2.56 
145 2.40 
166 2.33 
186 2.40 
207 3 .• 00 
198 4.00 
178 4.6.9 
158 4~44 
137 4.39 
117 4.36 

96 4.31 
75 4 .18 
53 4 . 67 
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l11mosphere:High ,purity nitrogen 
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RUN 22·1 

VN(XX3ZI)A 

Atmosphere: High purity nitrogen 
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RUN 22·2 

Atmo§Qhere:Air doped nitrogen 
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Atmosphere:High purity nitrogen 

--J 

Cooling: "*-
480 

!i?ati ng : --
-; 

i 
I 

I 
I 

460 I 
I 
I 
I 

440 

E 
u 

E 
420 .J:: 

0 
I 

0 
~ 

.~ 

E 

1'00 
380 ~ 

360 

340oL----'10-o---2~O--_iJo--_ToO----5-L6-0--·-60-L1 0-- 760--
I~mp€raturer.c 



426 

424 

1.22 

E 420 
u 

E 
L 

414 

412 

RUN 23·1 

VNOO\'lIlA 

Atmosphere :High purity nitrogen 

-

f 

I 

--' 

~ 

i 
I 

-J 
I 

I 
I , 

i 
--' , 

410L-____ -L ____ ~I------~I--------LI ----~I --------'IL------LI------LI __ ~ 
o 40 80 120 160 200 240 280 320 

Time/min 

I 

I 



442 

440 

438 

51436 

E 
.<:: 
0 
I 

0 .... 434 .~ 
E --~ 

.~ 
~ 

Vl 432 
~ 

n:: 

430 

RUN 2n 

VN(XXIDJA 

Atmosphere: High purity nitrogen 

Air injected at .O min 

12 16 
Ti me /mlli 

20 

-.! , 

l 
I 
i 

l ___ ~ __ .L1 _--' 

24 28 32 



RlJN 28.1 

VN~B 

Atmosphere: Nitrogen/S % Hyd rogen 

329·2 

32S·S 

328-

5328-0-

326.8 

326·4 

326.0
0
1L-----L1 ___ ...I.I ___ ....L1-::-___ .-JII...,-_---: .. L 

40 SO 120 160 200 
Jim e/mill.. 

l 
I 

1 

H 
J 

I 
I 
: I 
I ._.LI ___ .. L ____ L .--J 

240 2S0 320 



RUN 28·2 

Atmosphere: Nitrogen(8"!oHy_dro~ 
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Hot pressed VNllil 
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Hot pressed VN{SI 

Atmosphere:High purity nitrogen 
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Atmosphere: High purity nitrogen 
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R 33·1 P:lI·lips 11".,. [(,pIS 18, ] -9, 1~58 

A METHOD OF :)IEASURING SPECIFIC 
RESISTIVITY AND HALL EFFECT OF DISCS 

OF ARBITR:\RY SHAPE 

by L. J- yan. der PAUW 
537.723. t: 53.Cfl1.7 +53C.632 : 083.9 

Summa.ry 
A mClhcHI of rneJ.~\!IJIlg ~P~':Iii.C !"rsi:' tiv ity and Hall ('{fpCL of nat 
!'Olmplcs of arb itr;-..r y shape is pr~:;l>ntrd. 'fhe mcthn.'t is Ua .. cd upon a · 
th tOT('1Il ,,'hi ch hl,hi ~ for a nat S:il::1l":C of arhitrary !'hnpc if t he COlltacts 
arc ~llffi('iclltly ~1l' ... 1a antllocatcJ;:;,:. the circumference I.Jf the s:unpJe. 
Furthermore , tr.c s..l:.tple must l>c Eingly connected. i.e .. it :;hoilid 1I(>t 

ha\'~ i!<o latcd hcle.~. 

U(-... ume 
On prese-ute ll.!i.t ' 1;~':thiHle pocr l:t ·~!':..I r(·l" h rr ~ i~tnnc~ :opc(;iriquc et 
l' cfTc t J I:l iI fl 'u!l. l\(' b:l:l.t iUon ph t c.~ f 0 rlll~ :}tld coaq :.t(': , La Ill"! t holle cst 
fondcc !'ur un l h\: o ; ~mc 'lui cst .. ;,?liqu~hle ! i l'C.:hanti ll(\1\ est plnn­
parnJldc, ~i It'!' (,(\!It.l ~ [ :> S'Jll t ~,!..f:~~::!.:>!.ment peti ts ct ~e trou\"('nt .a 1a 
piiriph t:rir. de l ' t-c}l.llltillQ'I, Enfia l" ech:utt illon d()it ctrc ~ i mplcment 
connexe, c-:L-d, S!I\S trous i~ole~. 

Zu':t<% fn rI IC l t ras.~ung 

Es wird ('i:le ?-.fcth L,Jr zur ~ t ~::~un-; ,'!c:; fp(,7.ifi~cho!n Widn"tnnrlcs und 
dcs lIalldft:ktC'$ C'ir.l'. p!'lIlp;\ra1kl~ u Prohe wil!kiirlicher Form nn­
gCbcJW II . Die .\fctI:.,,{ -: 1;riindct ::i.':1 :::: d e i!lC Thc!'-e, die ar.wcJlUbar 
ist _\"('fm tlie Kont;J.~ : c g:cl\iig-l' ~d k\·iu. ~in.l und !'ic:, am H:l1lde d~ ~ 
Probe bcfilUkn. Sd~:idJ:ich ~oll ,b: :'robc cinIZlch zus:unrnc-nhUn;;encl. 
!;ein, d.h. sic dnrf h·i t; -e Locher h"berl. 

1. LltI"~~~uction 

In many cases the s-pccillc rcs-isti\'iry and thc Hall ;:: ffcct of a conaucting 
material arc mC~tsu rcd by cutting: :l ~.:nnplc in the form of n bar. Current 
contacts A and Band Y Ol!3gC cont;!cts C} D, E and Fan: 2ttachcd tv the 
bar 3S shown in fig . 1. The ~pccific rc~istivity is then ocriycd from the 

c, r 
A 

~F-=VB 
£ v;" " , 

Fil,:.l. TIl(' dn s5-icol tibapc of n ,l1;.HIl:, le f"'r Jllt'J.':".lrir:; the specific Icsi~tivity and the HuH cIrcct. 



p o tc' lltio..I drop Iwt \n'l' ll thl: point s C aIltI D or E :tll il F :md [nJlll ti ll! ,1illlC'll­

sions uf dll' :-0;11111"('. On tlH! ot1wr h a ml, I h t; Hall \'olt:1 gc call Lc; 1lI (; ;J. surcu. 
Lelwt.:(: n tll\; 1' 1 linf ~ C illld E or n ;tu d F. Th e c ll rn:n l Cl) Iltacl f: IIlW:i t hf: fa r 

away fr om Ihl' poi n t=-- C, D, E and Fill ordn to C'Jl:-:ure llwl t il t; l in('~ o[ flow arc 
sufflc.icrllly paralld and arc llot dl:lngca 011 :lpplication of a ma gne tic fidd. 

For the Illea .5 Un~ment of the specific n;.; i!-;livity and Hall effcct bf semi­
conuuctors n mOTe complicated shap e of the sumple has often to be used . 
A " 'cll-known cxample is the Lridgc-sll:1ped sa mp lc shown in fig. ~2. TI.lC . 

Fig. 2. The bridgc-~ha'pr.d !'i~mplc, furui~h.::d wiih large nrcas for making low-ohmic contacts. 

large arcus at the cnus haye the task to provide low-ohmic contacts. Furthcr­
more, ,,·hen lU:lking these contacts a h ea t treatru ent is often nccessary 
which in this l'a~c can be donc ,vithout heatillg th il t part of the samplc 
,\·hieh is under Iuca suremcnt. 

It ,dJl be ~hown that the spr:c ific resistivity nnd the Hall effect of a fla t 
S:1Il1r.le of :!rbitrary shapc cn n be mC<l :iu reu without knowing the current 
pattern if the following con ditions a rc fulfilled: 
(a) The contacts arc at the circumference of the sample. 
(L) The contacts ~lrc sufficiently small. 
(c) The Earuplc .i s Lom ogt' ncous in thickncss . 
(u) The surfaec of t llC Earnrlc is singly eOIlncctcd, i.c., the s:lInplc docs not 

havc isolatt'll h olcs. 

2. A thcorcrIl ·which h olds for a flat sample .of urhitrary shape 

"\\'c consider a flat ::;am ple of a cond;lcting material of arhitraTY shape 
,,·ith su.ccess-h ·c contacts A, TI, C antI D fixed on arbitrary pla ccs along the 
circumference such that the abo\'e-mcnlionert conuitions (a) to (d) arc fu I­
fillc .. l (sec fig. 3) . We dcfine the re~istanc<.: RAu,co as the potential diffcrenct:: 

D 

c 

e 
A 93598 

Fig:. 3. A sample of arbitrary shupe with four small contac ts at nrbit r;lry plnces ;llong the 
rircunlfc rcnce wLjch~ according to t his paper, can be used to measure the specific resistivit y 
and the Hall elTec t. 

• 

" 

! 
I 
j 

!ll! : . ·\~l : :1:,>',; or :: J'l-.G?li.': H ~ ~I ~ (l\Tr ·' · .. \ ..... 1.111.\1.1. un-:cr 
" _._ . .. - -----_ .. _. __ ._ . . --~-----. . -_._-- . __ .. _ ... - ---'- --_.- - _._.- _ ... _-----

Vo - '!'''C I}t'twc:en th~ c ')n taet~ D :,1111 C per unit C;lllTC'nt lhnpigh thf! cont ac ts 
:\ ,11111 B. The Cll rrt~nt i""ll tl' rs , hi.' ~.illl i de thrf)u gh lh(' ... .'o ntaet A a nd JI'.1\,l'S it 
through the con Llc t B. Simila rly ~\. L' define the r l':::- i ~la ncc R BC,llA' It ,,·ill Lc· 
~h()\\ · Jl that tlte follo"ing rclnti,)n hohts: 

exp (- .• RA B,CDd.'g) -;... exp (·- "RIlC.D., di g) = I, (I) 

wliC'TC Q is the specific r ('~ i:;tance of the matt~rjal and d is the thi ckness of the 
sample . 

To pro\"c eq. (1) ,\·e ~h a ll firs t show that it 1101<1 5 for a particular shape 
of the sample. The ~eeond Hc.'p is to pro,'c that jf i t holds for a particular 
Ehapc it ,,·ill holel for any fliape , Fl1r our particul<1r shape we choJse a scmi. 
infinite planc with CO!.l.tacts P, Q, Rand S along its boundary, spaced at 
dis t3l1:ces (1 , band c rt' .5pcctively (.5ce fig .. 1-). A current j enters the sample 

~i~f;~~_ 
,~? o./Q ReS 

J J y~~W 

Fig. 4. A sample in the fl).Gl of a semi·infinite plane with [our contncts alon,:; :ts boundary 
for whi ch cq. (1) is proYed £.nt. 

at the contact P and l?aycs it at the contact Q. FroTn elemental,), theory it 
follows that 

T,;-VR = j Q In(a + b)(b + c). 
,,£1 bra + b -+- c) 0 

Hence 

R !'Q.RS = 
9 (a + b) (b + c) 

-.- In '--.- - - 0 

,,£1 bra + b + c) 
I n the same way, , ,,e have 

R QR•SP = 
Q (a+b)(b + c) 

- In --_0 
;rd ca 

:i\Iorcover, 

b(a -;... b + c) ..,. ca = (a + b) (b + c). 

From the e'ls (2), (3) and (.1) ,' '! . (I) follows imll1e,Iiate!y. 
Using the ~ame arfull .. l'nts it C:1T1. a1::0 be sh o,,'n that 

R.i'Q,RS = Rns ,PQ' 

RQR,sl-' = R~P,(,!R' 

Ri'R.QS = R \..:.PR ' 

R1'Q ,:5R -!- R(!"i.,5P + RI.'R,QS = o. 

(Z) 

(3) 

(4 ) 

(5 ) 

(6 ) 

(7) 

(8) 



4 J_ J . va n ,Jr. f' A U'I'",T 

The la :: L f')lIr rl ' !:. 1 iIJI1!-', howcn-r, ~Te of a IIIl1C'h more gCller:d nature than (1) 
<1IHl full 0\\' abo from the rl'ripruci ty lJ}( ~ orcm of l':l :O;!" ivl) 1Il1l Itipok ... , 

\\'" :-h,tll 1111\\' procectl w it h Ih€' ~ t'COllcl ~ tt 'P and show that cq. (1) holds 

ql1ll~' t!t',:nally. To that end we IIlake usc of the ,,,,ell-known tcchn.l{lllc of 
confoflllal JIIappillg nf t wo-tliIl1l' 1l .~ i fln.1 1 [td (h~ .). \'{Ie a~S lllll C tha t the semi· 
inf: n itl' ~ :1lll ph: t'Oll -" il1('rL',l aboy~ l'oincill(' s with the upper p e1rt of the com­

plex ::.planc, w}u.'rc .::: = x + i)'. 
\\'0 in lro,luce a fun ction w = f(:) ,= ,,(x,),) -t- iv(x,),), where u nnd v 

aTC both rca I fu n c tions of."C and y. The fUllc tion J(z) is chosen in such a way 

that lJ. r epresent::. the potcntbl flcld jn the sample . T he functions u and v 
:::3tis.fy the Cauchy-Riemann relations: 

OIL ov 
--- = - , (9) 
ox oy 

ou ov 
- '- = - - . (10) 
oy ox 

If we now t ra \'c! from an arbitrary point T, in the upper half-plan e to 
onothor point T, in the ul~per hnlf-plane (see fig. 5), the net current which 

7i 
" 

~ ....... -~1j Z-prone 

--------.. ,,----_ .. '\... /P -7 Q R s 

''''''' 
fjg. 5. The EJlTIC E:lmplc 0$ in fig . . ~, coinciding wit h the upper p.ut of_the complex z-plallr. 

tra\-erses our path from right to left is given by 

T, 

. d r 
}T"T, = e _ En d" 

T, 

wht re En is the normal component of the field strength. This expression is 

readily verificd to be equal to 

T. T. 

iT ,T = ~ J (- OU .Ix + .~: (ly) = '!.. J (~~ . .Ix + ov dy) = !-(VT -vT). 
"e oy ox e ox ily e' 1 

T. T, 

H ence if , ·;e trav (:l alcmg the real axis from - 00 to + 00 the value of v 
remains constant until we pass the point P. 'Vhcn passing the p oint P 

-) L. V. Dew l ey, T\'>-o-tlimemional fields in electrical enGineering, The MacMillan Com­
"' " nV i'i /! w York. 191f:l. 

I' 
r 
,j 

) 1 !;'\ Sl'~lI '; ' ... I ,I r ::{' I-. I 1.- . _ 

.dong a smaill lalf-circk j:1 the '.I :::' -:- :, .11f-I)lanc thc value of L' will in crta ::; c 
• u ~ • 

by eifel. Simjjarly wh f- n p a s_~jng t !: ·:· c-_,in t Q t h,~ v;lkc of L' wiII dccrcMc by 
OJ/d. \VIc con.:;idcr n O h - a ~ amp~ .:' .-:' .,.hilrary shape, lying in a di{fr-rcn t 
cOluplex plane which ... ~-e shall c:;.~l t l.:-: :-planc (::; ce fig. 6), ~.dlere t;:::-: r + i.li. 

c 

o 

-~~ 
----~\ 

):.{ 

1 , , , , 
I 

t-prone 

;~I 

Fig. 6. A ~arop !e of arbitrary :!,~ 3 :c.". lying: in the C'omplex t-plane. 

By a weIl-lulOwn theorem, it i3- .:!lways possible to find a!'! analyt ic 
function l(Z) such th at the upp er h:~ I ~'~pI ::me in the z-plane is mapped Ohto 
the sample in the t.pl.:m e. Ther:! ~ re ~ ome restrictiolls as to thc shapc of 
the sample in the l-plane which :1 ?c" ~ hm,-ever. not of physical interest. In 
pnrticubr, let A, B, C and D in the t ~ '['b n e be the images of the point s P, Q, 
R nnel S respectively in the ;.p1:me . Furthormore, let k(t) = 1 + im he 
identicnl with f(.) = I(:(:)) = ,l;(t). H ence hy d(>tinition nt remains ~nn . 
stant when travelling in c0 1.mt t'r-ck·.:k \\· i~c dircction along the boundnry of 

the FitlIilp le in the t-pL1n~ ; it only in l':-;:" :lS("s by !li /d when passing the point 
A and it decreases by the &a mc aml)"l.Int when p assing 111e. point B . 

From t he theory of cllnformaI m,;'Pl'illg it follows lhat if m il1 the I-plane _ 
is intcrp:-ctc(l in the s.llt\r ,\-:ty a s t · ~ t he z-pbnc, thr.n 1 will represent the 
potential fi dll in the t- p!~mt"'_ COH5 ..... :: l; (lntly if a current j' (':~tcrs the sample 

at the contact A and It'.:1Ye5 it:lt the .... ~ o ntrrct nand if we chooscj'r//d ' = 
ie/d, where Q and el' ar(" th~ !'pecif .... - rt' ~ i::tivity and th(-. thickness of the 
sample in the i-plane, then the VO!t 2~C \liffC'T('ncc Vo-Vc wjIl he equal to 
the voltage di(ferell('f' r~ - Vn- H(·;:cC' (d/e ) RAD•CO is illV:1nant limI er con­

formal tran~funnntio n_ The S1W~ !5 true for (d/g) Rnc,DA' From this it 
fo nows that e 'T' (I) i, 01,':,>nernl ""lidity. 

3. Practicnl applica tioru 

From the above secti un it fOUO\,5 t !.!.\ ! for measuring the spcciflc resistivi­
ty of a fiat sample i t sui:iL" c.5 to m~lk ,: ~-v u:- small con tn.cts alon G its "ircuIU-
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fnt' nco." :\1H1 to m ca!" tlrc th~· t\\·o r(' ~j !'" t:l.1lCr.s R,\U.CD all,l Rnc,DA (:.iCC fig. 3) 
anlI the tIiicknrss of the sample. Equation (1) determines uniquely the 

yalue of Q as a fUllction of RAH, CO' Rr.c.rJA a~Hl d. In ordcr to facilitate the 
sulution of (! from cel. (1) we write ,it in the form 

e ='!.~ .. ,!:I":"E.:t!!"C,DA) :f(~'.'!'~)' 
In2 2 R BC•DA 

(11) 

where f is a function of the ratio RAB.co/Rnc,DA only and satisfies the 
relation 

R ,\D.CD - R BC.DA --,-, --_ .. _-
RAB.CD + R.c.D.\ 

-:...i~rceosh )exp (In 2/f) I 
4.... 2 S' 

c 
I. I 1 111-1 I H· I ~ r '1, 

tI • " . ....,. 

- '" i : ' .: ,-1"11" ." . 

'itrhiiill!J'" +t T . . . 

; ~ir I· I, J. o. 

f O. 

1TI8+".JJ I II . .. I 
',+t' f'lf-lffi . cl't f . 1.< i-f-Jal IT + J I " 1 1 
- - ILh 1 5 

2 "f l I·WHH j- 5 I()' 2 
1 11 !.1 10 2 o 2 5 
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o. 
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10 
')Y.(I] 

(12) 

Fig. 7. The fllO('lionj.mcd for d('t~rminjng the specific resistivity oftlie sample, plotted as 
a function of l(\n.co:Rl.lC.DA. . 

In fig. 7 a plot is gi"CIl uf f as a function of RAH,CD/ Rnc,DA' If RAJJ,CD and 
R Bc,DA arc almos,. "qual, f can be approximated by the fonnula 

f "" 1 _ (~''-'!..C!, _=-!!21'::D~)' In 2 _ (~AB'CD - R nc.DA)' \ (In2 )' _ (l,:~3I, 
RAn,co -:- R DC.DA 2 .R,I".co + Ruc,DA (4 12 S 

TIle HaH Jll ohility can be tlctcrmincd by measuring the change of the 

resistance RI::ID,AC whcn a mngnetic field is applied perpendiculur to the 

sample. The IIall moLility is then given by 

d ARBD,Ae 
--"- , I'll = iJ" e (13) 

where B is the magnf.:tie indu ct: :.::,..: and LlR DD ••• C the change of the res'istance 

RDD,AC due to thr! magnetic fi eld. 
Erluation (13) is based u!?on the followi'lg argument: If we ' apply n 

,. 1.1 - ,. - ...... "".1 :,·.,1 ~1 l" to the samrJ j,: ~hc equations . 

I). 
. r 
J 

,-

f 
~ 

~H: ;\ ~l' lIl""r; fI';' SI' EClF:( :-(r::-;:,TI\' IT\ A~;IJ JI.\ 1 l. EFFEt:T 7 

di"j = O, (Il) 

curlj 0, (15) 

wll\~rc j represen ts th~ CUTrent "~L'n~ i( y, r~1Hain " ,d id. Fnrthnm.orc if the 
COlltaets are sufficiently ~ mall anLl at the circumfcrencc of the sample thc 
Ollter lines of flow, ,duch must follow the circlIOlfu;'cnce of the saU1plr, fully 
determine Ollf boundary condition~. Hence the lines of flow do not change 

when a magnetic fidd is :lpplied. HO" 'cver, the effect of the magnetic field :; 

on the electric pot ential is such that between two arbitr:lry points an 

additional potential difference J V is built up which is equal to 

.J V = /luBje 'd-- (Hi) 

whcre j is the cnnrllt 1"h.it:h pa~.5 t.' .5 h ctwrrn the t,\'o points . Equation (13) 
follows ill1 nlcaiat('ly fn.ml (16). 

In order to ' cstir, 13t ~ the ora~r I,.,\f magnitude of the rtror .introduced If 

the contacts arc of fmite ~i ',~c anti no t at the circllmfrrrncc of the sample we 
(It' rived an <ll'l'To.xim ativu fornwt..l for a few srccial cas('~. In :1il C:1S('.S ",:e 

assuIUed that the s.:lmpIl! hau th(' form of a circ ular di::.c with contacts 
spaccu at angks of 9(1-=-. Fu rtlH'r!ll Or~ we assumed that th e area over which 

the contact is made i::: an e,}uip")t(,I1tial area. "'\Ve shall denote by JJI)/Q 
and LJ/lI///lI/ the uIJtive errors introduced in the rura~un>mcnt of the 
specific resis livity antI the Hall HwlJ ility, respectively. 

In fig. Ba is pre~l' nt~d the case in ,,·hich one of th;:: CC'11acts is of finite 
length d; it is aS5um~d to lie alo..1ng the circumfcrence of the sample. The 

0 0 

~ ~~ 77-:.t. --0 

AI ,C AI Ic AI Ic 

B a 8 

2. 1:. ~ ':'j--0~ 

Fig, 8. SOllie "pceial C", ~ ~'$ fl'l r wbidl t:":,' ~'rror in the rnC:lSllCCIIH'n t of t] and It1-/. due to .he 
finite length or thc £i ni ! ~' d:.:' t :l1~CC to t:":~· CilCl!utiercncc of onc cout ;H' t has been e:dcl:btcd. 

other contacts au infinitdy ~lllan and l oc~1ted at. the ('ircuL:"!. ~crence, 

The di~U1etcr of th ~ ~~\Il.l plC' ,\,ill Le dcn Jted by D. In this C:lS C for a smdl 
value of di D anlI ~ i .:: B the fo11I,.'\\, ing relations mn)' Le ~hOW!1 1 0 hold.: 
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