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1 * X m R O D U a  ION 

The in te rea t ing  nature cf t he  nickel/ tel lurium system was f i r s t  

* 1 
indicated by Twgner , who asser ted t ha t  there  was a continous and 

homogeneaus trarqsition between the  s ts ichismetr ic  compounds NiTe and 

NiTe2. More receEt worP, has i c i i ca t ed  t ha t  t he  single-phase region 

extknds only from MiTe, 00 
L. 

t o  about MfTel.08 a t  room temperature, 

3 although at higher temperatvure it apparently goes t o  NiTe or beyond. 

Certainly t he  region ~f homogeneity i s  unusually wide, and exhib i t s  

an unu6ua1 C Q P ~ ~ C Q U S  t r ans i t i on  from one c rys t a l  s t ruc ture  (NiTe of N i A s  

4 1 type ) t o  mother  (Ni.T% of @dX2 type ). In  proceeding from MiTe t o  

MiTe2, nickel  atoms are r m v e d  from a l t e rna t e  (0,0,1/2) planes, while 

the  posi t ions  of t he  remaining nickel  atoms ( in  0,0,0 and 0,0,1 planes) 

ar,d af the  hexagonal-close-packed tellurium atoms ( in  213, 113, 1/4 and 

i_- 113, 2/3* 3/41 a re  aff  ectad very l i t t l e ,  so t h a t  t he  bas ic  s t ruc ture  and 

the l a t t i c e  coastants undergo very l i t t l e  change (the c-axis--the distance 

from O,O,O t o  0,8,1 (~ i - -c~nt rac t s  by only Z$), 

Whether the intermediate cmpas i t ions  are so l id  solut ions  or non- 

; stoichiometric chemical a,ompuaslds i s  a question of semantics only. They 

6 
are, ~%nuaa\al. and poorly understsod, and fo r  both these  reasons are  of in- 

terest. F u r t h e m r e ,  they axe apparently f r e e  from magnetic complication, 

gnakfng them par t icu la r ly  su i tab le  fo r  thermodynamic studies. It i s  of in- 

teresg t t s  knm whether t he  holes i n  the  0,0,1/2 plans are ordered, and if 

so w!i~$her there is a second order t r ans i t i on  accompanying !heir disorder; 

whether at higher tempefatwes there  might be disordering accompaning 

t ransfe r  s f  some of these holes t o  the  0,0,0 and 0,0,1 planes; and so 
I 

forth. 

* The literature en the  nickelBtellurium systFm is  summarized i n  Appendix 1. 



For these reasons a s1kudy of t h i s  system was undert&en, afid se a 

point of departure, an attempt was made t o  co l lae t  data  which would 

determine zero-pslnt eatropy as a function of composition; if this entropy 

could be de te rdned  with g.uff i .c ie~~t  ~ C C ' : X ~ L ~ L C ~  it C O E S . ~  be correla ted w i t h  

the  degree of randomess of the hslas at 0~1. The pkC3smk thes i s  ia 
/ 

concerned with the  col%actioa of acme of thes data, and w i t h  ca r ta ln  

other phenomena concerning tekl.uueim m d  she.niski4 t e l l u r ides  which 

appeared t o  be r e l a t ed  or of Loterest. dhs ab Iby--p~oduct of th i s  effort 

was  developed thd mjoz contribntion sf this wq~kn am apparatus 6bt9d 

techniqtae for  the measmment of vapor pzfessp11,xss at high tmpe~atures 

which i s  widely apgldcablle and believed capable of g ~ e a t ~ e  ~ C C P B U P ~ C ~  

than m y  other method described i n  the lite~atura. 

Zero-point entropy is  d ~ t e x d t e s d  by consideration sf  the following 

cycle: 

. . bas, is determined by measuring As2, ASg, and a S e erimentally and 
4 xP 

taking the i r  sum; on the reassnab1,e assumptions tha t  the zero-point en- 

tropy ,of nickel5 i s  zero and the zero-point entropy of c rys ta l l ine  tell-  

6 
urium i s  zero, t h i s  entropy change is  equal t o  the  entropy of the csmc 

pound. as2 and ask are determined by 



\ 

where C i s  the  heat capacity a t  constant and il. deta8line.d . 
- B ' . . . . . . . I . I . :. . . . . . 

experimentally for  each element and for  the  vari.oo%s cmpss i t i sns  s f  t he  
8 . a  . . 

compsmds, Beat capaci&ies m e  discussed in Section XI of t h i s  report ,  

There are many t h e r m s d p d c  r e l a t i ons  connecting entropy with other 

quant i t ies ,  bat  t he  number of methods which a r e  prac t ica l ly  capable of 

giving suf f ic ien t  accuracy for  'khird-law deter81inationst1 a t  the  high 

temperatures nacessaxy (see below) i s  small, and a s  applied t o  t h i s  
f 

prcsbPem was soon reduced t o  two basic  re la t isnships:  

, . .  .. 

where G i s  tho Gfbbs f r a e  enagy ,  F the  Helmholtz f r ae  energy, M 
. . 

the  enthalgy, and T t he  absolute k e q e r a t w e .  

Attention was f i r s t  directed to  (31, and some study was made of 

the  poss ib i l i ty  of determining the  heat of react ion at or near room 

temperatufpe; t h i s  abortive study is  reported in section beA. H o w ~ ~ l p ,  

it appeared that  the necessary accnt-aeg wetnld be d i f f i c u l t  t o  obtain. 
, it > 

Furthermore, after '  the  measurements on exnthalpy of react ion had been 
- .  . . ,  

made, it would st i l l  be  necessary t o  determine the  free energy of se- 

action; since these m e a s ~ m @ n t s  musk be made i n  any ease, it  seemed 

simpler t o  make them a t  d i f fe ren t  t m p e r a t w e s  and use g(bl . ) ,  and so the  

investigation of enthalgy measurements was dropped, 

aFwo basical ly  d i f fe ren t  m@&h~ds are avai lable  for measuring the 

f r e e  energy s f  the react ion between n%.c%el and tel1uriol8n: eles t ro-  

c h e d c a l  measurementso m d  measmmaat of the pressure of $me v o l a t i l e  



material direct ly at indirectly involved i n  the reaction, The same basic 

d i f f icul ty  p l q u e s  both methods: the reaction being measured takes place 

a t  the interface between a sol id phase of variable cbanposition (the nickel 

te l lur ide)  and a f l u i d  phase (the electrolyte,  a: the vapor), thus al ter ing . ' . . . . 

the  composition of the surface layer of the solid, and therefore i ts chew 

i c a l  potential  (which is ultimately the quantity being measured). To 

j avoid errors it is therefore necessary tha t  the reaction be m i e d  oat 

at s su;Eflclautly high tmperature tha t  aelf-cUEfueion is rapid enough 

Co ~CFttct hearogsnaity (aed therefom maksl possible Che measurement of 

hiehly dee&srBle tha t  the nature of the experiment: be mck. that i t  i s  

poaeible t o  prove that' t rue  equilibrium had indeed bean esf erblished. 

At the  time when these acperriments wer0 started, no adequate ws- 

diction wae available from solid-state physics a s  t o  the tsmpepatwe 

which m e t  be achieved t o  obtain suff icient ly rapid diffusion. In gen- 

eral, eolid-state diffusion follows an exprassion s f  the form 0 acp 

(E/RT), where C is a constant, E an epergy of activation, R the gas cow 

' i t an t ,  and T the abeoluto temperature. However, there are many except- 

loas t o  t h i s  rule,  and there is no good way t o  predict ,either C OF E. 

tlTmmnnt 8 ruleY7 s t a k  that  , self-dif fuslon becomes "appreciable" a t  
. . 

0.52 t o  0.57 times the melting point; a resent a r t i c l e  i n  an slestro- 

'8 
. chedopl journal , states: ttauperieuce has ,shorn that  operating tape- 
atures not lower than 0.3 or 0.4 of the absolute melting temperature of 

the a l l o y  .re ' s  .itableen ",The l a t t e r  statement seems unduly o p t i x u l ~ t i c ~  

and the' forme. is . di f f i cu l t  , t o  apply when the solidue and liquidus 

temperatures are far apart, a s  i n  t h i s  caee, and it is not cle& which 

is  t o  be taken as  the "melting pointw. At the start of these experhents 
I 



3 it w a s  known tba t  the 80Qi,dus temperatures fog these compounds was i n  

the  wsig%~borhosd of 9 ~ 0 ~ 6 ,  m d  it was therefore guessed tha t  t he  minimum 

tamperature for  egufllibri.~m might be a s  low a s  $00' oi a s  hl.& as TOO@, 

a d  the  a,pgaratus w a s  desCgned for a m~9rnm operat%.ng t empea twe  of 

750'~ (it has aetaal3.y been opmated at c@asi.deeabl.y higher t e m p e r a t ~ e s ) ~  

IC has twned  oat tbat no lag i n  vapor pressure could be measwed cssre- 

spcnding ec a. ma31 change in the tempexatwe of any of the  nickel  hell-  

mfdes, and th%e was ae f:kst taken to mean tha t  saR$d s tace difffns$sn 

w a s  rapid at  a l l  tb.e k ~ a r p e r a t m e ~  a t  which vapa? presswas were high. 

enough t o  Be measured, Subssgsaantky At was disn~vmed tha t  t h i s  J a q e r i -  

mental r e s u l t  merely meant tha t  hmogersbzatisn of a th in  layer a t  the  

surface sf the  vmdoaa crgsta l ,%ites  was sufficf.snt t o  give t h i s  apparent 

equtl%br%wn; beat when a =@at excess of t e l l u r $ ~ m  was present, it rtw 
. - 

quired same hours ae 7 0 0 ° ~  t o  dif fuse Ihomogene~naPy i n t o  the. canter of 

every erystaI.Iiteo ~ta i .8  i s  i n  agreement with &dnvold8s qpaalitaeive 

9 
observation that eguilfbxi '~m requires  several hours at 700' and a 

month a t  450'~ 

High-tqe&.ae:we electrochemical m e a s m e m e  always introduce the 

poss ib i l i ty  of systegnebtic errors; for  example, there  amst be several  

interfaces in t b e . ~ e l . l ~  m d  &hmmelectrdC p o t e ~ k l a l s  may be set up at: 

m y  o f  theme me v o l a t i l i t y  of tha  ke~,abmi.m would be a complicating 

faetor ,  especially i n  view cf &he very poisonous and corrosive nature 

05 t a l l w i m  vapor, tsll.mirttam vapor would be cer ta in  t o  a t tack m y  

metal which it contacted, khus a l t e r ing  the  csacentsation of the  nickel  

te l lur ides .  Some of these prob l e m s  have prssumsbly' been solved (although 

one cannot ba seea about systematic errors) for some t e lbwidas ,  since 

10 
@xperimental. e lectrchanical  measm63ments have been reported for  t he  



f r e e  energy o f f o m a t i o n  of ZnTe, CdTe,SnTe,.aad PbTe. .Howeg~er, these 

metals do not form nonstoichimetr ic  compounds, as nickel Qss; the 

a r t i c l e  states t h a t  t he  emf's ware not affected by the  presence o f  excess, 

metal, while the f r e e  energy of formation of the  nickel t e l l u r ides  i s  a 

very sens i t ive  function of concentration i n  the  single-phase region. In 

t he  vapor pressure measurements which w e r e  made, the  accuracy was safff-  

c ien t  t o  detect  a change i n  concentration of less than OoOl$. 

Attentionwas therefore turned t o  pressure measurementso A nmbm 

of ind i rec t  methods are available; fo r  e - q l e ,  the t E ? d ~ c t f ~ l a  of watw 

vapor t o  produce hydrogen, and subsequent measopae%ng of the  t o t a l  presswe. 

A l l  such methods, however, are complicated by the  presence of tellurium . * 

vapor, and it seemed best ,  therefore, simply t o  meassoaps the  pressure of 

t ha t  vapor. The method f i n a l l y  chosen fo r  t h i s  measmement is described 
* - .  

i n  Section 3. .It i s  characterized by a constant premame emox of approxi-'. 

mately 0.1 mm Hg, and i s  ther'efore extremely accurate a t  high pressures; 

however, it  i s  considerably less accurate a t  lower pressmeso Further- 

more, the  reduction i n  vapor pressure with addit ion s f  nickel was mre 

rapid than expected, so tha t  no measurements at a l l  w e r e  possible below 
. ::r*- 

NiTe , and measurements of any accuracy were no% possible below ..;&*. .. 1.5 

N i t  el atad a t  t h a t  concentration only a t  tmperatpue&s above aboet 750e. 
, 

This means tha t  spec i f ic  heat measurements w i l l  have tb be a t e n d e d  t o  

'about 750°, .and every s,light r i s e  in temperature i n  this .  region means 

addi t ional  experimental d i f f icu l tdes  and e r ro r s  i i a  spec i f ic  heat 'measem@- 

ment. However,. such me,aswen&ntk . w i l l  allow some overlap i n  the '  region 

around' NiTelogo which w i l l  a l l o w  a desirable check, since d s/dT can 

be determined independently by the two methods. 



'Ilhe react ion bed.ng observed when one measwes the  presswe frdis- 

soebation. pressure) of tellurium vapor wm nickel  t e l l u r i d e  can be 

expzessed i n  the following, way: 

1x1 making measmmsnts at equilibrium, 8n.e a.ttempts t o  make the sample 
' 7  , ..:. 

, .  - . 

sf ze suf f ic ien t ly  f a g e  and t h e  vapor space suff i c i sn t  l g  small .gha.p:::L:6,:.- ,. . 
'" 

... . , ...,. . . 

the  concentratiean of the  NiTe, $8 nst  appr@ci.ably changed. In the 

l i m i t  of such e q e ~ b m n t ,  n m y  be eonsfd@.rad Bnffnita, and ( 5 )  

describes the  addit ion of one m l a  of tellurium to  an i n f i n i t e  mound 

of MITe,. %f the  tell=&= is i n  its standard %&ate '(which is llbquid 

at a l l  tempratur@s ,sf gnteras& i n  this experiment,), then the free 

energy change-is the am of three k@mso the free energy of c o m v ~ t i n g  

one mole sf l%.guid tellm&m t o  vapor at the squi ldbr im presaurG pb 
(free energy change .equal@ zero)j t he  free ea=gy of q w d i q g  one mlol 

of tel lmiurn vapor from p$ to p, f a  which the fLPee energy change is 

given by 

and the free energy of sonpverting one m1.e Zf t~11Bwiabw vapor a t  the 

equilibrium pEesswe p to naT.ckef tel l.wi.da ((free ' energy change equals 

. , zsro) . H@nc,e rhe free e&rggr .change c & r r e s ~ d ~ d i n g  -N! to , (5) , which i s  

cal lad the  pab~tIa1. molt%% %zed energy of t e l j l ~ % . m  i n  NiT+$ axad d@noted 
. .- :&j . 

by A%,, i.8 given by i6) j t h i s   plies t o  two gr-atoms of tollarium. 
' I  I 

A l l  of theegaat$&.ns given, thus far are. t h e r m o d p d c a l l y  rigorous 

weF.e replaced by fagacbt%ese The ercar imvs%vad i n  this subgt i ta t ion 



appears to be negligible insofar as imperfection of the gas is con- 

cerned, because of the high temperature and low pressure involved. A 

serious error would be made if the number of atoms per molecule were 

variable, since the ratio of pressure to fugacity would b& a function 

of pressure. However, there is strong e~idetice~l$~~ that the number. 

of atoms:lper vapor molecule is not appreciably greater than two at 

temperatures well below the triple point, and not appreciable less 

than two at temperatures well above 1 0 0 0 " ~ ~  and so it seems safe to 

assume that it is invariant with pressure in the temperature range sf 

interest;here, namely 600 to 800°~. 

Corresponding to (5) is a similar expression for nickel: 

for which the free energy is If we now add x gram-atoms of 

tellurium and one gram-atom of nickel to an infinite quantity sf 

MiTe,, we h'ave formed exactly one new mole (1 + x gram-atoms) of 
NiTe,, and the free energy is given by 

where AG is the integral free energy of formation per gram-atom, 

and is the quantity in equation (4), . There are also equations corre- 

sponding to (4) for partial mlal quantities, and one corresponding 

. to (e) for adding partial molal entropies to obtain the integral en- 

tropy of formation, the AS of (1); this method of computation would 3 
of course yie$d the same result.: 

'Par.t ial molal fr'ee energies of . tellurium have been determined : . .". . 

at temperatures from about 550' to 780°c for all concentrations from 



1.00$ to 60s tsllwfwmi 80 Beta have been obtained m the  .par t ia l  mlal 
' '. 

free energy of d c k e L i ,  Tbs two partial molal fke$$e~e~gies  are rela.Fed 

by a Gibbs-Wem equation of the  form 

where CNi i s  the ccncsntration (atomic f ract ion)  of s icke l ,  5, is  the 

concentration (atomic: fraction) of teklmim, and t he  of the  two 

cconseatratio~?~ is wi . tyo  Lkiting 6 = C+e = l - %EO t h i s  equation can 

be rewritten as follows: 

, 
so that the  p a r t i a l  mkal free energies of the nickel  can be obtained 

f ~ s m  the  p a r t i a l  mo%af free energies of the  &ellari.dlera, provided a . 
b~~undary condition is ta\ra$l&la t o  determine the corista~t Ko A t  loo$ 

t e l l u r k i 9  the  p(il~r&%al molal free energy of tcllarrim is  zero (as i s  

evident f r ~ m  ecpakion &6)$md the p a r t i a l  molal f r e e  energy of nickel  

i s  in£  inite;  Em (9) i t  i s  clear that the slope of A%i mst be in- 

f i n i t e  st this poiwEo -15h.~a, ks obtain the p a $ i a %  molal free energies 

of nickel i& is eecsaswy either t o  egtead the vapoz pressure measme-. 
.P 

m m t s  t a  0$ tollwitan (where 1Ig is known to be zero), which i s  ,impossible 

by ~)rn@caX ozders of magnitude with the peesent appmatua, to ob- 

t a i n  the  p a r t i a l  mska% f r e e  energy of nickel  ae: on@ concentrat im at 

* 
various t ~ ~ a t w e 2 ; .  ?I%S has not been donee As indicated i n  

\ 

* With the data  at hand, (9b) e m  be solved except fore t he  unknown. 
I, m d  (4) cwld than be solved except for the  ur&am dK/d~. There 
appears t o  be no wag to e s t h a t a  these x , m k n b s  at the  present t i m e e  



0 

Section 2, the high-tmpereeture s p e ~ t f i c  heebs w e  also lacking. Both 

sf these sets of data msrt be? obtained before the zero-point en t~~ .p l . e s  

can be c q a t e d .  



11. HEAT CAPACITIES 

As discussed in the previous section, it is necessary to know the 

heat capacities of nickel, tellurium, and the nickel tellurides from 0" 

to about 1000" K in order to determine the zero-point entropies. The 

heat capacity of.nicke1 is,known over this entire range. The heat capa- 

city of tellurium has bean determined up to about 800" K, but much of 

this data is uncertain. The heat capacity of the nickel tellurides 

was sf course unknown at the start sf this research. 

It is convenient and conventional to consider such heat-capacity 

data undeP two headings: low temperature (from O"K to about 3 0 0 " ~ ) ~  

and high temperature (above 300"~). 

Two basic methods sf calorimetry for measurement of thermal prop- 

erties are available: adiabatic, and drop. In the first, a known, 

small amount of energy is supplied to the sample, and its temperature 

rise noted, The temperature rise is small enough that the actual heat - 
capacity (dH/dT) can be accurately computed from the observed mean heat 

capacity ( AH/ AT), If the observed heat capacity shows high curva- 

ture (as a function of temperature), smaller temperature intervals can 

be used, trading accuracy in temperature-interval measurement for 

accuracy in curvature correction. The i6portant point is that the 

sample can be maintained approximately in thermal equilibrium at all 

times. 

In drop calorimetry, the total enthalpy difference between some 

variable temperature, t, and some fixed temperature, usually..0"~, is 

measured; then 



and the heat capacity, C= dH/d~, is computed as before, ~lthsugh the 

enthalpy increments thus computed are small differences between large 

numbers, the total enthalpies and the temperature increments may be 

measured with great accuracy, so that the results are good where the 

method is applicable, .The disadvantage of drop calorimetry for the 

present purpose is that high-temperature phenomeria (such as disorder) 

may be frozen in when the sample is quenched, and true sgeci'fic heats 

are therefore not in general obtained if there are any first or'second 

order transitions or similar anomalies in the interval. This ob- 

jection does not apply to low-temperature specific heats, and the 
++ 

method is capable of high accuracy ; but adiabatic calorimetry i,s ' 

also capable sf high accuracy below room temperature and is more con- 

venient for collection of large amounts of data. At high temperatures, 

in addition to the many difficulties which plague any precisi,on measure- 

ments, the fourth-power increase in radiation makes temperature drifts 

larger and more difficult to correct for, and therefore Mkes drop 

calorimetry the most accurate when it is applicable. 

2A. ' LOW TEMPERATURE 

2.A.1 Nickel. The low-temperature heat capacity of nickel has been 

measured many times. In'particular, measurements of exceedingly high 

* It is interesting to note that Busey and ~ i a u ~ u e ~ ,  in reporting their 
own very accurate measurements on the low-temperature specific heat of 
nickel, discuss all of the preceding work except the very old measure- 
ment by ~ilden'7 of the mean specific heat of nickel between the 7b-d'1:--- 
ing point of oxygen and l5"C, determined by drop calorimetry., Never- 
theless, Tilden's result, when appropriately corrected, is more accu- 
rate than any of the intervening work when compared wiQh the results 

!I 
; of Busey and Giauque. 



accuracy on very pure samples are available in the range 15°K to room 

11 
temperature5 and 1.7" to 4.2'~ . Data of slightly less accuracy are 

-f 13 available in the intdrmediate ranges 1" to 2 0 0 ~ ' ~  and 10" to 26°K 

The entropy of nickel at room temperature may be assumed known with 

an error so skll as to be quite negligible in comparison with the 

other data involved. 

2.A.2. Tellurium. The low-temperature heat capacity of tellurium has 

been measured down to liquid nitrogen temperature14 and to liquid helium 

temperature15. Recently, very accurate measurements on very pure sam- 

ples have been made over the range 4.5 to 3500~,6 and 1.5" to 4.50~20. 

The entropy of tellurium at room temperature may therefore also be con- 
I 

aidered known with adequate accuracy. - .. . .  &+' 

' .  
.T%W ~e - 

"J * 
2.A.3. Nickel Tellurides, Heat capacity measurements in the range 

4.5 to 350°K were run on three compositions of nickel tellurides, 

namely NiTelml, NiTele5,and NiTe2e0. The samples were especially 

prepared for this purpose and were tho2oughly annealed at temperatures. 

down to 450°C. They were cooled slowly from this temperature to room 

temperature, but it is not believed that any changes in structure take 

place in reasonable periods of time at temperatures below 450". The 

samples are believed to be 99.99% pure, and to have the stated composi- 

tions within 0.01%. 

* Although the author cooperated in the operation of the calorimeter, 
the reduction of the data, and the interpretation of the results, 
most of the work reported in this section was performed by E. F. 
Westrum, Jr., C. Chou, and F. Grdnvold. 
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Sample sizes for the calorimetry were approximately 170 grams each 

for NiTelel and NiTe and 120 grams for MiTe 
1.5 2,0° 

'The smaller weight 

of the latter was due to its smaller bulk density, which is due to its 

mica-like cleavage which in turn is due to its layered crystalline 

lattice. Care was taken not to force the soft flakes of NiTe2e0 into 

the calorimeter, since this might have altered the heat capacity through 

cold-working. 

The calorimeter and cryostat have been described elsewhere.16 The 

samples were co~led to liquid-*helium temperature over a period of about 

two days, and the heat capacity measured by n~ting the temperature rise 

produced by a known input of electrical energy. The temperature incre- 

ments can be adjudged from the adj,acent mean temperatures of the data in 

.,Table I which are given in chronological order. The heat capacities are 

-,expressed in terms of the defined thermochemical calorie, equal to 

4.1840 absolute joules; the ice point is taken to be 273.15"~; the 

atomic weights of nickel and tellurium are taken to be ..58.269 &sd 127.61 

respectively. The data are expressed in terms of one tot'al gram-atom 

of substance--i.e. 94.79 grams of MiTelol, 100.04 grams of NiTe 
1.5' and 

104.64 grams of NiTe200--which is equivalent to using the formula 

NiO 4Teo06 for NiTelOs3 for exampla, The heat capacities (C = d ~ / d ~ )  
P 

were determined by adding to the experimentally observed value of 

AHIOT for each temperature interval an analytically determined curva- 

ture correction, and are plotted on Fig. 1, 

The heat capacities of  able I were plbtted on a large graph and 
L 

I a smooth curve drawn through them. This curve had the ¤ 
shape and no singularities or inflections other than 

tion predicted by Debye theory, except for an 

the heat capacity of MiTelel of about 0.01 

occurred in the neighborhood of room temperature. / 2 l z . 5  020 
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Above 30'~ most of the points deviated from the smooth curve by 

less than 0.001 calories per gram-atom per degree (the curve was 

stretched out to a total length of almost 15 meters and plotted with 

a pencil sufficiently sharp so that deviations of 0.2 mm would be 

plainly evident; no deviations could be seen for most of the points). 

The deviations were not normally distributed, and in a few cases were 

close to 0,01 calories per gram-atom per degree. Experience indicates 

that these deviations are not reproducible and presumably not signi- 

ficant. Below 30'~ the measurements become increasindly inaccurate, , 

due to the samller absolute heat capacity, the smaller temperature 

, intervals (necessitated by the increasing curvature), and the de- , 

creased sensitivity of the thermometer, Fortunately the specific heat 

of all three compounds had reached a T~ dependency at the lowest tem- 

peratures reached, so that the extrapolation to O'K could be made with 

considerable conffcence. 

Values of C H' - H;, and SO - S' at rounded temperatures are 
P" 0 

shown i.n Table 11:. The enthalpy and entropy increments were computed ? 

by numerical integration, using values of heat capacity at rounded 

temperatures and rounded logarithms of temperatures which were read 

from the smooth curve. The values of entropy are considered to be 

accurate to 0.02 calories per'gram-atom per degree, and the enthalpy 

values are considered accurate to 2 0.% except at the lowest tempera- 

tures; relative accuracies (e,g, comparison of entropies or enthalpies 

of different compositions at the same temperature) are somewhat better. 

The temperatures given in Tables I and I1 are believed to correspond 

with the thermodynamic scale.within 0.03' from 10' to 90°K and within 

0.04' from 90' to 350'~; relative temperature accuracy is better by a 

factor of almost 100 (the error of measuring the temperature intervals 

is probably less than O.OO1°)he~ . 4 



- ~ \ - TABU f1. The-dynamic mputiea of pick& telhrU.2) 
(ia c$/~ml.. d.g) &. 

8i3'eim I "-1.5 = -  mm2, 
(formula weight formula weight [ionmala . w e i f l t  

-9b79g) "0. 4762T80. 5238 94 4Te0 ~100.04g) "0.3333 6667 - O b 6 k g )  
-% se9; -7 H 0 - a b  T, *K P 

10 0,038 0,1013 O m  010 0.049 0.016 OmOU 0. 061 0, 020 0.015 
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Plots of log Cp against log T and plots of C /T against T (Fig. 2) P 

show that all'three compositions had reached a T~ dependency at the lowest 

temperatures miasured, and the latter plots give no indication of a linear 

term in T (such as might be due to an electronic contribution). These 

results are particularly interesting in the case of NiTe2 because of the 

. I '  . 
widespread investigations, both experimental and theoret ical,f,.;.of :the :. 

d 

heat capacity of layered lattices at low temperatures. 

The, present data also permit an experimental test of the so--called 

Kopp-Meumann rule which says that the heat capacity of an alloy is an 

additive function of the heat capacities of the elements of which it is. 

I 
compokad. There is, in fact, little theoretical justification for this 

rule, although it has often been used in practical metallurgy in the 

absence: of any better method o'f estimating cert.kin' th&$&dynamic quan- ... 
. . 

ties (for example, if the heat of formation of an :alloy is known at 

w,.tamperature and wanted at some other temperature, one often esfi- 

mates that it is the same). In the light of our modern understanding . 
of crystal&, their. heat capacity is not a function of the individual . 

3 .  

atoms, but of the crystal as a whole, particularly at low 'te.mperatures. 

From the viewpoint :of Debye theory,.there is no reason to expect the 

characteristic temperature of an alloy to be the appropriate weighted 

average of the characteristic temperatures of its constituentss \ 

The heat capacity of MiTe was computed by 'means of the Kopp- 
145 

Meumann rule by adding 0.4 times the atomic heat capacity of nickel - 

to 0.6 times the atomic heat capacity of tellurium, and this was com- 

pared with the experimental values of the heat capacity of NiTe 
1.5* 

The heat capacity of tellurium was taken from the older data 14915 

The heat capacity of nicke1,was . carrected .for the electronic 



/--2 % '  . 
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contribution, other  correction^^^ being negligible. The results, 

shown in Fig. 3a, show appreciable deviations, especially at low 

temperatures; at higher temperatures all of the substances involved 

show approximately the same (i..e, Dulong and Petit) value. The de- 
L1 

viations are not surprising, especially when it is considered that 

the crystal structure of the MiTe is quite different from that of 
1.5 

the element s. 

On the other hand, the heat capacity (and othef thermodynamic . 

fanct ions) a$e indeed additive functions i.f one considers the con- 

stituents to be nickel tellurides of the same phase. Thus, the heat 

capacity of MiTe can be computed by adding 0.4667 times the heat 
1.5 

. capacity of Mi.Telol to 0.5333 times the heat capacity of NiTezo0; 

and the deviations of these values from the experimental heat capa- 

- cities, as shown in Fig. 3b, are con@aratively small (the anomalous 

increase in the heat capacity of NiTe above room temperature has 
.. 1.1 

been omitted for this comparis~n)~ 

Debye characteristic temperatures are presented as a function 

of temperature for the three experimental compositions in Figo 4. 

The Debye 8 for each of the three compositions becomes negative (i.e., 

the heat capacity exceeds the Dulong and Petit limit) above the ice 
,J 

point, presumably because of electronic contributions. The electrical 

66 - 1 conductivity at room temperature is about 10,000 ohmm1 cm , inter- 
* . .  

mediate between that of typical semiconductors and typical conductors. 

This fact and the general metallic natures sf th.ese substances have 

3 been noted to give "an alloyic character" to these compositions. The 

only available heat of formation data56 is on the stoichiometric com- 

pound MiTe; its. heat of formation (-9 kcal/mle) is higher than that of 
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typical allsys. However, free energy data (Section 3) @q.em,tp in- 

dicate that the heat of formation of tellurium-rich csmpp+$tiona is 

smaller, i 

2.B, HIGH TEHPERATLJRE 
. . 

2,B.l Nickel' 

Because of the i.nterest in the magneti.c.transition in nickel, 

as well as for other reasons, the high-temperature specific heat of . 

nickel has been measured many times, i.ncludi.ng two recent and appar- 

21 9 76 ently very accurate series of adiabatic measurements , 

2.B.2. Tellurium 

The high-temperature specific heat of tellurium has been measured 

twice, both times by drop calorimetry and to temperatures only ilightly 

- above the melting point. The first seriesz2 is highly suspect because 

it i,ndicates a transition at 3 5 0 ' ~  which has been proven (in this re- 

search and, leas conclusi.vely, elsewhere) not to exist. The second * 

23 series gives only a few points. It. appears that the specific heat 

will have to be zun at temperatures above the melting psint (450'~) in 

any case; that a check on the latent heat of fusion is highly desirable; 

and that the sgeci,ffc heat from room temperature to ,the melting poin.t 

should probably be checked, a;n the liquid region a correction will 

have to be made fotr heat sf vaporizati.on, but the molal heat of vapori- 

zation and vapor pressures are known with aqle accuracy:for this pur- 

pose o 

. . 
20B,30 Mickel Telluridqs . . . 

, . .  
Since one of the, reasons for measuring the .specific heat 

was to investigate the presence of disorder phenomena at the various 



temperatures, conventional drop calorimetry is out of the question. 

The measurement of specific heats of these substances at high tempera- 

tures by adiabatic methods involves considerable difficulties. The 

construction of an adiabatic calorimeter for temperatures up to TOO0 

or 800"~ is a project of enormous difficulty, and only tw.o or three 

good ones exist in this country. 

An idea, believed to be original, was considered for a type of 

unconventional drop calorimetry. Instead of dropping the sample into 

a mixture of ice and water and determining the amount of ice'melted, 
/ 

the sample could be dropped into a mixture of,,say, liquid and' solid 

aluminum and the amount of aluqinum frozen (or melted if the original 

sample temperature were above 6 6 0 " ~ )  could be determined. There 

appear to be no objections to this method on the grounds of lack of 

equilibrium, but it was the unanimous opinion of' experimenta'l thermo- 

dynamicists who were consulted that such an apparatus would present 

forbiddingly difficult expeiimental problems. 

Permission was therefore tentatively obtained to make the specific 

heat measurements on one of the best high-temperature adiabatic calori- 

meters in existence, namely that constructed by Prof. E.E. Stansbury of 

76 
the University of Tennessee   ow ever, the nature of the nickel tellu- 
rides made this impossible. This calorimeter is of such a nature that 

the $ample must have a maximum outside diameter of one inch, with a re- 

entrant well to carry the heater. For the nonvolatile metals wish which 

Stansbury has workid; this small sample size is feasible,. .but the nickel 

tellurides are volatile and the tellurium vapor given off . is. highly cor- 

rosive. The samples would therefore have to be kept in a vessel of 

vitreous silica, but because of the low thermal conductivity of this 



material it would be necessary to enclose the silica vessel in a metal 

vessel which would have, a 8nni.form exterior temperature which could be 

kept the same as that of the adiabatic shield. This would result in a 

minuscule space for the sample, s6 that the heat capacity of the con- 

tainer would be excessive compared to the heat capacity of the sample, 

Furthermore, the temperature lags getting through the metal container, 

the intervening space, the silica container, the intervening space, 
. . 

and the sample, would probably be excessive. .The spaces could be 

filled with helium, but little can be done about the tempera:ture lags 

across the' silica, The corrosiveness sf tellurium is such that'.the 

nickel tellurides probably cannot be contained in any material of 

higher conductivity than silica, although graphite might be possible. "i 

Thus the high-temperature heat capacities remain undetermined, and 

cogstitute a 'major block in the determination of zero-point entropies. 



111. VAPOR PRESSURES 

Of the many methods available for the measurement of vapor pres- 

sure 18', lga9 few are capable of being applied with accuracy at high 

* 
temperatures. Dynamic methods in' general are indirect, and therefore 

subject to systematic errors; it is worthy of qste that the first two 

249 25 measurements sf the vapor pressure of tellurium were by dynamic 

methods, and while each was self-consistent (the log p vs 1 / ~  plots 

were straight and the scatter arou*d them small), both have been 

proved (by this research and elsewhere 2 6 ~  72 as well as by intercoxnbari- 

son) to have large systematic errors. Dynamic methods are also diffi- 

cult to apply to mlticomponent substances (such as the nickel tellu- 

rides) where the pressure changes as' the material is progressively 

vaporized, Effusion methods have been used with considerable accu- 

racy, but are limited to pressures lower than about 0,l m, which 

would restrict their use in the nickel tellurides to compositions' 

richer in nickel than about NiTelo3 orNiTel,h. Static methods, on 

the1 oth~r hand, are subject to errors from minute amounts of im- 

purities, particularly thoee which are volatile and insoluble in the 

sample, In both cases, there are other "difficulties and sourcee of 

error which increase exponentially with the temperatiire"lgb: 
' 

* The terms "dynamic" and "static" as applied to methods of measuring 
vapor preeeure refer to the type of equili.brium between vapor and 
condensed phase. Thus, effueio? and transport methods arb dynamic, 
while the method employed in this research is static. The boiling- 1 

point method is 0fteh called dynamic because the criterion of equi- 
1ibri.u~~ i9~ evident ebullition at a known temperature under known 
pressyre of inert gae. However, the author prefers to consider this 
method static, reserving the term dynamic for thoee methods in which 
there is continuous removal of volatilized material from the con- 
densed sample. 
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The method chosen for this research is a static method whose gen- 

eral outlines are indicated in Pig. 5. The sample (S) is placed in a 

glass tube which connects to a glass bourdon gage (G). When the sample 

is heated, its vapor exerts pressure in the gage, and tends to force 

the pointer (P) to the right. An inert gas is then admitted through 

the valving system (V) until the pointer is returned to its original 

position,.and the..pressure'of this inert gas is measured on a mano- 

meter (PI). The sample-containing tube is inserted in a large metal 

block (B) whose temperature is measured and assumed to be the same as 

that of the sample. The entire apparatus is inserted in a furnace, 

indicated on the figure by the dotted lines. 

This method was chosen because it had been previously used, 

apparently with good accuracy, to determine the vapor pressure of 

* 
tellurium, and because it was believed that the precision could 

be improved. This did, in fact, turn out to be the case; the pres- 

sure measurements are self-consistent, and believed accurate, with 

a probable error of 0.1 m. At the highest temperatures, temperature 

errors are more significant than pressure errors; these amount to 

about 0.1 to 0,2" on a relative basis, and perhaps 0.3" on an ab- 

solute basis. 
. , 

Vapor pressure measurements were made on niakel tellurides of 

compositio~~s NfTela5, NiTele7, NiTelo9, and,NiTe2.0, and on a mixture 
.... . ' I  

' of 90 atomic tel~&ium and 10 atomic percent nickel (referred .-. 
to hereinafter as Ni~e~), up to 780°c, and on pure tellurium up to 

855"c. 

* Previous investigations of the vapor pressure of tellurium are 
summarized in Ap,pendix 2. 



FIGURE 5 

METHOD OF MEASURING ,mSSURE .(schematic) . , . . 

: j i 



3 ,A. The Furnace . '  

The design temperature of the furnace was 750°c, but it soon became 

apparent that the data at higher temperatures would be of considerable 

interest. In most of the experiments, outgassing was done at about 800°, 

and thi measurements were takbn up to 780°, with the gage kept about 20' 

hotter than the sample. At the conclusion of the experimental work, an 

attempt was made to take data on the vapor pressure of tellurium up to 
[ 

the maximum femperature attainable. The experiment was actually termin- 
. . 

ated at a sample temperature of 855'~ (with the gage at 880"~)~ due to a 

fortuitous circumstance. It is believed that the furnace would have 

failed at a temperature only slightly higher than this. 

The furnace consists of a black-iron can, 15" i,d,, 41" high, 

placed on a four-legged iron stand with adjustable legs for leveling. 

Resting on the center of the bottom of the can is a 5" layer of Silo- 

cel brick, on top of which is a vertical Alundum tube 14" long (the 

lower furnace); on top of this is another Alundum tube 17'' long (the 

'upper furnace). Silocel is a trade-mark name of the Johns-Manville 

Co., for diatomaceous earth (almost pure silica, of organic origin); 

Alundum is a trade-mark name of the Norton Co. for aluminum oxide 

with a silicate binder. The Alundum tubes were of 3" i.d., and pre- 

grooved by the manufacturer with a pitch of .1731". The pregrooving 

permitted winding with absolute uniformity, which makes the attain- 

ment of isothermality in the furnace considerably easier. The tubes 
I 

were unfortunately neither prefectly round nor perfectly straight. 

The tubes were wound with 14 gage Chromel A wire (Chromel is a 

trade-mark name of the Hoskins Co; A is 86 nickel, 20qb chromium); 

the ends were brought out through the furnace through porcelain 



i n s u l a t o r s  and a t tached t o  12-gage copper wires;  the  copper wires  

were, a l s o  brought i n  i n  p a r a l l e l  and, a t tached to: the  r e s i s t o r  w i r e s  

c l o s e  t o  t h e  Alundum cores. The, me.asvred res . i s tances  . of.  ..the wind- 

ings  were 14 ohms foq t h e  upper furna.ce and 12 ohms f o r  the  lower 

furnace a t  6 0 0 ' ~  ( t h e  . r e s i s t a n c e  of.. Chrome1 A w i r e  changes very 

l i t t l e  wi th  temperature). 68 v o l t s  ,on the..lower furnace and 79.. v o l t s  

on t h e  upper, f o r  a t o t a l  input  of  about 900 wat ts ,  maintained the  

lower furnace a t  855' and the  upper a t  880'- The furnaces were almost 

never operated a t  more than 80 v o l t s  on t h e  lower and 90 v o l t s  on the  

upper, which is  l e s s  than 7 amperes i n  each winding and a t o t a l  input  

of j u s t  over 1100 wa t t s ,  although they would probably have withstood 

a g rea t  dea l  more, e s p e c i a l l y  f o r  shor t  periods. Power was supplied 

t o  each furnace from a Variac connected d i r e c t l y  t o  t h e  l l O V  supply. 

Because of the  exce l l en t  insu la t ion ,  cooling of the  furnaces,  

and p a r t i c u l a r l y  of the  lower furnace with i t s  l a r g e  heat  capacity,  

was very slow. To cool from opera t ing  temperature t o  420" ( the 

temperature a t  which n u l l  readings were.made--see Sec. 3.E.3.) took 

about shven hours. I f  t h e  furnace were t o  be  r e b u i l t  i t  would be  

d e s i r a b l e  t o  include some method f o r  r ap id  cooling. 

The two furnaces.were .separately wound and powered,.but abu t t ed .  

i n  such a. way. t h a t  the re  was no appr,eciab.le; gap.:between the  windings 

(which would lead t o  a .cold. spot )  ;. .it. .was not  f e l t  necessary t o  

supply a t h i r d '  winding26 t o  cover t h i s  . r e g i o n .  E a c h  furnace, a f t e r  

winding, Iqas covered wi th .  a .  thi:n. l a y e r .  of '~ lundum high-temperature 

cement which a c t e d . a ~  an ~lectr.ical~~insulat.or.~and a l s o - p r o t e c t e d  the  

windings , (frorr! :reducing .ga ses)  .... . The two. furnaces were then cemented 

together  and t o  ..the, S i l o c e l  b r i ck  .and fas tened f irmly.  i n  :place with 



14-gage Chrome1 wire. The annular space between the cemented cores and 

the iron can (about 5-112") was filled with Santocel (Santocel is a 

trade-mark nadne of the knsanto Co.,for a finely divided silica aerogel). 

The gel structure of Santocel is supposed to break down between 750"' and 

8 5 0 " ~ ~  and it'was anticipated that this might set an upper limit on the 

temperature of the furnace. In fact, no such effect was noted. However, 

if the furnace were to be rebuilt for higher-temperature operation, it 

would be desirable to wrap the cores with a layer of some more refractory 

material. 

Within the lower furnace was an isothermal block, described in 

Sec.. 3.B., containing.two platinum vs. platinum-rhodium thermocouples, 
I 

described in Sec, 3.C.1. Each furnace was also equipped wqth a.Chrome1-- 

Alumel thermocouple imbedded in the cement. These thermocoupkes were " 

made of 18-~&e wire--unusually thick--since they could not be replaced 

if they burned out after the 'furnace was assembled. They did in fact 
,.: : .-. . . . .  ' . . .  . .. . . . .  

. . burn out, but, it turned out that they were not necessary for thg. opera- 

t ion of the apparatus, An additional: Chromel-Alumel thermocouple was . 
' 

suspended in the air inside the upper furnace,' about half way Lp; this 

also burned out, and was replaced by a platinum vs. platinum-rhodium 

thermocouple. 

A horizontal Alundum tube, 3l4" o.d., passed through the can and 

the upper part of the upper furnace to provide a view of the pointers 

inside the furnace during operation. A piece of Pyrex glass was cemen- 

ted in the middle of this tube to act as a convection barrier. This 

tube was inserted before the furnace was wound, since the windings had 

to be spaced around it. After the furnace had been ,in operation for 

some time another qlundum tube was inserted, at the same height but 90' 



away, i n  order  t o  .permit l i g h t  t o  be.. thr:own .on the  pointers .  .:This .tube: 

was 1/2" o. d, , and.  alsk, had a Pyrex b. i r r ie r .  Th& wiring .gap nscess i -  ..i "!.. 

t a t e d  by these  tubes undoubted,ly.. created: a .  cold spot  i n  :the upper' fur -  

nace which, however, d id  not h.arm the  operat ion.  A t  the  max imm. temper~  

t u r e  of t h e  furnace, these  g l a s s  windows were probably =ear t h e i r  softenL 

ing  point  ; they should have been made of Bycor. , . . 

After  the.  g1ai.s.. apparatus.. was insbr ted  i a t o  the  Zfirnace, i t .  was 

necessar.y t o  .cover the  open. t o p  of: the  upper furnace t o  keep out  t.ho 

Santocel (which flowed almost l i k e  a f l u i d ) .  It was covered with a 

sheet  of asbes tos  o r  a piece of S i l s c e l  b r i ck ,  and then the  i r o n  can 

was f i l l e d  to': the top wi th  Santocel and covered with a sheet  of t r ans -  

kte.  Before removing the  g l a s s  apparatus from the  furnace:, . the  'top 

severa l  inches of  Santockl had . to  be shoveled out each t i m e . ;  

I . . . .  . . 

THE ISOTgEEXMAL BLOCK 3.B. 
. . . .  , . . . . .  

It is necessary t h a t  the  temperature of t h e  sample be accura te ly  
. . 

known, u&..form, and constant  during a measurement. . The maximum d p / d ~  
. , . . .  

observed i n  any of these  experiments was about 2 mm H ~ / " c  ( for  t e l l u -  
, . . . . . . .  . . . . . . .  

rium a t  8 5 5 " ~ )  and so t h e  e c r o r s  i n  temperature measurement exceeded 
. . . : .  . . .  . . . . . . . . 

i.n some cases  t h e  e r r o r s  of pressure  measurement, and it  was v i t a l  t o  

keep them a s  'small a s  possi,ble. Of the  th ree  requi.rements l i s t e d ,  
. . . . .  . . . . . . . I  ' 

. . , . 

t h a t  of knowing the  temperature is  t h e  &st d i f f i c u l t ,  and makes i t  
' , . .  . . . . 

. . _ _  . I , . : .  . . . . .  . :. 

unnecessary to. have the  temperature uniform wi th in  much less than 0.1" 
. . . .  ..... . . . . . . .  . . . I  . . . . . . .  . . .  I , . . <  . - .  . . 

o r  constant  within much l e s s  than 0.02" per  minute (s'ince successive 
. . . . .  . . . .  : . . . . . . . 

. > . . .  . . . . . . 

measurements could be mad,e, a t  constant temperature, wi.thin f i v e  min- 
. . .  . . . .  . . . .  . . .  , .  , . . .  . . . . . . . . .  . ,  

u t e s  o r  l e s s ) .  
. . .  ... . . . ;  ! < . . .  . . . . . . . . . . . :  C :: .._ . .^.I . , 



To achieve such uniformity and constancy of temperature, it is 

common to use a large metal block, the high heat capacity of the block 

making rapid temperature changes unlikely while the high thermal con- 

ductivity ensures uniformity of temperature. Three points about such 

a block appear not to have been generally noted. First, since the 

block is circular in section and surrounded by a helical winding, 

difficulties in attaining temperature homogeneity will be entirely 

axial, radial uniformity being assured. Second, uniformity of en- 

vironment of the metal block is of considerable importance. And third, 

since the heat conduct ion phenomenon is dynamic rather than static , 

thermal diffusivity rather than thermal conductivity is the pertinent 

parameter. Because of the last point, silver is the best possible 

material for the block; while its thermal.c~nductivity . . is not very 

different from that of co.pper, its thermal diffusivity is 50$ greater.. 
i 

.(Copper is also 'undesirable because of its tendency to oxidize). Be- 

cause o:f the second it is not necessary to use a large block of 
. . 

silver, but ,is better to use a small.block, surroupded by a larger 
I 

block of some other 'metal. Aluminum bronze has been recommendede7 for 

isothermal blocks, and was used for this purpose. Although its thermal 

diffusivity is only about 20% that'of copper, this is sufficient for . 

this environmental purpose. Because of the first point, the silver 

block should be in good thermal contact with its environment radially, 

but we1 1 insulated axially. 

The construction of the isothermal block is'indicated in Fig; 6. 

The central block was made'of pure si1ver;'the outer block was made,of 
, . 

centrifugally cast aluminum bronze (85.7% Cu, l0'.7$ Al, 3.646 Fe) and 

was 2!'94 o.d; (the largest size which would fit in the nominally 3" 

alundum furnace tube). The 0!'1 annular space between the silver and 
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bronze was filled with Alundum cement, to keep the two metals from 

diffusing into one another, or melting together, at high temperature. 

A plug of aluminum bronze one inch thick was shrunk-fit into the 

bottom of the bronze cylinder so that the bronze was essentially a 

single piece. On top of this plug was a layer of Silocel on which 

the silver rested. The entire assembly rested on a layer of Silocel 

1"-5/16 thick, which was inside the bottom of the bottom furnace. The 

top should have been finished off in the same way, asindicated by the 

dotted lines in Fig. 6, with layers of Silocel, bronze, and Silocel, 

but these spaces were instead filled merely with two thin sheets of 

llsuperalloy" which acted as radiation and convections' shields. 

Five 1/8" diameter holes were bored through all of the bottom 

layers of this.isotherma1 block, and also through the Silocel brick 
. . ,  

below and the bottom of the can. One of these holes was exactly at 

.the center, and .the centers of the other four were 0tt565 off center and 

symetrically placed around it. Through two of these,holes were passed 

platinum vs. plat in&-rhodium  thermocouple^ in two-hole :porcelain in- ' 

sulators. The central ther~ocouple came to within 112" of the bottom 

of the large hole in the silver block, and the other thermocouple was 

1!'5 higher; both thermocouples were capable of probing downward. 

Through the other three holes were passed thin-walled monel tubes filled 

with Santocel which served to stabilize the positions of the various 

parts and keep them lined up so that no forces might be created which 

would crack the-delicate porcelain insulators. 

This isothermal block fulfilled its function adequately. No 

variations in temperature: (within O.lO, the limit of measurement) 

could be detected in the region surrounding the sample space when the 



block was at constant temperature,-and the variation is believed to 

have been much lees than O.lO, the minimum detectable difference. 

Furthermore, the heat capacity of the block was so, great that if the 

volt age was approximately correct the temperature cb~ia not change 

very fast, Th.i.s made automatic temperature control unnecessary. 

Tltae following thermal relaxation time figures, theoretically com- 

puted, are of some interest: radially from the center of the silver 

block to its periphery, lass than 1 second; through the 0!'1 Alundum 

cement, 3 seconds; through the bronze cylinder, 2 seconds; axially, 

through the length of the silver cylinder, one minute; through the 

bronze cylinder, 15 minutes. 

While the temperature of the silver block in the neighborhood 

of the sample is known to be uniform, there is still the possibility 

that the temperature of the sample may be affected from some other 

source. Xn particular, it was necessary when making some measurements , 

to keep the upper furnace hotter than the lower. This upper furnace 

might conce,ivably affect the temperature of the sample by radiation 

(conduction through the tellurium vapor is too small by orders of 

magnitude to have any effect, and convection wai'not possible since 

the upper furnace was hotter). Hopever, the sample can only "see" 

the upper furnace through the 12-rn i.d. hole in the glass sample 

tube at a distance of 170 m (the distance .to the upper radiation 

shield). n i s  corresponds to 11200 steradian,.or less than 1/1000 

of the total area seen. Thus if the upper furnace temperature dif- 

fers from that of the lower furnace by less than 50°, even accounting 

for the fourth-power effect in radiation akd ignoring conduct ion from 

the silver td &he sample, the difference in temperature between the 



sample and the silver would be less than O,lO. 

@ v 
3.C. TEPIPEIQATURE MEASUREMENT 

As stated earlier, it took four to five minutes to make and re- 

cord {&. observation of temperature and pressure. At ieast two such 

observations were always made sequentially, and agreement in tempera- 

ture between them ensured that the isothermal bleck had come to con- 

* 
stant temperature . As indicated i.n the previous section, it could 

then be assumed that the temperature of the thermocouple was the same 

as that of the sample, It is then further necessary to determine ac- 

curately the temperature of the thermocouple. 

The establishment of an absolute temperature scale at these 

temperatures is difficult; for example, it is indicated in Sec, 4~ 

that several investigators have made 'errors of one to two degreesp 

and in one case more than f~ur degrees, in a simple measurement at 

450'6. At the beginning of this research it was felt that no accurate 

absolute scale was needed; that is,, for application of equation (6) 

it was necessary that the two pressuxes be measured at the same tempera- 

tur e within 0, -1 ' ; bljt i t woulid<;.e g~+?gg~tei;+t:~,f&~&g~~kb&~ kemperature 

within about 1.0'. En fact, there is no reason to believe even to- 

day that'tha international and thermodynamic temperature .scales coin- 

cide within better than 0,2 or'Q03' i n  some parts $£ the temperature 
.- 

region here investigated. However, after the vapor pressure of tellu- 

rium was measured it. b&c.anie apparent that these measurements were 

* When dp/dT was small, as at lower temperatures or with nickel-rich 
mixtures, it was permissible to allow considerable temperature change 
between readings; but where dplda" was high, at least two readings 
within 0.1" were always required, 



I better than any in the literatire, and in order to make these measure- 

I ments valid, it,was necessary to correlate the temperatures with the 

I international temperature scale. 

I me thermocouple consists of a pair of wires, one of platinum 

I and the other of an alloy of 90% platinum with 10% rhodium3 with both 

ends welded together. One end:-the "hot junctionrt--is maintained at 

the unknown high temperature while .the other' end--tlie."cold junctionu-- 

is maintained at a known low temperature, and the voltage between 

these ends is measured., without drawing current. This voltage is a 

smoothS stri-ctly monotone function of the temperature of the hot 

junction, with a slope of approximately 1 V/O 1°c at all temperatures P ' * .  

of interest in this research,'and may thetef0r.e be used unequivocally 

to determine the temperature of the hot junction, providing: there 

are no sources of voltage in the system other than the thermoelectric 

potential; there are no mechanical or chemical inhomogeneities in 

the wires in regions where there are thermal i&oxnogeneitias; the 

voltage i.s determined with sufficient accuracy; and the relationslfip 

between vs1,tage and temperature is accurately known at all tempera- 

tures. "Phase psiants are now considered in order. 

Stray voltages m y  be picked up by induction, through contact 

potential, or by thermal emf's in the platinum-copper circuits involved 

in the potentiogeter and switches. It is difficult to avoid stray 

voltage pick-up of one microvolt magnitude when there is a good deal 

of electrical equipment about, Moderate caution can minimize these 
\ . \ 

effects, but their elimination in this research was based primarily 

on the method of calibration, which was done under conditions so nearly 

identical with those of the measurements that it could be assumed that 

such stray voltages would cancel out. 



3.C.1.  The Thermocouples The o r i g i n a l  thermocouples were made of 15 

f e e t  of wire of each composition, of 30 gauge ( O T O l O  diameter),  S i x  

f e e t  were used for  each hot  junction and th ree  f e e t  fo r  the  cold junction 

common t o  both couples, 'The cold junction a f t e r  welding was passed 

through spaghe t t i  and inse r t ed  i n  a g l a s s  tube which was f i l l e d  with 

p a r a f f i n  and inse r t cd  i n , a  Dewar f l a s k  f i l l e d  with i c e  with a l i t t l e  

water. Such an arrangement maintains t h e  cold junction a t  0°C with an 

e r r o r  of l e s s  than 0,001" f o r  many hours, Fresh i c e  was put on the  

cold, junction every mor*i,ng at l e a s t  an hour before  any p rec i se  tem- 

p e i a t u r e  measuregwita . . we,re, made. ,, 
. . . . ., . . . 

, . 

-Each pai r .0 . f  w i ~ a ~  f o r  a hot  junction was passed through a two- 
. . 

. . 

hole  por;.celain insu la to r  . . .  about 1611 long. It i s  h i g h l y ' d e s i r a b l e  t h a t  
\ a .  

there  be :no . d i s c ~ n t i . n u i t i e s  . i n . t h e  i .nsulator i n  t h e  regions  of high 
? ' 

- 
o r  inhomogeneous temperatures, Appropriate i .nsulators  which were 

. , 

exac t ly  s t r a i g h t ,  'had two . uni.form , holes ,  and were of 3/32" o, d, , were . 
. . , .  . 

f i n a l l y  procured. from . . t h e  McDanal Refractory Porcelain Co, The end of 
. . . .  . , 

.. . * 
each insu1ato.r was . f i r s t  counterbored with a denta l  d r i l l  . The wires.  . . , . . . , . .  . 

were ..then-pa$sed .;hhrbugb:, .t'sr.ch. wal,ded, . and' pul led  back so t h a t  the  

welded j o i n t  was r e ~ e s s s d ~ w i t h i n  the  counterbored end, .which was then 

covered with Alundm cement t o  provide e lec t r i .ca1  i n s u l a t i o n  between 

. t h e  thermocouple junction and t h e  metal of t h e  isothermal block. Spa- 

/ g h e t t i  wa8 then passed over the  roo&temperature por t ion  of the  wires 

anddthey were soldered t o  t h e  switch connections. A s p e c i a l  Leeds & 

Morthrup r o t a r y  thermocouple switch was used which was warrknted f r e e  - 

* L i t e r a l l y .  None of the  t o o l s  i.n t h e  s c i e n t i f i c  shops could e f f e c t  
the  necessary machining on the  very hard,  narrow, and f r a g i l e  'pPoma 
l a i n ,  and the  work was done by Homer Faust ,  D O D O S , ,  t o  whom thanks 

I a r e  hereby expressed, 



Lrom contact potenti.als. The switch was inside a wooden box which was 

presumably at uniform temperature, all copper-to-precious-metal con- 

nections being made within this box; thermal heterogeneity elsewhere 

would presumably be of no consequence, since it cannot create thermal 

emf's in homogeneous metal. 
, 

Through ignorance, these thermoaouple wires were instal led as 

received from the manufacturer. As a result, they contained serious 

inhomg6neities and the resulting calibrations were very low com- 

28 
pared to the standard tables (emf about 1$ low, or a correction of, 

for example, 58 micr~volts at the melting point of aluminum (66Q0c) ). 
- .  . . 

Furthermore, the emf was not independent of the temperature distri- 

bution in the furnace, so that the calibration was stightly different 
. . 

af ter 'the ftirnace' had been hot for some hours than when it: was first 
. . 

heated.. SO& of the early measurements were therefore in d6ubt by 

perhaps several tenths of a degree. 

One of the hot junctions w'as'therefore replaced with a new one 

- made of 26 gage wires (0'.~016 diameter). . These wires were first welded, 

then tl?,rougb.ly annealed by heating them electrically for five minutes 

to 1200'6, as determined by an optical pyrometer with the appropriate 

ernissivi.ty (about 125'). After annealing, the wires are 

extremely so£ t , an.d the slightest strain cqeates ' new inhomogeneit ies 

which cam affect the temperature measurements.. To pass them through 

the porcelain and spaghetti insulators without strain, they were butt- 

welded to 26 gage manganin wires and pulled through. Calibration pro- 

cedures showed this thermocouple to have corrections about one third 

that of the others (e.g., 19 microvolts a.t the melt4pg point of alumi- 
., . 

num). Since the wi.res are warranted to have corrections no greater 



than 8 microvolts at 960°c, it must be presumed that some strains 

were inadvertently introduced after the annealing procedure. It 

would probably have bean better to use somewhat heavier wires, but 

this would have involved greater expense, and also a larger diameter 

insulator, and hence a larger hole in the isothermal block, which 

might have interfered with its isothermality. 

Depth of ilmnersion of a thermocouple is often critical, since 

heat conduction along the wires may alter the temperature of the 

junction. The cold junction was immersed about six inches in an 

environment, constant within 0.1 ", and beyond that the .ambient tem- 

perature deviated by only about 30". The hot junction was inrmersed 

more than six inches in the isothermal block, and any deviations due 

to insufficiency of this depth should presumably be taken care of by 

the calibration procedure. 

3.C,2. Voltage Measurement Voltage was measured with a Rubicon 

portable potentiometer, The guarantee on thfs potentiometer was 2 5 

microvolts plus 0.1% of the reading, which amounts to almost exactly 

1.0."' at temperatures from 550" to 850°c. The potentiometer is actu- 

ally more precise than this* It was checked periodically by reading 

voltages on both ends of the slide wire (e,g. 6.073 mv can be read 

as 6 w on the dial and 0.073 m on the slide wire or 5 mv on the 

dial and 1.073 mv on the slide wire) and never deviated by more than 

one microvolt. It was checked once a'gainst an auto-and absolutely- 

calibrated White potentiometer (known to be accurate to 0.1 micro- 

volts) and found to be in error by 5 microvolts at 780' and' 2 picro- 
. . 

volts at 420". Absolute deviations of this magnitude are,quiSe negli- 

gible considering the method sf calibration used; the only question is 

215 CSI 
... 



one of consistency in the readings. A test of this consistency is 

given by the frequent calibrations of the thermocouples, desctibed 

below. These did show some inconsistencies, but it is not known 

whether these are due to the potentiometer or to some other cause. 

It is concluded that the potentiometer is probably not the principal 

source of error in the temperature-measuring system, bu.t that it 

would have been desirable to have a more precise instrument. 

3 . C . 3 .  Galibratioz The usual.procedure in calibrating thermocouplqs 

is to rewove them from the.furnace and dnsert them in another furnace - 
with some comparison standard. Often, for "accurate" calibrations, 

they are removed from their connections and shi'gped to another labora- 

tory for comparison with a standard. In the opinion of the author, 

such calibration procedures are exceedingly dangerous and introduce 

many possible sources of systematic errbr. 

In the present research the thermoc~u~les'were repeatedly cali- 

brated in situ, using the same connections, potentiometer, etc., under 

conditions' identical to those in the actual measurement. A standard 

sample of known melting point was melted and frozen in a crucible 7" 

long and Ot'600 o.d., in the sample space in the silver block. A 

platinum vs. platinum-rhodium reference thermocouple in a two-hole 

porce.1ai.n insulator, 0'62 diameter and 36" long, was placed in a suit- 

able protection sheath inside the metal, and the halt was observed on 

this thermocouple. This thermocouple also was recessed into a countera- 

bored hole i,n the insulator and covered with Alundum cement to insulate 

it.electr,i,cally from the sheath. The furnace was then stablized at a 

teqesature 2." away from the melting point and the reference.tharmo- 

couple and thermocouples being calibrated were both read. Since the 



variation of emf with temperature of the thermocouples could be assumed 

identical over this short temperature range, and since the melting 

, point of the standard sample was now known in terms of the voltage of 

the reference thermocouple, this yields the melting point,of the stan- 

dard sample in terms of the thermocouple being calibrated. As a check, 

the .$urnace was'always stablized and readings taken both 2" above and 2" 

below the melting pointo 
I 

After some abortive attempts with vitreous silica the crucibles 

and protection sheaths were made of graphite. They were machined out 

of Acheson spectroscopic rod; which is sf exceedingly high purity, with 
h 

the walls made as thin as possible (crucible wall thickness OY089, 

sheath wall thickness 0L1053) consistent with strength requirements, 
1 . . 

The melting point sample was machined (all machining on melting point 

samples was done without lubrication) to an annblar cylinder 2" high 

of such thickness (0L1049) as to fill the remaining available space. 

The entire crucible was then filled with graphite powder (the machinings 

from making the crucibles were saved) to protect the sample of metal 

from oxidation and incidentally to supply thermal conductivity between 

the porcelain and graphite. 

Standard metals for calibrating thermocouples in the range of in- 

tereht are zinc, aluminum, and silver. Samples of zinc (sample #43e, 
. . 

freezing paint 419 .50°). and aluminuh:; (sample dated 2-18-43, freezing ' . . . 
I 
I - point 660.15") were obtained for this purpose from the National Bureau 

of Standards, Unfortunately silver could not be used, since the center 
. . 

of the isothermal block is itself made of silver, and the bronze around 

it would have melted at even a lower temperature. A suitable substance 

was finally found for a third calibration point in the copper-silver 



eutectic (7l.9$ Ag. 28-15 Cu by weight), which melts at 779.2"~ on the 

international temperature scale of 1947. Since this material could not 

be procured, it was synthesized as follows. A 3" cylinder, of 0!"j i.d., 

and 0it6 o.d., was machined out of spectroscopic graphite rod, and placed 

in a Vycor crucible in which it fitted snugly, and which was fitted with 

a snug Vycor cover with a large handle. OFHC copper was machined to a 

cylinder 0tt5 diameter and 0 ~ 6  long; high-purity silver was machined to 

a cylinder of Ot!5 diameter and length 1'.'291, which gave the proper weight 

(actually a small error in composition would have made no difference, 

since the phase diagram of Ag/Cu is very simple, containing only a 

single eutectic with liquidus lines of moderate slope), The copper, 

which is less dense, was placed on the bottom of the crucible and the 

silver on top of it, all remainkng spaces filled with graphite powder, 

and the cover put in place. It was placed in a furnace which was 

raised to 1050°~. This is slightly.below the melting point of copper, 

but appafently a,mple to melt the mix.ure, and it was feared that a 

higher temperature might soften .the Vycor. After 30 minutes at 1050' 

the cruci,ble was removed from the furnace, opened, and stirred with a 

thin graphit.e rod (held in a long monel tube) which had been preheated 

in a hydrogen flame. Because of the rapid cooling this operation had to 

be performed very quickly, and took four hands (i.e., two men), After 

a few secohts freezing commenced, and the crucible was quickly returned 

to the furnace before it could be completed, since remelting would be 

expected to crack the graphite crucible. After another 30 minutes at 

. :1050° the stirring was repeated and the sample then allowed to cool. 

When cold,) the .Ag-Cu. alloy sllipped out of the graphite crucible. When 

it was machined to the! approprtate annular cylinder, the machinings 



appeared perfectly uniform in color, as did the bulk material, which 

indicated that there were no gross inhomogeneities. Since the -annular 

cylinder was a vertical cross-section- of the material, and inhomogene- 

ities if present were probably vertical, the final sample was thus prob- 

ably ob-the desired composition. This conclusion was supported by the 

sharpness of the freezing point observed. 

No difficulties were encountered in calibrations at the zinc point. 

A single graphite crucible survived nine calibrations, in each.of which 

the temperature was about 420" for one to two hours, without any pro- 

tection from atmospheric oxidation. At the aluminum point, however, 

the crucible was only good for about three calibrations, despite a 

protective atmosphere of carbon dioxide (nitrogen seemed inadvisable r 

because of the possible formation of AlN). At 779" the crucible top 

was completely burned through at the end of one calibration desiite 

a blanket of nitrogen, and the crucible had to be recovered from the 

bottom of the furnace with a long-handled forceps of.the type used in 

handling radioactive materials . No .supercooling of the zinc or euteceic 

occurred, but with aluminum, if the sample were cooled through the 

freezing point at 0.3" to 0.4' per minute, it always supercooled, three 

to five degrees, which gave a rounded halt rather than a flat one. 

Th$s was finally obviated by cooling the furnace down to two degrees 

below the melting point and then holding it there until freezing 

commenced. With the eutectic there was a problem of segregation; as 

the freezing commences, the silver crystals tend to settle to the 

bottom. This can be obviated by stirring. The melting point observed 

on the eutectic was not very sharp, but the freezing point varied by 

only 0.1" over fifteen minutes. . . 
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The consistency of the calibrations was unsatisfactory. With the 

early (unannealed) thermocouple, there were variations of 0.5", and 

even with the final thermocouple there were inconsistencies of 0.2 

to 0.4" not only between successive calibrations, but between the 

supposedly equivalent readings taken two degrees above and two de- 

grees below the melting point. Fortunately, the calibrations devi- 

ated from the standard tables28'by approximately the same fraction 

(1/300) at each of the three fixed points, so that a linear inter- 

polation and use of the tables could be effected with confidence. 

It is hoped that by taking average values, the temperature error re- 

sulting is not greater than 0.2", but it seems possible that it is as 

large as 0,4" on an absolute basis, at the highest temperatures. The 

smoothness of the vapor pressure data obtained, and its reproducibility, 

are good guarantees that the random errors in temperature measurement 

are 1ess.than 0.2", and perhaps less than 0.1'. However, errors in 

tempeKature measurement are certainly the principal sources of error 

at high pressure in the present measurements. It is believed that by 

use of,a better potentiometer and heavier thermocouple wires, and by 

greater care in preparing and calibrating the thermocouples, these 

. errors could be reduced to a maximum of 0.1" without any basic change 

in the techniques here described. 

A glass tube connected the gage to a conventional mercury mano- 

meter. This consisted of three limbs,.each made of 16-mm Pyrex tubing . . 

and approximately 90 cm high. The central .limb was evacuated, and the 
. . .  .. . 

two outer limbs were ' connected to ' the system. Since the mercury never 

moved down in the central limb, its lower portion was vade of capillary 



tubing, which conserved mercury, lightened the manometer, and acted 

as a brake on the motion of the mercury in case something broke while 
I 

the system was under vacuum.. The use of two independent limbs exposed 

to the system gave two advantages: it left one good meniscus in case 

one of the tubes became contaminated; and it eliminated any questions 

of lack of plumbness (whether or aot the manometer limbs are plumb is 

of secondary importance;. the use.of two outer limbs at the same pres- 

sure corrects for improper leveling of the cathetometer). 

After the manometer had been made, it was throughly cleaned with 

chromic acid, distilled water, ammonia, distilled water, nitric acid, 

and,distilled water. It was then placed in a large wooden box closed 

in front with a sheet'of methyl methacrylate plastic and sealed to the. 

system* It was dried by evacuation; and fairly pure mercury was dis- 

tilled into it in vacuum; Despite these precautions, the meniscus 

shape and height were not always" constant, and for a while readings 

were made of the top and bottom of the meniscus, and corrections 29 

applied for meniscus height. Later it was discovered that if the manos* 

meter were tapped or shaken (the glass connections were sufficiently 

well annealed to make this possible), the meniscus would come to a 

shape which was sufficiently uniform, at least within any one limb, 

to make the meniscus corrections .vary by less than 0.02 mm--a negli- 
II 

gible amount. Since a null correction; determined on the same mano- 

meter, was subtracted from . .. every reading (Sec. 3 . E . 3 . ) ,  consistent 
- 

differences in meniscus .height between limbs did' not cause errors. 
\\ 

A meter stick placed behind .t'he:.manometer was used only to 

facilitate.' gross pressure a.djustmepts. Height of the..mercbry columns 
. . 

was read by means of a cathetometer calibrated.against a standard 
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meter bar. Height of the .telescope. was read; after adjustment of the 

hairline to the top of the meniscus, with a small magnifying glass; 

readings to the millimeter were direct, and with a vernier to 0,05 nun. 

To obt'ain a sharp image of the meniscus in the ,telescope, a bkass 'plate 

was mounted directly behind the inanomet.er, on' which was fixed'.a piece of 

black velvet, The lower half of this velvet was cover'ed with a white 

card. <.This plate was raised and 'lowered from outside of the manometer 

b ~ x  by means of a string. It was found that the reading was dependent 

on the height of the .plate, and so a black line was drawn 'across the 

card 1 m below the velvet, and the plate was always adjusted so that 

the.apparent top of the meniscus was between the black line and the 

top .of the card, 

At the top and bottom of the manometer box were mounted two test 

.- 
tubes made of 16-mm Pyrex which contained mercury, inside each of which 

was a thermometer. It could safely be assumed that the temperature of 

these thermometers was the same as that of the mercury in the'manometer, 

since they never differed between themsdlves by mo e than lo. These 6 
thermometers were read and recorded after every group of pressure 

measurements at a single sample temperature, and the readings were then 

converted to those which would be obtained from mercury at OOc. This 

correction was quite appreciab:le; at. the highest pressure measured 

(206 pun at 2 7 " ~ ) ~  it amounted to liOl mm. . .  

Gravity in southeastern Michigan. is ciently close to standard 

gravity that no correction,for this..deviation was necessary', 

The central. limb of the manometer was connected'through a stopcock 

, 
to a high-vacuum system and pumped.. down.whenever necesiaryi ' At the. start 

of each.,day when measurements were taken, this central limb was tested' 



with a Tesla coil to ascertain that it did not create any discharge 

visible in a brightly,lighted room. This criterion ensured that the 

pressure in the central limb was always lower than about 0.01 mm. 

Reading of the height of a single column of mercury on the mano- 

meter was a highly subjective.operation, but since differences only. 

were involved, it was only necessary to make sure that the criterion 

for setting the hairline was constant, and to make Bure that the hair- 

line had been moved by an unknown amount since the last reading. The 

corresponding operat%& in reading the vernier was more difficult, 

since it was impossible to forget the last reading. For this reason, 

although interpolation on the vernier to 0.025 mm was possible, read- 

ings were usually taken only to the nearest 0.05 mm. It is believed 

that the over-all accuracy in.reading pressure.(i.,e., column height . 

difference) on the manometer was better than 0.1 nrm, and perhaps as 

good as 0.05 mm. All pressure computations were carried to the near- 

est 0.01 nun. 

3.E. THE GAGE AND AUXILIARY GLASS APPARATUS 

Because it is difficult to measure accurately the pressure of a 

gas which is at a high temperature, the method chosen in this re- 

search involved the use of a null instrument at high temperature to 
, ,  

equilibrate the pressures of the tellurium vapor and an inert gas; 

the pressure of the inert gas is then measured by conventional mano- 

metry, as described above. The null instrument is a Bourdon gage 

made of glass (which shows no elastic after effect). Because of the 

high temperature, only pure (vitreous) silica or nearly pure' (Vycor) 
.. . 

would serve as the glass; silica was chosen because &here was the 

possibility that Vycor might have had a greater tendency to anneal at 



I' 
,. , 

high temperature, to react with the'. tellurium (oxidation-reduction 

reaction), or with the nickel-t'elluride- (Lewis acid-Lewis base re- 

. . .- 
action), or to be porous to the inert gas. . . 

Silica is virtually the only fabricatable: dterial in' iihihi. 

tellurium can be contained at high temperatures. Telldrium' is' one 

I of the most corrosive substances known at these temperatures%, re- 

acfing vigorously, for example, with all metals. .'1t could be con- 

tained in graphite3B or perhaps some of the refractory oxides, but 
' 

it is not obvious how a vacuum-tight.container could be made of such 

, . .  
materials. . 

.. Silica .is by no,means inert at high temperatures. '.At about 

1 3 0 0 " ~ ~  for examplei it is reduced by hydrogenlgb, and at much 

lower temperatures it reacts vigorously with certain metals--e.g;, 

aluminum at its melting point. It must be .kept scrupulously clean, 

because if it is tou'ched with a finger and then heated, the grease 

from the invisible fingerprint reacts with the silica to produce 

glasses with appreciable coefficients of expansion, causing cracks 

which may weaken and destroy the entire piece. For this reason the 

silica apparatus was always carefully cleaned with organic solvents 

before inserting in the furnace, with the portion through which the 

pointers,were seen being given special attention with several solvents. 

Silicone grease was never used and other greases were removed with 
.' . , '. . : .  . .; 

. .  . .  

care. In spite of all this, the silica always became cloudy in some 
. . 

, %  . , .. 
. .  . 

spots, incl.uding the entire surface which was in contact with the 
.. . . . . 

,... . 
A;+-. . . ti%F- ' .  . ... A. 

* It is of interest to note tha:t the *G.iement gold .is sufficiently 
inert that it occurs naturally only as the nati,ve element, with 
the exception of..a.,series of rare :minerals ill. of which 'consist 
of tellurides. 

. . . . .  



s i l v e r  i n  the  isothermal block, whenever i t  was a high temperature fo r  

long periods. 

Such s i l i c a  bourdon gages have been-f requent ly  used before  t o  

measure vapor pressure  18b919ce There a r e  severa l  types,  s ince  many 

d i f f e r e n t l y  shaped hollow o b j e c t s  w i l l  tend t o  change shape i f  the  \ 

d i f f e r e n t i a l  pressure  between the  i n s i d e  and the  ou t s ide  i s  changed. 
.. 

Best known a r e  t h e  '"spiral"  gage, cons is t ing  of a  hollow h e l i x ,  and 
, , 

t h e  "spoon" o r  "sicki+" gage. Brooks26 had measured the  vapor p ies-  , - 

su re  of t e l lu r ium i n  both, and repor ted  t h a t  the  s i c k l e  gage was more 

s a t i s f a c t o r y ,  and on t h a t  b a s i s  the  s i c k l e  gage was chosen, although 

i t  may be t r u e  t h a t s  t h e  s p i r a l  type (which adds t h e  e f f e c t s  of the  

change of shape of many tu rns  of the  h e l i x )  can be  made l e s s  f r a g i l e  

f o r  the  same s e n s i t i v i t y .  

The const ruct ion  of such s i c k l e  gages has been amply describedlgc,  

26'309 and t h e  author can add only the  following comments. The blow- 

ing of a  s e n s i t i v e  gage i s  very d i f f i c u l t ,  beyond even the  c a p a b i l i t i e s  

of some profess ional  glassblowers. Furthermore, i t  seems t o  be more 

of an a r t  than a science,  and many gages a r e  genera l ly  blown before  

one of adequate s e n s i t i v i t y  appears. Rounding o f f  the  sharp edges of 

the  gage has t h e  su rp r i s ing  e f f e c t  of reducing t h e  tendency t o  v ib ra -  
/ 

t i o n  without reducing t h e  s e n s i t i v i t y o  The thickness of a  s e n s i t i v e  

and usable gage, a s  measured on fragments with a machinis t ' s  micrometer 

c a l i p e r s ,  v a r i e s  between 0t10014 and 0t10020. , 

The s e n s i t i v i t y *  of the  gage i s  measured by. the  number of m i l l i -  

meters of mot ion of tpe po in te r s  c,oxespondihg to:,'a:,.change p f  ;: pressure  .. 

.., . * The t e r m  " s e n s i t i v i t y u  i s  used he re in  always i n  the  sense of t h i s  
,.($'entente; the  word f r a g i l i t y  being used f o r  the  o ther  poss ib le  mean- 

ing of s e n s i t i v i t y .  



of one mi l l imeter  of mercury. The gages used i n  most of the  present  

research  had s e n s i t i v i t i e s  of about 0.25, which meant about 0'.'001 

motion of the  pointer  fo r  a change of pressure of 0.1 mm Hg. A s  d i s -  

cussed i.n Sec. 3 "E.3. t h i s  provkd adequate fo r  de tec t ing  such pres-  

su re  changes. Gages have been described i n  the  l i t e r a t u r e  with sens i -  

t i v i t i e s  of 1 o r  more; some o r  a l l  of these  very s e n s i t i v e  gages em- 

ployed fancy mechanical l inkages o r  op t i ca l - l eve r  magnification of 

the  po in te r  motion. The author f e e l s  t h a t  a l l  such devices increase  

the  p o s s i b i l i t i e s  of zero-point d r i f t  o r  o ther  types of e r r o r ;  

The gage and a u x i l i a r y  g l a s s  apparatus a r e  shown i n  Fig. 7, a s  

o r i g i n a l l y  used. The 15-mm tubs  on the  bottom f i t s  snugly i n  the .ho le  

i n  the  isothermal block and contains the  sample; t h e  small opening 
.. . 

'near  the  tog of t h i s  tube i s  for  i n s e r t i n g  thi+sample, and f o r  con- 
. .., 

nect ion  t o  vacuum. After  the  gage i s  evacuatid, t h i s  tube i s  sea led  

o f f o  The tube a t  the  top p r o j e c t s  out of the  furnace and i s  con- 

nected t o  the  manometer. A r e fe rence  pointer  i s  supplied f o r  pre- 

c i s e  determination of n u l l  pos i t ion .  

S e n s i t i v i t y  of , the gages was t e s t e d  before  they were i n s t a l l e d  i n  

t h i s  apparatus by means sf a  water manometer, open t o ' t h e  atmosphere 

a t - o n e  en$, and connected t o  the  gage and t o  a  blowing tube a t  the  

o the r  e n d ,  These t e s t s  showed t,hat t h e  m ~ t i o n  was l i n e a r  with pres-  

su re ,  a t  l e a s t  up t o  10 mm Bg; some inves t iga tors26 have a c t u a l l y  used 

such gages a s  d e f l e c t i o n  instruinents,  but  i n  t h i s  research  the  gage wa.s 

- . . , . u ~ . l  . .. a s  a  'hul l  iridicator.. , Late in , .  the  research  i t  became ' .possible 
- .... . . - 

t o  check the  s e n s i t i v i t y  a f t e ' r . i n s t a l - l a t i o n  and :at high temperature; 

s ince  t h e  width of the  po in te r s  was accura te ly  .... . known., and t h e  pressure  . , . .  . , .  .... 
. . . .., . 

, .  . c :, .. 
requi red  t o  .move one pointer  width could be detei-mined:. ~ e r i i i i t i v i . t ~  was 

( 1  I , ;  .. , . - 
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e n t i r e l y  independent of temperature, a s  determined both i n  t h i s  way 

and by the  lack of dependence, a t  l e a s t  on some~occasions,  of the  n u l l  

co r rec t ion  on temperature. In the  s e n s i t i v i t y  t e s t s ,  the  gage was a l -  

ways t e s t e d  a t  10 mm Hg p o s i t i v e  and negative.  During ac tua l  measure-; 

ments t h e  gage was never subjected t o  a  d i f f e r e n t i a l  pressure of more 

than 2 o r  3 mm, but during i n s t a l l a t i o n  and sea l ing  i t  was. subjected 

t o  unknown pressures  perhaps of the  or.der of 10 o r  20 mm. A t  the  con- 

c lus ion of the  measurement s ,  the  f i n a l  appara tus  (containing te l lur ium) 

was heated u n t i l  the  gage was ,a t  8 5 0 " ~  and the  sample a l i t t l e  below 

TOO?, so t h a t  the  pressure i n s i d e  the  gage was about 23 mm, while t h e  

ou t s ide  was evacuated. It was l e f t  overnight i n  t h i s  s tr .ained c'on- 

d i t i o n ;  during the  n ight  the  sample temperature increased so  t h a t  the.  ' 

pressure  ins ide  was 34 mm, and a t  some time . in  t h i s  i n t e r v a l  t h e  gage 

ruptured.  The author would guess t h a t  30 mm was typ ica l  of the  f r a g i l -  

i t y  of the  s e n s i t i v e  s i l i c a  gages used, and t h a t  a t  temperapqres l e s s  

than 900°c, no s t r a i n  would r e s u l t  i n  the$&' gages under s t r e s s e s  l e s s  

than those required t o  break the. gage. 

Before the  s i l i c a  g l a s s  apparatus was constructed; a  Pyrex g l a s s  

apparatus was constructed and the  vapor pressure of s u l f u r  measured i n  

i t  t o  check out  a l l  the  techniques, In the  course of the  e n t i r e  research ,  

t h r e e  Pyrex and n ine  s i l i c a  apparatuses were constructed;  each time any.  

change i n  the gage o r  po in te r s  had t o  becmade; the  e n t i r e  apparatus had 

t o  be r e b u i l t  (although i t  was sometimes poshible t o  salvage the  expen- 
. . 

s i v e  40-mm enveldee). On four of the  'occasions the  apparatus had. t o  be 

r e b u i l t  t o  improve i t  (change i n  ma te r i a l s  from Pyrex t o  s i l i c a ;  i n -  

c rease  i n  s e n s i t i v i t y ;  change t o  tungsten po in te r s  (Sec. 3.E.3.); and 

change t o  rhodium po in te r s )  ; on one occasion the  reference  pointer  f e l l  



out; on six occasions the gage was accidently broken; and on the 

twelfth occasion the gage was purposely broken, as described above. 

The glassblowing work involved a minimum of eight to ten hours, and 

the median delay in waiting for a new gage was about a week. 

Of the accidental breakages: two were in attempting to open the 

gage (to insert a new sample); one was due to faulty outgassing pro- 

cedure; one was, due to dydrogen leakirig into the gage and. exploding 

while sealing on connections; one was due to a failure of inadequately . . 

annealed connecting Pyrex; and one was from causes still unknown, The 

manipulations being now. well understood and Ppacticed many times, it 

seems likely that the above causes would not generate new failures £re- 

quently if the experiments were repeated. Nonetheless, the gages are 

fragile, ,and the author guesses that in a new series of experiments, . 

even with the present experience, one should anticipate a breakage 

about once for every three compositions run. 

3.E.1. Outgassing I 

The difficulty of outgassing, which was grossly underestimated 

at the start of this research, was one of the principal problems. 

-6 Initially outgassing was done under high vacuum (about 10 mm) by 

flaming the glass. This proved inadequate, and as it was assumed the 

gas was coming fro6 the sample, this was heated to 100"~ during the 
.* . . . .  . . .. 

outgassing. The next step was to heat to 230' during outgassing. 

Further lieating was thought impossible, since it would distill tellurium 
I 

out osf the sample. The next step was to outgas at 800°~, distilling 
. . 

much of the tellurium out of the sample and then, after sealing off, 

distilling it back. After each such-attempt, a complete series of 
I 

vapor pressure measurements was made. Pressure up to about 2 mm still 



developed in the apparatus, and it 'seemed that this gas must either 

be coming from the sample, or from the silica, or through the silica, 

though each seemed impossible. 

At the conclusion of one experiment, therefore, the "evacuated1' 

apparatus, now cold and with about 1 mm of gas at room temperature, 

was placed in front;of a spectroscope, the gas excited by a Tesla 

coil, and a fifteen-minute exposure taken on #33 film. The resulting 

spectrogram showed a number of lines in the ultraviolet and a few in 

the visible violet, and every line was identified as being due to car- 

bon monoxide. A search of the literature then turned up an old paper 
3 1 

which indicated that it was almost impossible to maintain a static vacuum 

in hot silica, and guessed that the difficulty was caused by a carbon- 

aceous gas introduced into the silica when the silica was worked with an 

oxy-acetylene flame. 

With this information in hand, the solution to the outgassing pro- 

blem was comparatively easy. The silica, which had previously been fre- 

quentiy worked with oxygen-gas flames, was worked only with oxy-hydrogen 

flames. Furthermore, the outgassing was performed with all of the silica 

in contact with the sample space at a temperature of 800'~ and under high 

vacuum until actual measurement showed the silica to be completely out- 

gassed. The cfiterion for outgassing was to close the stopcock connect- 

ing the vacuum pump to the system, and watch the rise in the system pres- 
. . 

sure as measured by an ionization gage. The system was considered out- 

gassed if the pressure did not rise above 10'~ & in five minutes while 
. . .  

the apparatus was at 780°c. Outgassing was performed at 800°c, and re- 
' :, . .. . . 

quired from.24 to 48 hours. The,measurem&nts were then taken up to 780" 
. 2 

. . . -. . . . . .  

on a l l  samples except the final tellurium sahple, in which there'may have 
. . . . . .  . .  . . , . . ,  .,.. 



been a little outgassing during the highest-temperature measurements. 

3.E.2. Operation To perform the outgassing as described above, and 

make the subsequent measurements, the glass apparatus was built as 

shown in Fig. 8. The silica connecting tube, from ball joint (B1) 

to butt joint (J), was removed and the apparatus tried in the furnace 

to be sure that it fit and that the pointers wopld be visible. It 

was then removed, and the weighed sample inserted through (J). Since 

it was found that ni~kel tellurides tended to adhere to silica, it 
I 

was ,introduced directly to the bottom of the sample space (S) through 

a thin-walled polyethylene tube. With the stopcock (St) open, the , 

connecting tube was put in place, and the joint (J) sealed with a 

.torch. Since the sealing operation introduced water, it was desir- 

able to evacuate as soon as possible, and the apparatus was therefore - 
connected ' through the ball joint (Be) to the low-vacuum line and 

slowly evacuated, The resistance of the 2-mn vacuum stopcock was 

approximately tFe same as that of the connecting tube, with its two 

constrictions (C1 and.C2), but a sudden application of suction would 

probably have ruptured the gage. After the apparatus was evacuated 

and tested for leaks, it was filled with inert gas, disconnected at 

inserted in the furnace, connected through (Be) to the ion gage 

and high-vacuum system, and pumped down. After a good vacuum had been 

achieved, all of the glass connections were flamed, except close to 

the greased joints (B1, B2$ and St). The silica tubing to the left of 

(C2) was heated to the maximum temperatbrc~attainable with an air-gas 

torch for a long period of time, since this portion would have to be 

heated after:the pump had been disconhected, but would not 5e outgassed 

by being immersed in the furnace. Finally the upper furnace was turned 





on and brought up to 800" and then the lower furnace was heated to 

800'. As the temperature of the lower furnace was raised, tellurium 

distilled up and condensed in the connecting tube where it projected 

from the furnace. This tube could be cooled by an air blast, but 

since the tellurium apparently could not get around the corner, it 

was maintained at a.temperature:estimated at 200-n the.hopes that 

volatile impurities, if present, would.disti1.-.around the corner and 

out of the system. After about 24 hours the stopcock was closed 

(since the degree of vacuum in the envelope was not of interest), 

the temperature dropped to 7 8 0 " ~  and the vacuum tested. If the out- 

gassing was adequate, the constriction (C2) was thoroughly softened 

with an oxy-hydrogen flame to outgas it, then sealed off, taking care 

not to subject the silica-to-pyrex graded seal (GS) to thermal shock. 

The furnace was now cooled down, the apparatus removed from the fur- 

nace, and the tellurium distilled down past construction (C1). This 
... 

tellurium had been 'ref luxing continuously in a small region of the '. 

tubing, and, for the final measuremen't on.,pure tellurium;only the . . ,  

lower portion of it was distilled down, since volatile contaminants, 

* 
if any , would be presumed to be at the top. In the case of the 

nickel tellurides, however, it was necessary to distil down all of 

the tellurium to maintain the stoichiometry. In either case, the 

distilling was done as quickly and at as low a temperature as poss- 

ible, to avoid driving down contaminants less volatile than tellurium 

and driving gas out of the silica. The constriction was then sealed 

off. 

* Throughout most of this research the author was under the mis- 
taken belief, supported by several ,sources, that the vapor pree- 
sure of TeO2 is higher than that of Te. Recent measurements have 
shown that it is considerably 1owe1-33, 



The two pieces  of the  s i l i c a  connecting tube were now re turned 

t o  t h e  glassbl-swer t o  be prepared f o r  t h e  next run,  the  b a l l  j o i n t  

( B ~ )  was plugged, and t h e  apparatus placed i n  the  furnace and con- 
I 
I 

I 
I 

nected t o  the  manometer through bal.1 j o i n t  (B2). Null readings a r e  

now taken, f i r s t  with the e n t i r e  apparatus a t  room temperature, then 

with the-upper furnace hot but t h e  sample a t  room temperature, and 

f i n a l l y  with t h e  upper furnace h i t  and the  lower furnace .warm ( 4 2 0 " ~ ~  

a t  which '$Qi$perature te l lur ium has  a vapor pressure of O , O 7  m). These 

n u l l  c s r r e c t i o n s  a r e  compared with those taken a f t e r  t h e  run, t o  doter -  

mine whether change i n  n u l l  correc t ion  i s  due t o  gas o r  t o  aging of 

t h e  s i l i c a  membrane (Sec. 30E030)0 

The sample must now be  heated t o  a high temperature so  t h a t  

d i f f u s i o n  of t h e  t e l lu r ium back i n t o  the  center  s f  every c r y s t a l l i t e  

may take  place t o  equil ibrium, and the  measurements a r e  then made i n  - 

any des i red  order .  Usually they were made from 700" down on t h e  f i r s t  - 
day, and from 780" down t o  700" on t h e  second day, with nu l l  aeadiqgs 

.-L" . 

being made on t h e  mornings of the  f i r s t ,  second, and t h i r d  days. The 

sample was always cooled down u n t i l  i t s  pressure  was about 2 nm before 

the  stopcock was closed fur: t he  n igh t ,  From the  time of the  f i r s t  n u l l  

reading i n  the  morning u n t i l  t h i s  c l s s n r e  a t  n ight ,  a matter  usual ly  of 

14 OP 15 hours, the  stopcock was always open, and the  gage was under 
I 

continuous s e r v e i l l a n c e  'so t h a t  i t  was never subjected to  appreciable 

d i f , fg ren t i a l :g ressu re .  During such a day pressure readings were taken 

a t  10 t o  15 temperatures., with two . to  f i v e  readings  a t  a s i n g l e  tempera- 

t u r e  (enough t o  ensure constancy of temperature and agreement between in= 

dependent pressure  read.ings). . , , . .  
. . . . .  . .  3 



When.the measurements a r e  completed, the  furnace i s  cooled, t h e  

apparatus removed, and a g l a s s  tube connected t o  b a l l  j o i n t  (Bi) a s  
. L 

shown i n  Fig. 9. Over the  end of t h i s  tube is  s l ipped a rubber tube 

(R), t h e ' o t h e r  end of whi.ch is .  s l ipped over the  ciack-off t i p  (T), 

which i s  a l s o  shown i n  Fig. 8. This  t i p ,  which i s  not a s  f r a g i l e  a s  

those o r d i n a r i l y  used fo r  cracking i n  vacuo, i s  scratched immediately 

before  the  rubber tube i s  s.iipped over i k .  The rubber tube has the  

th innes t  wal l  which w i l l  not col lapse  when evacuated. (A t ransparent  

p l a s t i c  tube supported aga ins t  col lapse  by an i n t e r n a l  w i r e  h e l i x  has  

a l s o  been suggested), The apparatus i s  now connected through ( B ~ )  t o  

tha  low-vacuum system and pumped down t o  1.m or  less. Stopcock.(St)  

i s  now opened, t h e  crack--off t i p  f s f irmly grasped through the  tubing . 

and broken, and i n e r t  gas i s  slowly admitted t o  both s i d e s  of t h e  gage. 

* With the  kubber tubing s t i l l  i n  g lace ,  t h e  apparatus i s  disconnected 

a t  (B2) and a blowing tube i n s e r t e d  the re ,  so  t h a t  the  s i l i c a  may be 
- 

opened with a torch  where i t  has been sealed a t  (C1). When t h i s  has 

been   re pared f o r  t h e  butt j o i n t  (J) , t h e  apparatus i s  ready fo r  t h e  . 
a ,' 

next sample. Note t h a t  s i l i c a  cannot be  cracked wi th  hea t  as Pyrex 

can; nor can i t  be sawed, because t h i s  might'damage the  d e l i c a t e  gage 

o r  po in te r s ,  and might introduce impur i t i e s  i n t o  t h e  sample space; 

hence a l l  work m a t  be done wi th  the  oxyhydrogen torch.  

t It i s ! d f , f f i c u l t  i f  not impossible t o  remove the  o ld  sample corn-. 

p l e t e l y  from the  sample space without introducing impur i t ies .  Hence 

i t  i s  des i rab le ,  when poss ib le ,  t o  go from one sample t o  t h e  next 

5 
merely by addi t ion .  ,For example, the  second. set ... of mea'sufements, . . on ' 

NiTe2*0 was made on a s k l e  of weight 4.350 grams. A t  t h e  conclui  

- 
s ion  of t h e  measurements the  gage was opened and 0.345 grams of NiTelol 
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were added, br inging the  s t o i c h i o m t r y  t o  NiTelegOOe A t  t he  con- 

c lus ion of the  measurements on MiTelo9, the. sample was recovered 

and found t o  be uniform and gross ly  c rys ta l l i . ne  i n  appearance, 

q u i t e  d i f f e r e n t  from the  NiTe2e0:, and t o  weigh.4.691 grams. The 

i l o s s  of 0.004 grams i.s presumed due t o  incomplete t r a n s f e r  (i .e. ,  

some of the  NiTeleg remained s tuck t o  the  s i l i c a )  but  i n  any case 

would have had an i.nsi.gnif i.cant e f f e c t  on t h e  stoichiometry . MiTel. 

was used ins tead  of  pure n ickel  because the  l a t t e r  reac ted  much 

more slowly (Sec. 4 . ~ ~ ) .  When a completely new sample was t o  be 

used, the  sample tube was removed and a new one put on. When t h i s  

occurred, i t  was necessary t o  r ep lace  the  e n t i r e  sample tube ( ra the r  

than s p l i c e  on a piece)  because the  sample tube f i t  very snugly i n  

the  isothermal block (clearances were nowhere g rea te r  than 0.1 nun 

. when t h e  furnace was cold,  and o f t e n  much l e s s ,  a s  indica ted  by 

the  f a c t  t h a t  the  furnace ssmeti.mes had t o  be heated t o  severa l  

hundred degrees i n  order  t o  f r e e  the  s i l i c a  apparatus;  t h e  reason 

f o r  such sma1.l c learances  was p a r t l y  t o  obta in  good heat  t r a n s f e r ,  

and p a r t l y  t o  posi t i .sn the  po in te r s  p rec i se ly  and immutably i n  t h e  

proper pos i t ion  fo r  viewing). 

Xnstead of opening the  gage each time t o  change the  s t s i c h i o -  

metry, i,t i s  poss ib le  to d i e t % l  sat a r~mll amount of the  v o l a t i l e  

cons t i tuent  and than s e a l  off by means of a plug of t h i s  cons t i tuent  

i n  a c a p i l l a r y .  ThRe has been done i n  a s e r i e s  of measurements on 

s ~ l f i d e s 3 ~ ;  with phosphorus i t  works less wel l ,  and with a r s e n i c  not 

a t  al1710 Whether or  not i t  would work with tel lukium i s  not  cer -  

t a i n ,  but  even i t s  discoverer  admits t h a t  from the  point  of view of 

accuracy i t  1.8 not des i rab le  a s  the method of opening the  gage. I f  



stlch a " s u l f m  valve" were t o  be used, a by-pass would have t o  be 

provided fbr  outgassing,  

The volume! of the: apace ava i l ab le  t o  the  vapor, including the  

gage, t h e  sample tube, the  connecti.sn tci the  cons t r i c t ion  ( ~ 1 ) ~  and 

t h e  crack-off t i p ,  was est imated t o  be  45 cc, This  amounted t o  2 

mi l l imoles  a t  STP, or  about 2 /3  micromole per mil l imeter  of pressure  

being measured a t  8 0 0 " ~ ~  Since the  volume es t imate  was probably 

accura te  wi th in  lo$, a correct i .sn could laave been made f o r  t h i s  

amount of vapor, but i t  turned out  to be unnecessary. I n  every 

case where t h e  pressure  was g r e a t e r  than about 20 mm the  pressure 

was e i t h e r  independent of campssition ( ' L Y ~ T ~ J ~ ~ ~  and NiTsleg were both 

i n  t h e  two-phase region,  and pure t e l lu r ium i s  of course not a f fec ted)  

o r  was only very s l i g h t l y  a f fec ted  by composition (BiTeg was a d i l u t e  

s o l u t i o n  of n ickel  i,n l i q u i d  te l lur ium,  whose pressure is l i t t l e  

a f f e c t e d  by changes i n  concentration--see Fig. 12 and compare the  s lope  

of t h e  pressure  vs. composition curve i n  the  l iquid-solu t ion  range 

around NiTeg with the  s lope  i n  the sol id-solu t ion  range around NiTelo7). 

- 

3 . E . 3 .  The Roi.nters and Readin? Correct ions The po in te r s  and t h e i r  

v i s i b i l i t y  i n  the  furnace caused more d i f f i c u l t y  and wastage of time 

than any o the r ' s ing la  f a c t o r  i n  t h i s  research ,  although t h e  f i n a l  solu-  

t i o n  was simple. 

It is necessary t o  be able  t o  see t h e  po in te r s  c l e a r l y  a t  a l l  

temperatures, and t o  be a b l e  t o  l i n e  them up with a p rec i s ion  of 0.1 m 
. . 

Hg o r  b e t t e r .  It is important t o  note  t h a t  'the c r i t e r i o n  fo r  nul-l  ( tha t  

.is, f o r  l i n i n g  up the  poi.eters4 need 'not  be exact ly  0 mm of pressure;  

n e i t h e r  need i t  be a b s o l u t e  ( t h a t ,  is; i t  ieye?rru iss ib la ,  though not de; 

s i r a b l e ,  t o  have i t  h ighly  sub jec t ive ) ;  it i s  only requi red  tha t  i t  be 



completely reproducible, independent of temperature, total pressure, 

or fortuitous circumstances. . 

The original'difficulties were concerned with seeing the pointers. 

The pointers were thin pieces of silica, which had to be viewed through 

a silica envelope and glass window by means of a telescope, at a tem- 

perature when all of the silica, and also the much more emissive back- 

ground, were incandescent. Light was thrown into the furnace and onto 

the pointers by means of a smalll'.light bulb, a system of lenses, and a 

half-silvered mirror arrangement through the same hole in the furnace 

which was used for viewing the pointers; a piece of clear (uns$Tvered) 
. . .  

optically flat glass served the function of -'the half -silvered 'mirror. 
9 ,  

Although the 2nside of the telescope was lined with black velvet and 

the inside of the Alundum tube painted black, the ambunt of background 

was so great that the pointers could be seen only with difficulty and 

occasionally not at all. The various components of the system move 

about considerably as the temperature changes from 20" to 800" (the 

silica expands'rnotaat .a11, the ~ldgdum furnace core a great deal, and , '  

the iron can, which supports the outer end of the viewing tube, very 

little, because it remains comparatively cool), and the  pointer,^ would 
. . ': I' 

move either out of the field of view, or else out of the light beam. 

The furnace was finally partly disassembled and another tube inserted 

(Sec. 3 . A e )  'so that the light might' be thrown in directly rather than 
. . 

by the half-silvered mirror arrangement. This system was better, but 

still marginal. Furthermore, it meant that the pointers had to be in 

exactly the right position not only up-and-down and left-and-right in 

order to be visible, but also back-and-front in order to be in the 

ligdt beam. (Actually the.40-nnn envelope with the pointers on its 



axis was not coaxial with the sample. tube and isothermal block; in- 
. .. . . . 

stead it was about half an inch further back, to permit room for the . . 

connecting . . tube (Fig. 8) during the outgassing). This not only placed 

extsa,reatricti.ons on the fabrication,.but allowed a new degree of 

freedom for. difficulties due to thermal expansion. . . .  

What was needed for good visibility of the silica pointers 

through the silica envelope was not high-intensity illumination but 

high-contrast i.lluminationo Toward this end, the light source t7as re- 

placed with a "grain-of -.wheatt' bulb' of extremely small. filament . . size, 

and the l.enses with very high-quality multiple lenses. These threw a 

small, sharply focused spot of light directly onto the pointers. 

The next difficulty was with finding a consistent null, If the . . 

pointers were less than, about .l mm in diameter, they vibrated ex- 

cessively, tended to curl from radiant heat when sealed in the en- 
. .  . .  

velope,,and were exceedingly .difficult . . to see. But with such thick 

pointers (kO times as thick as the motion corresponding to 0.1 mrn 

sf pressure) it was difficult to locate a reference spot on the pointer. 

At constant temperature, and particularly at low, temperature, streaks 

of light coqld. be lined up; but at higher temperatures such streaks 

changed or disappeared, . . 

After numeroqs attempts with small points on thick pointers, 
. . 

pointers made of capillaries., ,and the like, the problem was finally 

solved by,sealing 6-mil tungsten wires into the silica. The wires 
. . 

were (first. finely. pointed by the exothermic reaction with sodium ni- 

trite, although it latter turned out that square-ended wires were 
. . . . 

easier to read, These wires worked well for part of one series of 
t ' 

'measurements, and then started to corrode; on the second series (pure . . 

tellurium) the temperature was raised to more than 800°, and the wires 

215 076 



corroded so badly that the null correction was indeterminate by more 

than I wn Hg+ *Investigation in the literature then showed that tung- 

sten does indeed react with carbon dioxide (which was being used as 

the inert gas) at these temperatures. The tungsten wires could not 

be replaced with platinum, since this melts at a temperature lower 

than that of silica, Rhodium wires (0'.'008 diameter, the only size 

available) were thasefsre tried, and proved quite satisfactory, al- 

though it was necessary to anchor them very firmly in the.silica, 

which was difficult not only. because of the different coefficients 

of expansion, but also becuase rhodium melts only slightly higher 

than silica, 

There was still some difficulty in seeing the metal pointers, 

until it was realized that high intensity rather than high contrast 

of illumination was now required. To supply this, a 1/2" silica 

rod was sealed in to the top of the furnace to act as a light-pipe, 
, . 

whenever the apparatus was in'the furnace, and the top of this rod, 

, 
was heavily illuminated with a 75-watt light and reflector. There- 

after visibility of the pointers was always excellent. 

The third difficulty with the pointers was vibration. The 

source of the vibration was never located, but was assumed to be the 

general 60-cycle vibration of the entire building, Vibration was 

somewhat damped by a few tenths millimeter of pressure outside the 

gage, and this amqunt of gas was always admitted as soon as possible 

after the outgassing. The tendency to vibration was apparently 

largely a function of the indivl.dua1 gage, though i.t could not be 

correlated with any obvious shape factors. It could be greatly re- 

duced, however, by eliminating 'thin spots in th.e'silica pointer 



(batween the  gage grid the  rhodi.um) and, a s  indica ted  above, by rounding 

the  sharp edges of the  gage. It could a l s o  be  reduced by supporting t h e  

s i l i c a  apparatus r i g i d l y  a t  both ends. This  apparatus i s  nprmally sup- 

ported r i g i d l y  a t  the  lower end, the  upper end being connected t o  t h e  

manometer through f l e x i b l e  g l a s s  tubing. To support the  upper end, the  

top of the  furnace is  closed wi th  a piece of S i loce l  b r i ck  which has  

two bo les  (one fo r  t h e  s i l i c a  tubing and one fo r  t h e  l i g h t  p ipe) ,  which 

i s  s p l i t  f o r  assembly, and which i s  cemented t o  t h e  top of the  furnace. 

The space around the  s i l ~ c a  tube 1s than packed with asbes tos  f i b r e s ,  

and t h e  whole covered wi th  Santocel i ,naulation. This  i s  a l l  cemented 

i n  p lace  and then removed each time the  apparatus i s  inse r t ed  i n  and 

removed from t h e  furnace. 

For ease  i n  l i n i n g  up the  po in te r s ,  they should be  a s  c lose  to -  

gethns a s  ,possible,  but  of course they m o t  not  h i t  one another ,  s ince  

t h i s  would bend them and change the  n u l l  ca l ib ra t ion .  It turned out  

t h a t  for r e p r o d u c i b i l i t y  of  n u l l ,  t h e  bes t  arrangement was overlapping 

wires.  'Ehc overlap was 0.01 t o  0'.'02, and the  wires  were separated,  i n  

the  d i r e c t i o n  of viewing, by about 0t102, l a rge  enough t o  preclude physi- 

c a l  contac t ,  but small enough t o  make poss ib le  having both po in te r s  i n  

focus a t  the  saveLe time. With t h i s  arrangement, there  was no d i f f i c u l t y  

i n  reproducing n u l l  readZngs t o  0.1 m every time; furthermore, t h e  

n u l l  c r i t e r i o n  ha.d t h e  advaratage of being ob jec t ive ,  so t h a t  i t  was un- 

l i k e l y  t o  be subject t o  slot? f luc tua t ion .  
. . 

The. f i r k t  sets, of p o i n t e r s  were o r i g i n a l l y  l ined  up exac t ly  op- 

'; p o s i t e  one another. .~%.i.'s ~ . e a n k  t h a t  t o  check the  nu l l -  reading the  

sys tan  .had t o  bc. pumped, d o ~ n  below 0 , l  ~ r m ,  which took an axcessi.ve 

length of t i m e .  Furtheusnure, the  n u l l  reading o f t e n  changed, and i f  
, . 

i t .  happened to change 1 . : ~  the wrong di.recti,on, a n u l l ,  reading could not  



be taken. I n  t h e  l a t e r  work, t h e  wires  were o f f s e t  when t h e  gage was 

fab r i ca ted  i n  such a d i r e c t i o n  and t o  such%an  extent  t h a t  0,5 t o  1.0 q n  

of pressure i n  the  envelope was requi red  t o  l i n e  them up. This  made 

n u l l  readings  easy, but  a l s o  introduced a new goss i .b i l i ty  of e r r o r ,  

s ince  a change i n  t h e  Yoq ' s -  modulus of t h e  s i l i c a  would now a f f e c t  

t h e  n u l l  correc t ion .  However, the  n u l l  reading and the  a c t u a l  measure- 

ments were always made with t he  gage a t  the  same temperature. There 

was conf l i c t ing  evidence a s  t o  whether t h i s  n u l l  correc t ion  was, i n  

f a c t ,  a f fec ted  by changes i n  gage temperature of severa l  hundred de- 

grees .  However, such change c e r t a i n l y  amounted t o  less than 0 , l  rnm 

f o r  a  change i n  gage temperature of 100". 

I n  making successive readings a t  the  same temperature, the  pres-  

s u r e  was always changed b i  a t  least 0.5 m before r ead jus t ing  t o  a  

n u l l .  During t h e  adjustment, the  needle va lve  was cont ro l led  by f e e l ,  

while only the  po in te r s  were being'.watched, so  t h a t  the  successive ad- 

justments were independent. The manometer was not read u n t i l  a f t e r  a  

. sakisfac- n u l l  had bean reached. . a. 

The l a r g e s t  source of e r r o r  i n  pressure  measurement, and there-  

f o r e  t h e  l a r g e s t  s i n g l e  source of  e r r o r  a t  low temperatures (below 

about 50 mm pressure) ,  was due t o  t h e  s h i f t  i n  the  n u l l  correc t ion .  

. B200ks26 reported s h i f t s  of 0.8 mm per day when the  gage was, kept a t  

750' and a s h i f t  of 4.0 &I on the! day when the  gage was kept at 850'. 

H e  correc ted  f o r  t h i s  on the  assumption t h a t  the  change was l i n e a r  

with time, but  t h i s  was s t i l l  the  major source of e r r o r  i n  h i s  measurer 
, - 

ments. No s h i f t s  of t h i s  magnitude were encountered i n  t h e  present  

work, but  a f t e r  a  day of measurements the  pressure  requi red  so  br ing  

the  po in te r s  back t o  n u l l  had invar iably  increased,  by a minimum of 

0.1 mm and a maximum.of 094 mm. 
. ,  , 2x5 c79.  



It was o r i g i n a l l y  assumed t h a t  Brooks' s h i f t s  were due t o  leakage 

of n i t rogen o r  a i r  ( the  gases which he used) through the  s i l i c a  membrane, 
\ 

and therefore  carbon dioxide was used a s  the  i n e r t  gas i n  a l l  the  experi-  
\ 

merits except t h e  f i n a l  run  on tellurium. There i s  considerable d i s a g r e e  ' 

ment i n  the  l i c e r a t ~ r e 3 ~ 3  35 concerning the  leakage of gases through 

s i l i c a .  It is known &hat hydrogen, and t o  a . lesser  extent  helium, d i f -  

fuse  through s i l i c a  r e a d i l y  a t  high temperatures. It i s  probable tha t  
I 

ni t rogen,  argon, and oxygen a l s o  d i f f u s e  through, t o  a lesser extent ,  

a t  very high temperatures, and probable35 t h a t  t h e , a b i l i t y  of a gas t o  

d i f f u s e  through s i l i c a  can be corre la ted  not with t h e  s i z e  of i ts  mole- 

cules  but  with i ts  b o i l i n g  point  or  sublimation energy. On any of these  

grounds, s i l i c a  should be q u i t e  impermeable t o  carbon dioxide. On t h e  

o ther  h'and, carbon dioxide decomposes a t  high temperatures i n t o  carbon 

monoxide and oxygen (log $ i s  10.19 a t  1 0 0 0 ° ~ ,  8.86 a t  110O0, and 7.74 

36 a t  1200' homogeneously ), and these  gases m y  di f fuse .  

Whatever the  mechanism of d i f fus ion ,  xenon should be exceedingly 

un l ike ly  t o  d i f f u s e  through s i l i c a ,  and t h e  final, run on te l lur ium was 

made with xenon as t h e  i n e r t  gao, s h i f t  ia null correc t ion was 

0.15 rmn the  f i . r ~ ~ t :  day and 0.25 mm the  second day. The s h i f t  on the  . 

second day is7 s u f f i c i e n t l y  high t h a t  i t  i r s  c e r t a i n l y  not ' imaglnsryr but 

t h e  experiment i s  unfortunately not conclusive. .The xenan was s l i g h t l y  

contami.nated wi th ,  among other  thinge,  water vapor. Furthermore, the  

gage waa h ia ted  t o  a higher temperature than ever before (880°), and 

some outgaasing~xnay have taken place. F ina l ly ,  some gases which may 
\'. ' . , .  

have di f fused i n t o  the  s i l i c a  on the  previous run (with carbon dioxide) 

may have. d i f fused out a g a i n  d u r i n ~  t h i s  Fun. 

A t  the  conclusion of t h e  xenon run,  t h e  gage was heated t o  0 9 5 O ~ ,  

and the  sample heated t o  creataa a te l lur ium preseure of, about 90 rim, and 



these conditions were maintained for four hours with nitrogen on the 
. . 

outside of the gage. The null shift was 0.1 m.. Thus there were no 
. . 

significant differences among nitrogen, xenon, and carbon dioxide, 

The null shifts could not have come from outgassing of the sample, 

particularly in the case of tellurium which was completely volatilized, 
' 

and not subsequently exposed to possible csntaminatl.on by gas. They 

might have come from continued outgassing of the silica, bat if so thq 

rate of evolution of gas must have increased for some reason from the 

mm per 5 minutes which was observed at the end of the outgassing 

period. They might have been due to some mechanical change (crystalli- 

zation, annealing, "aging") of the silica membrane, but in the first 

place when the gage was opened, a new bample added, and the outgassing 

repeated, the null correction. app~ared to go back to its original value, 

.and in the second place, such aging should have been accompanied by 

decreases in sensitivity of the gage, which did not occur, Furthermore, 

the.re was always gas in the gage at - the end of the run, as indicated by 
. . . '. . . . a Tesla coil., The amount of this gas was hard to judge, but it was no$' 

incompatible with the nul1,shifts. The shifts might have been due to 

some artifact in the obsefvation (say a shift in lighting, or position 

of the telescope), but this would not account for the consistent in- . . 

crease. The shifts might have been due to some chemical reaction, as 

between tellur~ium and silica, but it .is hard to conceive sf any re- 
. .  . . . . . 

. .*: . ... , . . < '  

action pr@a&?cte which would be volatile at 420"~.  It seqs, therefore, 
. . 

that in all likelihood gas was leaking through the silica membrane. A? 

such leakage occurred when one gage was allowed to stand under vacuum for 

six weeks at room temperature, and it.'seeme imposdiible-that jt-t was due to 

identical pinholes in the many gages used. The gage is, sf course, 



exceedingly thin and of considerable area (perhaps 30 sq. cm.). The 

cause of these null shifts is an interesting problem not only from a 

theoretical viewpoint but also because, if it could be removed, the 

pointer and manametry problems could probably be voPved t~ yield an 

additional oxder of magnitude in the precision of the general method. 

3.F. THE CONNECTIONS 

The connecting piping and valving are shown in Fig. 10A, The 

mechanical pump was used both as the fore pump of the high-vacuum 

system and for pumping the inert gas out of the gage, By opening one 

of the two valves, either inert gas or vacuum could be admitted to 

the metal reservoir, its a.mount being measured by the dibutyl phthalate 

manometer. This valve being closed, the needle valve was slowly 

opened while the pointers were observed, and some of the gas (or 

vacuum) was thus admitted Po the system. Because the volume of the 

sys tem ~i.nc1bdi.n~ the mercury manometer, the envelope around the ..:'.. . 

silica gage, and the connecting piping) was larger than the volume of 

the metal reservoir plus the volume of the trap above the dibutyl 

phthalate, a change of pressure of 0.1 nun Wg at the pointers amounted 

to about 0.4 mm Hg, or 5 mm dibutyl phthalate, on the dibutyl phtha- 

late manometer. Thus, deli.cate adjustments could be made with ease. 
I 

The needle valve was very good in this respect, but its resistance 

made pumping very slow. The needle valve and the other two valves 

were of metal, with kovar used for some glass-to-metal seals .and. 

Apiez~n W (black wax) for others. 

This system worked adequately, but never really well. It alway's 

leaked, the leaks amounting to perhaps 0.3 m per day, and probably 

beiiag due to oufgassi.ng or impurites rather than true leaks, Constrictions 
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were placed in the tog and bott~m of thi dibutyl phthalate manometer 

as shown to slow down the motion of the liquid in case of a sudden 

pressure change, but these could not have slowed it enough in case 

~f a break or the wrong valve being turned, and as soon as the dibu- 

tyl phthalate had moved to the bottom of the manometer, this would 

supply a by-pass from the metal reservoir to the system.. It would 

probably have been better to use mercury in this manometer, accepting 

the reduction in sensitivity in exchange for safety of the gage. 

Furthermore, a needle valve or by-pass which opened more widely 

should have been used, and all of the valving system should have 

been susceptible to outgassing and to checking for (leaks. 

For the final run with xenon, the connecting glassware was modi- 

fied as shown in Fig. 10B. Because of its expense, the xenon was 

never pumped away3 instead a trap cooled i.n liquid nitrogen was used 

as a pump (and operated rapidly and effectively to produce a vacuum 

of less than 1 mm) ,. The source of xenon was a one-liter hulb (at 

about one seventh atmospheric pressure) which was connected, as 

shown, with another trap which could be cooled to pump the xenon back. 

Measurements up to TOO0 were made on the first day. On the second day 

were made above 70Oos ,and because the pressure error in 

this region bas small compared to the temperature error, only one 

measurement was made at each temperature. Thus xenon was admitted into 

the system and never pumped out. In spite.of this, the xenon became . . 

exhausted at 205 nsn ~ressure, and'caused the experiment to stop at 
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3.e. EXRORS AND LlWrATIONS OF TEE METHOD 

En reducing the data, there were usually two to six points at 

approximately the same, but not exactly the same, temperature. A 

single temperature was than picked, and all points converted to this 

temperature by adding to each the product of d ~ d d ~  and AT.  he d~/dT 

was determined by a rough plot. sf the raw data. The mean of the group 

of observations was then taken, and the null correction subtracted 

from it. At least-one temperature was always read both on the way up 

and on thk way dam; this provided a check, and also aided in assigning 

values to the null correction as a function of time if the null shift 

had been unusually high (say 0.4 mm during the day). The resulting 

pressures were corrected for the density of the nieqcury in the mans- 

meter, All c~mpatations were carried to 0.01 rum, although the last 

digit is comparatively meaningless. 

There were several internal checks on the consistency of the 

data. The vapor pressure of tellurium was measured twice, over an in- 

terval sf several months, using samples from different origins, with 

different methods of purification, using different gages and different 

thermocouples. The results are in complete agreement. 'It was intended 

to check the vapor. pressure of Ni.Telo g formed. f r o m  HiTe200 and NiTelo l, 

by making MiTelog from NiTe and Te, the tell.uri.um coming from a dif - 
1.5 

ferent source. However, it turned out that above 712.'j0 the pressures 

of MiTegeg and MiTelog were identical. Furthermore, the pressures of 

NiTegeO and NiTe were identical below 682O, and the tellurium in these 9 

cases did come from entirely separate sources. The reason. for this 

identity is that.the material is in a two-phase region and the pressure 

is independent of compositi.on; however, it was entirely unexpected. 
1 3 



b Further confirmation of internal consistency Is given by the smoothness '.r 

of the curves. The data are more self-consistent than can be indicatvd 

on any plot which can be shown here, Almost every point could be broueht 

onto the appropriate smooth curve by adding or subtracting not more than 

0.1" (in the.high~temperature region), 0,l mm (in the low-temperature i 

region) or both. 

This says nothing about the systematic errors. Here one can only 

rely on the general agreement in the tellurium data with ~ r o o k s ~ ~  and 

on faith in the nature of the experimental detai.1~. 

Although the pressure changes very rapidly with the composition in 

the solid-solution region, it is believed that' the composition was known 

at all t.imes with al~ost the ultimate precision permitted by knowledge .; 

of the atomic weights, and that this did not contribute to the error. 

Temperature errors, then, are the principal sources of error at high 

temperatures and pressure errors at low temperatures. Temperature 

measurement was certainly accurate to 0.1 to 0,2" on a relative basis 

and probably to 0.2 to 0.3" on an absolute bas+. Pressure measure- 

ment is believed accurate to-'about 0,l mn on a relative basis, with 

systematic errors being no' greater. 

One possible source of systematic error which was avoided was 

thermal transpiration. If the temperatures at two ends of a tube are 

A, different, and the tube is filled with gas at.:.:I* pressure, khe,,.pres- 

.aures at the ends will in general be different. I'f the tube is long 

compared with its diameter, the magnitude of. this effect is roughly 

proportional to the temperature difference and inversely proportional 

to the square of the total pressure and to .the square of the -tube dia- 

meter. For example, for a temperature head of 100°, a tube diameter 



of 0,5 mm, and a total pressure of 0.5 mm, the pressure difference at. 

the two ends is about 5$. To: eli.minata errot from this source, the 

silica tube.projecting through the top of the furnace had an i.d., of 

12 xmn,. and the tube connecting the gags with the sample tube 'an . i. d. , 

not less than 5 =, both of which were more than ample. 
The fundamental di.fficulties i.n reducing errors pertain only to 

the measurement (not to the control) sf temperature--which 

an ultimate 1imitation.on the method of close to 0.1'~--and to the 

sh i f t s  i.n the null gositl.sn of the pointers. The latter i .8 not well 

understood, but it believed that the problein could be greatly re- 

duced. 

There i.s no lower pressure limit to the present method except 

that imposed by the i.ncr@asi.ng percentage errors at lower pressure 

caused by the constant absolute pressaar& error. It is thus desir- 

able to supplement this nethsd by some other for the low-pressure 

measaremnts. In the absence of such supplement, however, the low- 

pressure data are of considerable use in plotting the trend of the 

data,' since they occupy so large an area on a log p vs 1/T plot. 

The upper pressut.6 limit could probably be raised to two or three 

' atmospheres if one wished to build a tall enough manometer and cathe- 

tometer; it seems probable that with little mdi.fi.cation any glass 

. apparatus which will hold a vacuum will also hold one atmosphere of . , , . 

pressure in-excess of atmspheric.' 

There is no low-temperature limit, just as.there is no low- 

pressure li.milt, althbugh if the furnace designed for high tempera- 

tures is t~ be used for law-temperature work, some mans must be 
.. . 

found to cool. .it rapidly, The high-temperature limit depends on 



whether the substance being measured vaporizes with or without decom- 

position, In the former case (e,g,, tellurium), the weak link in the a 

chain is the gage, its lidt being set either by annealing, crystalli- 

zation, or permeability to the inert gas. The normal anneal point for 

silica is about 1050°C, but this exceedingly thin membrane, which is 

under considerable stress even when evacuated inside and out, might 

anneal at a lower teqperature--#perhaps as low as 1000°, Whether cry- 

stallization might set in at a lower temperature would be hard to say, 

and would pr~bably depend upon the purity of the sample of silica, the 

length of exposure to high temperature, and other factors. 

These limitations apply only to the vapor temperature, In dis- 

sociating substances such as nickel-rich nickel tellurides, the gage 

mag be kept considerably cooler than the sample, and now the tempera- . 
ture limit is set only by the chemical and mechanical resistance of 

the sili.ca of the sample tube. In fact, the dissociation pressure 
. . 

of uranium oxide has been by a method similar to that Ysed 

here, with the gags cold and with the sample at temperatures up to 

1250"~. For such temperatures, of course, the isothermal block muat 

be built of suitable metals, such as nickel. 

3 .Me RESULTPNG DATA 

3 .H. 1 Pressure Data The vapor-pressure ;data are given in Table ESI. 

The first ~a.m&k&:~?$: tellurim was the 2sainple described in Sec. 4 , ~ .  

The third was kindly supplied by Dr, W n n  Suits, who had purified 

spectroscopically pure tellurium by zone refining and sublimation to 

a purity in excess of 99.999999$. The NiTe and NiTeg60 samples 
1.5 

were those described in Sec. 2 . A . 3 ,  The NiTelog and NiTe were made 
9 

by mixing MiTe2e0 with MiTala and tellurium ,(99.999$) respectively 
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TABLE '1.11: 

VAPOR PIPESSURE 

P(KQU), bbs.  T,"C 

NiTe20 00 
- Feb. 22, 1957 

Te - March 20, 1957 

Te. - Apr i l  3, 1957 
. - 

52,99 
48.67 

Te - A p r i l  5,  1957 



Pgmw), obs. P(m), calc 
- - 
Te - April 5 j  1957 (continued) 

MiTe - May 6, 1957 
2.00 

N ~ T ~ ~ ~ ~ ~  - May 1957 



P ( m ) ,  obs. T,"C P(mm), calc 

NI.Tel go - May 18, 1957 (continued) 

MiTele50 - June 11-, 1957 

NiTel,70 - August 6, 1957 , 

NiTelo70 - August 7, 1957 

Mi.Teg - September 1, 1957 



. - 
NiTeg - September 2, 1957, 

Te - September 11, 1957 

Te - September 12, 1957 

Te - Theory 

Pcmm), calc 



in the correct proportions; the NiTe was similarly made from 
1.7 

MiTelo~ and telluri.um. The data are plotted in Fig. 11, as loglOP, 

(m Hg) vs 1/T (OK.). All. of the data are tabulated and plot t.ed (i.e., 
. . 

no gross errors have been removed) except for the last points on one 

tellurium run, when the pointers were corroding very badly, and the 

first two points on NiTe and NiTe 
1.7 l e g 9  

when equilibrium had not 

yet been established within the crystallites, The first point is 

retained on NiTelu5, however, because while it is known to be high, 

only one other point was obtained before the.gage broke, and that 

point was not measured accurately. 

3.H.2. Derived Rest.ults As indicated in Fig. 11, the plot of log P 

vs. 1 / ~  i.s almost, but not quite, linear. The reasons for this are 

most easi.1~ seen by rederiving a Clausius-Clapeyron-like equation in 

a manner sililar to that of ~ r o w n 7 ~ ,  

One starts with, t h e  thermsdynsmic relation 

which i.s rigorously valid f ~ r  liquid-vapor equilibrium, and makes 

the substitution 

where V i.s the molar velune o f  the gas and V1 the molar volume of 
g 

the liquid. The next substi.euti.on is 

where B i.s the second viri.a?. coefficient. This yields 
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2 
'blultiplying by -T dP yields 

Making the further substitution P/T = W/V which contributes nagli- 
g 

gible error since it is only in a small correction term, yields 

This formula is to all intents and purposes rigorous (since for our . .  

purpose B need not be defined as a constant). Alternatively the de- 

rivation can proceed from the Van der Waals.' instead of the virial 

form of the equation of state; this yields the same expression, with 

b - ~ / R T  substituted for the second virial coefficient, B. 
Equation (13) indicates that the slope of the log g vs. 1/T curve 

will be constant if all four sf the factors on the right-hand aide of 
\ 

the equation are independent sf P and T, Integration of (13) will 

then lead to an equation of the form 

log P = -A/T 9 B 
- 

However, we know that the second £actor will not be constant, but will 

instead decrease with temperature. In fact, it can be shown by sophis- 

ticated reasoning74 that 

where AC is the difference between the heat capacities at constant 
P 



pressure  of t h e  1iqwi.d and gas; t h e  e r r o r  i n  t h i s  equation i s  of the  

same order a s  the  two f a c t o r s  i n  (13), a s  discussed below. E s t i -  

mates of C for both l i q u i d  and gaseous t e l lu r ium i n  t h i s  temperature 
P 

range a r e  availableli2; they amount t o  18.00 callmole deg f o r  the  l i q -  

u id ,  and 8.92 cal/msle deg fo r  the  gas (two gram-atoms per mole i n  

each case) .  Hence, d O H I ~ T  = -9.08 cal/mole deg (probably accura te  

t o  :& 0 ,2  cal/mcle) and w e  expect t h e  hea t  of vapor iza t ion  of t e l l u -  
1 

rium t o  vary by over 2000 c a l o r i e s  per mole over a .temperature range 

of 250°. I n  s p i t e  of t h i s ,  one previous i,n.vestigator26 has f i t t e d  an 

ana1yti.c expression t o  h i s  vapor pressure da ta  by l e a s t  squares techni-  

ques and computed a heat  of vaporiz'atl.on, over t h i s  temperature range, 

t o  which he ass igns  a probable e r r o r  of 70 calori,es! 

I f  the  hea t  s f  vaporizati.on v a r i e s  with temperature a t  a con- 

- 
sta,nt  r a t e  over the  t empqa tu re  range of i n t e r e s t ,  and i f  the  l a s t  

two f a c t o r s  s f  (13) a r e  constant ,  i n t e g r a t i o n  of (13) give an equa- 

t i o n  'sf  the  form 

W e  may es t imate  the  magnitude of the.  t h i r d  and four th  f a c t o r s  i n  / 

(131. V1 i s  'appleoxf.mately 50 cc, while V is approximately 16 Arnagat 
t.3 

u n i t s ,  o r  approxi.mataly bQ0,000 cc, a t  the  h ighes t  temperature measured 

(where T i s  about four t i m &  2 7 . 3 " ~  and B i s  about one four th  atmospheric). 

. Thus, the  t h i r d  f a c t o r  Garies from 1.0000 t o  about 1.0001. The second 

v i r i a l  c o e f f i c i e n t  i s  c e r t a i n l y  negati.ve, s ince  the  Boyle point  of a l l  

known substances is, a s  i t  should be on t h e o r e t i c a l  grounds, w e l l  above 

the  c r i t i c a l  temperature18f, and these  measurements a r e  c e r t a i n l y  well  , 

below; hence t h e  four th  f a c t o r ,  l i k e  t h e  t h i r d ,  i s  g rea te r  than one, 

and we may guess t h a t ,  i f  t e l lu r ium vapor behaves l i k e  o ther  gases whose 



. . 

virial coefficients (or Van dei-).waals1 constants) are known, this 
i r  -__;. 

factor is not much greater thari' 1.0001 at 855O~. As the tempmature 

increases,.however, V will fail very rapidly, and these factors will 
t3 

. '__ , 

rise more and more rapidly, eventually more than compensating for the 

decrease in the second factor. Thus, the curve of log P vs. 1 / ~  may 

be expected to be concave downward af .low temperatures, and to have 
. . 

' . ,, . .. . 

gradually decreasing curvature until.. eventually it inflects. 
. . 

This behavior has, indeed, been found where vapor pressure data 

of sufficient accuracy have been available over a sufficiently great 

range, the inflection point occurringB at 0.80 to 0.85 times the 

critical temperature. We do not, of course, know the critical tem- 

perature.~£ tellurium, but in the absence of better information we 

18e 
may use Guldberg's rule . and estimate that it is 1.5 times the 

- boiling point, or about 1900°~. In any case, we expect the curva- 

. ture to decrease with increasing temperature and, at some tempera- 
- 

ture well above the boiling point, to become zero. To account for 

this, an additional term must be added to (l5), and a convenient one. 

is a linear term in T, yielding 

log P = -A/T + B -: C log T ,+ DT (16) 

- An analytical expression of the form .of (16) has been fitted 

to the vapor pressure data. This expression is 
/ 

log P = -10,663.14/~ + 64,73140 - 18.61687 log T 9 0.00341783 T (17) 

where in in mm Hg, T is in degrees Kelvin, and all logarithms are 

to the base 10. The agreement of this function with the data is ex- 

cellent, as indicated in Table 111, where it il~shoh that, if an 

allowance of O.1° i.s made, most of the pressures computed from (17) 

agree with the observed pressures within 0.1 m, and none disagrees by 



* 
so much a s  0.3" and 0.3 m, Eelration (17) a l s o  i n d i c a t e s  a pres- 

su re  of  0.17 wm a t  the  t r i p l e  point ,  which i.s compatible with ex- 

t r apo la ted  r e s u l t s  of measurements on the  vapor pressure of s o l i d  

/ 

telluri.um (see Appendix 2). 

It i.s c l e a r  from Fig. 11 t h a t  the  p l o t  s f  log p vs.  1 / ~  i s  con- 

cave dqwnward a t  low temperatures and almost l i n e a r  a t  temperatures 

from about 750 t o  8 5 0 " ~ .  The exact  curvature and slope a t  low tem- 

pe ra tu res  cannot be determined, because of the  l a r g e  percentage e r r o r  

a t  low tamperatiares occasi.oned by the  constant  0 , l  mm e r r o r ,  and the  

uncer ta in ty  of t h e  t r ip le -po in t  pressure. Nevertheless, i t  i s  c l e a r  

t h a t  t h e  curvature i s  of approximately the  r i g h t  magnitude. From 

a n a l y t i c a l  d i f f e r e n t i a t i o n  of &17)., - ~ O H J ~ T  v a r i e s  from s l i g h t l y  

more than 12 calJmole deg a t  t h e . t r i p l e  point ,  t o  9.08 a t  s l i g h t l y  

over 600" and t o  z e r o . a t  about 910°C. The increase  in curvature a t  

low temperature i.s undsubtedly an a r i t f a e t  due t o  the  simple ( l i n e a r )  
- 

term introduced i n  (16) and (17) t o  co r rec t  f o r  de r iva t ives  hi.gher 

than t h e  second. Had. a mor'e.csmplex equation been used, the  da ta  

cou1.d undsub t ed ly  have been. f i t t e d  equal ly  d e l l  with an expressioh 

which indica ted  curvature agprsxi:mately constant a t  about 9 caldmole 

deg a t  the  lower .temperaturesS However, t h e  de'crease i n  curvature 
/: . -. 

a t  higher temperatares is i n  no sense ao a r t i f a c t ,  although the  . 9 .  

curvature  a t  8004350" may be s l i g h t l y  gr 'eatar than indica ted  by (17). 
).:. . . . . . . . . 

Equation (13) ~s ' thermodynamical ly  r igorous  except fo r  terms s f  very 
:. . . . . 

high order;  equation (149 i s  a l s o  r igorous  except fo r  f a c t o r s  s imi la r  

. . 
* This l a r g e s t  dl.&agr&&ent ' is  due t o  inadequacy of the  a n a l y t i c a l  

. expression,  s ince  the  da ta  never clevisate from a smooth curve by 
s o  g rea t  an amount, 



t o  t h e  l a s t  two i n  (13). Since the  e f f e c t  of the  f i n i t e  volume of 

the  l i q u i d  can be proven neg l ig ib le ,  t h e  decrease i n  curvature can 

only be due t o  one of t h e  following causes: t h e  vapor-pressure da ta  
. 

a r e  wrong; the  s p e c i f i c  heat  of t h e  l i q u i d  has changed by a f a c t o r  

of two i n  a temperature range of some 250'; o r  t h e  gas i s  behaving 

i n  a non-ideal fashion. 

The f i r s t  cause i s  re j ec ted  on two grounds i n  add i t ion  t o  f a i t h  

i.n the  accuracy of t h e  da ta :  the  exce l l en t  agreement with the  da ta  

of Brooks and the f a i r  agreement with t h e  da ta  of Giorgi  (see Appendix 

2); and the  f a c t  t h a t  Braoks' da ta  a r e  s u f f i c i e n t l y  p rec i se  t o  show 

t h a t  the  curvature is, i n  f a c t ,  too  small ,  q u i t e  independently of 

* 
t he  present  work . The second cause i s  almost inconceivable, although* 

some small increase  might be explained by t h e  b$eaking of the  chains 

- which exist38 i n  l i q u i d  t e l lu r ibm near the  melting point.  We a r e  l e f t  

with the canclusi.os t h a t  the  devia t ions  of t e l lu r ium vapor from Ideal$ty 

I n  the temperature range 750' to.8~0' are greater by an order sf rna~n-' , 

tude Cbsn we woiuld have antici.pated. 6t: seam6 very unlikely, as : 
t 

cussad eax.ld,er, that: these deviations i n v ~ l v e  d isssc ia t$on,  Their  

na tu re  %a not c l e a r ,  but fhay cara bs summed up by eaying t h a t  the Van 

dsr Waals' conatagta (0.r secsnd -and higher vS,ria% aoeff ic ienfa)  are 

vssy mch 1ar.ge.t. tiban we w&ld have expected. 

ST! V$@W QS the above:, tabula$ ions  sf Boat eE v a p ~ s % e a g $ ~ ~  and 

* .-&I ~~4pari,rnonta!, W F O ~  which eauaed fha  sh.se~v&d .vapor presguges t q  
EQQ . l a rge  by an increas ing ameunt aC ,high f emperag;gaa- wsua. agpf a&n 
ghg apparent decraaae i n  cgsvafure. S u ~ h  an B ~ p e g j m O f ? ~  e g g ~ g  
asiea fr-.sre fke  pseeenca ef a a s w o e  volac i$e  cQntam$aane i n  the  g e ~ h j &  
Z ' $ U ~  betb Brseks! and, fhe p rwenf  geseareh, B~woyeg the  ~nl.y 
i w g i n a b  ls s o n r a h a m e ,  T ~ O ~ ,  has  toe  1s" a v~1.atii~ig~3! (e 
733'c9 . .  - Ehz! Criple  p ~ i . n t ;  9.33 tm a t '  780'9 l s7Q atj 8g5°),  



extrapolation te the boiling point are both dangerous. Extrapo- 

lation of (17) to 760 mm yields a bo,iling point of 993,6"6. Al- , 

though this extrapolation goes through an inflection point, the cur- 

vature in this region is so small, that linear extrapolation of the 

experimental data from 725" to 855" yields a boiling point only 1.5" 

lower, Nevertheless, it seems advisable to assign a probable error 

of several degrees to this boiling point, As for the heat of vapori- 

zation, this is commonly computed from (13) by ignsri.ng the last two 

factors=.-i,e., AH = -I% d In g/d (l/~)---ba%t it is clear that this will 

give values of AH which are t o o  high at high temperatures if d In ~ / d  

(~JT) i,s computed from (173, I:t therefore seems safest to state that 

AH is computed from (17) to be 28,384 cal/mole 'at 8 7 5 " ~ ~  that d.OHldT 

is about -9 cal/mole deg, and then assign a probable error of several 
. . - 

hundred calbmole to the resl lting values. 

By cross plotting, pressure may be plotted against composition for 
b 

various temperatures, as in Fig. 12, The extrapolation to ].ow tempera- 

tures i.s made from the plot of log I?, which i s  almost linear, Although 

the curves in the liquid-solution region (high Te concentrations) are 

drawn through a very ssual.1 number of poi.nta, they are believed to be 

reliable, a.s d.iacueaad i.n Sec. $.E,, in comsction with Fig. 16. The 

dotted line in Fig. 12a i s  a Rasultb law line for MiTe2 dissolved in 

Te, for 760°c. Each of the other curves falls below the corresgonding . 

~aoult'a law curve by about the same.percentage. The conclusion is 

that these solutions deviate negatively from Raoult's law--or to state 

the same thing differently, each niclcel atom is solvated by slightly 

more than two tellurium atoms of which two (01' slightly less-) are closely 

bound. 



The partial molal free energy, as computed from Equation ( 6 ) ,  is 

tabulated in Table IV and plotted in Fig. 13 as a function of tempera- 

ture, , The slopes of the,se curves may be read from this graph, and are' 

also tabulated in Table IV; they are the partial molal entqopies. The 

data i.n this table and graph apply.in each case to two gram-atoms of 

tellurium passing from liquid tellurium to nickel telluri..de (or a solu- 

I tisn of nickel in tellurium) at the same temperature. 

Equations of the form of (15) have been fitted to ,the data for 
. . 

- the dissociation pressures of the nickel tellurides, for convenience 

in lntergslation, The appropriate constants are: 
\ 

Composition  temperature,"^ A B 

I ' The two-phase region has been fitted by two equations, neither of which 

has particular theoretical significance, for convenience. 

The slopes of all the above equations are equal to the heats of 

vaporization or dissociation (AH. = 4.580~-1.987~~), or, if one prefers, 

to the partial molal enthalpy of tellurium in the appropriate nickel 

telluride. However, this partial molal quantity refers to gaseous tellu- 

rium, and is therefore not strictly comparable to the partial molal en- 

tropies and free energies tabulated above. 



. . 

p.. ' . 



Atomic Percent. 
Te . . 







Table I'Y 

Partial 'Molal Entropy and Free Energy of T e  i n  N i t e x  I 
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IV . OTHER EXPERIMENTAL. .WORK . . . . 

. .. . . . . . .  . . . . .  

4 A HEAT OF FORMATION 
. .  . 

The heat of formation of stoichiometric NiTe was measured many 
3 ' .  

years ago4' by dissolving nickel, tellurium, and nicke'l telluride in 

a mixture of bromine and water'and measuring the hqats of solution, 

The present researcti' was carried only to the point of showing that 

the same method would be applicable to the compounds here considered, 

and some preliminary experimental design. 

If finely divided and continually shaken, small amounts of nickel 

tellurides will dissolve completely in dilute HC1 saturated with bromine 

in a few minutes at room temperature, Increasing the temperature did 

not appear to help, perhaps because of loss of bromine through volatili- 

zation. Excess bromine also appeared not to help; the problem may kave 

been one of dissolving.the tellurium bromides formed. These problems 

- would probably. have been $oiuble, although the corrosive and volatile , 

nature of bromine wou<ld have necessitated care. 

The usual method of performing heat of formation experiments is 

to make separate measurements on the heat of solution of each element 

and each of the compounds. It would appear to be more accurate, how- 

ever, to make the measurements on'the sompound and~on the appropriate 
. .. 

. . 
mixture of ,eleme~ts, so that the £inal solutions would be identical and 

no corrections would be required for heats of dilution and the like. 

This would require some additional measurements if one were to run a 

series of compounds such as the nickel tellurides. 
.. . 

.. . . . '40 - I Unfortunately, the heat of solution. is ab~ut ten times the'heat 

of reaction, so that 'one must determine the heat of reaction by the 

difference between large numbers. The heat of reaction then further 

- 103 - - 245 807 



becomes one of two large numbers (the other is the free energy of 

reaction) whose difference is computed tq determine the entropy 

desired. An unsophisticated error analysis showed that heat .of 

solution would have to be determined to'about $. 0.01% accuracy, 

.which seemed forbiddingly difficult, and the work was therefore 
i ' .  . 

dropped. 
. . 

4 .B . TRIPLE-POINT TEMPERATURE OF TELLURIUM 
Interest was directed to the melting point of tellurium for 

1. ' 

two reasons: the desi~e to draw the phase diagram of nickel and 
i 

tellurium; and the desire to extrapolate the vapor pressure of 

tellurium to the triple point. Accurate data were available41 on 

the vapor pressure of solid tellurium from 320" to 410°c, and it 

seemed that this data could be confidently extrapolated to 450°, 

the triple point, to provide a point on the curve of liquid vapor 
pressure. An examination of the literature (Table V) showed extra- 

ordinary disagreement on this value. Furthermore, two recent pub- 

l i c a t i o n ~ ~ ~ ' ~ ~ ,  both based on measurements of extremely pure tell-. 

urium, gave valugs which were 7' apart. There seemed to be no 

.reason why this figure could not be tied down once and for all within 

a few tenths of a degree at. most, except. for the fact that tellurium 

tends to-.supercool and it is there.fore vary difficult to obtain a 
\ 

3C * .  
freezing point . 

* In private communication Prof. Lark-Horovitz asserted that the 
supercooling made t impossible to obtain an accurate freezing - 
point. His v a l ~ e 3 ~  is based on discontinuities in electrical 
properties at the melting point. 



TABLE B 

,MELT:.ING POINT OF: TELLURIUM 

Author . Pear - 
44 Pictet 1879 

Carnelley and Carleton-Williams 43 1880 

~ t l ~  ler45 

Plat they 46 

Pay and Gi 11 son 47 

B¶8nkemeyerlC8 

Pellini and Vio 4 9 

chikashige5O 

~klabon 5 1 

Biltz, and Mecklenburg 52 

~oba~ashi~3 

. . 
54 Jaeger and Menke 

~arniens~~ 

urnin022 

Kraus and ~lasa57 
-. ...". 
V ' 58 Simek and Stehlik 

Kracek5' 

wei.de14' I 

Epstein, et al, 3 8 

This ~esearch 



The.melting point of tellurium was determined in the same way 

that the melting point of zinc was determined. A small. silf ca thermo- 

cc-ntpk well was sealed axially into a 15-mm silica tube, as shown in 

Fig, 14, Since the pure tellurium which was available (semiconductor 

grade, 99.999.6 pure, from American Smelting and Refining Co.) was in 

large pieces, and it seemed undesirable to grind it, it was melted into 

the melting-point tube. For this purpose a 15 mm silica tube more than 

two feet long was sealed to the top of the melting-point tube, as shown 

in Pig. 14, and then was connected to a high-vacuum line with Apiezon 

W black wax. After a good vacuum had been obtained and the silica had 

been flamed to outgas it, the tellurium was melted and ran down into 

the melting-point tube. It.was then boiled vigorously (to the appear- 

ance of the green color of tellurium vapor) to eliminate possible 

* 
volatile contaminants , and sealed off. It was then placed in the 

furnace. 
. . ,a' 

The melting point was firsi.:;determined approximately .by rapid 

heating, and then redetermined more slowly. Melting occurred over a 

period of 30 minutes, and over a temperature range which increased 

irregularly from 449.4 to 449.7'. The furnace was then cooled to 447' 

and held there, with occasional shaking, until crystallization commenced, 

which-required a little more than an hour. . The sample temperature rose 

to 449.5' and remained there for 20 minutes, after which it fell again 

to the furnace temperature. 

Most of the discrepancies indicated in Table V can be explained, 

Many of the measurements,were semiquantitative (Cainelley and Carleton- 

* See footnote, page 63 



FIGURE lh 

TELLURIUM MELTING POINT APPmTUS 



for exanple,were fortunate to pet within 10" of the 

correct melting point by the method they adopted). Impurities may 

have played a part in some of the low balues, but most of these were 

probably due to sangercooli,ng, and to the fact that the investigators 

were measuring the melting point of tellurium incidentally to thermal 

analysis designed to elucidate the phase diagram of binary systems 

containing tellurium; in fact, several of the references nark the 

observed value as "start of crystallization". In other cases no 

indication is given as to how the temperature scale was established; 

one uses an unannealed and uncalibrated Pt vs Pt-Rh thermocouple, 

one can easily be bff by several degrees (the thermocouples used in 

the early part of this research had a correction of almost 4" at 450"). 

This is probably the explanation of Epstein's error, since it is 

difficult t~ believe that 99.999999$ tell.uriun has a melting point 4". 

lower than 99.999% tellurium, or that a gross disc~ntinuity in elec- 

trical properties would appear.4" below the melting point and the prop- 

erties would then be continuous at the melting point. 

Of the remaining entries i,n Table V, three46Ag~59 agree with this 

result. disagrees by 1.6" and cannot be explained. ~ a e ~ e r  and 

Make5' apparently had serious temperature measurement errors which 

are discussed in detail by a subsequent investigator of the same binary 

system55. The work of Himek and ~ t e h l i k ~ ~  was very careful, and their 

relative temperatures must be considered accurate. Thus, their con- 

clusion that hydrogen and carbon dioxide lower the melting point 0.15" 

and 0,20° respectively per atmosphere of pressure should probably be 

accepted. Fortunately, however, the journal in which they reported 

allowed them space to describe the thermocouple calibration in detail. 



This makes 'it possible to notice (as Kra~ek5~ has also remarked) that 
... . 

their operation of their sulfur boiler was almost certainly in error, 

and when the sulfur-point calibsation is ignored and the cdirections 

made only for their calibrations at the zinc and antimony psints,.their 

result is in good agreement with the present one, 

The w&k of K r a ~ e k ~ ~  appears to be the most accurate of all. 

Since his result of 449.8" is gerhaps more reliable than the present 

result of 449*509 one might accept as the "best" value 449.7". 

4.60 ~ S P T I B S N  IN.SOLID TELLUlgTUM 

A transition in solid tellurium at 3 5 0 . ~  was reported22 many years 

ago, on the basis of apparent discrepancies in drop calorimetry results. 

This result was not adequately supported in the first place, has not 

been noted i.n more recent and its absence was noted in 

the measurement of the melting point of telluri~m5~ and in the vapor 

- 4 1 pressure of solid tellurium No evidence of it has appeared in the 

carefuL electrical measurements3' made by a number of recent investi- 

gators, It was therefore reasonably certain that this transition did 

not exist, but i.t seemed worth,while to prove it, using the apparatus 

described above. For' this purpose, the sample was taken from the 

melting poin.t'.dawn to 300" and back up to 400" very slowly, taking 

readings on. the thermocouples at time intervals corresponding to not 

more than 0.3". No evidence sf any transition or other anomaly was 

found, 

4 D 6 QUANT%TAT!IVE ANALYSIS 

An attempt was made to analyse a sample sf nickel telluride for 

total' content of nickel and tallurium,,both .to check the composition 



and t o  determine oxyeen by d i f fe rence  t o  see i f  the  sample had become 

oxidized,  

Quant i ta t ive  ana lya i s  fo r  n ickel  wi th in  0,1$ i a ,  o f  couraa, 
. - *. 

aaey, Tellurium, however, i e  mre difficult, Most o f  the  procedures 

repor ted  a r e  designed for  determination o f  tellux%um i n  the  presence 

of selenium, Whathsr a b e t t e r  method could be found fo r  t h i s  a i t u -  

a t i o n ,  where selenium i s  known t o  be absent ,  is  not known, A rou t ine  

method60 was used, i'n which t h e  te l lur ium is reduced t o  t h e  m e t a l l i c  

s t a t e  with s u l f u r  di,oxide and weighed a s  metal, The r e s u l t s  were in- . 

var iab ly  s l i g h t l y  high ( o x i d a t i ~ n  of te l lur ium during drying?) and in -  

consis tent ,  and r e s u l t s  accura te  t o  b e t t e r  than about 0.5$ could not 

be  'achieved. One recen t  i ~ ~ t r e s t i ~ a t o r ~ ~  was s a t i s f i e d  with 4 38, 
- 

although these analyees were an i n t e r g r a l  p a r t  of h i s  r e s u l t s ,  

4,E. PHASE REZATPONS 
. . 

A t  the e t a r t  of t h i ~  researcho nothing was known about the  t e l l u -  - 
r i m - r i c h  regi-on of t h e  n icke l / t e l lu r ium phase diagram except t h a t  t h e  

melt ing point  of t e l lu r ium was about 450' (sets above); t h a t  t h e  s o l i d  

eolut ions  underwent some s o r t  of me1 t ing  phenomena3 a t  about 900' ; 

and t h a t  the  boundary between t h e  s o l i d  so lu t ion  region and t h e  two- 

phase region (eoli-d so lu t ion  plus  e s l i d  te l lur ium,  with possibly a 

l i t t l e  n ickel  dissolved i n  the  tel lurium) lay  very close2 t o  the  

s to ichiometr ic  composition M i T e 2  a t  450°, and probably a t  a l l  tern- 

pe ra tu res  below t h a t ,  $ince phase changes o r  r e c r y s t a l l i z a t i o n  appeared I 

2 I .  

not t o  take p lace  i n  reasonable times a t  lower temperaturee, 
* 

It wae necessary t o  know something about t h e  phaee diagram i n  order 
,. I 

t o  choose wisely the  coanp~sit iqns -on.iafaich vapor pressure meaeurem&ts 

should be made, Unfortunately i t  was a l s o  necessary'  t o  know something 



about t h e  phase diagram in order t o  i ~ v e s t i g a t e  the  phase diagram, 

and the  expa:riutenta deacribcd h e r s  were foredomed t o  f a i l u r e  ba- 

cause they were based on f a l s e  conjec tures  a s  t o  t h e  na ture  of t h a t  

diagram, 

The f i r s t '  experiments, wera cooling curves, Some nickel  t a l l u -  

r i d e  was sea led  i n  .vacua i n t o  a s i l i c a  ampule provided with a reen- 

t r a n t  w e l l  for  a th.ermocsup1a. 4:t was then heated t o  900" i n  a - 

furnace i n  a beaker f u l l  s f  i .nsulator ,  then removed and allowed t o  

cool i.n a i r .  T h e - i n i t i a l  cooling was very f a s t ,  and by the  t i m e  

a l l  t he  connections were made, the, fi:rat reading was taken a t  about 

700°0 It i s  now known t h a t  nothing i n t e r e s t i n g  happens below t h i s  

temperature,excegt a t  comgosi.tisns between MiTelogl and MiTelegg, 

compositisna which were not measured, o ther  than the  f reez ing of 

- t he  te l lur ium.  

I n  the  f i r s t  axperi:ment on t h e  vapor pressure of MiTe2003 i t  
- 

was noted t h a t  the  vapor pressure  of t h i s  substance was l e s s  than 

t h a t  of pure tel1u~:i;baw a t  a l l  temperatures high enough f o r  t h e  vapor 

, pressure  t o  be measureab1.e; however, when. the  apparatus was cooled 

and removed from the  furnace, a few minute c r y s t a l s  of t e l lu r ium 

were found adhering t o  the  s i l i c a  a f e w  mi l l imeters  above t h e  sample. 

These c r y s t a l s  ware analysed by x-ray d i f f r ac t i , sn  and found t o  be  

pure. te.ll.url.um, Yl"hl.s indi,cated t h a t  a t  some temperature above 'about 

400" (below which the  telluri.rarm would d i s t i l l  too slowly) and below 

about 500' (above which the  vapor p t ~ s s u r e -  was demonstrably lower 

than t h a t  of pure te l lur ium),  NiTegu0was i n  t h e  two=-phase region. 

I t . w a s  fa l se ly  assumed t h a t  t h e  lowered vapor pressure of Mi.Te2e0 a s  

compared with pure t e l lu r ium indica ted  t h a t  a t  higher temperatures 



this composition was in the solid-o~lution region-, and that the 

phase diagram looked like Fig. 15a. 

/ 
;he (1). 
+sol 'n 

Solid/-. ' -  

Sol 'n! 
Te (s) 

c, -JL 1- - .  

\ . ', MITe2 . . 'Ts 
'--. .- 

FIGURE 15 

HYPOTHETICAL PHASE D U G W  (EXAGGERATED) 

To confirm this, the region from MiTego0 to MiTe was investi- 
2 0 3 

- 

gated by x-ray analysis. Sanples were prepared in.evacuated silica 
- 

ampules, heated to 900'6, and quenched in cold water. The samples 

were recovered, powdered in a mortar and pestle (which is very 

difficult because of the micamlike crystalline habit of MiTe2), and 

For this purpose, pure nickel was necessary, It was prepared 

from COP. nickel sulfate by precipitation of the oxalate with pure 

oxalic acid and freshly prepared ammonia water. The oxalate was 

washed by decantation, then transferred wet t~ a silica boat and 

placed in a Vycor tube where it was,decomposed in a stream of dcy 

hydrogen at 250 to 350". The furnace was then heated to 1000' while 

the hydrogen (which had been passed through a Deoxo unit to free it 

of oxygen) was continued, in order to reduce the nickel oxide to 



n icke l ,  This  n ickel  was mixed wi th  pure te l lur ium i n  the  co r rec t  

s t s i ch iomet r i c  p rops r t i sns ,  Unfortunately the  n ickel  and t e l lu r ium 

did  not r e a c t  completely wi th in  a reasoiak.le time a t  900"~ and sop t h e  

expard.menc was repeated,  using appropr ia te  mixtures of n ickel  t e l l u -  

r i d e  and talluri. tm, 'which d id  r e a c t  qui.ckly 'and completely, Pure 
. . . . 

t e 1 l u r ' i . u  and pure NiTe200 were a l s o  analysed by x-ray d i f f r a c t i o n .  

The r e s u l t  s f  these  ex,peri.menta was t h a t  l i n e s  of both t e l lu r ium and 

nickel  t e l l u r i d e  appeared in. a l l  samples, including a quenched sample 

of s ts ichiometry Hi,Te200 which .gas usad a s  a check. .It was assumed 

from these  r e s u l t s  t h a t  t h e  phase diagram was a s  i n  Fig* l5b. Actu- 

a l l y ,  the  phase diagram is a s  i n  Big. 16, and NiTe200 is  i n  the  t w s -  

phase region . a t  a l l ,  temperatures, where pressure  measurements were 

made; the  reduction i n  vapor pressure  i , s . d a e  t o  the  s d l u b i l i t y  of 

n ickel  in  l i q u i d  tel lurium. 

1% turned out t h a t  the  va.psr pressure  measa:eements themselves 
' ... . . '  . 

were a powerful t oo l  f o r  d,nvesti.gating t h e  p'hasa diagram, and Fig. 16 

was drawn from these  measurements. Each s f  t h e  curves s f  Fig. 16 has 

been drawn through. oag1.y two points .  ~ o n e t h e l . e s s ,  they a r e  considered 

q u i t e  r e l i a b l e .  These curves were drawn i n  conjunction with those of  

Figo 12, and t h e i r  r e l i a b i l i t y  i s  interdependent.  Thus, the  point  on 

t h e  1 i q u i . d ~ ~  curve at 30% tsl~:ur:ium and 682" is  probably accura te  t o  

c lo; no o the r  poi,n$: i.s k~own except the autecti;c.  But t h e  vapor - - 
pressure  s f  compoai.tions a1,ong t h i s  c w v e  is  known (since t h i s  is  the  

vapor pressure  measured for both MITe2 and N ~ T & ~ ) ,  and t h e  r a t i o  of 

t h i s  vapor pressure  t o  t h a t  of  p r o  te l%urium' i .ndica tes  t h a t  the  curve 

must behave a s  shown, s ince  this: s a t i s  shows approximately the  same 

approxi.mtisn to &ao.ult8a law a t  all , tsmpek~ateprss, S imi lar ly ,  the  
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pa in t  on t h e  e ~ ~ 1 i . d ~ ~  carve (at 65.5% te l lur ium and 712%" i s  probably 

accura te  t o  & lo ,  aa?.d t h e  behavi.or s f  the  ~ s l , i d , u s  curve b~tweera t h i s  

temperature and the  e u t e c t i c  must be  a s  shown, because t h e  r a t i o  of 

the  vapm pressure of Ni.Te t o  N1Te shms  approximately t h i s  be- 
1. , 9 2,8 

havior. 'The soli,dan carve point  a t  62.9$ f.a obtained by ext rapola t ing  

t h e  log P .vs. 1 / ~  co%r:ves far Ni.Te and f o r  the two-phase region un- 
1-7  

ti.1 they I .ntersect .  Th.is goi.nc i.s un.cartain by perhaps 10". 

As shown ir?. the  ma.i.n pa r t  of F i g .  16, the s o l u b i l i t y  of ni.cke.1 

in. kel'l.ur9.um a t  the  melting: point  is;: zero, but  a s  t h e  inset shows, t h e  

phase behaviw i.n t h i s  region, i,s not qui.te degen.erate, The melting 

point  of a d i l u t e  soletti.osb sf Ni.Te2 i n  te.llm'iba'm was detersni.ned exact ly  

a s  descri.bed i n  Ssc. ".,I$, 200 m,g o f  NiTe,was added t o  18 g of t e l l u -  .-. 

ri,uw and th.e mixture vigarousl:y boi.l.&d i.n vacuum t o  e f f e c t  s s l u t  i.m, 

The egress  o f  gas was r e s t r i c t e d ,  so t h a t  the pressure i.ncre.ased suf-  

fi.cien.tlg t o  make t h e  green cs1,wr of tellurl:am vapor p l a i n l y  v is i .b le .  

This  r ep resen t s  a t  Least 20 lamt of p:rasame, which corresponds t o  6 8 2 " ~ ~  

a t  which tempara.tara t h e  sel.ubi.l.l,ty of nl.ckel. i.n tel1,uriam i s  kn~wn to 

be t e n  -atoni,c ger:ceat ; hence the  sol.u.tl.on. should cet ta i .n ly  have been 

sa tu ra ted  a f t e r  cooling to  t h e  melti.ag ps.i.nt. 'The un&i.soolvad Hi.Te 2 
62 

could be presumed to  settr1.s t o  the  bottom, s ince  i . t o  d ~ n s i . t y  i.s .over 

7 and th.at s f  tel. l :u~i~un i s  about 6 ,  

Y.media.te1.y before  taking t h e  melt ing point ,  the  thermocouple w a s  

cald,breted' by taking the. melt ing point  of the  teLl.uri.anm sample described 

i n  Sac, 4.~. 'H:has, the mcAlti.ng point  d i f f e rence  m.y be presumed accuc- 

rate1.y measured. The e i a t e c t i . ~  temperature th.u.8 found was 1.0" Lower 

than the  t r i g l a  point  of puxe t ~ l l u r . i . u n .  The cr:posCopi.c constant  s f  

tellurl,um has b . m  determineds1 t o  be 520 degrees per mole s o l u t e  p e r  



100 grams tel1url.um; hence a freezing-epori.nt depression of 1*0°  

c ~ r r e s p o n d s  t o  0.0025 nickel  and 0.9975 t e l lu r ium a s  the  atomic 

f r a c t i o n s  of the  e u t e c t i c  composition. 

The accuracy of t h i s  r e l a t i v e  temperatuie measurement i s  not i n  

doubt, and i t  seems very unl ike ly  t h a t  suff i .c ient  i . q u r i t y  could have 

bean present  t o  a f f e c t  t h e  e u t e c t i c  temperature,. H t  i s  possi,ble, 

however, tha t  the  so lu t ion  was not sa tu ra ted ,  and i n  t h i s  case t h e  

t r u e  e u t e c t i . ~  temperature migh.t be a tr:i.fle 16wdr and t h e  t r u e  au- 

t e c t i c ,  composi.tion s l i g h t l y  r i c h e r  i n  n ickel .  

The. vapor pressure sf NiTep Q i s  p l o t t e d  i n  Fig. 17 a s  a func.t'ion 
-. 0 

of temperature. K t  can be seen tha t  up t o  about 650' t h i s  curve has 

t h e  fami.1 Far quasi-.axpone.nti.al form typ ica l  of vapor pressure  curves, 

but  t h a t  a t  750' i t  i n f l e c t s .  This  behavior caused a good deal  

of worry during t h i s  research,  and var ious  t h e o r e t i c a l  at tempts were 

made t o  expla in  i t ,  including: crossing of phase boundaries, ex t ra -  

ordinary correct i .sna ks t h e  Clausius-Clapeyrsa equation, e t c .  The 

a c t u a l  explanation i s ,  of course., si,m.pla: NiTe2e0 i,s i n  t h e  two-phase 

region over t h e  e n t i r e  temperature range of  Fig. 17, and the  pressure 

being m e a s ~ r e d  i s  t h a t  of a sa tu ra ted  soLutisn of ni.ckel i.n 1i.qui.d 

te l lur ium.  A s  the  temperature r i , s e s j  two capposing tendencies opera te  

on the  vapor pressure:  t h e  ns:rmal e f f e c t ,  expressed in. t h e  Glausius- 

Clapeyrcan equation, of: i.ncreas%ng the pressure;  and the  e f f e c t  of d i s -  

solving mwre nonvola.tile sskute ,  thereby decreasing t h e  pressure.  The 

point  of i n t e r e s t  here  i s  t h a t  fzom about 700° t o  8QQ0, pressure '  and 

temperature a r e  r e l a t e d  almost l i n e a r l y  , with dR/dT varying between 





0,24 -/degree a t  t h e  ends of the  range and 0.27 i.n the  center .  

Vapor pressure  has  o f t e n  been used a s  a property fo r  determing 

temperature. Several of t h e  f ixed po in t s  on the  i n t e r n a t i o n a l  tem- 

pe ra tu re  sca le  a r e  based on the  temperature a t  which the  vapor pres-  

su re  of some pure substance (e,g. oxygen, water,  s u l f u r )  reaches -760 

nun, This  pressure  i.s convenient, but  not p a r t i c u l a r l y , r a t i o n a l ;  a t  

t h i s  pressure ,  dP/dT i s  high f o r  a l l  substances, but a good deal  

higher f o r  low-boiling than f o r  high-boil ing substances, In  f a c t ,  

d P / d ~  i s  too high f o r  use i,n a 'va.par -pressure thermoneter , because 

an increase  of  a very few &grees takes  the  pressure beyond t h e  range 

measurable with t h e  same apparatus,  On the  o ther  hand, a moderate de- 

crease  of temperature makes d P d d ~  so small t h a t  the  vapor pressure i s  

no longer a sensi t i .ve measure s f  temperature. Thus, although vapor- 

pressure.  thermometers have been exteneive1.y usedlBd, they have been - 

use fu l  only over a very small temperature range. 

Th i s  s i t u a t i o n  cou1,d be i.mproved by using, ins tead  ~f a pure sub- 

s tance ,  a sa.tura.ted soluti ,on with an excess of solute., a s  represented 

by MiTe200Q The thermometer would cons i s t  of an isothermal block, a s  

described here in ,  with two holes:  one for the  vaporCspressure apparatus, 

which would ac.t a s  t h e  thermometer; and the  second f ~ s  t h e  subjec t  of 

t h e  experiments. The compssi.tion w ~ u l d  not have t o  be accura te ly  known, 

s ince  vapor pressure  i.s i,ndapendent sf composition i n  the  two-phase re- 
, ? 

gion. Such a th.ermometsr would not r e q u i r e  c a l i b r a t i o n  i n  the  ordinary 

sense (since unli,lce~ a r e s i s t anck  thermometer: o r  thermocouple., t he  c a l i -  

b r a t i o n  i s  not  v a r i a b l e  from one thermometer t o  another) although i t  

would of course be d e s i r a b l e  to check the  thermometer agains t  a t  l e a s t  

one f ixed point ,  - 



3 .  

' NiTe would not be part.icularly valuable for such a thermometer 
2 

because dP/dT is too small; if pressate--measur:i.ng precision were 0.1 

wn, the temperature precision would.-be only 0.4:~. However, there 

seems no reason why other si.lilar mixtures c~uld not be found with 

greater values of dP/dT. If, for example, the solubility of nickel 

in selenium (which is not kn~wn) were about the same asithat in 

tellurium, the dP/dT values would be ample to give a temperature 

precision of about 0.02'~. Similarly, if some substance were found 

which dissolved in tellurium as nickel does, but 200" higher, this 
. . 

. ... 

also would provide .the desired type of d ~ / d T  relationship over a . , . . .  

.long temperature range. The same idea ae@mo extensible to low-tem- 

perature therinometry (where vapor-pressure thermometers have found * 
! 

their,principal use in the past) if non.volatile &or comparatively 

- nonvolatile) substances can be found which di.ssslve endothermically 

in liquefied gases. 

The construction of such'a thermometer has not proceeded be- 

yond the "gedanken" stage. 



Tbe o r i g i n a l  ob jec t ive  of t h i s  research  was t o  gatheaf s u f f i -  

c i e n t  da ta  tki determine tb.a zero-8poi.xzt entrdpi.es of tho n ickel  t e l l u -  
. . 

r i d e s  a s  a f.unct.ion ~f composition. This  ob jec t ive  i.s f a r  from having 
. 8 

been. reached. Low-temperature heat  capac i t i e s  ( t o  about 3 5 0 ' ~ )  have 

been obtained on a l l  of the coangounde from NiTelol t o  NiTe2003 and the  

, correspondi.ng heat  capac i t i e s  on the  elements a r e  avai lable .  High- 

temperature heat  c a p a c i t i e s  remain t o  be run. P a r t i a l  molal . f r e e  

ene rg ies  and p a r t i a l  molal e n t r 0 p i . e ~  of tel1,urium have been obtained 

for: the  t e l  lurium-rich composi.tisns a t  temperatures from 780°@ down 

t o  about GooOe, with the  accuracy becoming poorer a t  the  lower tem- 

paratureo.' To ob ta in  i n t e g r a l ,  f r e e  energies  or: en t rop ies  of r e a c t i o n  

requ i res  da ta  on t h e  p a r t i a l  molal f r e e  energy of nickel  a t  any one - 
composition and a t  varicsus temperatures. I f  andwhen these  da ta  a r e  

ob tal.ned, with s ~ u i v a l e n t  accuracy, the  zero-point e n t r 0 g i . e ~  can be 

determined. 

A s  a d i r e c t  by-product of t h i s  wo.rk, the  di .ssociat isn pressures  

of the  n ickel  t e l lux  ides have been determined up t o  7 8 0 " ~ .  In  the  

course of t h i s  work t h e  vapor pressure  sf t e l lu r ium was determined, 

or i .g ina l ly  a s  a check on the apparatus. liiioweve:r, the& measurements 
! 

a r e  more accu41:ate than previous m e a s ~ ~ t ~ m .  on Liquid te l lur ium;  they 

have a l s o  been extended .to higher temperatures (855.@~)jT-' Thus the  

b o i l i n g  point  and hea t  of vapor iza t ion  s f  telll.urium a t e  now word accu- 

r a t e l y  known than before  (although less precision i s  claimed f o r  the  

hea t  of vapori.zation than by previ.oas i n v a ~ t i , ' ~ e . t o r s ) .  
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The triple-point temperature of tellurium has been redetermined 

~ experimentally, and the discordant literature on this subject critic- 

ally examined. The precision of the result is sufficient to justify 

the distinction between triple-point temperature and "melting point"; 

it is also sufficient to justify an additional ai.gnificant digit in 

' 

the value of this coastant reported i,n reference books. 
, 

The thermodynamics, and by inference some sf the chemistrys of 

the nickel tellurides investigated is now well understood, and in . 

particular the phase diagram from 60% to 100% tellurium is now clear, 

Because of this.understanding it is possible, for example, to state 

that the conclusions drawn66 from recent measurements on the electrical 

properties of these compounds are almost certainly wrong (see Appendix). 

Finally, an old method for measurement sf vapor pressures at high 

temperatures has been adapted to the present system, but in addition 

has been improved and generalized ss that it is available over a wide 

variety of conditions and can achieve'greater accuracy than ever before. 

More than a dozen papers a year are ,being published on vapor pressures 

and dissociation pressures in this temperature range; of the recent 

papers examined, none was comparable in accuracy to the present work, 

and at least one was less accurate by a factor of 1000. 
. . 



. . .  . . 

C r i t i c a l  Dl,scussion s f  L i t e r a t u r e  . . 
, ... . . 

1. Nickel T e l l u r i d e  Nickel t e l l u r i d e  was f i r s t  prepared'by. ' 

~abre$O seventy years  ago by r e a c t i n g  t h e  e lements  a t  h'ikh tempera- 

t u r e ,  He repor ted  t h a t  he had prsduced t h e  s to ichiometr ic  compound 

MiTe, but  it now seems t h a t  the  stoich.iometry'may not ,have 

been pe r fec t .  H e  measured the  heat  of so lu t ion  s f  the  compound i n  , 

bromine water,  and from these  r e s u l t s  the  heat  of can be 

. .  . calcula ted .  

During t h e  e a r l y  20th century, n ickel  t e l l u r i d e s  were prepared 

twice 61,67 by wet methods (from nickel  s a l t s  such a s ' . s ~ i l f a t e ,  and . ' .  

sodium or  hydrogen t e l l u r i d e ) .  Both authors  repor ted  that:. t he  pro- 

duct was Ni2Te (or i n  t h e  notation. of t h i s  document, NiTeleg), and 
3 

t h a t  on heat ing i n  vacuo i t  yielded MiTe, but  t h e y  may have.been ex- 

pect ing  stoichi.ometric compounds. Thus, t h e  mineral mel loni te ,  which 

c o n s i s t s  of nonstsichiometric  n ickel  t e l l u r i d e  s f  apparently v a r i a b l e  

proport ions,  has been f requent ly  repor ted  t o  have one o r  another pre- 

, c i s a  stoichiometry. 

The heat  capacity of stol.chi.ometric n ickel  t e l l u p i d s  was measured 

a t  severa l  temperatures by drop calorimetry by T'ilden17, a t  about t h e  
. . 

, t u rn  o'f the  century. A s  meotioned a t  the' beginning of Sec. 2, Tilden 

was aeparent ly  a  very ca re fu l  experimenter, and both t h e  stoichiometry 

and thermal d a t a  a r e  probab l y  trustworthy: 
. ., 

The c r y s t a l  s t r u c t u r e  of NiTe was elucid.ated4 i n  1927, but the  

c r y s t a l  s t r u c t u r e  of MiTe the  continuous t r a n s i t i o n ,  and t h e  r e -  
2 , 

1 s u l t i n g  i n t e r e s t  of the '  syotem was not discovered u n t i l  1938 . shor't:ly 



thereafter, ~1emn-i~~ made detailed measurements on the entire series of 

compounds by means of x-ray diffraction, pycnometry, and magnetic sus- 

ceptibility. In the light of later work2, and as also indicated by 

the irregularities of the data, these results must be considered as 

having only qualitative value, although Rlemm is usually a careful 

experiment ere 

Over the next several years there was only one experimental paper, 

namely a short series of magnetic on the stoichiometric 

compound NiTe. There were also some theoretical papers, such as those 

63 of Ehr1ibl-1~~ and Klem , in which the transition chalcogenides were 
examined as a whole, and in which the continuous transition in the 

nickel tellurides (and to some exCmt in others sf these compounds) 

was ,discussed. Insofar as these. applied to -thh nickel 'tellurides, 
> .  . 

62 they were based on glemm's partly invalid data 
1 

Within the past two years, quantitative measurements extending 
1 I 

over wide,.-ranges of stoichiometry have bken undertaken by a least s ,  

five groups of investigators in as many conntri.es, and with the ex- 

ception of the collaboration of Cdrdnvold !with th%s endeavour, they 

have been entirely "independent, 
1 

The Japanese work3 consists of an extensive series of magnetic 

measurements over the entire composition range from nickel to tellurium 

and over the temperature range from -200 to over 900°@. ~nfortunatel~, 

measurements were made only on certain prechosen  composition.^, so that 

the complex phase behavior2 in the neighborhood of NiTe was missed 0.7 

entirely, as was the phase behavior, sf more interest to this investi- 

gation, in the tellurium-rich ragion of the diagram. They did observe 

a phenomenon which they attributed to L'melting" at about 900' in the re- 

gion fromNiTe t~NiTe~~~"but i t i s n o t p ~ s s i b l e t o l o c a t e t h e s e  
10 5 
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po in t s  wi th in  100" from t h e  da ta  they present ,  and it  i s  not c l e a r  

whether they a r e  r epor t ing  l iquidus  o r  so l idus  l i n e s ,  o r  a mixture- ., 

of the  two, The work, which was received a few months a f t e r  t h i s  

i.nvestigatl.on was s t a r t e d ,  was par t i .cu lar ly  useful  4.n ind ica t ing  the  

lack of any t r a n s i t i o n s ' i n  the  region of t h i s  inves t iga t ion;  i t  i s  

l i k e l y  tha t  second-order t r a n s i t i o n s ,  i f  present ,  would be picked ' 

up by ca re fu l  magnetic s tud ies .  

The Russian work66' concerns measurements of thermal and e lec-  

t r i c a l  condactivl,ty and thsrmoe1ectri.c~ p o t e n t i a l  a t . room temperature 

f o r  composi.tions ranging from below NiTeleO t o  above MiTe2e0, There 

a r e  a l so '  c ryp t i c  r e fe rences  t o  o ther  work, such a s  a mention of the  

heat  capacity s f  MiTe2, This  work i s  suspect  f o r  a number of reasons. 

The curves which a r e  drawn. do not i n  f a c t  pass through the  po in t s  which 

- 
a r e  supposed t o  support them, Furthermore, t h e  da ta  show n ice ly  sym- 

met r i ca l  peaks a t  both MiTe and NiTego Yet from our present  under- 
. - 

standing of t h e  phase behavior (which was presumably not a v a i l a b l e  

t o  these  authors) the  phase break on the  nickel- , r ich s i d e  is  much 

c lose r  t o  NiTel than NiTeloO, and i.t should be  nonsy~rmetric, s ince  

the re  i s  a two-phase region on one s i d e  and a one-phase region on the  

o ther .  S imi lar ly ,  the re  i s  a two-phase region on one s i d e  of NiTezeO 

and a one-phase region on the  o the r ,  so t h a t  the  peak should be non- 

symmetric. F i n a l l y ,  the evidence from very careful~~worlc on o the r  com- 

parable  compounds ( for  example, t h e  bismuth t e 1 1 , u r i d e s ~ ~ )  supports  t h e  

f a c t ,  which i s  a l s o  indica ted  on t h e o r e t i c a l  grounds, t h a t  t h e  type 

of phenomena which they repor t - - tha t  i s , - ex t rema  i,n thermoelectr ic  

pot,enti.al and e l e c t r i c a l  ~snduc t i .v i . ty~  . a t  stoi.chi.ometric composition-'-. 

should be r e l a t e d  to .  composition' changes away f rom " in t r ins ' ic"  which 



are smaller by several orders of magnitude than those which they have 

reported. Pending subsequent confirmation, therefore, this paper should 

probably be considered useful only in giving qualitative indications. 

Thus, the knowledge that the electrical resistance is approximately 10 -4 

ohm cm for these nickel tellurides is valuable in assessing their nature. 

The Austrian work68 is a careful roentgenographic analysis, over 

the composition range MiTe to MiTe2, and from room temperature to 800". 

.This work is particularly useful in supplementing the work of Barstad 

and '&dnvold at higher temperatures. 

The Norwegian work2 is a very precise set of measurements covering 

the entire . . composition range from nickel to tslluriu~ at room tempera- 

A ,  

ture, with some measurements at other temperatures; careful crystallo- : $  :::s 

graphic studies have been made' by x-ray diffraction, and there are i , . , r -  

also some magnetic measurerne~ts. This work has not yet been published, . . 

but most of the results were made available to the author6 .. .. -.. ... ,.. . 

. . :'\: .,: %> 
2 Va~oP.Weksure of Telluri.uq The vapor pressure sf liquid . . 

. .  !'- 
:. .'.';7,, 

tellurium was first measured by IMolanand ~ a r t i n ~ t o n ~ ~ ,  and subse- 

quently by Schneider and SchupBB5. by the transport method; this 

method involves passing; a known quantity of inert gas over the sample, 

which is held at known. and constant tpmpe?ature, and measuking the 

quantity of vaporized material which is transported away from the 

sample. The method is subject to a number of systematic errors, and 

the pressures of Dsolan and Partington are consistently low, while 

those of Schneider and Schupp are consistently high. Within each the 1 

scatter of the_data is less than the systematic errors, and each gives 1 
a straight line in the plot of log P va,  1/T. 



A very accuratte series of measurements was made by Brooks26 a few 

years ago, using a method very sililar to that used in this research-- 

in fact, his method was basically copied at the start of this research. 

The principal source of error in his measurements was due to shifts in 

the null position of the pointers, which were considerably greater in 

Brooks' work than in the present work, The scatter of Brooks' data is 

several times as great as in the present work, and so Brooks did not 

detect the slight curvature in the log P vs. 1 / ~  plot, and fitted his 

data with a linear analytic expre&sion, Brooks' pressures are slightly 

higher than those of the present measurements, but this difference is 

small--certainly within his error and possibly within the erkor of the 

present experiments. Thus, his extrapolation to 760 m pressure gives 

as the boiling point 989,8"~,3 3.809 while the present data (extrapo- 

.lated over a slightly shorter range) give 992" 2 1" for linear extrapo- 
- 

lation (see Set, .3.~.2.). 

A very recent series of mea~urements~~ has not yet been published. 

It measures the. vapor densi.ty d.i.rectly, by radioactive tiacer niethods, 

and the vapor pressure is computed on the assumptions that the gas is 

diatomic and perfect. The scatter of the results is somewhat greater 

than that of Br~oks~ and. the pressures are consl.stently slightly higher, 

The author also checked the: number of atoms per tellurium molecule. He 

states that "the values were all slightly higber than 2,00, indicating a 

possible constant esro~~ooOprobably associated with the analytical de- 

termination sf the telluriumee0" (see Sec. &.D.). 
\ 

A very clever, and appate~tly.accurate,, series of measurements 

was made some years ago in ~apa*~' on the vapor pressure of solid 

tellurium from 320" to 410" by effusion methods,, Two distinct methods 



were used si:multansorasly. h e  measured the loss of weight in the 

sample boat,due to effusion, while the other measured.the reactive 

force (by means of a torsion balance). One of these methods re- 

quires knowledge of the molecular weight to effect the calculation, 

while the other dees not; conversely, having computed the vapor 

pressure from owe set of data, the molecular weight can be computed 

from the sther. 7%-is was the basic purpose of the experiment--to 

determine the number; sf atoms in the tellurium vapor molecule--and 
. . 

the conclusl.ons from this experiment were that the number is 2.00 2 

0.05. The presssar:e data are remarkably self-consistent; in fact, 

they are too consist&t, side the pressures are given only to two 

significa~t digits5 but the linearity of the log P vs. 1 / ~  plot is 

considerably better. For example, at 330"~ the pressure is 0,0014 .. 

-. m, and at 399.5"~ it is 0.030 mm, All of the temperatures are at, or 

almost at, 10" intervals, in this fashion. Furthermore, although the 
- 

experiments check each other, there were some common parameters in 

the two which could have i.ntroducad common systematic errors. How- e k ~  

ever, these results appear to be the best available for obtaining 

(by extrapolati.sn) the triple-point pressure, which is a ,useful point' 

.since i.t affecti.~rely extends the vapor pressure measurements down- 

ward an extra 100" or more. Using the formula log P = -7691,552/~ -:- 

9,912, and T = 722 .8 "~  as the triple-point temperature yields p = 

0.187 nun as the trigle~=psint pressure. But the curve should be con- 
: . .  

cave do~mward (&ua to decrease in heat of vaporization with increase of 

temperature--see SGC. 3 2) and a curvilinear extrapolation yields 

about 0.17 ma the exact extrapolation being somewhat doubtful because 

of the precise linearity of the data reported. 
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ABSTRACT . _ .  I 

. . .  

  he system u i e k e l l t e l l u r i q  i s  of i n t e r e s t  because of the con- 
. .. . .,. - .  

tinuous and homoggneous t r ans i t i on  between, NiTe and Ni'Ee2, which have 
. . . . .  

d i f f ~ e n t . c r y s t a 1  structures.  As, par t  . o f  . 6 thermsdpamic' . . study of . . 

these compounds, an attempt. was made , to gather data which would deter- 
. . . . . , .' 

mine zero-point entropies a s  a function o f ,  c ~ o s i t i o n o ,  Part  ,of ,  the  , 
. .' . . . .  . . ', ' . .' 

necessary data have, been gathered,, and i n  addit ion a, number of other 
. . .  . . . .  : 
. . . . . .  

pert inent  or in te res t ing  proper t ies  s f  t he  nickel  t e l l u r ide s ,  and of 

tel lurium, have been 'investigated. 
. . . . 

' . Specific heats  from 4' t o  350' K have been measured . . on NLSel.,l, 

NiTela5, and NiTe2 0 ,  and t he  thermodynamic functions of these and 
.. ' . :  . . 

a l l  intermediate compositl.ons may be considered aceuratelp kaom 

over th i s '  temperature range. The .method' emp1eye.d was csnvbntional 

precise  adiabat ic  calorimetry i n  an exis t ing  apparatuso - 

The melting point o f . t e l l u r j % m  ha? been redetermined and the  
. . . . 

.highly discordant l i t e r a t u r e  c r i t i c a l J y  r eemdqed ;  the  triple point . . . . .  

may now be s ta ted  w i t f a : , ~ ~ o m e c o ~ ~ ~ . d e ~ . ~ e  to. be h9.70 0.2'~. . .  I. . . 
Thedissociationpressuresof cmpos%tions fromNiTe t o  

1.5 
NiTe2.-, have been accwate ly  measmed a t  temperatures up t o  78o0c 

i n  order t o  determine the  p a r t i a l  molal f r e e  energies and entropies 

of tel lurium i n  these compomds. These measurements have incidental ly  
- 



elucidated the  phase behaviour i n  the  te l lur ium-r ich ' region,  showing a 

high so lub i l i t y  of nickel  i n  l iqu id  tel lurium at elevated temperatures, 

and incongruent melting of the  so l id  solutions such tha t  t e l  lu r  ium-f ich 

s o l i d  solutions a r e  unstable a t  elevated temperatures, 

.To obtain these measurements, an old  method of measuring vapor 

p ressures ' a t  high temperatures--namely t he  use of a s i l i c a  bourdon 

gage--has been modified and improved, so t ha t  it i s  capable of very 

high accuracy (0.1 mm Hg and 0. 1°c) over a wide range of conditions and 

up t o  at l eas t  855Oc and probably much higher. Improvements consf s tcd 

of methods of e f fec t ive ly  outgassing t he  apparatus, of purifying the  

sample, of making t h e  pointers  v i s i b l e  so t h a t  accuracy and consistency 

of pressure measurements were possible,  and of ensuring homogeneity and 
I 

accuracy of measurement of sample temperature. 1. 

The vapot pressure of tel lurium was measured or ig ina l ly  t o  check 4 - 

out the  apparatus. The f i n a l  resu l t s 'were  more accurate than' those of 

previous investigators,  and su f f i c i en t ly  precise  t o  require  the  use s f  
- 

a four-parameter equation. The r e s u l t s  a r e  represented by 
- 

log P = -10,663.141~ + 64.73140 - 18.61687 log T 9 0.00342783 T 
.. - 

where P i s  i n  mm Hg and T i s  i n  degrees Kelvin. Theoretical study of 

the  da ta  has indicated t ha t  deviations from idea l i t y  of tel lurium vapor 

appear a t  a much lower pressure than one would predict  from the  behavior 

s f  more f a m i l i a ~  gases. Since t h i s  cannot be due t o  molecular dissoci-  

lL at ion,  i t  must mean t h a t  the  van der Waals' constants -(or second and 

higher v i r i a l  coeff ic ients)  a r e  .unusually high. By extrapolation,  thk'. 

boi l ing point of te ' l luri tni  i s  computed t o  be  993.6 + 2 O 6 ,  and t he  Beat 

, . 

. - 



of vaporization to be 339850 - 908 t callmole (one mole equals two 
gram-atoms), with an accuracy of plus or minus several hundred calories., 

from the triple point to t = 850°, or perhaps 950"~. This figure may , 
be considered more accurate, though stated with less precision, than . 

those of previous investigators. 




