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ABSTRACT 

~ i n g ' l e  c r y s t a l s  have been grown of  hexagonal n i c k e l  s u l f i d e  o f  

va ry ing  s to ich iomet ry .  The Bridgman method was used t o  produce l a r g e  

i ngo ts  1.3 cm i n  diameter and 3-4 cm long. The l a t t i c e  parameters 

and n i c k e l  . t o  s u l f u r  r a t i o s  have been determined f o r  samples c u t  f rom 
. , 

these ingots.  The r e s i s t l v i  t y  o f  f i v e  samples have been measured f rom 

4.2 t o  300 K by a four-probe technique. The data  i n d i c a t e d  t h a t  a 

metal -to-semi conductor t r a n s i  t i o n  d i d  n o t  occur i n hexagonal Ni S 
X 

samples when x r 1.02, b u t  d i d  suggest t h a t  the magnetic t r a n s i t i o n  

pers is ted .  For s u l f u r - r i c h  samples w i t h  x = 0.996, t he  metal - to-  

semiconductor t r a n s i t i o n  was observed. Resi s t i v i  t y  measurements on 

o r i e n t e d  s i n g l e  c r y s t a l s  showed an an i  so t ropy  i n  the e l e c t r i c a l  'con- 

d u c t i v i  t y .  The e l e c t r i c a l  res i s tance  i n  the  basal p lane was about 
-@ 

tw ice  t h e  res i s tance  perpendicular .  t o  the  basal p lane a t  4.2 K: 



Systems which d i s p l a y  abrupt  changes i n  t h e i  r phys ica l  p r o p e r t i e s  

as a f u n c l i o n  o f  some ex te rna l  v e r i a b l c  capture the i n t e r e s t  o f  

s c i e n t i s t s .  Gradual changes i n  phys i ca l  p r o p e r t i e s  are  i n t u i t i v e l y  

more comprehensible and less  i n te res t i ' ng  than the  sudden t r a n s i  t i o n .  

For example, a mater i  a1 t h a t  d i  splays a metal-semiconductor '  t r a n s i  t l o n  

i n  i t s  e l e c t r i c a l  c o n d u c t i v i t y  i s  more i n t r i g u i n g  than e i t h e r  the  metal 

o r  the semiconductor. Likewise, a m a t e r i a l  d i s p l a y i n g  a p a r a - a n t i f e r r o -  

magnetic t r a n s i t i o n  generates more i n t e r e s t  and c u r i o s i t y  than e i t h e r  

the paramagnet o r  the a n t i  ferromagnet. 

Hexagonal n i c k e l  s u l f i d e  i s  doubly i n t r i g u i n g  i n  t h a t  i t  possess 

bo th  a metal-semiconductor and a para-ant i fer romagnet ic  t r a n s i t i o n  

simul taneousl y as a func t i on  o f  temperatures. The magnetic t r a n s i  t i o n  

i n hexagonal Ni S was repo r ted  by  Sparks and Komoto i n 1963. The 

e l e c t r i c a l  t r a n s i  t i ' on  was a l s o  repor ted  by Sparks and Komoto f o u r  years 

2 
l a t e r  i n  1967. I n b o t h  cases, powdered samples o f  hexagonal NiS 

were measured and the simul taneous t r a n s i t i o n s  occurred a t  264 + 1 K. 

Subsequent neutron d i f f r a c t i o n  .stud; es by Smi th, Sparks, and 

K o m ~ t o ~ ' ~  have been performed. These s tud ies  showed an abrupt  i n -  

crease i n  the a and c l a t t i c e  parameters o f  0.33% and 1% r e s p e c t i v e l y  

upon coo l  i ng through 263 K. I n  addl t ion, they a l s o  showed t h a t  below 

T the n i c k e l  moments o f  approximate ly  1 . 7 . ~  are  coupled fe r romagne t i ca l l y  
N B 

i n  the basal planes and ad jacent  basal planes are  coupled a n t i f e r r o -  ' 
. 

magnet i c a l l  y. 



Sparks and Komoto have a l s o  s tud ied  nonsto ich iomet r ic  N i S  and 

have p r e d i c t e d  no t rans  i t i o n  f o r  x 0.96. 5 

A theory  of semiconductor-to-metal t r a n s i t i o n s  has been proposed 

6 
by Adler  and Brooks i n  which they suggest t h a t  a metal-to-semicon- 

ductor  t r a n s i  t i o n  may a r i  se f rom an a n t i  fer romagnet i  c exchange i n t e r -  

action. Hexagonal Ni S i s  the o n l y  known mate ' r ie l  which ,has an 

e l e c t r i c a l  t r a n s i t i o n  t h a t  may be due t o  an an t i f e r romagne t i c  i n t e r -  

a c t  ion. 

The present  i n v e s t i  gat io 'n i s  concerned w i t h  growth, preparat ion,  

and measurement o f  s i n g l e  c r y s t a l s  o f  hexagonal n i c k e l  s u l f i d e  o f  

va ry ing  s to ich iomet ry .  A method i s  presented f o r  the growth o f  l a r g e  

s i n g l e  c r y s t a l s  o f  hexagonal n i c k e l  su l f i de .  Resu l ts  on the x-values 

o f  some n i c k e l  s u l f i d e  samples, t h e i r  l a t t i c e  parameters, and e l e c t r i c a l  

and magnet; c prope r t i  es are d i  scussed. 



I I. THE STRUCTURE OF N l  CKEL SULFl DE 

Stoichiometr i  c  n icke l  sul fude can e x i s t  i n  two d i f f e r e n t  s t ruc-  

tures. A t  temperatures below.620 K, s to ich iomet r i c  n icke l  s u l f i d e  

forms a rhombohedra1 s t ruc tu re  cal  l ed  m i  1 l e r i  te. The m i  1 l e r  i t e  phase 

o f  n i cke l  .su ' l f ide i s  known t o  be metal1i.c i n  e l e c t r i c a l  'character ,from 

1 1  00 t o  300 K. A t  temperatures above 620 K, N i S  forms a hexagonal 

NiAs-type s t ruc tu re  whose l a t t i c e  parameters are a = 3.4392 i and 

c = 5.3484 A. 8 

Figure 1 shows the NiAs-type s t ruc tu re  f o r  n i cke l  su l f i de .  I n  

Fig. 1, the open c i r c l e s  represent n icke l  atoms and the sol i d  dots 

represent s u l f u r  atoms. The arrows on the open c i r c l e s  i 11 us t ra te  

the magnetic s t ruc tu re  below the para-to-anti  ferromagnetic t rans i  t i o n  

1 . . 
temperature according t o  Sparks and Komoto. 



@ =  SULFUR' ATOM 

O =  NICKEL ATOM 

Fig .  1 .  The NiAs-type s t ructure  o f  n icke l  s u l f i d e  showing the posit ions 
of the n icke l  and su l fu r  atoms. The arrows ind ica te  the 
magnetic s t ructure  below the t ransi  t i o n  temperature 



I I I. GROWTH OF S l  NGLE CRYSTALS OF HEXAGONAL NI CKEL SULFl DE 

I n  t h i s  i n v e s t i g a t i o n  the  Bridgman technique was used t o  grow 

s i n g l e  c r y s t a l s  o f  hexagonal NiS. I n  t h i s  method, a bomb con ta in ing  

the m a t e r i a l s  t o  be reac ted  i s  p laced i n  .a v e r t i c a l l y  sha f ted  furnace 

hav ing  a negat ive temperature grad. ient f rom top t o  bottom. , The bomb 

i s  lowered i n t o  the furnace .from the top  where a temperature i s  

mainta ined t h a t  i s  s u f f i c i e n t  to .  a l l o w  r e a c t i o n  and mel t ing .  ~ f t e r  

an adequate p e r i o d  o f  t ime f o r  r e a c t i o n  and melt ing, t he  bomb i s  

s l o w l y  lowered through the furnace and passes through the  so l  i d i  f i c a t i o n  

temperature o f  the compound. A t  t h i s  tlme, the s o l i d i f y l n g  compound 

grows as a s i n g l e  c r y s t a l  f rom bottom t o  top. 

The chemicals used i n  the e a r l  i e s  t B r i  dgman. furnace runs o f  

t h i s  i n v e s t i g a t i o n  were Baker Analyzed Reagent n i c k e l  f rom the 

J. T. Baker Chemical Company and Sulfur,  N. F. (sub1 imed) manufactured 

by F isher  S c i e n t i f i c  Company. La ter  c r y s t a l s  were grown w i t h  99.995% 

pure n i c k e l  powder f rom E l e c t r o n i c  Space Products, Inc. and 99.999+% 

pure s u l f u r  from the American Smel t i  ng and Ref i n i  ng Company. 

The m a t e r i a l s  were weighed o u t  i n  p ropo r t i ons  t o  produce the 

des i red  s t ioch iomet ry .  The s u l f u r  was f l r s t  loaded i n t o  the fused 

qua r t z  Bridgman ' c r u c i b l e  i 1 1  u s t r a t e d  i n  Fig. 2a. Next, the  n i c k e l  

powder was loade'd i n  t he  c r u c i b l e  on t o p  o f  the s u l f u r .  I t  i s  impor- 

t a n t  t o  1.oad the m a t e r i a l s  i n  t h i s  o rder  t o  avo id  s u l f u r  be ing  heated 

and pumped away when the  c r u c i b l e  i s  sealed. The c r u c i b l e  was then 

slow1 y pumped on u n t i  1 a pressure o f  3 0  t o  40  microns was achieved and 

then the  c r u c i b l e  was sealed. I t  was important  t o  pump down the  
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Fig.  , 2 a ;  Fused quar tz  Bri dgrnan c ruc ib le  

HELI ARC 
\ 

HELI ARC 
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' r  TOP 

Fig .  2b. Sta in less  s tee l  Bridgrnan bomb w i t h  c ruc ib le  sealed ins ide  



c r u c i b l e  s l o w l y  t o  avo id  pumping n i c k e l  powder i n t o  the c o l d  t rap .  

Once the qua r t z  B r i d g m a  c r u c i b l e  was sealed, i t  was placed i n s i d e  a 
. . 

s t a i n l e s s  s t e e l  bomb as i l l u s t r a t e d  i n  Fig. 2b and the  bomb was sealed 

by the he1 i a rc  process. 

The sealed u n i t  o f  bomb and c r u c i b l e  was suspended by the lower ing  

cab1.e so thet  the lowest po in t  on t h e  bomb was a t  l e a s t  f i v e  cent imeters 

above the  upper opening t o  the Bridgman furnace. The lower ing  process 

was begun a t  t h i s  p o i n t  w i t h  a lower ing  speed o f  1.0 c d h r .  This 

s tep  assured t h a t  the s u l f u r  would n o t  heat  up too r a p i d l y  and rup tu re  

the  qua r t z  c r u c i b l e .  Once the  bomb was e n t l r e l y  i n s i d e  the  furnace, 

the  lower ing  speed was reduced t-0 0.5 c d h r  - 1.0 c d h r .  Time f o r  

. t r a v e r s i n g  the e n t i r e  l eng th  o f  the furnace was.approximately f i v e  . . . . 

days t o  one week f o r  most runs. 

Since hexagonal n i c k e l  s u l f i d e  i s  the h i g h  temperature n i c k e l  

s u l f i d e  s t ruc ture ,  i t  was necessary t o  quench i n  the  hexagonal s t ruc -  

ture.  The hexagonal s t r u c t u r e  be i  ng present  above 620 K, a1 1 i ngots 

were quenched f rom 425 2 25 C t o  a i r  a t  room temperature o r  t o  water  

and i c e  a t  0 C. 

Table 1 shows the  resu l  t s  o f  several  B r i  dgman runs '  and the 

cond i t i ons  under which the c r y s t a l s  were grown. Run number 7 i n  

Table 1 shows the importance o f  a s u f f i c i e n t l y  h igh  temperature t o  

insure  a complete mel t .  A minimum temperature o f  900 C was necessary 

t o  assure adequate m e l t i n g  o f  the ma te r ia l s .  Run numbers 11  and 12 

were run  under n e a r l y  i d e n t i c a l  cond i t i ons  except f o r  lower ing  speed 

and quenching procedure. Run number 11 resu l  t e d  i n  a c r y s t a l  o f  mixed 



Table 1. Growth cond i t ions  f o r  some n i cke l  s u l f i d e  runs 

Run Furnace Temperatures Lower i n  g  ~irrk. i n  
Number Top Middle Bottom Speed Furnace Quench Resul ts  

7 600 c 450 c 200 c 1.0 c d h r  94 h rs  i ce l ncomp 1 e  t e  
m e l t i n g  \ 

8 900 C 690 C 450 C lowered 120 h r s  water S ing le  c r y s t a l  
manua 1 1 y  & 

i ce 

11 980 C 790 C 490 C 0.75 c d h r  144.hrs water S ing le  c r y s t a l  
mixed phase 

0.5 c d h r  1.50 hrs  water 
& 

1.ce 

0.5 c d h r  288 h r s  water 
& 

i ce 

0.5 c d h r  2 4 0 h r s  water 
& 

i ce 

1.0 c d h r  96 hr.s water 
& 

i ce 

Several 1  arge 
g ra ins  o f  
s i n g l e  c r y s t a l  

S ing le  c r y s t a l  

Tko gra ins  of' 
s i n g l e  c r y s t a l  and 
amorphous mater i a1 

P o l y c r y s t a l l i n e  
i ngo t  and some 
amorphous ma te r ia l  



phase (both h i g h  and low temperature phases present )  whi l e  run  number 12 

r e s u l t e d  i n  a  c r y s t a l  o f  p u r e l y  hexagonal n i c k e l  s u l f i d e .  Experience 

wi th.  run  number 8, which was lowered manual l y  a t  approximate ly  

100 cm/hr, i n d i c a t e d  the r e l a t i v e  i n s e n s i t i v i t y  o f  s t r u c t u r e  formed t o  

the . lowering speed. Therefore, i t was concluded t h a t  the q,uench i n  . ' 

water  and i c e  a t  0 C .a ided i n  quenching i n  the hexagonal s t r u c t u r e .  

A l l  subsequent runs were quenched i n  water and ice.  Table' 1 i n d i c a t e s  

tha,t the c r u c i a l  f a c t o r s  i n  the growth o f  hexagonal n i c k e l  s u l f i d e  

a re  temperature and quenchi ng techniques. 

The method presented here f o r  the growl ng o f  hexagonal n i c k e l  

s u l f i d e  has proved t o  be about 50% successfu l .  F a i l u r e  o f  the  

technique was u s u a l l y  due t o  one o f  two fac to rs .  By fa r ,  the g rea tes t  

problem was the r u p t u r i n g  o f  qua r t z  c r u c i b l e s .  C ruc ib le  rup tures  

u s u a l l y  occurred when the bomb was f i r s t  in t roduced i n t o  the furnace. 

The c r u c i b l e  o c c a s i o n a l l y  rup tu red  upon quenching b u t  t h i s  was n o t  a  

se r ious  problem s ince the c r y s t a l  i n g o t  was a l ready  formed. The 
0 

second and e q u a l l y  ser ious  cause o f  f a i l u r e  was due t o  incomplete 

quenching. l ncomplete quenching r e s u l t e d  i n  i ngo ts  where bo th  the h i g h  

and low temperature- s t r u c t u r e s  e x i s t e d  simul taneously. Attempts t o  

cyc le  o u t  the low temperature phase i n  an anneal ing furnace were un- 

successfu l .  



I V .  PREPARATION AND ANALYSIS OF SAMPLES 

Samples were prepared from ingots  grown by the method described 

i n  Sect ion  I l l .  The c u t t i n g  o f  samples was achieved by both  a spark 

c u t t e r  and a w i  re-saw using s i  1 i con carbide as a c u t t i n g  compound. 

However, the w i  re-saw was found to .be most s a t i s f a c t o r y  f rom the 

standpoint  o f  minimum c r y s t a l  damage. The spark c u t t e r  tended t o  p i  t 

the  c r y s t a l s  and leave very uneven edges. A1 1 samples were' shaped as 

pa ra l l e lop ipeds  w i t h  a minimum length  o f  w id th  r a t i o -  o f  4 t o  1 t o  

minimize end e f f e c t s .  

Since sp r ing  loaded tungsten probes, as t lescr i  bed. i n Sect ion  V, 

were used t o  measure sample r e s i s t i v i t y ,  two p i  t s  we're p laced i n  each 

sample t o  prov ide  a secure r e s t i n g  p lace f o r  the tungsten probes. 

P i t t i n g  was achieved by masking each sample w i t h  cel lophane tape i n  

which two small ho les  were placed by a very  sharp.stee1 probe: The 

masked samples were then 1 i g h t l y  spraye4 w i t h  an a i  r -b ras ive  t o o l  t o  

form the p i t s .  

Most samples were c u t  randomly w i t h  respect  t o  o r i e n t a t i o n  t o  

the symmetry axes o f  the c r y s t a l s .  Samples c u t  w i t h  d e f i n i t e  o r i e n t a -  

t i o n s  were o r i e n t e d  using Laue d i f f r a c t i o n  pat te rns .  Crys ta l  s t r u c t u r e  

and 1 a t t i c e  parameters were determined by Debye-Scherrer x-ray ana lys is .  

Chemical anal ys i  s was used t o  determine x-val ues o f  a1 1 N i  S samples. 



, . V *  ELECTR l CAL MEASUREMENTS 

The apparatus used t o  measure r e s i  s t i  v i  t y  i s shown by b l o c k  

diagram i n  Fig. 3.  Vol tages were measured us1 ng a Leeds-Northrop K-3 

Universal  Potent iometer and a ~ e e d s - ~ o r t h r o p  Model 9834 nu1 1 detector ' .  

1 Current was suppl i e d  t o  the sample w i  t h  a Power Designs Mode 1 5055R 

regu la ted  d.c. power supply. i h e  c u r r e n t  f l o w i n g  through the sample 

was determined by  measuring t h e , v o l t a g e  drop across a one m i l l i o h m  

standard r e s i s t o r .  Temperature c o n t r o l  was achieved us ing  a d.c. 

9 power supply cons t ruc ted  by Lou is  D. Muhlestein. 

A l l  measuremtints were made us ing  the f o u r  probe technique i l l u s -  

t r a t e d  i n  Fig. 4. The v o l  tage probes consi s ted  o f  0.01 0 i nch  tungst&n 

w i r e  sharpened by  d ipp ing  i n  b o i l i n g  sodium n i t r i t e .  The tungsten 

probes were s p r i n g  loaded wi t h  phosphor bronze spr ings.  Current t o  

the sample was suppl i e d  through s p r i n g  loaded, i n d i  um padded copper 

b locks.  A small diamond c h i p  was p laced between t h e  sample and the 

copper base o f  the ho lder  t o  assure good thermal contac t  w i t h  adjacent  

thermometers. 

Temperatures were measllred w i t h  copper-constantan and go ld  (0.03% 

i ron)-copper t h e r n ~ c o u p i e s  re fe r red  t o  a 273.18 K i c e  ba th-  

The e l e c t r i c a l  r e s i s t i v i t y  o f  samples i n  t h i s  i n v e s t i g a t i o n  were 

determined by 

where i s  the,  r e s i  s t i  v i  ty, V i s  the vol  tage measured b e t w e n  -the 



Fig. 3 .  A block diagram o f  the e l e c t r i c a l  r e s i s t i v i t y  apparatus 
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Fig. 4. Sample holder used i n  the four-probe technique. The current blocks and 
vol tage probes were loaded w i  th  he1 i cal phosphor bronze spr i ngs 



probes, 1 i s  the c u r r e n t  f l o w i n g  through the sample, A i s  the cross- 

sec t i ona l  area o f  the sample, and L i s  the d is tance between probes. 

I f the vo l  tage i s  measured i n  microvol ts ,  the c u r r e n t .  i n  amperes, and 

A/L i n  centimeters, then the r e s i s t i v i t y  i s  expressed i n  micro-ohm- 

cent  [me t e r s  (D  Q -cm). Measurements were taken w i  t h  t he  c u r r e n t  i n 

both  d i r e c t i o n s  and averaged t o  e l  im ina te  thermoelec t r i c .  e f f e c t s .  

F igure  5 shows a p l o t  o f  the r e s i s t i v i t y  versus temperature f o r  

sample 8-h. Sample 8-h i s  Ni 0. 996s- An abrupt  increase i n  the  re -  

s i s t i v i t y  i s  observed a t  approximate ly  200 K. For the same sto ich iom- 

e t ry ,  us ing  compressed, powdered sample data, Sparks and Komoto p r e d i c t  

a t r a n s i t i o n  temperature o f  250 K. More conf idence was placed i n  the 

200 K t r a n s i t i o n  temperature. R e s i s t i v i  t y  measurements on s i n g l e  

c r y s t a l s  a re  more r e l i a b l e  than those made on powdered samples. For 

comparison, Fig. 5 a l s o  shows data  taken on a compressed powder by  

Sparks and Komto.  Thi s data has been ad jus ted  so t h a t  the r e s i  s t i  v i  t y  

a t  0 C i s  1 M-cm. Sparks and K o m t o l s  sample d i f f e r s  f rom t h a t  o f  the 

present  i n v e s t i g a t i o n  i n  two aspects. The powdered sample d i sp lays  a 

l a r g e r  change i n  r e s i s t i v i t y  than the s i n g l e  c r y s t a l s  o f  t h i s  i n v e s t i -  

ga t ion .  I t  i s  no t  c l e a r  why the  d iscrepancy occurs, b u t  may be due t o  

the d i f f e r i n g  s t o i  ch iomet r ies  o f  the two ma te r ia l s .  

The s t r u c t u r e  o f  the curves below the  t r a n s i  t i o n  temperature a l s o  

d i f f e r .  Fig. 6 shows a p l o t  o f  l o g  versus l d / ~  f o r  bo th  samples 

below the t r a n s i  t i o n  temperature. The r e s i s t i  v i  t y  o f  Sparks and 

Komotols data has been sca led  so t h a t  p ( O  C )  = 0.5 p p c m  f o r  purposes 

o f  i l l u s t r a t i o n .  Whi le the  r e s i s t i v i t y  o f  sample 8-h tends t o  drop 



0 COOLING SAMPLE 8-h  
A .WARMING SAMPLE 8-h 
o SPARKS 8 KOM'OTO 

Fig.  5. A p l o t  o f  e l e c t r i c a l  r e s i s t i v i t y  versus temperature f o r  sample 8-h 
(i = 0.996) showing an e l e c t r i c a l  t r a n s i t i o n .  Data taken on a 
powdered sample by  Sparks and Komoto i s  shown f o r  comparison 



3 Fig .  6. A p l o t  o f  log  p versus 10 /T f o r  sample 8-h i n  the reg ion  
below the t r a n s i t i o n  temperature.' Sparks and Komoto's data 
has been included f o r  comparison 



wi t h  1owerFng. temperature, the r e s i  s t i  v i  t y  o f  Sparks and Komoto' s . . 

m a t e r i a l  tends t o  r i s e  s l i g h t l y .  D i f f e r e n t  i m p u r i t i e s  i n  the two 

mate r ia l s  may account f o r  t h i s  d i f f e rence .  I n  the  reg ion 186 - 160 K 

the  a c t i v a t i o n  energy f o r  conduct ion i n  sample 8-h was ca lcu la ted  t o  

. . be 0.12 eV,' i n  e x c e l l e n t  agreement w i t h  Sparks and Komoto. 
2 

.Figure 5 a l s o  shows a severe h y s t e r s i s  i n  the  warming curve o f  

the s i n g l e  c r y s t a l  sample. Inspect ion  o f  samples t h a t  had passed 

through the t rans  i ti on temperature i ndi cated extens i ve c rack i  ng. The 

h y s t e r s i  s, therefore, has been a t t r i  buted t o  sample cracking. Sample 

c rack ing upon passing through the t r a n s i t i o n  temperature occurred o n l y  

f o r  those samples possessing an e l e c t r i c a l  t r a n s i  t i 'on. 

F igure  7 shows a p l o t  o f  r e s i s t i v i  t y  versus temperature f o r  

samples 12-c, 12-d, 12-9, and 17-a. The x-values f o r  these and o the r  

samples are I i s t e d  i n  Table 2. No e l e c t r i c a l  t r a n s i t i o n  was observed 

i n  these n i c k e l - r i c h  sampl es. ' However, a change i n  slope o f  the re-  

s i s t i v i t y  curve was observed i n  the neighborhood o f  200 K. 

Resul ts  o f  the e l e c t r i c a l  measurements on n i c k e l - r i c h  hexagonal 

n i c k e l  s u l f i d e  suggest t h a t  nonsto ich iomet r ic  N i x S  where x - > 1.018 

may no t  d i s p l a y  an e l e c t r i c a l  t r a n s i t i o n .  The s t r u c t u r e  o f  the p l o t s  

f o r  these samples i s  very simi l a r  t o  those o f  o t h e r  m a t e r i a l s  under- 

going magnetic t rans i t ions .1°  Therefore, a poss ib le  exp lanat ion  f o r  

the change i n  slope i s  t h a t  a para- to-ant i ferromagnet ic  t r a n s i t i o n  

occurred whi l e  the e l e c t r i c a l  t r a n s i  t i o n  was suppressed. .F igure  7 

a l so  shows an apparent an iso t ropy  i n  the e l e c t r i c a l  conduc t i v i t y .  
. . 

The e l e c t r i c a l  r e s i s t i v i t y  i n  the  basal plane was about tw ice  the  

r e s i s t i v i t y  perpendicular  t o  the basal p lane a t  4.2 K. 



� able 2 -  The phys ica l  parameters and o r i e n t a t i o n s  o f  some hexagonal NiS samples 

. - 

Sample 
L a t t i c e  Parameters X-Val ue O r i  en ta t i on  

E l e c t r i c a l  
a c - Trans.i t i o n ?  

8-h 3.4239 - + .0016 0.996 Random 5.3280 + .. 0015 8, - 

8-c 3.4239 - + ,0012 5.3276 - + -0011 i 0.995 Random 

Yes 

Yes 

12-d 3.4241 + .002*5 1.02 Random - 5.3119 + .0033 A - No 

12-9 3.4241 + .0035 A 5.3119 f. .0033 i 1.02 ILc No - 

17-a 3.4217 + .0011 1 ILC No - 5.3137 + ,0008 - 1.018 



Fig. 7. A p l o t  o f  e l e c t r i c a l  r e s i s t i v i t y  versus temperature f o r  various 
n i c k e l - r i c h  samples i n  which no e l e c t r i c a l  t r a n s i t i o n  was observed 



V I .  SUMMARY 

Sing le  c r y s t a l s  o f  hexagonal n i c k e l  s u l f i d e  have been grown 

w i t h  vary ing  sto ichiometry.  The most s i g n i f i c a n t  f a c t o r s  i n  us ing  the  

Bridgman method t o  grow hexagonal N i S  have been found t o  be furnace 

. . 
. temperature and quenchi ng rate.  For successful  runs, the minimum 

temperature a t  the top o f  the furnace was 900 C and a l l  bombs were 

quenched i n  i c e  and water.  he success r a t e  f o r  t h i s  k t h o d  might  be 

i ncreased by us i  ng t h i c k e r  wa l l  ed quar t z  c r u c i b l e s  t o  prevent  rupture.  

This i n v e s t i g a t i o n  has l e d  the author t o  conclude t h a t  the Bridgman 

-. technique i s  a s u i t a b l e  method f o r  growing hexagonal NiS. , ' 

I 

The r e s i s t i v i t y  measurements made i n  t h i s .  i nves t i ga t i , on  had some 

unexpected r e s u l t s .  The e l e c t r i c a l  t r a n s i t i o n  appears t o  be suppressed 

i n  samples s u f f i c i e n t l y  n i c k e l - r i c h .  For the samples measured i n  t h i s  

inves t iga t ion ,  no e l e c t r i c a l  t r a n s i t i o n  was observed f o r  x r 1.018. 

The s t r u c t u r e  o f  the r e s i  s t i  v i  t y  versus temperature curves f o r  these 

samples, however, suggest t h a t  a magnetic t r a n s i  t i o n  i s o c c u r r i  ng. 

Prel  i m i  nary magnetic measurements have i n d i c a t e d  t h a t  these n i c k e l - r i c h  

samples do undergo a magnetic t r a n s i t i o n  and t h a t  the t r a n s i  t i o n  i s  

an t i fe r romagnet ic  i n  nature. Presently, the data on t h i s  sub jec t  i s  

n o t  complete enough t o  be conclusive. I n  addi t ion,  the n i c k e l - r i c h  

samples d isplayed an an iso t ropy  i n  t h e i r  e l e c t r i c a l  conduc t i v i t y .  The 

e l e c t r i c a l  r e s i s t i v i t y  ' i  n the basal' p lane was .about twice the r e s i  s- 

t i v i t y  perpendicular  t o  the basal p lane a t  4.2 K. 



E l e c t r i c a l  r e s i s t i  v i  t y  measurements on o the r  samples where 

x < 1.000 revealed an e l e c t r i c a l  t r a n s i t i o n .  The data f o r  these 

samples compared favo rab ly  w i  t h  t h a t  o f  Sparks and Komoto. I t i s 

e s p e c i a l l y  encouraging t h a t  the l i n e a r  reg ion  from 186 - 162 K 

possessed t h e  same a c t i v a t i o n  energy as powdered samples measured by 

Sparks and Komto. Th is  suggests t h a t  the l i n e a r  reg ion  i s  the i n t r i n s i c  

1 i ne o f  semi conduct i ng hexagonal N i  S w i t h  a 0.24 eV gap energy. 

Looking t o  the future,  more e l e c t r i c a l  measurements are needed 

on hexagonal NiS. The h a l l  c o e f f i c i e n t s  and m o b i l i t i e s  o f  hexagonal 

NiS measured as the m a t e r i a l  passes through the  t r a n s i t i o n  temperature 

w i l l  p rov ide  i n s i g h t  i n t o  the nature o f  the e l e c t r i c a l  t r a n s i t i o n  t h a t  

occurs. Measurements w i  11 be made cont inuously.  f rom the metal 1 i c t o  

the semi conduct i  ng s t a t e '  us ing  an a. c. ha1 1 apparatus capable o f  

de tec t i ng  one nanovol t s igna ls .  
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