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INTRODUCTION

The problem of b e n e f ic ia tin g  American iro n  ores i s  no t a new 

one and may be expected to  become in c re a s in g ly  im portan t w ith  tim e . 

Reserves in  th e  U nited S ta te s  in  May 1938'*" amounted to  approxim ately 

1,400*000,000 to n s . With a  y e a r ly  p roduction  o f 50,000,000 tons t h i s  

country  has an a ssu red  production  f o r  only  25 o r  30 y e a rs . This f ig u re  

does no t appear alarm ing u n t i l  i t  i s  considered  th a t  th e  average grade 

of th e  re se rv es  i s  tre n d in g  downwards vdiile th e  b la s t  fu rnace  o p era to r 

s t i l l  demands th a t  the  grade of th e  incoming ore be a t  l e a s t  50 p e rcen t 

i ro n .  Even now mine o p e ra to rs  a re  mixing le a n  ores w ith  r ic h  o res  to  

hold th e  grade to  about 51 p e rcen t and conserve th e  high-grade d e p o s its . 

Obviously, when th e  grade of iro n  ore produced f a l l s  under th i s  f ig u re  

th e re  w i l l  be an in c re a se  in  th e  p r ic e  of p ig  iro n  and a corresponding 

in d u s t r ia l  readjustm ent in  p r ic e  fo r  a l l  f in ish e d  iro n  p ro d u c ts .

There a re  immense d ep o sits  of m arginal o res—30 to  50 p ercen t

iro n —in  t h i s  co u n tiy . I f  some cheap method o f co n cen tra ting  th e se  o res 
2

could be found th e  U nited S ta te s  would be assu red  of iro n  supremacy fo r  

p r a c t ic a l ly  an in d e f in i te  p e rio d . I t  must be borne in  mind th a t  any con

c e n tra tio n  p rocess developed must be cheap, e f f ic ie n t ,  and capable of 

handling  la rg e  tonnages because th e  i n i t i a l  value of th e  iro n  o re  i s  

u su a lly  $3 per to n  o r l e s s .  About 15 percen t of our t o t a l  y e a r ly  p ro

duction  comes from th e  b e n e f ic ia tio n  o f c e r ta in  iro n  o re s , m ainly by 

g ra v ity  methods, such as log  washing and jig g in g . The la rg e  tonnage o f

U nited  S ta te s  Bureau of Mines M inerals Yearbook, 1939* s e c tio n  on 
iro n  ore p roduction .

^ Iro n  ore co n cen tra tio n  p rocesses a re  p r in c ip a l ly  d ire c te d  towards 
removing th e  g re a te s t  im purity , s i l i c a ;  l i t t l e  can be done in  changing 
th e  phosphorus or s u lfu r  c o n ten t.
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iro n  r e je c te d  by th e se  methods leav es  much to  be d e s ired  from th e  

m e ta llu rg ic a l standpo in t o f percen t recovered . F lo ta tio n ^  has been 

t r i e d  on th e se  wash-ore t a i l i n g s ,  bu t i t  can h a rd ly  be s a id  th a t  i t  

has p ro g ressed  to  th e  s tag e  of commercial a p p lic a tio n . Of l a t e ,  a 

s in k  and f lo a t  p rocess has shorn in te re s t in g  p o s s ib i l i t i e s ,  but s u f f i 

c ie n t tonnage has no t been handled as y e t to  e s ta b l is h  th e  method.

During th e  l a s t  few years  a p ro c e s s ^  ̂  has been developed on th e  Me- 

s a b i Range fo r  ro a s tin g  th e  hem atite  in  a reducing atm ospheieto p ro

duce m agnetite , and then  co n cen tra tin g  th i s  on an o rd in ary  d i r e c t  cu r

re n t m agnetic s e p a ra to r . The high cost of reducing th e  ore and 

subsequent b r iq u e tt in g  o f th e  concen tra tes  r e s t r i c t  th e  use o f t h i s  

method to  s e le c te d  cases . In  1922, Mordey^ d iscovered  a new a c tio n  

o f a l te rn a t in g  magnetic f i e ld s  on ferrom agnetic  m a te ria ls  —new in  

re sp ec t to  th e  f a c t  th a t  th e re  was a rep u ls io n  of m a te r ia l from a l 

te rn a tin g  magnetic po les as w e ll as an a t t r a c t io n .  This o ffe rs  a po

t e n t i a l  means fo r  concen tra ting  hem atite  o res a t  a low co st p e r to n .

In  o rd er to  develop th i s  idea  p r a c t ic a l ly ,  a  knowledge of th e  magnetic 

p ro p e r tie s  o f hem atite  i s  in d isp en sab le .

^ John N. S e a rle s . Some T ests w ith  F lo ta tio n  on Mesabi Wash Ore 
T a ilin g s . Eng. and Min. J o u r .,  1939, no . 6 , 1933, pp. 42-44*

^  E. W. D avis. F i r s t  Magnetic Roasting P lan t in  th e  Lake Superior 
Region. Amer. I n s t .  Min. and Met. Eng., Tech. Pub. 731, 1937.

5 J .  J .  C ra ig . Magnetic C oncentration  on th e  Mesabi Makes P ro g ress . 
Eng. and Min. J o u r . ,  139, no. 1 , 1933, pp. 43-52,

r
W. W. Mordey. The C oncentration o f M inerals by Means of A lte r

n a tin g  E le c tr ic  C urren t. Min. Mag., 26, 1922, pp. 333-343.
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As our knowledge of th e  m agnetic p ro p e r t ie s  of hem atite  was

fragm entary  and wholly inadequate  fo r  th e  purpose in  view, i t  was e s -
7

s e n t i a l  to  determ ine th e  h y s te r e t ic  co n stan ts  o f h em atite . This was 

th e  o b je c t o f th e  work d esc rib ed  in  t h i s  paper.

7
The h y s te re t ic  co n stan ts  a re  coercive  fo rce  and remanence which 

we s h a l l  consider as c h a r a c te r is t ic  ex c lu s iv e ly  of ferrom agnetic  sub
s tan c e s .
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LITERATURE

Although many in v e s t ig a to r s  have worked w ith  n a tu ra l  and 

a r t i f i c i a l  f e r r i c  oxide (Fe203 ) ,  only  a  few have recognized  th e  t ru e  

ferrom agnetic  n a tu re  o f hem atite  w hile many have a sc r ib e d  th e  f e r r o 

m agnetic e f fe c ts  to  th e  p resence of gamma hem atite  or “ferrom agnetic
8f e r r i c  oxide11 • I t  i s  t ru e  th a t  th e  c r y s ta l  of hem atite  has p re fe rre d

9
p lanes o f m agnetization* but th a t  f a c t  has l i t t l e  bearing  on th e  

p re sen t problem because most hem atites a re  p o ly c ry s ta l l in e  and fo r  

purposes of m agnetic sep a ra tio n  only a knowledge of t o t a l  m agnetiza

t io n  i s  necessary*

K o en igsberger^  in  1898 found hem atite  to  be ferrom agnetic  

but suspected  th a t  th e  magnetism was due to  adm ixtures of m agnetite

a lthough chem ical analyses showed l i t t l e  or no FeO.
11

Westinann*s data* erroneously  c i te d  even in  a u th o r i ta t iv e  
12p u b lic a tio n s  as evidence fo r  th e  ferrom agnetism  of hem atite* a re  

c le a r ly  in s ta n c e s  o f ferrom agnetism  due to  th e  presence o f magnetite* 

as shown by h is  own chemical a n a ly s is : Fe203 * 93*63 p e rc en t; Ti02*

Alpha hem atite  i s  th e  common form of Fe203 c ry s ta l l iz in g  in  
th e  rhombohedral system and w i l l  h e re a f te r  be r e fe r re d  to  as hema
t i t e .  Gamma hem atite  has th e  same cubic c ry s ta l  s tru c tu re  as magne
t i t e ,  Fe304* bu t has th e  chem ical com position Fe203 . I t  i s  d is 
t i n c t l y  ferrom agnetic  bu t somewhat u n s ta b le .

9 TtJakob Kunz. Neues Jahrbuch f u r  M ineralogie* 1, 1907, p . 62.

^  J .  K oenigsberger, Wied. Ann.* 66, 1898* p . 727.

11
s/festmann. D is se r ta tio n , Upsala* 1896.

12 In te rn a tio n a l  C r i t i c a l  T ab les. McGraw-Hill Book Company* 6* 
1929* p* 4J-4*
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3.55 p e rc e n t; FeO, 3.26 p e rc en t. This amount of FeO corresponds to  

10 .8  p e rcen t Fe304, and th i s  amount i s  s u f f ic ie n t  to  obscure any f e r 

rom agnetic in flu en c e  o f h em atite . Ytfhen i t  i s  considered  th a t  magne

t i t e  i s  10,000 tim es as magnetic as h em atite , ?festmann!s d a ta  must be 

excluded as in d ic a tio n s  o f th e  ferrom agnetism  of h em atite . S im ila r 

doubts might be a tta ch e d  to  th e  d a ta  of S m ith ^  who made very  p re c ise  

measurements on c ry s ta ls  of h em atite . Smith g ives no chem ical an a ly s is  

and ev id en tly  assumed th e  c iy s t a l l i n e  form to  be an in d ic a t io n  of h igh  

p u r i ty .  I t  i s  w e ll know n^ th a t  FeO and Fe203 form s o l id  so lu tio n s  

which can form p e r fe c t  c r y s ta ls .  D espite  th e  p re c is io n  of S m ith s  

measurements, h is  d a ta  were n o t s u ita b le  f o r  th e  purpose in  view because 

o f th e  wide v a r ia t io n  in  values which should be c h a r a c te r is t ic  co n stan ts  

o f th e  m a te r ia l .
15The wide divergence in  th e  s u s c e p t ib i l i ty  of hem atite

—6 6 (20 x  10 to  5000 x  10 ) found by numerous in v e s t ig a to rs  has been
1 ZL

exp lained  in  many ways. C hevalier and Begui*1-0 a sc r ib e  th e  high  sus

c e p t i b i l i t y  values to  th e  presence of a lk a l in e  im p u ritie s  as do Herroun

13 T. T. Smith. The M agnetic P ro p e r tie s  o f H em atite. Phys. Rev.
8, 1916, p . 721.

J .  W. G reig, H. E. Merwin, E. POsnjak, and R. B. Sosman. 
E quilibrium  R ela tio n sh ip s  o f Fe304, Fe203, and 0 . Amer. Jo u r. S c i . ,
30, 1935, PP. 239-316.

^  Throughout t h i s  paper s u s c e p t ib i l i ty  s h a l l  mean th e  mass sus
c e p t i b i l i t y  Xg, u n less  o therw ise s ta te d .

16 R. C hevalier and Z. E. Begui. Thermomagnetic P ro p e r tie s  of 
F e r r ic  Oxide. S o c ie te 1 Chimique, Nov. 1937, pp. 1735-41.
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17 18
and W ilson and Duparc. O thers have exp lained  t h i s  as due to  th e

19mode o f p re p a ra tio n  and to  n a tu r a l ly  occu rrin g  ferrom agnetic  f e r r i c  
20 21

oxide* S toner concludes th a t  pure Fe203 i s  probably  not ferromag

n e t ic  and b e lie v e s  t h a t  a nonferrom agnetic sesqu iox ide can be p repared . 

This i s  somewhat of th e  fe e l in g  possessed  by some of th e  French school

o f m inera l p h y s ic is ts  even though n a tu ra l  h em atites  were shown to  e x -
22h i b i t  such in d ic a tio n s  o f ferrom agnetism  as a d e f in i te  Curie p o in t

independent o f th e  method of p re p a ra tio n  of th e  Fe203, and v a r ia t io n  o f
23s u s c e p t ib i l i ty  w ith  g ra in  s iz e .

The f i r s t  in d ic a tio n s  t h a t  hem atite  r e a l ly  possesses a  h igh  

coerc ive  fo rc e  and might be capable of co n cen tra tio n  on an a l te rn a t in g -  

c u rre n t se p a ra to r  w ere n o tic e d  by Davis and a t  about th e  same tim e by 

Sokolovsky,

17 E. W ilson and E. F. Herroun. Proc. Phys. S oc ., 33, 1921, p .
196.

18 L. Duparc and co-w orkers. B u ll. Soc. M in., 37, 1914, p . 28.

^  G. F. H u ttig  and H. K u tte l. Z e i t .  Anorg. Chem., 199, 1931* P*
129.

20
R. B. Sosman and E. Posnjak. Jo u r. Wash. A cad., 15, no. 14 

(August 1925).
21 Edmund C. S toner. Magnetism and M atte r. Methuen and Co., L td .,  

London, 1934, p« 529.

22 see  fo o tn o te  16.
23 Raymond C hevalier and M ile, Suzanne Mathew. V a ria tio n  o f th e  

M agnetic S u s c e p t ib i l i ty  of Hematite Powders as a Function of th e  S ize 
o f th e  G rains. C. R ., 204, 1937, pp. 854-6.
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24Severa l in v e s t ig a to r s  have been in te re s te d  in  apply ing

M ordey's d iscovery  to  a l te rn a t in g  c u rre n t m agnetic co n cen tra tio n  and

th e  M e ta llu rg ic a l D iv ision  o f th e  U nited S ta te s  Bureau o f Mines has
25done co n sid e rab le  re sea rch  along th e se  l in e s ,  C. W. Davis n o tic e d

^  (a) ¥* M, Mordey. D em onstration of Some Recent S tud ies in  
A lte rn a tin g  Magnetism and Some P o ss ib le  A p p lica tio n s . P roc, Phys. S o c ., 
40, 1928, p . 338.

(b) J .  A, L. O rtlepp . A lte rn a tin g  C urrent in  Magnetic Separa
t io n .  Jo u r. Chem. and Met, Soc. o f  South A frica , 3°, 1929, pp. 99-128.

(c) B. ¥ .  Holman. Recent Research in  Ore D ressing , IV -  Mag
n e t ic  and H y ste re tic  S ep a ra tio n . South A frican  Min. and Eng. J o u r .,
36 , p a r t  2 , 1925, pp. 138-141, 171-173.

(d) H. S ta ffo rd  H a tf ie ld . The Action of A lte rn a tin g  and Mov
ing  Magnetic F ie ld s  Upon P a r t ic le s  of Magnetic Substances. P hysics, 7,
no. 2, 1936, pp. 604-10.

25 (a) R. S . Dean, V. H. G ottschalk , and C. W. D avis. Magnetic 
S ep ara tio n  of M inerals . Report o f In v e s tig a tio n s  3223, Bureau of Mines, 
1934, PP. 3-13.

(b) C. ¥ . D avis. A lte rn a tin g  C urrent Magnetic S epara tion  o f 
Iro n  O res. Report of In v e s tig a tio n s  3229, Bureau o f Mines, 1934, pp. 
35-37.

(c) R. S. Dean and C. ¥ .  Davis* Magnetic C oncentration of O res, 
T rans. Amer. I n s t .  Min. and Met. Eng., 112, 1934, PP* 509-537.

(d) V. H. G ottschalk  and C. TfiT. D avis. Apparatus f o r  Determining 
Magnetic C onstants of M ineral Powders. Report of In v e s tig a t io n  3268, 
Bureau o f Mines, 1935, pp. 51-67.

(e) C. ¥ .  D avis. Magnetic P ro p e r tie s  o f M ineral Powders and 
T heir S ig n ific an ce . Ib id , pp. 91-101.

(f )  C. ¥ .  D avis. P r a c t ic a l  Aspects of A lte rn a tin g  C urrent Mag
n e t ic  S ep ara tio n . Ib id ,  pp. 91, 107*

(g) Donald Jay Doan. E ffe c t o f L a ttic e  D isc o n tin u itie s  on th e  
M agnetic P ro p e r tie s  o f M agnetite . Report of In v e s tig a tio n  3400, Bureau 
of M ines, 1938, pp. 65- 86 .
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th a t  i f  hem atite  p a r t i c l e s  were m agnetized in  a  strong  d i r e c t  cu rre n t 

magnetic f i e l d  and p laced  on an a l te rn a t in g  cu rre n t s e p a ra to r , th ey  

showed a  f a in t  h y s te r e t ic  or r e p e ll in g  a c tio n . No q u a n tita tiv e  r e s u l t s  

were obtained  a t  th e  t in e  because th e  fo rce  of rep u ls io n  appeared to  be 

so sm all th a t  i t  could  n o t be used  fo r  a  sep a ra tio n  p ro cess . Neverthe

l e s s ,  th e  r e s u l t s  showed th a t  hem atite  had a remanence and a coercive 

fo rc e . In  1935, S okolovsky^ found th e  same a c tio n  and made q u a n tita 

t iv e  t e s t s  on th e  amount o f re p u ls io n  in  va rio u s  f ie ld s  and a t  d if f e r e n t  

freq u en c ies  of a l te rn a t io n .  In  th e  course o f h is  experim ents he reached 

th e  same conclusions concerning a l te rn a t in g  cu rren t magnetic sep a ra tio n  

as D avis, Dean, and G ottschalk  o f th e  Bureau of Mines) namely, th a t  a 

m ateria l-m ust have a high coercive  fo rce  as w e ll as a high p e rm eab ility  

i f  a l te rn a t in g  cu rre n t m agnetic sep a ra tio n  i s  to  be f e a s ib le .  Sokolovsky 

perform ed a l te rn a t in g  cu rren t sep a ra tio n s  on hem atite  of high p u r i ty  

(69.60 to  70.05 p e rcen t) and found th a t  i f  hem atite  was f i r s t  na c tiv a te d ” 

by m agnetiza tion  in  a  f i e l d  o f 4,000 to  5,000 o e rs ted s , and then  p laced  

over an a l te rn a t in g  c iirren t magnet, a d e f in i te  rep u ls io n  took p la ce , de

pending on th e  frequency of a l te rn a t io n  and th e  s iz e  o f th e  hem atite

g ra in s . This shows d e f in i te ly  th a t  hem atite  i s  ferrom agnetic  bu t Soko-
27

lovsky was more concerned w ith  a v e r i f ic a t io n  o f O rtle p p 's  work on 

magnetic sep a ra tio n  and seem ingly recognized nothing new in  th i s  p ro p e rty  

o f h em atite .

G. S. Sokolovsky. Use o f A lte rn a tin g  Magnetic F ie ld s  fo r  E le c tro 
m agnetic Enrichment o f O res. Mechanobr, 15th  Year Ju b ile e  Volume, 1935, 
pp. 523-542.

^  See fo o tn o te  24b .
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Smith*s work i s  th e  only one found in  th e  l i t e r a t u r e  th a t  

quotes any f ig u re s  fo r  th e  coercive  fo rc e  and remanence of hem atite , 

bu t due to  th e  few values given th e re  i s  l i t t l e  p o s s ib i l i ty  of apply

in g  h is  d a ta  to  commercial m agnetic s e p a ra tio n .
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GENERAL CONSIDERATIONS 

H ysteresis*  H y ste res is  in  magnetism has been s tu d ie d  so exten

s iv e ly  during th e  p a s t cen tu ry  th a t  th e re  i s  l i t t l e  need to  d iscu ss  

more th an  th e  elem entary f a c ts  of a  h y s te re s is  lo o p . F igure 1 re p re 

sen ts  a  c h a r a c te r is t ic  curve fo r  h y s te re s is  in  a  ty p ic a l  ferrom agnetic  

m a te r ia l  and shows th e  main p o in ts  o f i n t e r e s t :  th e  maximum mag

n e t ic  f i e l d  used , Bp, th e  m agnetic remanence o f th e  m a te r ia l a f t e r  mag

n e t iz a t io n ,  and Hc , th e  coercive  fo rc e , which i s  th e  neg a tiv e  f i e l d  

re q u ire d  to  reduce th e  re s id u a l  magnetism to  ze ro . Although th e  p o in t 

HpC i s  of l i t t l e  in t e r e s t  in  o rd inary  fe rro m ag n e tics, i t  ta k e s  on some- 

what more im portance in  t h i s  problem. Spooner c a l l s  t h i s  th e  open- 

c i r c u i t  coercive  fo rc e , by which i s  meant th e  rev e rse  m agnetizing fo rce  

necessary  to  leave th e  sample in  a s ta t e  o f zero m agnetization  a f t e r  

th e  m agnetizing fo rce  has been removed. This value i s  not a co n stan t 

o f th e  m a te r ia l bu t i s  r a th e r  a  fu n c tio n  o f th e  dimension r a t io  i f  th e

m agnetic t e s t  i s  no t made in  a  c lo sed  c i r c u i t .  The t r u e  H value i sc

th a t  ob ta ined  under c lo sed - o r o p e n -c irc u it co n d itio n s  when th e  de

m agnetizing fo rce  reduces th e  remanence to  zero w hile th e  demagnetizing 

fo rc e  i s  s t i l l  a p p lie d . I f  th e  Hc value o f m agnetizing fo rce  i s  re 

moved, th e  in d u c tio n  r i s e s  to  f .  The o p e n -c irc u it coercive fo rce  i s  

th e  value  of the  dem agnetizing f i e l d  which when removed w i l l  cause th e

in d u c tio n  to  r i s e  to  zero along g -  o . Although th e  H i s  o f d o u b tfu loc
v a lu e , i t  w i l l  be used l a t e r  in  d iscussing  th e  dem agnetization of hem atite . 

28 T. Spooner. P ro p e r tie s  and T esting  of Magnetic M a te ria ls . 
McGraw-Hill Book Co., 1927, pp. 62-65.
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MATERIAL USED

P u r ity  o f h e m atite s . The im portance of p u r i ty  of hem atite  cannot 

be over-emphasized* Herroun and ¥ i l s o n ^  have a p tly  summed up th e  s i t 

u a tio n  as fo llo w s:

When i t  i s  remembered th a t  one p a r t  o f carbon can r e 
duce e ig h ty  tim es i t s  own w eight o f Fe203 to  Fe304, and 
th a t  th e  s u s c e p t ib i l i ty  of m agnetite  i s  some te n  thousand 
tim es g re a te r  th an  th a t  of Fe203, th e  enormous e r ro r  th a t  
can be in troduced  by tra c e s  of organic im purity  w i l l  be r e 
a l iz e d ;  in  f a c t ,  th e re  i s  l i t t l e  doubt t h a t  th e  change in  
s u s c e p t ib i l i ty  brought about by h ea tin g  pure Fe203 w ith  any 
substance capable of reducing i t  would be a more d e lic a te
t e s t  f o r ,  say , organic carbon or hydrogen th an  any o th er
a t  p re sen t known.

A fte r  considering  th e  wide v a r ia t io n  in  s u s c e p t ib i l i ty  o f 

Fe203 produced by many d if f e r e n t  chemical p ro cesses , one a r r iv e s  a t 

th e  conclusion  th a t  i t  i s  extrem ely d i f f i c u l t  to  get pure Fe203. 

A nalysis o f hem atite  f o r  gamma Fe203 content and even f o r  sm all amounts 

o f Fe304 i s  p r a c t ic a l ly  im possib le. An amount of Fe304 so sm all th a t

i t  cannot be d e tec ted  chem ically  i s  s u f f ic ie n t  to  cause a  la rg e  in 

c rease  in  th e  s u s c e p t ib i l i ty  o f h em atite . N either spectrographic  

a n a ly s is  nor X-ray work can d e te c t the  presence of vexy sm all amounts, 

say , le s s  than  0 .1  p e rc en t, of alpha or gamma Fe203 in  Fe304, o r v ice  

v e rsa . The q u estion  th en  a r i s e s —how do we know th a t  th e  ferrom agnetic 

p ro p e r tie s  measured in  t h i s  work were a c tu a lly  those  of hem atite? The 

answer to  th i s  w i l l  be found in  th e  d iscu ss io n  which shows th a t  th e  

method developed fo r  th e se  measurements i s  probably th e  most s e n s it iv e  

means known fo r  de term ina tion  of magnetic im p u ritie s  in  hem atite .

29
See fo o tn o te  17.
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Source and analyses o f h e m atite s . Three n a tu ra l  hem atites  and 

one l o t  of a r t i f i c a l  Fe203 were used in  t h i s  experim ental work* The 

f i r s t  h em atite  was one from Cumberland, England, purchased through 

Ward*s N a tu ra l Science E stab lishm ent, Inc* I t  was broken down to  

-6  mesh, using  a b ra s s  hammer and aluminum p la te ,  ground in  a pebble 

m il l  f o r  about 6 hours, and th en  f ra c t io n a te d  in to  v a rio u s  s iz e s  by 

means o f a  R o lle r-^  a i r  analyzer* A ll s iz e  f ra c t io n s  were checked 

m ic ro sco p ica lly  and found to  have le s s  than  about 3 p e rcen t oversize* 

The chem ical a n a ly s is  fo r  each of th e  a ir-a n a ly ze d  f r a c t io n s  i s  as 

fo llo w s:

S ize  in  microns
•  *  
•  •

: Fe percen t : In s o l ,  percent

0 to  5 66.02 3.5
5 to  10 65.1 4 .6

10 to  20 65*6 4 .7
20 to  40 65.9 4.5
40 to  74 67.2 2.5

These analyses account fo r  about 93-1/2 percen t of th e  ma

t e r i a l s  p re sen t i f  th e  assum ption i s  made th a t  a l l  i ro n  i s  p re sen t as 

Fe203 . An extrem ely low percentage of th e  g ra in s  in  any one f r a c t io n  

were a t t r a c te d  by a m agnetized needle observed under th e  m icroscope.

Hematite no. 1 was from th e  Michigan iro n  range. No chemical 

a n a ly s is  was made on th i s  sample bu t magnetic measurements showed i t  to  

be alm ost f r e e  of m agnetic im p u r itie s . This hem atite came in  massive

3° p t s .  R o lle r . S epara tion  and S ize D is tr ib u tio n  of M icroscopic 
P a r t i c le s —An A ir Analyzer fo r  Fine Powders. Report of In v e s tig a tio n s  
3268, Bureau of Mines, 1935*
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lumps rem arkably homogeneous and la rg e  enough to  y ie ld  rods 3 /8  inch  

square  and 4 inches long . The measurement on th e se  rods provide wel

come co rro b o ra tio n  of th e  assum ption th a t  th e  mass s u s c e p t ib i l i ty  i s  

co n stan t re g a rd le ss  of th e  d e n s ity . One a i r  f r a c t io n  and two s iev e  

f r a c t io n s  a lso  were made from th e  rem ainder of th e  o re .

No. 2 hem atite  had th e  fo llow ing a n a ly s is :

Percent

Iro n  66.94

Phosphorus ,054

S i l ic a  2.10

Manganese .16

Alumina .54

Magnetic measurements in d ic a te d  th e  presence of some mag

n e t ic  im purity  in, amounts s u f f ic ie n t  to  cause abnormal s u s c e p t ib i l i t i e s .

The a r t i f i c i a l  Fe203 ‘was Baker!s Analyzed F e rr ic  Oxide, 

Powdered, Lot no. 4137.

P re lim in ary  measurements were made on th e  Nagaunee, Michigan,
31h em atite , which s in ce  th e  in v e s tig a tio n s  of Cooke"  ̂ has been used f r e 

quen tly  as a •typical American iro n  o re . This m a te ria l was not considered 

in  th e  f i n a l  d e f in i t iv e  measurements because i t  contained too much mag

n e t i t e  or gamma h em atite .

31 S. R. B. Cooke. M icroscopic S tru c tu re  and C o n c e n tra tib il i ty  
o f American Iro n  O res. B u lle tin  331> Bureau of Mines, 193&.
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THEORY

Fundamental eq u a tio n s . The methods g e n e ra lly  used fo r  measuring

ferrom agnetic  substances a re  not s u i te d  f o r  use  on hem atite  because

th e  e f f e c ts  a re  so sm all th a t  th e y  would be masked by in s tru m en ta l

e r r o r s ;  th e re fo re , ano ther method was used which depends on th e  fo rce

K ex e rted  by a nonhomogeneous f i e l d  on a t e s t  body. This i s  not new

and a lthough  i t  has been d iscu ssed  in  many tex tbooks a  review o f th e

two p r in c ip a l  methods w i l l  be given here  because bo th  were used in  th i s

work. Much o f what fo llow s i s  p a tte rn e d  a f t e r  th e  e x c e lle n t p re se n ta -
32t io n  given by Klemm.

The fo rce  K which a c ts  on a body o f magnetic moment M in  a 

nonhomogeneous f i e l d  ^  H i s  given by th e  e q u a tio n ^
y *

1 . K = H.AH

A body o f s u s c e p t ib i l i ty  k ta k es  on th e  moment kH per cnr 

in  a  f i e l d  H and, fo r  a sm all volume, equation  1 becomes

2 . dK = kKLM dv
£x

S t r i c t l y  speaking , t h i s  equation  i s  d e rived  fo r  a  body of 

co n stan t s u s c e p t ib i l i ty  whose m agnetic moment i s  generated  by th e  ex

t e r n a l  f i e l d  and fo r  th a t  reason  some of th e  r e s u l t s  p resen ted  h e re in  

a re  open to  the  c r i t ic is m  th a t  th e  s u s c e p t ib i l i ty  values a re  not id e a l  

s u s c e p t ib i l i t i e s .  B i t te r 34 exp lains th i s  d iffe ren c e  between re v e rs ib le

32 Wilhelm Klemm. Magnetochemie, Akademische V e rlag sg ese llsch aft 
M.B.H*, L eipzig , 1936.

33 This equation  i s  d e riv ed  by tak in g  moments o f a body in  a 
m agnetic f i e l d .

34 F ran c is  B i t te r .  In tro d u c tio n  to  Ferromagnetism. McGraw-Hill 
Book C o., Hew York, 1937, p . 181.
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s u s c e p t ib i l i ty  and t r u e  p a ra -  o r diam agnetic s u s c e p t ib i l i ty  as  a hys

t e r e s i s  phenomenon. The e r ro rs  in troduced  in  th i s  work by th e  use 

o f equation  2 a re  sm all due to  th e  f a c t  th a t  th e  re v e rs ib le  su sc e p ti

b i l i t y  d i f f e r s  very  l i t t l e  from th e  ideal fo r  even la rg e  in c rease s  in  

H because th e  s u s c e p t ib i l i ty  values fo r  hem atite  are  o f the  same mag

n itu d e  as a  s tro n g ly  param agnetic substance. In  a t ru e  ferrom agnetic  

th e  value of k i s  a complex fu n c tio n  o f H a t  low f i e ld s ,  bu t in  th e  

neighborhood of s a tu ra t io n  k i s  co n stan t. In  a  broader sense , th e  

whole b a s is  f o r  th e  experim en tal method used i s  th e  f a c t  th a t  hem atite  

has an i r r e v e r s ib le  s u s c e p t ib i l i ty .

Methods of s u s c e p t ib i l i ty  measurements based on equation  2 

may be d iv id ed  in to  two d i s t in c t  c la s s e s : (1) The t e s t  body i s  so

sm all th a t  H-&S may be considered  constan t and th e  d i f f e r e n t ia l  equa- 

t io n  2 can be used d i r e c t ly ,  and (2) the  t e s t  body becomes so la rg e

th a t  (2) must be in te g ra te d :

K = k H-iL£ dv
ax

Measurements based on th e  d i f f e r e n t ia l  equation . The q u a n ti t ie s

H. and H-M fo r  a normal electrom agnet w i l l  be considered f i r s t .  

In  f ig u re  2A th e  l in e s  of fo rce  proceed along 6 from the  no rth  po le  

to  th e  south p o le . Consider a sm all paramagnetic body p laced  in  th e

f i e l d  a t  p o in ts  in d ic a te d  by th e  c i r c l e s .  The Induced moments a re

in d ic a te d  by th e  sm all arrows w ith in  th e  c ir c le s  w hile th e  fo rce s  a c t 

ing  on th e  body due to  th e  product along the  x ax is  a re  shown by

th e  la rg e r  arrovrs. The fo rce s  here  considered a c t  along th e  p o s it iv e  

values of x , th a t  i s ,  p e rpend icu la r to  th e  d ire c tio n  of th e  induced 

moments.
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The d ire c t io n  o f th e  fo rce  ex e rted  by th e  f i e ld  on p ara 

m agnetic and ferrom agnetic  bodies i s  always toward th e  m idpoint of 

th e  f i e l d ,  fo r  i t  i s  determ ined by th e  s ign  of -is. This d i f f e r e n t ia la x
c o e f f ic ie n t  i s  p o s i t iv e  on th e  l e f t  s id e  and hence th e  fo rce  propor

t io n a l  to  a c ts  in  th e  d ire c t io n  o f in c reas in g  values of x ,  th a t

i s ,  in to  the  f i e l d .  Even though H-—~  i s  negative  on th e  r ig h t  s ide  

( f ig u re  2A), th e re  i s  a rep u ls io n  in  th e  d ire c t io n  of p o s it iv e  values 

o f x  and th e re  i s  s t i l l  a t t r a c t io n  toward th e  cen te r of th e  f i e l d .

Measurements based  on the  d i f f e r e n t i a l  equation  a re  g en era lly  

r e l a t i v e .  In  o th e r words, th e  fo rce  ex erted  on a  t e s t  body in  a d e f in i te  

p o r tio n  of th e  f i e l d  i s  compared w ith  the- fo rce  exerted  on a bocfcr of

known s u s c e p t ib i l i ty  p laced  in  ex ac tly  th e  same p o s it io n . This was th e
35

g en era l method used by a number of experim enters.

Extreme care  must be used in  th i s  method always to  bring  the  

t e s t  body to  th e  same p o s it io n  in  th e  f i e ld  th a t  th e  known bocfcr oc

cupied . This d i f f i c u l ty  has la rg e ly  been overcome by making th e  form 

of th e  po le  faces  such th a t  H-Al i s  a c o n stan t. This arrangem ent has 

been d esc rib ed  by Fereday-^ and more re c e n tly  by Rogers and Stamm.3?

35 (a) M. Faraday. Experim ental Researches. Taylor and F ran c is , 
London, 3 , 1855, PP* 27, 497.

(b) P . C urie . Magnetic P ro p e r tie s  of Substances a t  Various
Tem peratures. Ann. de Chim. e t  P hys., 5, 1895, p . 289.

(c) C. Cheneveau. P h i l .  Mag., 20, 1910, p . 357.

(d) G. Foex. Researches on Paramagnetism. Ann. de P hys., 16,
1921, p . 174.

3^ R. A. Fereday. P roc. Phys. Soc. (London), 44, 1932, p . 274.

37 B. A. Rogers and K. 0 . Stamm. An Apparatus fo r  Determining Thermo- 
m agnetic Behavior o f S lags, and Some P relim inary  R esults Obtained w ith  I t .  
A.X.M.M.E., M etals Technology, T. P. 1133, December 1939.
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The apparatus developed by Rogers and Stamm, was used fo r  th e  p o rtio n  

o f th i s  work on th e  thermomagnetic p ro p e rtie s  o f hem atite  and found 

to  be s a tis fa c to ry *

Methods of measurement depending on the  in te g ra te d  eq u ation . 

Methods using  a c y l in d r ic a l  t e s t  body38 extending a considerab le  d is 

tan ce  along th e  X ax is  (f ig u re  2B) a re  of g re a te r  im portance than  

th o se  u sing  a sm all spo t of the  nonhomogeneous f i e l d .  I f  A dx i s  

s u b s t i tu te d  f o r  dv where A i s  th e  c ro s s -s e c tio n a l a rea  of th e  sample, 

th e  fo rc e  a c tin g  in  vacuum in  th e  d ire c tio n  of th e  X ax is  becomes

3. K = A k 
I

H J lS  dx = A k 1 H . d H

2 A

2 2
4 . K = 1 /2  A k “  H )

where 2nd a re  th e  values o f H a t  and x  . In  th i s  work th e
2p o s it io n  and le n g th  of th e  t e s t  sample were chosen such th a t  was

2
n e g lig ib le  in  comparison w ith  , and 4 becomes

5. K = 1 /2  A H2,max.

and thus we have an in te g ra t io n  of th e  fo rce s  a c tin g  a l l  along th e  tube, 

Transposing 5

6 k = ^
• AH2

Xg = m s s  s u s c e p t ib i l i ty  = d^ J i t y  =

2  = 2 K x  v o l. f i l l i n g _______________
^ o r ig in a l  weight of m a te ria l x A x H

^  This i s  g e n e ra lly  c a lle d  the method of L. G. Gouy. C. R. Acad. 
S c i . ,  P a r is ,  109, 1889, p . 935, but was f i r s t  given in  p r in c ip le  by J .  
P lu ck er, Pogg. Ann., 91, 1854, p . 1 .
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Xg = 2 x ga in  in  w eight x  980 x vol* f i l l i n g  
A = x o r ig in a l  weight of sample

volume o f f i l l i n g  « h e ig h t o f  f i l l i n g  
A

a lso  1000 mg. * 1 gram 

9 . X -  2 x  gain  in  w eight in  mg* x  he igh t of f i l l i n g
g  ■'     ■ ■ —  •  ■' ■— — ‘  -----------------------   •------------ -- ---------------------

H x o r ig . w t. x 1*019

Equation 9 i s  th e  form used  f o r  computing most o f th e  ex

perim en ta l d a ta  given below.
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EXPERIMENTAL

A pparatus. The Gouy-type magnetic balance used fo r  s u s c e p t ib i l i ty  

de term inations i s  shown in  f ig u re  3* It- c o n s is ts  e s s e n t ia l ly  of a  chem

ic a l  balance p laced  on a s tan d  covering an e lectrom agnet, a sample h o ld e r, 

and a device f o r  p reven ting  f r i c t i o n  between th e  sample tube and th e  mag

n e t po le  fa c e s .

The chem ical balance was o f th e  type commonly used in  quant

i t a t i v e  chemical a n a ly s is .  The le f t-h a n d  pan was removed, two holes 

d r i l l e d  in  th e  balance case d i r e c t ly  beneath  th e  hanger arm and a p iece  

of m ag n etica lly  i n e r t  b ra ss  w elding rod passed through th e  case to  serve 

as a suspension f o r  th e  sample h o ld e r. A ll balance p a r ts  were nonmag

n e t ic .

The sample h o ld e r was a b rass  tube 5 inches in  len g th  and 

0.25 inch  in te rn a l  d iam eter. The tu b e  was m agnetica lly  in e r t  w ith in  

th e  p re c is io n  of measurement over th e  range of f i e l d  s tre n g th s  from 500 

to  10,000 o e rs te d s . I t  was suspended from th e  b rass  rod by means o f a 

copper w ire .

The Gouy balance i s  so w e ll known th a t  no fu r th e r  d e sc r ip tio n  

i s  necessa ry . I t  i s  no t s u i te d  fo r  measurements involv ing  s tro n g ly  f e r 

rom agnetic m a te r ia ls  because o f th e  a t t r a c t io n  of th e  sample to  th e  

pole fa c e s . This adherence of the  sample to  th e  po le  face  was evident 

f o r  a  weak ferrom agnetic  l ik e  hem atite  in  f ie ld s  above 2,000 o e rs ted s .

Of th e  various methods t r i e d  fo r  p reven ting  e rro r  due to  th i s  e f f e c t ,

the  most s a t i s f a c to r y  was th e  v ib ra tio n  of two t ig h t ly  s tre tc h e d  w ires
39p a r a l l e l  to  th e  pole f a c e s .  V/hen a sm all a l te rn a t in g  c u rre n t passes

^  S. S. S chaffe r and N. W. T ay lo r. E ffec t of Complex Ion  Forma
t io n  Upon th e  Magnetic S u s c e p tib i l i ty  of Paramagnetic S a lts  in  Aqueous 
S o lu tio n . Jo u r. Araer. Chem. S o c ., 4&> 1926, p . 843*
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through such -mires s tre tc h e d  in  a magnetic f ie ld *  th ey  v ib ra te  m ith 

th e  frequency o f the  a l te rn a t in g  cu rren t i f  th e  c o rre c t te n s io n  i s  

a p p lie d  to  th e  m ires . The proper te n s io n  may be computed from th e  

fo llow ing  c o n s id e ra tio n s : The exact fundam ental frequency o f a

s tre tc h e d  s t r in g  i s  given by

n = frequency 
L = len g th  
T -  te n s io n
m = mass p e r -unit leng th  

This perm its  th e  c a lc u la tio n  o f th e  exact te n s io n  necessary  when the  

fundam ental frequency i s  known. In  th is  case 60 cycle  a l te rn a t in g  cur

re n t  mas used and the  te n s io n  on th e  m ire ad ju s ted  fo r  maximum a t t r a c 

t io n  of th e  c u rre n t-c a r ry in g  conductor. The am plitude o f th e  v ib ra tio n  

mas so sm all th a t  i t  d id  not in te r f e r e  w ith  th e  balance weighings* and 

th e  f r i c t i o n  o f  th e  tube on th e  pole face  mas reduced to  a  minimum dur

in g  th e  course o f th e  measurements. This device made i t  p o ss ib le  to  

extend th e  use o f th e  Gouy balance to  f i e ld s  f a r  beyond those  p o ssib le  

o therw ise .

The magnet mas an electrom agnet of th e  Cenco ty p e . I t  had 

alm ost th e  maximum number of ampere tu rn s  perm issib le  w ithout r e s o r t  

to  w ater coo ling . The po le  p ieces  were low-carbon content s o f t  iro n , 

th read ed  on one end so th a t  th e  a i r  gap could be a d ju s ted  to  any d e sired  

w id th . I t  was found most convenient to  use th e  f l a t  pole faces  r a th e r  

th a n  th e  co n ica l ones a v a ila b le . The pole faces  used were 8 cen tim eters  

in  d iam eter and th e  a i r  gap was approxim ately 1.25 cen tim ete rs . At 11 

amperes a f i e l d  s tre n g th  of almost 10,000  o e rs ted s  was a tta in e d  in  th e  

a i r  gap. A c a l ib ra t io n  curve f o r  th e se  cond itions i s  shown in  f ig u re  4«
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S lid e  w ire  re s is ta n c e s  c o n tro lle d  th e  cu rren t su p p lied  and a double

s c a le  ammeter was used to  measure the  c u rre n t, A rev ersin g  sw itch was 

p rov ided  f o r  rev e rs in g  th e  d ire c t io n  of m agnetization  across th e  a i r  

gap.

The C urie-type  balance used fo r  a sm all p o rtio n  o f  t h i s  work

to  o b ta in  thermomagnetic d a ta  was th a t  designed and b u i l t  by Rogers and

StanmA0 f o r  measurements on s lag s  a t  th e  P ittsb u rg h  S ta tio n  of th e  U.

S, Bureau of M ines, The main fe a tu re  o f t h e i r  m o d ifica tio n  of C u rie ’s

appara tus i s  th e  use of a  sp e c ia l- ty p e  pole face  p ro p e rly  shaped to

make th e  product B i l l  a c o n sta n t. The tem perature in  a sm all furnace
dx

in s e r te d  between th e  po le  faces  could be c o n tro lle d  very  a c c u ra te ly .

A G rassot flu x m ete r, su p p lied  by the  C en tra l S c ie n t i f ic  Co., 

was used as a check f o r  f i e l d  s tren g th  de term in a tio n s. The cu rren t gen

e ra te d  by withdrawing a search  c o i l  o f known a rea  tu rn s  from th e  cen te r 

o f th e  m agnetic f i e l d  was measured in  term s o f maxwells by th e  fluxm eter* 

The search  c o i ls  were c a l ib ra te d  by comparison w ith  s tandard  c o ils  o f 

known a rea  tu rn s  a t  th e  N ational Bureau of S tandards, Washington, D. C.

C a lib ra tio n . The f i e l d  s tre n g th  appears in  form ula 9 as th e  square 

and hence must be determ ined w ith  accuracy g re a te r  than  su f f ic e s  fo r  

th e  o th e r v a r ia b le s . The method f in a l ly  used was th a t  of comparison w ith 

a s tan d a rd . The gain  in  weight of a param agnetic substance of known sus

c e p t i b i l i t y  in  vario u s  f i e ld s  was found and then  s u b s t i tu te d  in  th e  

equation
X = 2 x len g th  x  gain  in  weight 

® o r ig in a l  weight x  x  l7 6 l9

See fo o tn o te  37.
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Values o f H were c a lc u la te d  and p lo t te d  a g a in s t th e  c u rren t producing 

th e  f i e l d .  This method has been ex ten s iv e ly  used by th e  French school 

o f p h y s ic is ts  and o th e rs  u sing  th e  Curie-Cheneveau type balance f o r  in 

v e s t ig a t io n  o f p a ra -  and diam agnetic substances,

S to n e r ^  s ta t e s :

Any method o f measuring s u s c e p t ib i l i ty  invo lv ing  
th e  use of a homogeneous f i e l d  may be in v e rse ly  employed 
fo r  th e  determ ination  o f unknown f ie ld s  using  substances of 
known s u s c e p t ib i l i ty .

S a tis fa c to ry  standards having a h igher s u sc e p ti
b i l i t y  th an  w ater a re  very  d e s ira b le . Manganese pyrophos
p h a te , Mn2P207, has been used fo r  th i s  purpose, th e  sus
c e p t i b i l i t y  of a  specimen c a re fu l ly  p repared  a t  S trasbourg 
having been found to  rem ain in v a r ia b le  (Xg * 103,1 x 10~°) 
over a p e rio d  o f y e a rs ;  bu t th e  s u s c e p t ib i l i t ie s  o f specimens 
p repared  in  d if f e r e n t  ways may d i f f e r  by as much as 2 p e rc en t.
W ith param agnetic s tandards i t  i s ,  of course, e s s e n t ia l  to  
tak e  in to  account th e  v a r ia t io n  of s u s c e p t ib i l i ty  w ith  tem
p e ra tu re .

Manganese pyrophosphate was se le c te d  as a  s tandard  because of 

i t s  high s u s c e p t ib i l i ty ,  nonhygroscopic p ro p e r tie s , and ease of handling 

in  a powder form . A pparently  th e re  i s  no s a t is fa c to ry  exp lanation  of 

th e  v a r ia t io n  of th e  s u s c e p t ib i l i ty  w ith  the  method of p re p a ra tio n . I t  

i s  probab le  th a t  c a re fu l s tudy  of methods of p reparing  manganese pyro-
i

phosphate would le ad  to  s p e c if ic a tio n s  fo r  ob ta in ing  a rep roducib le  s tandard .

The Mn2P20? was prepared  in  two ways: The f i r s t  l o t  was made
42

according to  d ire c tio n s  as given by Treadwell and H a ll,

To th e  s l ig h t ly  a c id  so lu tio n  con tain ing  Mn 
equ ivalen t to  not more than  0 .$ gram Mn2P207 iu  250 m l,, 
and no o ther m etals except a lk a l ie s ,  add 20 g. HC1, 5 to  
10 m l. o f co ld  s a tu ra te d  so lu tio n  of sodium phosphate, and 
NH40H, drop by drop u n t i l  a s l ig h t  excess i s  p re se n t. Heat 
th e  so lu tio n  to  b o ilin g  and keep a t  th i s  tem perature fo r

^  E. C. S toner, Magnetism and M atter. Methuen and Co., L td .,  
London, 1934, p . 65 .

^  E. P. Treadw ell and Vf. T. H a ll, Anal. Chem., I I ,  1928, p . 133 .
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th re e  o r fo u r minutes* o r u n t i l  the  p r e c ip i ta te  assumes 
a s i lk y  c r y s ta l l in e  appearance. A fte r cooling f i l t e r  th e  
p r e c ip i ta te  in to  a  Gooch or Munroe crucib le*  wash w ith  co ld  
NH4NO3 so lu tion*  dry , ig n i te  w ith in  a la rg e r  c ru c ib le  o r in  
an e le c t r i c  fu rn ace . Cool in  a  d e s s ic a to r  and weigh as 
Mn2P 2 O^.

In  dry ing  to  co n stan t w eight a g rea t decrease in  volume took 

p lace  but no lo s s  in  w e ig it a f t e r  1 hour a t  about 800° C. in  an e le c 

t r i c  m u ffle .

The o b je c tio n  to  th e  above method i s  the  o x id a tio n  o f th e  

manganous s a l t  to  th e  manganic by a i r  in  th e  presence of NH3 as shown 

by th e  brown d isc o lo ra t io n s  found in  th e  p roduct. Another l o t  o f 

MhgPgOrr was th e re fo re  prepared  by a d if f e r e n t  procedure. Aqueous so

lu t io n s  o f sodium pyrophosphte and manganese s u lfa te  were prepared* 

mixed, and H^PsO^ p re c ip i ta te d .  The MhgPaO  ̂ was f i l t e r e d  in  a Gooch 

cru c ib le*  washed, dried* and s in te re d  a t  700 to  800° G. fo r  1 hour.

M orris Slavin* N onm etallies D iv ision , Bureau of Mines, College 

Park* Hd.* was k ind  enough to  run th e  q u a l i ta t iv e  sp ec tro sco p is  an a ly s is  

shown in  th e  fo llow ing  ta b le .

TABLE I

Im p u ritie s  in  Lot 2, Mn2P20rj

Percent

Co* Ni* T i, and V 0 .0 1  to  0.001
Zr* Sn .001
Mg, A1 .01  to  .10
Na .50  to  1 .0
Fe .01
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The a n a ly s is  Slows th a t  th e  p re c ip i ta te  was no t washed f re e  

o f Na2S04 . S ince th e  main e f f e c t  o f Na2S04 would be to  d i lu te  th e  

Mn2P207* a s u s c e p t ib i l i ty  value o f 102 ( x l )  x 10~6 was used in  a l l  

c a l ib ra t io n  work*

The d iffe re n c e  in  s u s c e p t ib i l i ty  of th e  Mn2P207 p repared  by 

th e  two methods was le s s  th an  th e  experim ental e r ro rs  o f procedure*

This i s  f u r th e r  support f o r  th e  expec ta tion  th a t  chemical s tu d ie s  might 

le a d  to  a method f o r  th e  p re p a ra tio n  o f s tandard  Mn2P207 of constan t and 

rep ro d u c ib le  s u s c e p tib i l i ty *  There i s  an u rgen t need fo r  an in te rn a t io n a l  

s tan d a rd  o f high s u s c e p t ib i l i ty  and i t  i s  to  be hoped th a t  someone w i l l  

undertake such a study in  th e  near fu tu re*

The am p ere-fie ld  s tre n g th  curve ob ta ined  by comparison w ith  

th e  Mn2P207 showed v a r ia t io n s  o f  le s s  than  1 percen t from th e  curve 

found by search  c o i l  and fluxm eter measurements* The s u s c e p t ib i l i ty  of 

some common param agnetic substances was then  determ ined w ith  th e  f o l 

lowing r e s u l t s :

TABLE I I

Comparison of experim ental and In te rn a tio n a l 
C r i t i c a l  Tables va lues fo r  some common s a l t s  

(Aqueous so lu tio n )

Substance
Experim ental 

value 
Xg x 10°

- I* C. T* : 
value :

Xg x 106 ;
Percent

d iffe ren c e

HnS04 83.2 83.0 +0 .2
NiCl2 44.7 45.1 -  .9
N1S04 26.7 26.9 -  .8
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A ll evidence th u s  in d ic a te s  th a t  f i e l d  s tre n g th  measurements 

were a ccu ra te  to  1 p e rc e n t. The v a r ia t io n  o f magnetic im p u ritie s  in  

hem atite  and d if fe re n c e s  in  packing th e  sample tube exceed t h i s  accu

racy  two to  th re e  tim es .

The a i r  gap had a h igher f lu x  d e n s ity  on going from stro n g  

to  weak f i e ld s  and i t  was necessa ry  to  c a l ib r a te  the  magnet fo r  bo th  

in c re a s in g  and decreasing  c u rren t s tre n g th s . This i s  undoubtedly due 

to  th e  ferrom agnetic  n a tu re  o f th e  pole p ie c e s .

The magnet of th e  Curie balance was c a l ib ra te d  in  th e  u sual 

fa sh io n  w ith  sea rch  c o i l  and b a l l i s t i c  galvanom eter. Rogers and Stamm*s 

appara tus as o r ig in a l ly  developed gave only  r e la t iv e  s u s c e p t ib i l i ty  

v a lu e s . Since th e i r  l a s t  p u b lic a tio n  a change in  method of sample 

attachm ent has g re a tly  f a c i l i t a t e d  measurements and work a lread y  has 

been done on changing r e la t iv e  to  abso lu te  v a lu es . In  th i s  work on 

hem atite  th e  p u l l  on a known mass of Mh2P20r7 in  a  known f i e l d  was

measured and unknowns compared w ith  i t  by means o f th e  r e la t io n s h ip :  

v = 102 x  10“^ x nu x  Ks
A r r  ------------ ------------------------ — — ~ r

"Where X = s u s c e p t ib i l i ty  o f unknown
£

102 x 10”^ = s u s c e p t ib i l i ty  of Mn2P20^

niQ_ = mass of } in 2 P 2 0 r ?

m2 = mass o f unknown

« fo rce  to  balance known 

K2 = fo rce  to  balance unknown

U nfo rtu n a te ly , th e  balance was not s e n s it iv e  below 10 m illiam peres b a l

ancing c u rre n t. The thermomagnetic d a ta  should be taken  then  as in d i

c a tiv e  r a th e r  th an  a b so lu te .
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Procedure . The use of the Gouy-type magnetic balance was extended 

to  o b ta in  s u s c e p t ib i l i t i e s  over a  la rg e  range of f i e l d  s tre n g th s  and 

so perm it th e  p lo t t in g  o f a  h y s te re s is  curve from the  d a ta  so ob ta ined . 

U sually  measurements w ith  th e  Gouy- o r Curie—type balance opera te  a t  

only  one f ix e d  f i e l d  s t r e n g th .

I t  was n o ticed  th a t  when th e  sample of hem atite  was tu rn ed  

180° p e rp en d icu la r to  th e  d ire c tio n  o f p u ll  a f t e r  m agnetization , th e  

m a te r ia l  weighed le s s  than  th e  o r ig in a l  sample. F igures 2C and 2D 

show th e  d ire c t io n  of m agnetization  in  each case . F igure 2C re p re se n ts  

th e  co n d itio n  o f m agnetization  in  the  second quadrant of a h y s te re s is  

lo o p . When th e  ap p lied  fo rce  becomes la rg e  enough to  reduce the  mag

n e t iz a t io n  in  th e  sample to  zero , th e re  i s  no longer a re p e ll in g  fo rce  

as in  f ig u re  2D, o r an a t t r a c t in g  fo rce  as in  f ig u re  2C, bu t a  condi

t io n  of zero m agnetiza tion  e x is t s .  The f i e l d  ap p lied  in  th e  d ire c tio n  

op p o site  to  th a t  of m agnetization  which reduces th e  remanence to  zero 

i s  known as th e  coercive  fo rc e .

The procedure f in a l ly  developed fo r  determ ining th e  h y s te re s is  

loop o f hem atite  by means of a continuous and u n in te rru p ted  s e r ie s  of 

s u s c e p t ib i l i ty  measurements was q u ite  d if f e r e n t  from th e  u su a l methods 

o f f in d in g  th e  magnetic p ro p e r tie s  of m a te r ia ls . The fo llow ing s tep s  

show how th e  d a ta  were ob ta ined :

1. The b ra ss  sample tube was f i l l e d  w ith  hem atite  powder.

The powder was tamped to  give th e  same len g th  of sample in  every case .

2 . The tube  was then  suspended from th e  b ra ss  welding rod 

and th e  w eight of the  sample tube and conten ts balanced ex ac tly  by the  

use o f a t a r e .
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3 . The d i r e c t  cu rre n t power f o r  th e  magnet was then  ap p lied  

and a d ju s te d  by means o f th e  v a r ia b le  re s is ta n c e s  f o r  th e  •nimim f i e l d  

s tre n g th  to  be used.

4-. The a l te rn a t in g  cu rren t was ad ju sted  fo r  minimum v ib ra 

t io n  o f th e  spacer w ire s .

5 . The gain  in  w eight of th e  m a te r ia l in  th e  magnetic f i e l d  

was th en  found by adding w eights to  th e  pan u n t i l  a  balance was reached.

6 . W ithout in te r ru p t in g  th e  flow  of d ire c t  cu rren t even mo

m en ta rily  th e  f i e l d  s tre n g th  was in c reased  by s tep s  of about 1,000  oer

s te d s  and balance w eights fo r  each s tep  recorded  u n t i l  th e  maximum f i e ld  

s tre n g th  was reached.

7 . A fte r reach ing  th e  s tro n g e s t f i e ld ,  th e  cu rren t was de

c reased  by sm all s tep s  and weighings made in  th e  d ire c tio n  of s trong  to  

weak f i e l d s .  The magnet was not tu rn e d  o f f  from th e  tim e th e  v irg in  

curve was determ ined u n t i l  th e  He was found.

8 . A fte r  weighing in  th e  weakest f i e ld  the  cu rren t was re 

duced to  zero and th e  p o la r i ty  of th e  magnet rev ersed  by means o f a 

re v e rs in g  sw itch .

9 . The f i e l d  s tre n g th  was then  in c reased  (now in  rev erse  

d ire c t io n  to  th e  o r ig in a l  m agnetizing fo rce ) u n t i l  the  m a te ria l showed 

a zero gain  in  w eight. At th i s  p o in t U k H = 0 and, th e re fo re , th i s  

was th e  opposing f i e l d  which reduced the  remanence to  zero . By d e f i

n i t io n  th i s  i s  th e  coercive  fo rce  Hq.

10. F ie ld  s tre n g th s  were in c reased  once more and weighings 

made up to  th e  maximum f i e l d  used. Steps 7, 8 , and 9 were’ repeated
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to  o b ta in  d a ta  f o r  th e  lower s id e  of th e  h y s te re s is  loop ( th i r d ,  

fo u r th , and f i r s t  q u ad ran ts) .

L im ita tio n  of th e  p rocedure . I t  i s  in te re s t in g  to  no te  th a t  very  

few m a te r ia ls  can be analyzed m agnetica lly  in  th i s  fa sh io n . I f  th e

above 3>000 o r 4 >00Q o e rs te d s , th e  s id e  a t t r a c t io n  of th e  magnet faces  

becomes too  g re a t to  be coun terac ted  by th e  weak fo rce  of th e  v ib ra tin g  

w ire s . Also in  a  m a te r ia l w ith  a  high remanence the  tu rn in g  to rque 

o f th e  m agnetized m a te r ia l becomes q u ite  h igh  and the  sample tube must 

be r ig id ly  a tta ch e d  to  th e  rod suspended from th e  balance arm. The 

to rque  was low f o r  hem atite  and a suspension of no. 16 copper w ire  

kep t th e  tube  from tu rn in g . As th e  f i e l d  s tre n g th s  in c re ase , th e  b a l

ance p o in t becomes harder to  f in d  and, consequently , th e re  i s  about th e  

same p re c is io n  of measurement a t  high and low f i e ld s .

Computation. A d e ta i le d  c a lc u la tio n  of one value o f 4 I  i s  here

w ith  p re sen ted .

An ammeter reading  o f 2.00 amperes in d ic a te s  a f i e l d  s tre n g th  

o f 3,340  o e rs ted s  (f ig u re  4 ) .

11 . The tube was th en  emptied and th e  con ten ts  weighed

s u s c e p t ib i l i ty  becomes of th e  o rd er of 2 x  10”^ in  f i e l d  s tre n g th s

L ata :

Ammeter reading  
Gain in  w eight 
Sample weight 
Length of sample 
D ensity  of sample

2 .00  amperes
355 mg. 

7.03 g.
1
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Solving fo r  X : 
g

Xg = 2 x  le n g th  x  g a in  in  -weight
o r ig in a l  w eight of m a te r ia l x  x 1.019

s 2 x  11 .7  *  355 
7.03 x  (5340r x  1.019

X = 40 .7  x  10-6  
g

Volume s u s c e p t ib i l i ty  (k) -  X x apparent d en sity

k = 40.7  x  2.15 = 87.4

4 n  k H = 4 n  I

4 ^ I  = 12.57 x 87.4 x  5340 = 5 .88  gausses.

A h y s te re s is  loop can then  be drawn by p lo t t in g  a s e r ie s  of 

4  "frI v a lu es  a g a in s t  th e  corresponding values o f H.

Coercive f  orce values a re  ob tained  d i r e c t ly  from the  exper

im en ta l d a ta  whereas Br  values must be in te rp o la te d  from th e  h y s te re s is  

lo o p s .

R esu lts . Tables I I I  to  IX, in c lu s iv e , con tain  th e  s u s c e p t ib i l i ty  

d a ta  fo r  Cumberland hem atite ; ta b le  X th a t  fo r  C. P. F e rr ic  Oxide; XI 

to  XIV, in c lu s iv e , th e  d a ta  fo r  Michigan hem atite no. 1, and s im ila r  

m a te r ia l fo r  Michigan hem atite  no. 2 i s  shown in  ta b le  XV.

In  most cases th e  low er h a lf  of th e  h y s te re s is  loop was drawn 

by symmetry.

No p o in ts  a re  shown in  th e  second quadrant of th e  h y s te re s is  

loops f o r  the reason  th a t  i t  was found time-consuming to  ob ta in  necessary  

d a ta  fo r  such p o in ts . Such a procedure i s  p e r fe c t ly  v a lid  since  th e  Hc 

and Bp va lues a re  independent o f th e  shape of the  curve in  th e  second 

quad ran t.

Tables XVI and XVII summarize most of th e  He and Br  data  found 

in  ta b le s  I I I  to  XV, in c lu s iv e .
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Tables XVIII and XU con ta in  r e s u l t s  obtained  on th e  C urie - 

type  b a lance .

F igure  5 i s  a g rap h ica l re p re se n ta tio n  of th e  r e s u l ts  in

ta b le  I I I ,  f ig u re  6 th a t  of t a b le  IV, and f ig u re  7 th a t  of ta b le  V II.

F igure  8 p re sen ts  the  r e s u l ts  of ta b le  X II, F igure  9 shows 

change in  s u s c e p t ib i l i ty  and Hc as H changes. F igures 10 and 11 show 

g ra p h ic a lly  th e  Hc and Br  data  given in  ta b le  XVI and XVII.

The curves in  f ig u re  10 should be considered  as in d ic a tiv e

of th e  probable change o f Hc w ith  p a r t ic le  size# Such re sea rch  was

r e a l ly  n o t p e r t in e n t  to  th e  problem and th e  la b o r involved in  p repar

ing  numerous, c a re fu l ly  s iz e d  f ra c t io n s  in  o rd er to  o b ta in  abso lu te  

r e s u l t s  was no t ju s t i f ie d #

F igure  12 shows th e  change in  s u s c e p t ib i l i ty  of a hem atite  

as i t  i s  h eated  and then  cooled in  a magnetic f i e l d .  F igure 13 con

ta in s  h y s te re s is  curves befo re  and a f t e r  heating  th e  same hem atite#
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TABLE I I I

S u s c e p t i b i l i t y  d a ta  f o r  C um berland h e m a t i t e

S ize 0-5 microns
Weight 3.537 grams
Length 11.7 cm.
D ensity  1.13 gms./cm3

H : H2 2  10-6 . Gain (mg.) X x  106 : 
g .

4  m

610 .377 4 69.0 ♦60
1310 1.72 20 75.6 1 .51
2040 4.16 48 75.0 2.18
3390 11.5 131 74.0 3.56
5410 29.3 333 73.9 5.67
6910 47.8 458 63.7 6.25
8000 64 .0 603 61.2 6 .96

6910 47.8 498 67.7 6 .6 4
5410 29.3 353 78.3 6 .01
3390 H .5 193 109 5.25
2090 4.16 100 156 4.51
1310 1.72 57 215 4 .00

614 .377 23 397 3.47

Reverse

2235 0 0 0
3390 n . 5 67 37.9 1.82
5410 29.3 258 57.2 4.40
6910 4.7 .8 4-53 61.7 6.05
8000 6 4 .0 583 59.2 6.73

6910 47.8 503 67.8 6 .68
5 a o 29.3 350 78.2 5.98
3390 11.5 193 109 5.25
204.0 4.16 102 159 4.57
1310 1.72 56 210 3.95

614. .377 23 397 3.47

Reverse

2235 0 0 0
3390 11.5 65 37.5 1.78
5410 29.3 266 58.7 4.51
6910 47 .8 441 61.6 6 .01
8000 64 .O 603 61.2 6 .96
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TABLE IV

S u s c e p t i b i l i t y  d a t a  f o r  C um berland h e m a t i t e

0-5 microns 
7*307 grams 

11*7 cm.
2*30 gms./cm?

H H2 -  ~ - 6x 10

614
1310
2040
3390
5410
6910
8000

6910
5410
3390
2040
1310

614

Reverse

2235
3390
5410
6910
8000

6910
5410
3390
2040
1310

614

S ize
Weight
Length
D ensity

.377
1.72 
4.16

11.5
29.3
47.8  
64 .O

47 .8
29.3
11.5 

4.16
1.72 

.377

11.5
29.3
47.8 
64.0

47.8
29.3
11.5 

4.16 
1.72

.377

Gain (mg.)

8
40
93

261
643
983

1258

1048
733
409
207
119

49

0
140
527
910

1238

1035
720
401
205
117

48

X x 106 
g

66.3
73.0
71.4
71.4
69.1
64 .8
61.9

69.1 
78.7
112
148
218
409

38.3 
56.6  
60.0 
60.9

68.8
78.4 

108 
143 
213 
400

4 “̂ !

I .23
2.g2
4.21
7.06

10.8
12.9
14.3

13.8
12.3 
11.0

8.72
8.34
7.30

0
3.75
8.84

12.0
14.1

13.6
12.1 
10.9

8.67
8.05
7.17
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TABLE V

S u s c e p t i b i l i t y  d a ta  f o r  C um berland h e m a t i t e

S ize
Weight
Length
D ensity

5-10  microns 
4*.063 grains 

11*7 cm*
1*28 gms./cm^

H : H2 x  10~6 : Gain (mg.) xg x  106 4 IT I

614 ♦377 21 365 3.11
1310 1.72 184 286 6 .03
20A0 4 .16 168 229 7.51
3390 11.5 393 193 10.5
54-10 29.3 792 153 13.2
6910 47.8 1141 135 15 .0
8000 6 4 .O 1417 125 1 6 .1

6910 47.8 1202 143 15.9
5410 29.3 847 169 14.3
3390 11.5 453 223 12 .1
2040 4.16 231 314 10.3
1310 1.72 132 434 9 .2

614 .377 45 683 6 .7

Reverse

580 0 0 0
1310 1.72 43 142 3 .00
2040 4.16 124 169 5.53
3390 11.5 33S 166 9.03
5410 29.3 707 136 1 1 .8
6910 47.8 1037 123 13.6
8000 64 .O 1347 119 15.3

6910 47.8 1142 135 15.0
5410 29.3 797 154 13.4
3390 11.5 43 4- 204 11 .1
2040 4 .16 221 300 9.84
1310 1.72 124 408 8.60

614 .377 40 616 6.08

Reverse

580 0 0 0
1310 1.72 60 197 4.15
2040 4.16 138 188 6.18
3390 11.5 364 179 9.76
5410 29.3 775 149 13.0
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S u s c e p t ib i l i ty  d a ta  fo r  Cumberland hem atite

S ize  10-20 microns
h e ig h t S .751 grams
Length
D ensity

11.7
2.76

cm,
gms./cm^

H : H2 x  10-6 ; Gain (mg.) : Xg x 10^ 4 TTI

614 .377 13 90.6 1.93
1310 1.72 65 99.4 4.51
2040 4.16 143 88.0 6.21
1310 1.72 71 108 4.92

614 .377 22 153 3.26
Reverse

200 0 0 0
614 .377 11 80.1 1.70

1310 1.72 55 84.0 3.80
2040 4.16 136 85.9 6.08
Reverse
3390 11.5 360 82.3 9.72
5 410 29.3 903 81.0 15.2
3390 11.5 469 107 12.6
2040 4.16 234 148 10.5
1310 1.72 124 189 8.67

614 .377 42 293 6.22
Reverse
1250 0 0 0
2040 4.16 87 55.0 3.94
3390 11.5 351 80.2 9.40
5410 29.3 909 81.5 15.3
Reverse
6910 47.8 1469 80.8 19.4
8000 64.0 1829 75.1 20.8
6910 47.8 1484 81.7 19.5
5410 29.3 1029 92.3 18.7
3390 11.5 526 120 14.1
2040 4.16 263 166 11.7
1310 1.72 149 228 10.3

614 .377 55 383 8.11
Reverse
I 63O 0 0 0
2040 4.16 64 40.4 2.84
3390 11.5 283 64.7 7.62
5410 29.3 830 74.4 13.9
6910 47.8 1369 75.3 18.0
8000 64.0 1799 73.9 20,5
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TABLE V II

S u s c e p t i b i l i t y  d a ta  f o r  C um berland h e m a t i t e

Size
Weight
Length
D ensity

20-40
9.929

11.7
3.13

microns
grams
cm.
gms./cm^

H : H2 x 10“°  : Gain (mg) Xg x 106 4 I

614 .377 13 81.2 1.96
1310 1 .72 66 88.8 4 .58
2040 4.16 154 85.5 6.85
3390 H .5 434 87.4 H .6
5410 29.3 1066 84.5 18.0
6910 47 .8 1556 75.4 20.5
8000 6 4 .O 1991 72.0 22.6

6910 47.8 1611 78.1 21.2
5410 29.3 1131 89.4 19.0
3390 11.5 595 120 16.2
2040 4.16 308 171 13.7
1310 1.72 171 230 11.8

614 .377 64 393 9.5

Reverse
1560 0 0 0
2040 4.16 48 26.7 2.14
3390 11.5 307 61.8 8.22
5410 29.3 951 75.1 1 6 .0
6910 4B.7 1411 6 8 .4 18.6
8000 64*0 1881 68.0 , 21.4

6910 48.7 1501 72.8 19.8
5410 29.3 1101 87.0 18.5
3390 11.5 566 114 15.2
2040 4.16 288 161 12.9
1310 1.72 161 217 11.2

614 .377 61 375 9.05

Reverse
1560 0 0 0
2040 4.16 73 40.6 3.26
3390 11.5 358 72.1 9.60
5410 29.3 988 78.1 1 6 .6
6910 48.7 1 5 a 74.7 20.3
8000 64 .O 1991 72.0 22.6
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TABLE V I I I

S u s c e p t i b i l i t y  d a ta  f o r  C um berland h e m a t i t e

Size 40-74 microns
Weight 11.191 grams
Length 11 .7  cm. ~
D ensity  3.52 gms./cm

H : H2
-6x 10 : Gain (mg.) Xg x 106 • 4 TTI

•
•

644 .415 12 59.4 3.54
1330 1.76 53 61.8 3 .6 4
2050 4.20 139 68.1 6.17
3440 11.8 420 73.2 11.1
5320 28.3 1095 79.4 18.7
6940 48.2 1699 72.6 22.3
7920 62.7 2103 68.8 24.1

6940 48.2 1790 76.4 23.4
5320 28.3 1253 91.0 21.4
3440 11.8 651 113 17.2
2050 4.20 330 161 14.6
1330 1.76 190 218 12.8

644 .415 76 363 10.3

Reverse

1300 0 0 0
2050 4.20 39 19.1 2.74
3440 11.8 347 60.4 9.20
5320 28.3 984 71.5 16.8
6940 48.2 1539 68.5 21.0
7920 62.7 2019 66.2 23.2

6940 48.2 1619 69.0 21.2
5320 28.3 1174 85.2 20.0
3440 11 .8 633 110 16.8
2050 4.20 309 151 13.1
1330 1.76 175 203 11.9

644 .415 69 341 9.72

Reverse

1300 0 0 0
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TABLE I I

S u s c e p t ib i l i ty  d a ta  fo r  Cumberland hem atite  

S ize  591-1652 microns
Weight
Length
D ensity

11.553 
11.7 
■ 3 .64

grams
cm.
gms./cm^

H : W1 x  10-6  *: Gain (mg.) x  106
g

4 t t i

644 .415 12 57.5 1.68
2090 4 .37 120 54.8 5.24
5120 29*3 977 66 .2 16.4
8170 66.9 2017 60 .0 22.4

5420 29*3 1115 75.6 18.7
2090 4.37 323 147 12.7

644- .415 73 350 10.3

Reverse

1200 0 0 0
3440 1 1 .8 217 3 6 .6 5.82
5420 29.3 801 54.4 13.7
8170 66.9 1967 58.4 21.7

5420 29.3 1007 68.3 16.9
3440 1 1 .8 513 86.3 13.5
2090 4 .37 274 125 1 0 .8

644 .415 72 341 10.4

Reverse
1200 0 0 0
3440 1 1 .8 307 52 .8 8.33
5420 29.3 907 61.4 15.7
8170 66.9 1977 59.0 22.3
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TABLE X

S u s c e p t i b i l i t y  d a t a  f o r  C . P .  f e r r i c  o x id e

P re c ip i ta te d  Fe203 
Weight 3*096 grams
Length 11.7  cm.
D ensity  .975 gms./cm^

H H2 x  10*"6 Gain (mg.) x 106

357 .127 1 58.5 .256
984 .968 10 76.0 .917

1670 2 .SO 30 79.4 1.63
2425 5 .88 64 80.9 2.41
3210 10.3 110 79.3 3.12
5220 27.3 274 74.7 4.78
6385 4 0 . 8 364 66.7 5 .22
6952 48.3 424 65.2 5.5  6
7500 56.3 489 64.5 5.93
8150 66 .4 534 59.7 5.96
8794 77.3 615 62 .0 6 .6 8
9484 89.9 705 58.3 6 .78
8880 78.6 639 6O.4 6.67
8110 6 5 .8 555 62.7 6.23
7630 58 .2 515 65.7 6.15
7080 5 0 .1 458 67.9 5.39
6510 42 .4 406 71.2 5 .68
5270 27 .8 317 84.7 5.47
3490 1 2 .2 174 129 5.52
2690 7.24 120 123 4 .06
1940 3.76 78 154 3 .66
1270 1 .6 1 46 212 3.30

525 .276 17 458 2.95

Reverse

2010 0 0 0
2380 5 .66 27 35.4 1.03
3320 11 .0 80 54.0 2.19
5500 30.3 264 64 .8 4.50
6410 i 337 60.9 4.79
7130 5 0 .8 408 59.6 5.21
7740 59*9 483 59.9 5 .68
8210 67.4 517 56.6 5.70
8950 80.1 624 57.9 6.35
9480 89.9 705 58.3 6.78



TABLE XI

S u s c e p t ib i l i ty  and H d a ta  fo r  Michigan hem atite  no. 1
v

Size 0-5 microns
Weight 7.03 grams
Length 11.7  cm.
D ensity  2.15 gms./cm?

H : H2 x  10"6 . Gain (mg.) : Xg x  106 : 4 tt I

575 .330 5 49.5 .770
910 *825 13 51.5 1 .23

1230 1 .52 25 53.8 1.79
2990 8.97 127 46.3 3.75
4150 17.2 227 43.2 4.85
5340 28.5 355 40.7 5.88
6550 4 2 .8 510 38.9 6.92
7120 51.4 615 34.2 7.65
8670 75.0 850 37.0 8.70
9880 97.5 1070 35.9 9.62
8680 75.1 880 38.3 9.05
7260 52.8 700 43.3 8.55
6580 43.2 610 45.5 8.13
5560 30 .8 475 5 0 .3 7.53
4320 18.6 355 62.3 7.28
3200 10.2 207 66.5 5.77
2310 5.33 138 84.5 5.28
1610 2.59 87 110 4.80

910 .825 42 167 3.95

Reverse

2340 0 0 0
2990 8.97 38 13.9 1.13
4150 17.2 142 27.0 3.03
5340 28.5 345 29.4 5.72
6500 42 .2 470 33.4 6.42
7180 51.4 56 5 36.0 7.04
8670 75.0 830 36.0 8.50
9810 96.1 1060 36.2 9.68
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TABLE X II

S u s c e p t i . b i l i t y  and. H d a ta  f o r  M ic h ig a n  h e m a t i t e  no* 1c
S ize 4-0 + 100 mesh
Weight 10*8 grams
Length 11.7  cm. 3
D ensity  2 .91  gms./cm

H : H2 x 10-6 Gain (mg.) ! Xg x 106 : 4 TTI

575 .330 11 72.8 1.70
1230 1.52 55 76.9 3.46
1960 3.85 144 79.5 5.72
2990 8.97 326 77.5 8.45
4150 17.2 625 77.4 11.75
5340 28.5 940 70.7 13.8
6550 4 2 .8 1235 61.4 14.7
7180 51.4 1440 59.7 15.7
8670 75.0 1890 53.7 17.0
9850 96.9 2300 50.6 18.3
8680 75.1 1990 56.4 17.9
7260 52.8 1565 63.2 16.7
6580 43.2 1360 67.1 16.1
5560 3 0 .8 1085 75.0 15.2
4320 18.6 835 95.6 15.1
3200 10.2 583 122 14.3
2310 5.33 380 152 12.8
1610 2.59 253 208 12.3

910 .825 122 315 10.5

Reverse
2340 0 0 0
2990 8.97 108 25.7 2.81
4150 17.2 380 47.0 7.15
5340 28.5 705 52.6 10.3
6550 4 2 .8 1140 56.7 13.6
7180 51.4 1420 59.0 15.6
8670 75.0 1850 52.6 16.6
9850 96.9 2300 50.6 18.3



TABLE X I I I

S u s c e p t i b i l i t y  an d  Hc  d a ta  f o r  M ic h ig a n  h e m a t i t e  n o .  1

Weight 25.4- grams
Size 3/ 8” x 3/8" x  4"
D ensity  5 .2  gms. /cm?

H : H2 —6x  10 Gain (mgi x  10^ T 788 x ea ln
1 g 
•

: 4TTI

720 .518 28 42.6 2.00
1360 1.85 150 6 3 .8 5.68
2140 4.58 405 69.5 9.75
3110 9.67 850 69.3 14.1
4340' 18 .8 1880 78.2 22.2
5500 30 .2 2820 73.5 26.4
7470 55.7 4620 65.5 32 .0
8320 68.0 5950 68.9 37.5
9920 98.2 7500 60.3 39.2
S340 69.3 6070 69.2 37.7
7480 55.8 4930 69.7 34.1
5730 32.7 3470 83.5 30.2
4380 19.2 2490 102 29 .2
3390 11.4 1785 123 27.3
23S0 5.67 1170 163 ' 25.3
1640 2.68 784 232 24 .8
900 .81 407 396 23.3

Reverse

2400 0 0 0
4310 18.5 1700 71.3 20.4
5300 30 .2 2670 70.0 24 .8
7470 55.7 4430 64.3 31.7
8320 68.0 5860 64.6 36 .8
9920 98.2 7500 6O.3 39.2
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TABLE XIV

S u s c e p t i b i l i t y  a n d  Hc  d a ta  f o r  M ic h ig a n  h e m a t i t e  n o ,  1

S ize  3/ 8” x  3/8" x A"
Weight 29,3 grams
D ensity  5 • 2 gms. / cm-*

H : Gain (mg,) : Hc

*

: X x 106
g 4 TTI

650 25 320 43.7 1.86
990 59 460 49.8 3.22

1150 83 490 51.7 3.89
1310 120 630 57.8 4.95
1520 182 680 64.3 6.39
1680 238 850 69.7 7.67
1860 323 900 72.3 7.80
2000 365 990 75.3 9.89
2360 516 1120 76.4 1 1 .8
2600 790 1540
3040 910 1480 81.8 16.3
3400 1180 1700 84.6 18.8
36OO 1330 1800 84.6 19.9
4080 1620 1860 80.0 21.3
4330 1745 1920 76.7 21.7
4560 1850 I960 73.5 21.9
4750 2020 1980 72.8 22.6
5470 2620 2040 72.2 25.8
66A0 3830 2320 71.9 31.1
7530 4900 2320 71.5 35.2
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TABLE XV

S u s c e p t i b i l i t y  an d  Hc  d a ta  f o r  M ic h ig a n  h e m a t i t e  n o ,  2

Size -200 mesh
Weight 9,40 grams
Length 11 .7  cm. ~
D ensity  2 .54 gm s./cnr

H : H2 x X T 6 Gain (mg.)
*

: Xg x  106 : 4TT I

575 .33 0 44 326 6.0
1230 1.52 196 316 12.4
I960 3.85 295 315 21.0
2990 8.97 619 303 29.0
4150 17.2 990 141 18.7
5340 28.5 1460 125 21.4
6430 41.3 1950 116 23.8
7180 51.4 2270 108 24.8
8670 75.0 3080 101 28.0
9800 96.0 3605 92 28.8
8680 75.1 3130 102 28.3
7260 52.8 2510 116 26.9
6500 42.2 2160 125 26.0
5560 3 0 .8 1770 141 25.1
4320 18.6 1230 162 22.4
3200 10.9 890 212 21.9
2310 5.33 570 262 19.4
1610 2.59 360 341 17.6

910 .825 163 479 14.0

Reverse

I960 3.85 98 62 3.90
2990 8.97 304 83 10.6
4150 17.2 755 108 14.4
5340 28.5 1380 119 20.3
636O 40.5 1780 108 22.0
7180 51.4 2100 100 22.9
8670 75.0 3010 98 27.1
9820 96.3 3530 91 28.5



TABLE XVI

V a ria tio n  o f  coercive fo rce  w ith  g ra in  s iz e  
m agnetized in  f i e ld s  of 8,000  to  9,000  o e rs ted s

Cumberland hem atite

Grain s iz e ,  
microns

0 - 5

5 - 1 0

10  -  20

20 -  40

40 -  74

74 -  592

592 -  1650

Hc>
o ers ted s

2240

580

1630

1560

1300

1225

1200

M ichigan hem atite  no. 1 

S ize 

0 - 5  microns 

-40  +100 mesh 

-200  mesh

S o lid  block

2340

2340

2340

2400

M ichigan hem atite  no. 2 

S ize  

-200  mesh

-40  + 100 

-28 + 100

h
1400

1140

1140

c . P . f e r r i c  oxide 

S ize

P r e c ip ita te d

He

2010
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V a ria tio n  of remanence w ith  packing d e n sity . 
Cumberland hem atite  m agnetized in  f ie ld s  of 

approxim ately 8,000 o ers ted s

Packing d e n s i ty , : 
gnn/cm.3 :

Bp,
gauss

Grain s iz e , 
m icrons

1.13 2.1 0 - 5

1.28 4.0 5 - 1 0

2.30 5*8 0 - 5

2.76 6.5 10 -  20

3.13 7.3 ?o 0 1 £

3.52 8.0 40 -  74

3.64 8.0 592 -  1650
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TABLE X V III

Themomagnetic d a ta  fo r  Cumberland hem atite  
0 - 5  microns

•

Temp* : 
° C. :

Balance c u rre n t, : 
m illianrperes :

X x 106 
g

18 47
100 47
200 48
300 49
410 50
500 53
555 53
590 47
660 39
693 27
720 27 22

695 27
682 36
668 41
615 48
555 50
510 50 45
420 50
300 50
100 50

18 50
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TABLE XIX

Thermomagnetic d a ta  fo r  Cumberland hem atite  
0 - 5  microns

O rig in a l loop : A fte r cooling in  magnetic
H in  : Balance : f i e l d  from Curie p o in t

o e rs ted s  : cu rre n t______ :H in  o e rs ted s  : Balance cu rren t

1600 9 1600 20
2350 15 2350 24
3100 21 3100 29
3850 27 3850 34
4640 31 4640 38
5270 34 5270 43
5840 40 6320 48
6320
7020 47
7900 54
8360 57
8920 60
7900 55
5840 44
4640 36
3100 28
1600 16
Reverse Reverse
2350 3 3850 10
3100 9 4640 18
4640 23 5270 24
5840 34 5840 31
7020 45 7020 43
7900 52

608920 60 8920
7900 55 6320 48
5840 44 5270 43
4640 36 4640 38
3100 28 3850 34
1600 16 3100 29
Reverse 2350 24
2350 4 1600 20
3100 9 Reverse

104640 23 3850
5840 34 4640 18
7020 45 5270 24
7900
8920

52
60

5840
7020
8920

31
43
60
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co
UJ
CO
CO

Size, 0 - 5  microns 
Density, 1.13 grams 
per cubic centimeters

4,0008,000 4,0000
H IN OERSTEDS

8,000

F i g u r e  S  . — S u s c e p t i b i l i t y  d a t a  f o r  t h e  C u m b e r l a n d  h e m a t i t e ,  s i z e  0 - 5  m i c r o n s ,  

d e n s i  t y  1 . 1 3 .
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Size, 0 - 5  microns 
Density, 2.30 grams 
per cubic centimeters

8,000 4,000 0 4,000 8,000 ^
H IN OERSTEDS ^

F i g u r e  6 . — S u s c e p t i b i l i t y  d a t a  f o r  t h e  C u m b e r l a n d  h e m a t i t e  s i z e  0 - 5  m i c r o n s ,  

d e n s i  t y  2 . 3 0 .
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DISCUSSION OF RESULTS 

S u s c e p t ib i l i ty . The ferrom agnetic  n a tu re  of hem atite  may be 

deduced from th e  shape o f th e  s u s c e p t ib i l i ty  v s . f i e l d  s tre n g th  curves* 

Most o f  the  pure hem atite  f ra c tio n s  used had a range of s u s c e p t ib i l i ty  

va lu es  o f Xg = 40 to  100 x  10”^ , w hile some of th e  m agnetica lly  con

tam inated  hem atites  showed s u s c e p t ib i l i ty  values as high as 300 x  10—6

in  f i e ld s  below 2,000 o e rs te d s . Most of the  Xg values are  from 40 to  
—660 x  10 in  th e  low er f i e ld s  and th e se  agree s u b s ta n tia l ly  w ith  th e  

r e s u l t s  o f o th e r in v e s t ig a to r s .  Most workers in  th i s  f i e ld  have tended 

to  reg a rd  hem atite  as p a ram ag n e tic^  and th e re fo re  u su a lly  only one 

s u s c e p t ib i l i ty  value p e r  sample i s  quoted in  th e  l i t e r a t u r e .  This s in g le  

va lue  was computed from measurements a t  com paratively low f ie ld s  o f 400 

to  700 o e rs ted s  and hence provides only  a rough check on th e  su sc e p ti

b i l i t y  values determ ined In  th i s  in v e s t ig a tio n . The data  in  ta b le s  I I I  

to  X7I in d ic a te  th a t  th e  maximum s u s c e p t ib i l i ty  of pure hem atite  occurs 

in  f i e ld s  ranging from 1,500  to  3,500 o e rs ted s , w ith  a p ro b a b ili ty  th a t  

th e  h igher f ig u re  i s  more n e a rly  c o rre c t as th e  fo llow ing considera tions

show. According to  G ottschalk‘d  th e  maximum s u s c e p t ib i l i ty  of m agnetite
45i s  a t ta in e d  in  f i e ld s  le s s  than  13 o e rs te d s , w hile D avis1 r e s u l ts  show 

th a t  th e  maximum s u s c e p t ib i l i ty  fo r  gamma hem atite i s  found in  f ie ld s  

le s s  th an  6 o e rs te d s . The presence of e i th e r  Fe304 o r gamma Fe203 in

^  A param agnetic substance i s  one whose s u s c e p t ib i l i ty  does not 
change w ith  f i e l d  s tre n g th .

44 See fo o tn o te  25d.

^  C. W. D avis. Magnetic P ro p e r tie s  of M inerals and Their Sig
n if ic a n c e . Report of In v e s tig a tio n s  3268, Bureau of Mines, p . 93*
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a hem atite  would te n d  to  make th e  maximum occur a t  lower f ie ld s  and 

would s h i f t  th e  upper curve in  f ig u re  9 to  th e  l e f t .  That t h i s  f a c t  

o f f e r s  a  means of determ ining magnetic im p u ritie s  in  sm all amounts 

i s  w e ll shown in  th e  r e s u l t s  in  ta b le  XV. The s u s c e p t ib i l i t i e s  de

term ined  f o r  t h i s  hem atite  a re  a l l  h igh and, as might be expected, 

th e  maximum p e rm eab ility  occurs a t  a  low f i e l d  s tre n g th  somewhere be

low 600 o e rs te d s , in d ic a tin g  th e  presence of Fe304 or gamma hem atite 

in  ap p rec iab le  amounts. Although th i s  method o f determ ination of 

magnetic im p u ritie s  could undoubtedly be worked out in  g re a te r  d e ta i l ,  

i t  i s  u n fo rtu n a te  th a t  i t  does no t d i f f e r e n t ia te  between amounts of 

th e  d i f f e r e n t  m agnetic c o n s ti tu e n ts . In  e f fe c t  Benard advocates th is  

same p r in c ip le  to  show th e  presence of Fe304 in  F e O .^

I t  i s  th e re fo re  q u ite  probable th a t  pure hem atite  has a 

maximum s u s c e p t ib i l i ty  in  th e  neighborhood of 3*500 o ers ted s  and th a t  

sm all amounts o f magnetic im p u ritie s  ra p id ly  s h i f t  th i s  maximum to  

lower- f i e l d s .  The peak in  s u s c e p t ib i l i ty  a t  such high f ie ld s  shows 

hem atite  to  be ferrom agnetic  because o th e r p o ss ib le  magnetic impur

i t i e s  have long s in ce  passed th e i r  p o in ts  o f maximum in te n s i ty  of 

m agnetiza tion .
rn

C hevalier and Mathew have in v e s tig a te d  th e  v a r ia t io n  of 

s u s c e p t ib i l i ty  w ith  g ra in  s iz e  and found th a t  as th e  g ra in  s iz e  de

c re a se s , th e  s u s c e p t ib i l i ty  decreases* At 500 microns t h e i r  hem atites

^  Jacques Benard. Etude de l a  Decomposition du Protoxyde de 
Fer e t des ses S o lu tion  S o lid es . Annales de Chunie, 12, 1939* p . 19.

47 Raymond C hevalier and I d le .  Suzanne Mathew. V aria tio n  of 
th e  Magnetic S u s c e p tib i l i ty  of Hematite Powders as a Function of the  
S ize of th e  G rains. C. R. 204, 1937, pp. S54-856.
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had a susc e p t i b i l i t y  o f 4-00 x  10 and n ea r 0 micron about 30 x 10”° .

Even excluding experim ental e r ro r ,  th e  s u s c e p t ib i l i t ie s  of the  var

io u s  Cumberland hem atites  shown in  ta b le s  I I I  to  X in d ic a te  no such 

v a r ia t io n .  There a re  two p o s s ib i l i t i e s  th a t  might account fo r  th i s  

d iscrepancy : ( l )  C hevalier may have used a  very  impure hem atite , as

in d ic a te d  by high  i n i t i a l  s u s c e p t ib i l i t i e s ,  o r (2) th e  work may have 

been perform ed a t  such low f i e l d  s t r e n g th s ,  say 4.00 to  600 o e rs ted s , 

th a t  th e  v a r ia t io n s  would not be ap p rec iab le  In  the  f ie ld s  used in  

t h i s  work. N e ith er o f th e se  exp lanations i s  very  probable and th e  

whole problem may be summed up in  C h ev a lie r’s words:

L’o rig in e  de c e t te  d im inution de s u s c e p t ib i l i te  
avec l a  t a i l l e  des g ra in s  r e s te  inconnue.

H y ste res is  lo o p s . The h y s te re s is  loops fo r  hem atite  a re  unique

and probably  w ithou t p a r a l le l  in  ferrom agnetism—a t l e a s t  as f a r  as

th e  p re sen t knowledge of the  w r i te r  i s  concerned. These curves were

p lo t te d  a s  H v s . 4 ft I  because a B-H p lo t would be m eaningless. The

4. IT I  term  i s  so sm all compared to  H th a t  a B—II curve would be p ra c t ic a l ly

a s t r a ig h t  l in e  in c lin e d  a t  45° passing  through the  o r ig in . Had th e  same

sca le  been used fo r  both  H and 4 I? bhe cruve would have alm ost co in -

w ith  th e  H a x is . The sca le s  were chosen to  b rin g  out th e  h y s te re s is

phenomena most c le a r ly .  In  p lo t t in g  h y s te re s is  curves fo r  th e  o rd inary

ferrom agnetic  substances H i s  sm all compared w ith  4 77 I  and g en era lly

can be n eg lec ted . The values of 4 H I  and E fo r  hem atite  a re  almostc
opposite  in  magnitude to  those  of m e ta llic  ferrom agnetics fo r  which the  

re s id u a l magnetism may be sev e ra l thousand gausses when magnetized in  

f i e ld s  of le s s  than  15 o e rs ted s .
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The nri.de d iffe ren c e  in  sca le s  used f o r  4 7T I  and H make 

i t  somewhat d i f f i c u l t  to  a s c e r ta in  whether hem atite  i s  approaching 

s a tu ra t io n  in  f i e ld s  of 8,000 to  10,000 o e rs te d s . An a n a ly s is  of 

th e  coercive  fo rc e s , however, in d ic a te s  th a t  a t  th e se  f i e ld  s tren g th s  

th e  hem atite  was near s a tu ra t io n . The ex isten ce  of a ferrom agnetic 

substance having th e  com bination of a coercive fo rce  of 1,100 to  2,400 

o e rs ted s  w ith  th e  very  low remanence of 3 to  12 gausses suggests the 

d e s i r a b i l i ty  of a more p re c ise  d e f in i t io n  o f ferrom agnetism . The u sual 

trea tm en t of ferrom agnetism  almost in v a r ia b ly  emphasizes the  h igher 

degree o f m agnetic e f f e c t  as compared w ith  paramagnetism. But th e  

s u s c e p t ib i l i ty  o f hem atite  i s  no t unusually  high since  a few substances 

o f mass s u s c e p t ib i l i ty  as high as 300 x  10“^ a re  known, so th a t  in  the  

p re sen t in s ta n c e  we a re  dealing  w ith  a  ferrom agnetic  in  the  range of 

s u s c e p t ib i l i ty  va lues u su a lly  assigned  to  param agnetics. A d e f in i t io n  

o f ferrom agnetism  th a t  would include hem atite  and a t  th e  same tim e would 

d esc rib e  th e  s a l ie n t  c h a r a c te r is t ic s  of th e  commoner ferrom agnetic  sub

s tan ces  should be based on th e  f a c t  th a t  only ferrom agnetic substances 

e x h ib it  th e  phenomena of re s id u a l magnetism and coercive fo rc e ; th a t  i s ,  

a  ferrom agnetic  substance i s  one th a t  re ta in s  some re s id u a l magnetism 

a f t e r  th e  m agnetizing fo rce  i s  removed and th a t  req u ire s  a d e f in i te  co

e rc iv e  fo rce  to  reduce th i s  re s id u a l magnetism to  zero . This d e f in it io n

would in c lu d e  weakly ferrom agnetic  m a te ria l l ik e  hem atite  o r c e r ta in  
48

Cu-Iin a l lo y s .

^  Some Cu-Mn a llo y s  s tu d ied  by th e  au thor showed a range in  Xg 
ranging from 10 x 10“^ to  200 x  10“ in  f ie ld s  from 3OO to  2,000 o e rs ted s . 
The Xg v s , H curve shows such a llo y s  to  be ferrom agnetic .
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The a re a  o f th e  h y s te re s is  loop i s  la rg e ly  c o n tro lle d  by the  

packing d en sity  as shown in  f ig u re s  5 and 6, is/here th e  d en sity  was th e  

on ly  v a r ia b le .

Remanence. The va lues of re s id u a l magnetism obtained  fo r  hem atite 

on m agnetizing in  f i e ld s  o f 8000 to  10000 o e rs ted s  vary  from 2 to  12 

gausses. This extrem ely low remanence in d ic a te s  th e  d i f f i c u l ty  o f de

term in ing  th e  m agnetic p ro p e r tie s  o f hem atite , and exp lain s s u f f ic ie n t ly  

th e  incom plete s ta t e  of our p resen t knowledge of th e  ferrom agnetic  na

tu re  of h em atite . The u su a l magnetic measurements a re  not very accu ra te  

when th e  p e rm eab ility  i s  le s s  th an  1 .1  and th e  magnetometer i s  not very 

u se fu l a t  p e rm e a b ilit ie s  le s s  th an  1.003. A ro ta t in g  c o i l  method might 

have been used to  measure th i s  remanence but an instrum ent d e lic a te  

enough to  r e g i s t e r  such low values of in te n s i ty  of m agnetization could 

not be used in  f i e ld s  o f th e  o rder of 1100 to  2400 o e rsteds needed to  

reduce th e  m agnetization  to  zero .

F igure 11 shows th a t  th e  remanence i s  a d ire c t  fu n c tio n  of 

th e  packing d e n s ity , bearing  out th e  w e ll known f a c t  th a t  th e  volume 

s u s c e p t ib i l i ty  k = mas6 s u s c e p t ib i l i ty ,  Xg, x apparent d en sity  o f ma

t e r i a l  t e s t e d .  S lig h t dev ia tio n s  a re  due to  im p u ritie s  and e rro rs  

in  in te rp o la t io n  o f th e  p o in t where th e  h y s te re s is  curve crosses th e

4. TTI a x is .

This low remanence i s  ano ther in d ic a tio n  th a t  although hema

t i t e  i s  fe rrom agnetic , th e  d iffe ren ces  in  s u s c e p t ib i l i ty  fo r  sm all 

in c re a se s  in  m agnetization  a re  so sm all th a t  hem atite could e a s i ly  be 

m istaken f o r  a  param agnetic. Small as i t  i s ,  th e  ex isten ce  o f rema

nence i s  in d isp u ta b le  p roof of th e  ferrom agnetic n a tu re  of hem atite .
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The e f fe c t  of tim e on th e  remanence values was not s tu d ied  

beyond a few q u a l i ta t iv e  t e s t s  which showed th a t  th e  blocks of hema

t i t e  s t i l l  r e ta in e d  abou t 90 percen t o f th e i r  remanent magnetism a f te r  

two m onths' time*

Coercive fo r c e * The values of coercive  fo rce  found a re  the  h igh

e s t  known in  any n a tu ra l  m inera l and, in  f a c t ,  th e  h igher value of 

2,400  o e rs ted s  i s  o f th e  same order as found only  in  th e  very  b e s t of 

th e  r e c e n tly  d iscovered  permanent magnets.

The v a r ia t io n  o f coercive  fo rce  w ith  s iz e  of p a r t ic le s  in  

powders cannot be exp lained  s a t i s f a c to r i ly  by th e  p resen t th e o rie s  of 

magnetism. Table XVI shows th a t  fo r  Cumberland hem atite th e re  i s  a 

change of coercive  fo rce  w ith  g ra in  s iz e  and th e  r e s u l ts  a re  p lo tte d  

in  f ig u re  10* This curve shows th a t  th e  coercive fo rce  slowly in c reases  

w ith  in c re as in g  su rface  u n t i l  a  g ra in  s iz e  of approxim ately 50 microns 

i s  reached* There i s  then  a ra p id  in c rease  in  Hc fo r  a sm all in c rease  

in  a re a  and a f t e r  th a t  a gradual in c rease  as the  g ra in  s iz e  becomes 

extrem ely sm all.

Because of the  sm all amount of resea rch  done on m ineral physics

our knowledge of th e  magnetic p ro p e rtie s  of m inerals i s  ra th e r  meager

and o f fe rs  l i t t l e  opportun ity  fo r  comparison or c o r re la tio n  of such
49phenomena. G ottschalk  has shown th a t  th e re  i s  a  s t r a ig h t - l in e  r e la t io n 

sh ip  between Hc and g ra in  s iz e  fo r  m agnetite and th i s  p r in c ip le  has been 

used in  re sea rch  fo r  de term ination  o f su rface  produced by g rind ing .-50

^  See fo o tn o te  25d.

-50 Fred DeVaney and W ill H. C o g h ill. Use o f th e  Coercim eter in  
Grinding T e s ts . A.I.M.M.E. Tech. Paper 862, 1938.
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T h ere  i s  n o  su c h  l i n e a r  r e l a t i o n s h i p  f o r  C um berland h e m a t i t e .  One

p o in t of i n te r e s t  i s  th a t  th e  g re a te s t  change of H tak es  p lace  a t  aboutc
5150 m icrons, which i s  th e  same s iz e  a t  which C hevalier n o tic ed  th e  

g re a te s t  change in  s u s c e p t ib i l i ty  w ith  g ra in  s iz e .  In  th e  lim ite d  

number of t e s t s  made on o th er h em atites , Michigan no. 2 in d ic a te s  the  

same tre n d  as  Cumberland h em atite , as shown in  ta b le  XVI, but i t  was 

no t s iz e d  f in e  enough to  f in d  out th e  exact re la t io n s h ip . The C.P. 

f e r r i c  oxide has a  h igh  He, as one might expect since  the  g ra in  s iz e  

i s  o f alm ost m olecular dim ensions. The su rp ris in g  p a r t  o f th is  work 

i s  th a t  Michigan hem atite  no. 1 showed no in d ic a tio n  of change in  co

e rc iv e  fo rce  over a g ra in  s iz e  range from 0-5 microns to  p ieces of ore 

3 /8 ” square . The q u estion  n a tu ra l ly  a r is e s  then  as to  what c o n s ti tu te s  

•'magnetic su rfa ce ” . I t  would appear th a t  th e re  i s  some lim it in g  c ry s ta l  

s iz e  of m inera l th a t  i s  a sso c ia te d  w ith  normal magnetic p ro p e r tie s .

"When th e  c ry s ta l  i s  reduced to  a powder, new su rface  i s  exposed w ith  

a change of magnetic p ro p e r tie s . This might be lik en ed  to  su rface  te n 

s io n  in  l iq u id s  which i s  caused by an unbalancing of fo rces  a t  the  su r

fa c e  of th e  l iq u id .  I f  th e  l iq u id  i s  spread over a  la rg e r  a rea , th e  

f r e e  energy in  th e  system i s  increased  and a la rg e r  fo rce  a c ts  over the  

t o t a l  su rfa c e . In  m inerals th e  in c rease  in  f r e e  energy (crushing and 

g rind ing) produces new su rface  down to  some u n it  magnetic c r y s ta l .  Tdien 

th i s  c r y s ta l  i s  broken in to  powder form, the  surface ten sio n  or coercive 

fo rce  in c re a se s  because more f re e  energy lias been added to  the system 

to  make up fo r  the  unbalancing of magnetic moments a t  th e  su rfa ce . The

51 See fo o tn o te  4-7.
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remanent magnetism i s  more t i g h t ly  h e ld , and th e re fo re  re q u ire s  a 

g re a te r  coercive  fo rce  to  reduce i t  to  zero . This theory  would in d i

c a te  th a t  th e  u n it  m agnetic c r y s ta l  in  Michigan hem atite  no. 1 must 

be le s s  th an  1 micron and th a t  th e  specimen i s  extrem ely p o ly c ry s ta l

l i n e .  Time d id  no t allow  an X-ray exam ination of th ese  hem atites to  

a s c e r ta in  d if fe re n c e  in  c r y s ta l  s tru c tu re  but some such re la tio n s h ip  

probably  e x is ts  because th e re  i s  a p a r a l le l  case in  th e  manufacture of 

permanent m agnets. The magnetic m a te ria ls  a re  mixed fo r  the  magnets 

and then  given a proper h ea t trea tm en t to  produce a magnet w ith  c e r ta in  

rem anence-coercive fo rce  c h a r a c te r is t ic s .  This h ea t trea tm en t i s  prob

ab ly  a d isp e rs io n  o f c e r ta in  m a te ria ls  in  th e  a llo y  to  vary the  "mag

n e t ic  su rfa c e " .

Curve b in  f ig u re  9 rep re sen ts  an attem pt to  f in d  th e  Hc of 

hem atite  a t  s a tu ra t io n  by means o f E ennelly ’s law. This law i s  a r e 

statem ent o f F ro h lic h 1 s re la t io n s h ip , which says th a t  " the  p erm eab ility  

i s  p ro p o r tio n a l to  th e  m ag n e tizab ility ” . I t  follow s from th i s  law th a t

^max = a + b Obviously th e  r e s u l ts  shown in  f ig u re  9 do not f i t
Hc

any s t r a ig h t  l in e  over th e  e n t i r e  range. Q u a lita tiv e ly  they  in d ic a te  

t h a t  hem atite  i s  near s a tu ra tio n  in  f ie ld s  o f 10,000 o e rs ted s . Attempts

to  make use of a  s im ila r  re la t io n s h ip  between Br  and Bmax meet w ith even

le s s  success*

The H v s . H curve shows th a t  in  th e  case of th is  hem atitemax o

th e re  i s  a l in e a r  re la tio n s h ip  between th e  m agnetizing and demagnetizing

__ —

E. L. Sanford and " V S T . L. Chaney. The V aria tio n  o f R esidual In 
duction  and Coercive Force w ith  M agnetizing Force. S c ie n t i f ic  Paper of 
Bureau of Standards no. 3&+, 1920.
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fo rc e  up to  maximum s u s c e p t ib i l i ty  a t  about 3*500 o e rs ted s . Past 

t h i s  p o in t of maximum s u s c e p t ib i l i ty  th e  H drops ra p id ly  w ith in -
v

c reas in g  H ^ y  The curve shows th a t  a t  t h i s  p lace  th e re  e x is ts  th e  

maximum in te n s i ty  of m agnetization* P ast th i s  p o in t i t  i s  much more 

d i f f i c u l t  to  tu rn  th e  magnetons a few more degrees fo r  abso lu te  l i n 

ing  up w ith  th e  ap p lied  f ie ld *  Whereas i t  may take  sev e ra l thousand 

o e rs ted s  p a s t 1 ^ .^  to  l in e  up th e  magnetons, th e  a d d itio n a l Hc i s  

sm all because of th e  sm all amount o f tu rn in g  done by th e  magnetons.

The la rg e  H va lues show th a t  commercial dem agnetization would be ex- 

trem ely  d i f f i c u l t .  In  f a c t ,  th i s  m a te ria l could no t even be demagne

t iz e d  in  th e  la b o ra to ry . T h e o re tic a lly  i t  could have been demagnetized 

i f  th e  HoC were known. P r a c t ic a l ly ,  th i s  was almost im possib le.

Thermomagnetic measurements. The thermomagnetic curve shown in

f ig u re  12 fo r  hem atite  has been determ ined freq u e n tly ; th e  curve has
53

th e  same g en era l form as th e  one given by Rogers and Stamm. The

param agnetic value f o r  s u s c e p t ib i l i ty  above th e  Curie p o in t, which i s

c a l le d  th e  param agnetic s u s c e p t ib i l i ty ,  was found to  be 22 x 10"°, a
-6l i t t l e  h igher th an  th e  average value of 20 x 10 given by C hevalier

c/
and Begui; e r ro rs  in  zero c o rre c tio n  on the  balance would probably 

account fo r  th i s  d if fe re n c e . The Curie po in t of about 685° C. i s  in  

accord w ith  th e  accepted value fo r  Fe203 .

53 See fo o tn o te  16.

54- Raymond C hevalier and Z. Esmail Begui. Thermomagnetic Prop
e r t i e s  of F e r r ic  Oxide. Soc. Chimique, November 1937, pp. 1735-4-1.
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A h y s te re s is  loop was run  on th e  m a te ria l before heat t r e a t 

ment and the  r e s u l t s  a re  shown in  th e  sm aller loop o f f ig u re  13 .

The shape of the  h y s te re s is  curve shows th a t  th e  method de

veloped in  t h i s  in v e s t ig a tio n  i s  v a l id  f o r  both types of magnetic 

b a lan ces. The m a te ria l was then  heated  to  i t s  Curie po in t of 685° 

and cooled in  a  magnetic f i e l d  o f about 7,000 o e rs te d s . A h y s te re s is  

loop was th e n  run once more and i t  was found th a t  both the  remanence 

and coercive  fo rce  had in c reased , as shown by th e  o u te r  h y s te re s is  

loop .

The in te rp re ta t io n  of an in c rease  in  both Br  and Hc i s  d i f f i 

c u l t .  K oen igsberger^  has rep o rted  th a t  m agnetite acquired  a remanence 

100 to  1,000 tim es g re a te r  than  th e  normal Br  when cooled from i t s  Curie 

p o in t in  a  magnetic f i e l d .  Bozorth and D illin g e r  h e a t- tre a te d  perma

nen t magnet m a te ria ls  in  a magnetic f i e ld  and in  some cases found an 

enormous in c re a se  in  pe rm eab ility  but a lo s s  in  coercive fo rc e , a l l  of 

which they  attem pted  to  exp lain  on th e  b a s is  of th e  domain th eo ry . I t  

i s  conceivable th a t  th e  axes of a l l  the  elem entary magnetons become 

p a r a l l e l  in  a magnetic f i e l d  when heated , because as th e  therm al a g ita 

t io n  in c re a se s  i t  becomes e a s ie r  to  tu rn  th e  elem entary magnet in  th e  

d ire c t io n  o f th e  f i e l d .  A t, say, 1° under the  Curie p o in t, th e re  i s

55 J .  G. K oenigsberger. S ta b i l i tE t  der magnetischen Thermoremanenz 
in  Tongegenstanden und G esteinen b e i Bestimmungen des Magnetischen 
E rdfeldes in  der V ergangheit. Gerlands B eitrage Zur Geophysik, 5A,
Book 1 , 1938.

5^ R. M. Bozorth and J . F. D ill in g e r . Heat Treatment of Magnetic 
M ate ria ls  in  a Magnetic F ie ld . Physics, 6, 1935, pp. 279-85.
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s a tu ra t io n  -when only an extrem ely sm all f i e l d  i s  used. As th e  temper

a tu re  d ecreases, th e  magnets s t i l l  ten d  to  s ta y  p a r a l le l  -with th e  f i e ld  

and th e re  i s  s a tu ra t io n  a t  lower tem peratu res . I t  i s  harder to  eval

u a te  the  domain c o n tr ib u tio n  to  such an in c rease  in  magnetism. The 

very  n a tu re  of th e  domain th e o ry  would demand th a t  tremendous f ie ld s  

be used during coo ling  i f  th e  domains a re  to  be kept in  alignm ent.

In  th e  case of th e  hem atites te s te d ,  both Bp and Hc increased  

s l ig h t ly .  Had th e re  been a conversion to  m agnetite during heating  

Br would have in c reased  but He would have decreased due to  i t s  low 

value in  comparison w ith  hem atite* I t  appears th e re fo re  th a t  th e  in 

flu en ce  o f  cooling  in  a magnetic f i e l d  i s  r e a l ,  and suggests th a t  an 

ex p lan a tio n  in  term s of thermodynamic theo ry  should be p o ss ib le . No 

such ex p lan a tio n  f o r  th e  e x tra  energy of th e  in c reased  a rea  o f th e  hys

t e r e s i s  drop has been given, to  our knowledge. This m atter lias p ra c t ic a l  

as w e ll as th e o r e t ic a l  in te r e s t  and m erits  fu r th e r  co n sid e ra tio n .

A pp lica tio n  to  magnetic sep a ra tio n . D if f ic u l t ie s  encountered in  

developing th e  experim ental method consumed so much tim e th a t  l i t t l e  

was done on th e  a p p lic a tio n  of th e  data  ob ta in ing  on magnetic separa

t io n .  Q u a lita tiv e  t e s t s  were made by suspending a paper bearing  th e  

m agnetized hem atite  over a sm all a lte rn a t in g  cu rren t f i e l d .  The jump

in g  a c tio n  due to  rep u ls io n  was so f a in t  in  a l l  t r i a l s  th a t  no concen

t r a t i o n  o f hem atite  was p o s s ib le . A fu r th e r  study of th e  e f fe c t  of 

change in  f i e l d  a l te rn a t io n  might be adv isab le  since  only 60 cycle cur

re n t  was used in  th e se  experim ents. The tremendous coercive fo rce  of 

hem atite  m agnetized in  high f ie ld s  would allow  th e  use of la rg e  a l t e r 

n a tin g  cu rren t sep a ra to rs  and perhaps the fo rce  of rep u ls io n  could be

e a s e s
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in c re a se d  in  t h i s  manner. These t e s t s  le ad  to  th e  same f a c t—a m ineral 

must have a f a i r l y  h igh  coercive  fo rce  and remanence to  be amenable to  

a l te rn a t in g  cu rre n t magnetic sep a ra tio n . On one hand we have m agnetite 

w ith  a la rg e  remanence but such a low coercive fo rce  th a t  an a l te r n a t 

in g  f i e l d  of any consequence demagnetizes i t  a t  each a l te rn a t io n , or 

r a th e r ,  th e  m a te r ia l i s  so m agnetica lly  s o f t  th a t  th e  po les change w ith  

each a l te rn a t io n  and th e re  i s  no repulsion* At th e  o th e r extreme i s  

hem atite  which has a coercive fo rce  capable of w ithstand ing  la rg e  a l t e r 

n a tin g  f ie ld s  but w ith  so l i t t l e  remanence th a t  the  fo rce  of rep u ls io n  

i s  to o  sm all to  move th e  hem atite  p a r t ic le s  and hence to  be used in  

a l te rn a t in g  c u rre n t magnetic sep a ra tio n  a t  the  p re sen t tim e.

Heat trea tm en t to  a l t e r  th e  remanence and coercive fo rce  

o f f e r s  in te r e s t in g  p o s s ib i l i t i e s .  I t  might be p o ssib le  to  s a c r i f ic e  

p a r t  of th e  Hc f o r  a  gain  in  remanence, such as i s  done in  th e  case 

o f permanent m agnets. Heating to  the  Curie p o in t (680° C.) and cooling 

in  a m agnetic f i e l d  might help  to  in c rease  the  remanence but the  eco

nomics of t h i s  h ea t trea tm en t would have to  be compared w ith  th e  p resen t 

reducing  ro a s t  p ro cess .
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CONCLUSIONS

1* The use of th e  Gouy-type magnetic balance has been ex

tended so th a t  i t  i s  p o ss ib le  to  measure th e  h y s te re tic  constan ts  of 

weakly ferrom agnetic  m a te r ia ls ,

2 . Alpha hem atite  has been shown to  be d is t in c t ly  f e r ro 

m agnetic because:

a . I t s  Xg v s , H curve shows a maximum,

b . I t  e x h ib its  re s id u a l magnetism*

c* A d e f in i te  coercive fo rce  i s  req u ired  to  reduce i t s  

remanent magnetism to  zero .

d* I t  has a Curie p o in t.

3* The h y s te re s is  phenomena can be a t t r ib u te d  only to  hema

t i t e ,  and not to  o th e r ferrom agnetic  im p u ritie s , because of the la rg e

coercive  fo rce  values and because of the  maximum X th a t  occurs a t
g

high  f i e ld s .

4 . Hematite approaches s a tu ra tio n  in  f ie ld s  of 10,000 o e rs ted s .

5 . The s l ig h t  rep u ls io n  of hem atite from an a l te rn a t in g  cu rren t 

f i e l d  a f t e r  m agnetization  in  high d ire c t  cu rren t f i e ld s  i s  in s u f f ic ie n t  

f o r  p r a c t ic a l  co n cen tra tio n  by such means. The remanence i s  so low and 

th e  hem atite  i s  so near s a tu ra tio n  in  f ie ld s  of 10,000 oers ted s  th a t  

" a c tiv a tin g 11 th e  hem atite  in  f ie ld s  of 25*000 to  30,000  oersteds would 

n o t help  very  much.

6 . The f a c t  th a t  hem atite  i s  ferrom agnetic even though th e  

s u s c e p t ib i l i ty  va lues a re  only those  of a s tro n g ly  paramagnetic substance 

suggests a d e f in i t io n  o f ferrom agnetism  based on h y s te re tic  phenomena.


