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The effect ive v i scos i ty  of a suspension of f e r romagne t i c  pa r t i c les  with an iso t ropy  of the 
" e a s y - a x i s "  type is calculated.  The case  cons idered  is that in which the magnet ic  field in 
which the suspension is flowing grea t ly  exceeds the in ternal  anisot ropy field, and the 
concept of the " f rozen"  magnet ic  moment s  of the pa r t i c l e s  is inapplicable.  The re la t ion-  
ship between the v i scos i ty  and the anisot ropy field is es tabl ished.  The question as to the 
magnitude of the v i scos i ty  for  an a r b i t r a r y  ra t io  of the in ternal  and external  f ields is 
d i scussed .  

1. The concept of rotat ional  v i scos i ty  developed in [1] enables us to explain the exper imenta l ly  ob- 
s e r v e d  [2, 3] i nc rease  in the v i scos i ty  of suspensions  of f e r romagne t i c  pa r t i c les  under  the influence of an 
external  magnet ic  field. The r ea s on  for  this effect  is as follows. In the absence  of a field the angular  
veloci ty  of rotat ion of the pa r t i c l e s  suspended in the flow ~ = 1/2 rot  v is equal to the local angula r  veloci ty 
of rotat ion of the liquid ~ = 1/2 rot  v .  The v i scos i ty  is in this case  desc r ibed  by the Einstein equation 

5 q~) - <1.1) q =  ~1o(1 + T  

where  ~70 is  the v i scos i ty  of the c a r r i e r  liquid, q~is the vo lumet r ic  concentrat ion of the solid phase .  On 
placing the suspension in a uniform magnet ic  field H the l a t t e r  exer t s  an or ienta t ion effect  on the magnet ic  
momen t s  of the pa r t i c les  ~, prevent ing the f ree  rota t ion of the pa r t i c les  in the vor t ica l  flow. The difference 
in angular  veloci t ies  so a r i s ing  ~2-to co r responds  to the momen t  of the fr ic t ional  fo rces  6~?0V(fl-w), where  
V is the volume of one spher ica l  pa r t i c le .  This  additional internal  f r ic t ion mani fes t s  i t se l f  as an inc rease  
in the effect ive v i scos i ty  of the suspension:  ~e = ~ + ~?r, where  Vr is the rotat ional  v i scos i ty .  

The quantity ~r depends cons iderably  on the magne toc rys t a l l i ne -an i so t ropy  energy of the f e r r o m a g -  
netic m a t e r i a l ,  which de te rmines  the in terac t ion  between the magnet ic  moment  # and the rotat ional  degrees  
of f reedom of the pa r t i c l e .  In the absence  of such an in terac t ion  (model of " f ree"  magnet ic  dipoles) the 
or ienta t ions  of the vec to r /~  in the d i rec t ion of the field H does not in t e r fe re  with the f ree  rotat ion of the 
par t i c le  in the flow (co = ~ ) ,  so that in this model ~lr = 0. In the l imit ing case  of s t rong  interact ion,  when 
the magnet ic  momen t  is r igidly connected to the body of the par t i c le  (model of " f rozen"  dipoles),  an applied 
field g rea t ly  impedes  i ts  rotat ion,  and fo r  a sufficiently s t rong field the rotat ion of the par t i c le  in the flow 
stops complete ly ,  being rep laced  by s l iding (to = 0) along the cor responding  shea r  plaen.  The rotat ional  
v i scos i ty  r,r(H ) then reaches  its l imi t ing value (saturat ion effect) equal to [4] 

~q,, (cr = 3/2~or 9 

In real  f e r romagne t i c  c ry s t a l s  a type of re la t ionship  in te rmedia te  between the models  fo f ree  and 
f rozen  dipoles is es tabl i shed between the di rect ion of the vec to r  # and the c rys ta l lograph ic  axes  of the 
par t ic le :  F o r  a finite magne t i c - an i so t ropy  energy  we may  on ly  speak of a par t ia l  f reez ing  of the magnet ic  
momen t .  However  s t rong the external  field, even if it mainta ins  the or ientat ion of the momen t s  # absolutely 
constant ,  i t  cannot comple te ly  prevent  the rotat ion of the pa r t i c l e s  due to hydrodynamic  fo r ce s .  

The l imit ing value of the v i scos i ty  ~r(~) of any real  magnet ic  suspension should l ie in the range  

0 < ~1~ (oo) < 3/~ ~loq~ 
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We shall now calculate Nr(~) for a suspension of ferromagnetic particles with anisotropy of the "easy- 

axis" type. 

2. In stable magnetic colloids ferromagnetic particles with linear dimensions u -~ 10-5_10 -6 cm are 

generally employed. For the dimensions indicated each particle forms an individual uniformly magnetized 

domain with a dipole moment P = MsV , where M s is the saturated magnetization of the particle material. 
The energy of such a particle in an external field is determined by the equation 

U = -- laH (e - h) - -  K V ( e . n )  ~, e = ~ / ~ ,  h : H / H  (2.1) 

where K is the energy density of magnetocrystalline anisotropy, n is the unit vector in the direction of the 

axis of easy magnetization. 

Every deviation of the vector e from the equilibrium orientation defined by the direction of the 

effective field 

H e = _ _ [ _  1 OU : Hh + 2KM~ln (e.n) (2.2) 

is  a c c o m p a n i e d  by a L a r m o r  p r e c e s s i o n  of the  m a g n e t i c  m o m e n t  t~ a r o u n d  H e.  It shou ld  be r e m e m b e r e d  
tha t  the L a r m o r - p r e c e s s i o n  a t t e n u a t i o n  t i m e  (~ 10 -~ sec )  i s  s m a l l  c o m p a r e d  wi th  any h y d r o d y n a m i c  t i m e s ;  
hence  a t  e v e r y  i n s t an t  of t i m e  the  i n t e r n a l  s t a t e  of the  p a r t i c l e  m a y  be r e g a r d e d  a s  e q u i l i b r i u m  (elIHe). 
We  s e e  f r o m  (2.2) tha t  the m a g n i t u d e  and d i r e c t i o n  of H e a r e  d e t e r m i n e d  by the v e c t o r  sum of the  e x t e r n a l  
f i e l d  H and the a n i s o t r o p y  f ie ld  HA = 2 K / M s .  Hence fo r  HA>> H i t  is  p e r m i s s i b l e  to a s s u m e  a f r o z e n - i n  
s t a t e  of the  m o m e n t  (e ][ n), a s  in [1, 5]. Omi t t i ng  the  i n e s s e n t i a l  c o n s t a n t  in the  e x p r e s s i o n  f o r  U we ob ta in  
U = - t ~ H ( n h ) f r o m  (2.1). The  m o m e n t  of the  m a g n e t i c  f o r c e s  ac t i ng  on the  p a r t i c l e  

m = --(n • OU / an) (2~ 

i s  then  equal  to (it •  H). 

F o r  K = 0 (H A = 0) we have  an " i s o t r o p i c "  m a g n e t i c  c r y s t a l s  in which  the r e l a t i o n s h i p  be tween  the  
m a g n e t i c  and  the m e c h a n i c a l  d e g r e e s  of f r e e d o m  is  b r o k e n  (model  of f r e e  d i p o l e s ) .  In th is  c a s e  the  r o t a t i n g  
m o m e n t  m = 0, s i n c e  the  m a g n e t i c  e n e r g y  U = - ( # H ) d o e s  not  depend  on the  o r i e n t a t i o n  n of the  e a s y  ax i s  of 

the  p a r t i c l e .  

In o r d e r  to d e t e r m i n e  the l i m i t i n g  v i s c o s i t y  of a s u s p e n s i o n  of f e r r o m a g n e t i c  p a r t i c l e s  wi th  f in i te  
a n i s o t r o p y  in a s t r o n g  e x t e r n a l  f i e l d  we m u s t  c o n s i d e r  the  c a s e  in which  

H ~ HA, HA = 2K / Ms (2.4) 

It fo l lows  f r o m  the  cond i t ion  of e q u i l i b r i u m  eHH e and  Eq.  (2.2) fo r  the  e f f ec t ive  f i e ld  H e tha t  on 
s a t i s f y i n g  i nequa l i t y  (2.4) the m a g n e t i c  m o m e n t  of the  p a r t i c l e  m a y  be r e g a r d e d  a s  p a r a l l e l  to the a p p l i e d  
f i e ld :  e = h .  F o r  the  m a g n e t i c  e n e r g y  of the  p a r t i c l e  (2.1) and the  r o t a t i n g  m o m e n t  ( torque) (2.3) we than  

obtain 

U = - - K V  (n.h)  2, m = 2 K V  in .h)  ( n x h )  (2.5)  

Subsequen t ly  i n s t e a d  of the  p s e u d o v e c t o r s  we s h a l l  f r e que n t l y  u se  t h e i r  dual  a n t i s y m m e t r i c  t e n s o r s ;  
f o r  e x a m p l e ,  fo r  (2.5) we have  

rni~ : e~zrnz = 2KV (nihh -- n~hi) nth~ (2.6) 

3. In the  h y d r o d y n a m i c  d e s c r i p t i o n  of the  s u s p e n s i o n  a s  a h o m o g e n e o u s  cont inuous  m e d i u m ,  in  o r d e r  
to  a l low f o r  the r o t a t i o n a l  d e g r e e s  of f r e e d o m  of the p a r t i c l e s  we have  to i n t r o d u c e  an a dd i t i ona l  m a c r o -  
s c o p i c  v a r i a b l e  S, the  v o l u m e  d e n s i t y  of the i n t e rna l  m o m e n t  of m o m e n t u m .  The  l a t t e r  has  the  s e n s e  of  
the  p r o d u c t  I ( w ) ,  w h e r e  I i s  the  sum of the  i n t r i n s i c  m o m e n t s  of i n e r t i a  of the s p h e r i c a l  p a r t i c l e s  in uni t  
v o l u m e  of the s u s p e n s i o n ,  (w) is  the  m e a n  a n g u l a r  v e l o c i t y  of t h e i r  r o t a t i o n .  The  s t r e s s  t e n s o r  of a 
m e d i u m  wi th  i n t e r n a l  r o t a t i o n  c o n t a i n s  the  a n t i s y m m e t r i c a l  p a r t  [6] 

~ih a = e i ~ ,  6 = (2~s) -1 (S - -  I~ )  (3.1) 

w h e r e  rS  = a2 p/15v0 is  the  r e l a x a t i o n  t i m e  of the  i n t e r n a l  m o m e n t  p is  the de ns i t y  of the p a r t i c l e .  The  
change  in  the  d e n s i t y  of the  i n t e r n a l  m o m e n t  of m e m e n t u m  is d e s c r i b e d  by the  equa t ion  

dS t ( S - -  I~ )  + M (3.2) 
d t  ~ T s 
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where M is the volume density of the moment of the lateral  forces  acting directly on the par t ic les  and 
maintaining the difference between the angular  velocities of rotation of the par t ic les  (w) and the liquid ~: 
F o r  M = O the relaxation of S to the equilibrium value I~, takes place in a very  short  t ime, of the o rder  
of "r s, and the s t r e ss  tensor  in symmet r ica l  (a = 0). 

�9 In the case under considerat ion the express ion for  M should be obtained by averaging the " m i c r o -  
scopic" torque (2.6) with respec t  to the orientations of the easy axes of the part icles  

Mih =- N (ruth) = N i l B ~  --  Nh~Bn (3,3) 
N ~  = N (nlnh>, Bib = 2KVhlh~ 

(N is the number of par t ic les  in unit volume of the suspension).  Since the two directions of the axis of 
easy magnetization a re  equivalent, the degree of orientation of the suspension consist ing of such "quad- 
rupole" par t ic les  is charac te r ized  by a symmet r ica l  "orientation tensor"  Nik; the intensity of the fac tor  
creat ing a p r e f e r r ed  orientation is determined by the "anisotropy tensor"  Bik. We may indicate an analogy 
between (3.3) and the mechanical  moment Mik = IiH k -  IkHi, acting on a suspension of "rigid" dipoles: In 
the presen t  case Nik and Bik play the same role as the magnetizat ion Ii and the external field Hi, r e spec -  
tively, in the model of f rozen magnetic moments .  

To the equation 

d Si k ~st (S~ - -  IO~) + (Nr - -  N~tB~t) (3.4) 

obtained by substituting (3.3) into (3.2) we must  add the equation of motion of the t ensor  Nik. In o rde r  to 
derive the miss ing  equation we make use of the following considerat ions.  In a system of reference  rotating 
at an angular  velocity (r in which the average  rate of rotation of the par t ic les  equals zero,  any deviation 
of the density of the orientation Nik from the equilibrium value Nik ~ should vanish as t ime p rog res ses .  Let  
us a ssume that this vanishing takes place in accordance  with a relaxation law 

d, i N~) (3.5) 

where d ' / d t  is the derivative in the rotating sys tem of re fe rence  1- is the time of orientational relaxation. 
The ra tes  of change of the symmet r ica l  t ensor  of the second rank in the s tat ionary and rotating sys tems of 
re fe rence  a re  related by the kinematic equation 

d' 
~-t N~k = -- (<~ N~z + <0~) Nil) + -3-/- N~ (3.6) 

Substituting (Wik) = I-~Sik and (3.5) into (3.6), we have 
d t N 0 l -~-N~ = -- -~ (N~, -- r -- -T(S~N~z + SkiN, t) (3.7) 

The orientations of the easy axes in the direction of the applied field prevents  the thermal  (Brownian) 
motion of the par t ic les .  Under these conditions the relaxation t ime �9 should be identified with the Brownian 
rotat ional-diffusion time, i .e. ,  for  quadrupole par t ic les  ~" = v0V/kT, while the equilibrium orientational 
distribution coincides with the canonical distribution 

W 0 ~ e x p ( - - U / k T )  

(k is Boltzmann~s constant,  T is the absolute tempera ture) .  Using Eq. (2.5) for  U, we obtain a normalized 

distribution function 

Wo =- (4~F) -~ exp [~ (h.n)] (308) 
1 

= K V / k T ,  F(k) =~e~: 'dx  
0 

For  the components of the equilibrium orientation t ensor  

N ~  = N <n~n~)o = N I n~n~W~ 

calculation gives 

N ~  ~ N (F16~ -1" F~hih~) (3.9) 

F 1 =  i - -  , F ~ =  2 \ F  - -  ' d-""~ 

The dimensionless pa rame te r  X, the ratio of the magnetic anisotropy energy of the part icle  to the 
energy of its thermal  motion, appears  here as an analog of the Langevin argument  ~ = PH/kT ia the model 
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of f rozen  dipoles [1, 5]. We r e m e m b e r  tha t  th i s  m o d e l  c o r r e s p o n d s  to the a s s u m p t i o n  X >> ~, while in the 
p r e s e n t  ana lys i s  we have taken the opposi te  l imi t ing  c a s e  (~ >> X). 

Le t  us give the a s y m p t o t i c  f o r m u l a s  for  the s t a t i s t i ca l  in tegra l  F (7 9.  F o r  sma l l  X this  m a y  be 
e x p r e s s e d  in the f o r m  of a s e r i e s  

~n 
F = ~ ,  n ~ ( 2 n + t )  ' ~+<:~+- (3 .10)  

n-------------------O 

In o r d e r  to find the a s y m p t o t i c  f o r  l a r g e  X we note that  F sa t i s f i e s  the equation 

F '  = (2L)-r(e)' - -  F) 

Taking  accoun t  of this we obtain the equat ion 

F = - ~ -  t + ~, (2n - t)!! ~ >~ t 
2 ~  " , (3.11) 

It fol lows f r o m  (3.9)-(3.11) tha t  fo r  X = 0 the suspens ion  is i so t rop i c  (Nik ~ = 1/3N6ik ) while  fo r  k ~  :o 
the  an i so t rop ie s  of all  the p a r t i c l e s  a r e  pa ra l l e l  to the appl ied field (Nik ~ = Nhihk). 

4. In the s t e a d y - s t a t e  ca se  (d/dt  = 0) Eqs .  (3.4) and (3~ take the fo rm 

S~k - -  I ~ i k  = l:s (Niz Bkz - -  Nk+ Bi+) (4 .1)  

Nih  - -  Nih  ~ = --T1-1 (SitNhl ~- Sk i Nix) 

Equat ion  {4.1) enables  us to e l imina te  Sik f r o m  Eq. (3.1) f o r  the a n t i s y m m e t r i c  p a r t  of the s t r e s s  
t e n s o r .  We obtain:  

a~ = ( K V  / 4) e~h~ (NkmBzm - -  Nz.,Bhm) (4.2) 

N~h --  Nih ~ = --~ (~ilNh~ ~- ~hlNa) (~ /3N)  [Nu~hi(Ni.,h a ~ Nkmh~) - -  2N a Nk~hlh  ~j (4.3) 

Coming to the solut ion of Eq. (4.3) we note that owing to the s m a l l n e s s  of v ( 10-5-10 -6 sec)  the 
condi t ion ~ << 1 is s a t i s f i ed  for  alI va lues  of ~ of p r a c t i c a l  i n t e r e s t .  In s t i l l  l iquid (~ = 0) the solut ion to 
Eq.  (4.3) is Nik = Nik ~ The o r i en ta t ion  t e n s o r  of the p a r t i c l e s  in a moving  l iquid d i f fers  f r o m  Nik ~ as  
defined by Eqs .  (3.9) but the d i f fe rence  N i k -  Nik ~ = nik is smal l  owing to the s m a l l n e s s  of ~v.  Regarding 
nik and ~7 as quant i t ies  of the s a m e  o r d e r  and using the l i n e a r  app rox ima t ion  for  (4.3) we obtain 

N~F~ (~uh~ + O~lh+) hi ni~ - -  t § ~/~F~ (4.4) 

Subst i tut ing the r e su l t an t  value of Nik into (4.2) we obtain 

---- 2% [h • (h • ~)J,  ~l~ = 3/~ ~10(P/~ (k) (4 .5)  

,,=+(+ +)I'++ 
The coef f ic ien t  ~?r is the ro ta t iona l  v i s cos i t y  [1, 7, 8]. On i n c o r p o r a t i n g  this into the Eins te in  fo rmula  

(1.1) we have ,  to a f i r s t  o r d e r  a c c u r a c y  in the concen t ra t ion ,  

w h e r e  + is the angle  be tween the v e c t o r s  h and ~ .  F o r  h[ l~  the ro ta t iona l  v i s c o s i t y  does not appea r ,  s ince  
in this ca se  the o r ien ta t ion  of the p a r t i c l e  a n i s o t r o p y  axis  a long h does not  p reven t  the pa r t i c l e  f rom 
ro ta t ing  at a ve loc i ty  ~2 a r o u n d  the s a m e  axis .  

A cu rve  of f l (~)  is p r e s e n t e d  in Fig.  1 (continuous l ine) .  The a s y m p t o t i c  of this funct ion may  be 
found f r o m  (3.10) and (3.11) 

{ ~/+~,~, ~, <~ I 
] ' (~ )=  t - - 3 / ) ~ ,  ~ . ~ t  (4.7) 

5. As indica ted  in w 4, in o r d e r  to d e t e r m i n e  the ro ta t iona l  v i s c o s i t y  of a suspens ion  we m u s t  exp res s  
the a n t i s y m m e t r i c  p a r t  of the s t r e s s  t e n s o r  (4.2) in the fo rm (4.5)~ This m a y  be done by e l imina t ing  the 
o r i en ta t ion  t e n s o r  of the moving  suspens ion  Nik f r o m  (4.2), this having been  found in w 3 and 4 p h e n o m e n o -  
log ica l ly  with the help of Eq.  (3.7). 
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Fig .  1 

In o r d e r  to ref ine  the dependence  of the ro ta t ional  v i s c o s i t y  on the 
a n i s o t r o p y  p a r a m e t e r  ~ le t  us ca lcu la te  Nik d i rec t ly  f r o m  the kinet ic  
equat ion;  f o r  the Brownian p a r t i c l e s  of the suspens ion  this  means  the 
F o k k e r -  P lanck  equat ion.  In cons ide r i ng  the ro ta t iona l  diffusion this  
equat ion may  be convenient ly  put in the f o r m  [9] 

ow 
0-7- + (Lm) W = 0 

0 (5.1) 
L --~ n X -.~-- n 

the probabi l i ty  dens i ty  of the d i rec t ions  of  the pa r t i c l e  
L is the o p e r a t o r  of an infini tely sma l l  ro ta t ion ,  co is 

w h e r e  W(n t) is 
a n i s o t r o p y  ax is ,  

the angu l a r  ve loc i ty  of the pa r t i c l e .  This l a t t e r  is d e t e r m i n e d  (neglect ing iner t ia)  f r o m  the condit ion that  
the sum of all  the m e c h a n i c a l  m o m e n t s  ac t ing  on the pa r t i c l e  suspended  in the l iquid should  van ish :  

- - L U  + 6~loV (ll - -  m) - -  kTL In W = 0 (5.2) 

The f i r s t  two t e r m s  in (5.2) a r e  the m o m e n t s  of the r e g u l a r  f o r c e s ,  magne t i c  (2.5) and v i s c o u s ,  while 
the  th i rd  t e r m  is the m o m e n t  of the random f o r c e s .  F r o m  (5.2) we obtain 

m = (6t) -x [6t[} + 2/~ (nh) (n x h) --  L In W] (5.4) 

Here  we have used  the notat ion in t roduced  e a r l i e r :  �9 = ~0V/kT,  X = K V / k T .  Subst i tut ing (5.3) into 
(5.10) we obtain the fol lowing equat ion f o r  the  s t e a d y - s t a t e  d i s t r ibu t ion  funct ion 

L [L - -  2s (nh) (n X h) --  6~fl] W = 0 (5.4) 

F o r  a s t a t i o n a r y  suspens ion  (I2 = 0) the Gibbs d i s t r ibu t ion  (3.8) f o r m s  the solut ion W 0 to Eq. (5.4). 
Hence in the  mov ing  l iquid (allowing f o r  the s m a l l n e s s  of tiT, we m a y  convenient ly  seek  the d is t r ibu t ion  
funct ion in the f o r m  

W ~-- W0 (l + %), (%)o = I xW~ = 0 (5.5) 

w h e r e  X is a quant i ty  of  o r d e r  ~T. We e a r l i e r  men t ioned  the " t w o - s i d e d n e s s "  of the a n i s o t r o p y  ax is :  W is 
inva r i an t  with r e s p e c t  to the r e p l a c e m e n t  of  n by  - n .  It fol lows that  the expans ion  of the s c a l a r  funct ion 
X in powers  of the v e c t o r  n m a y  only contain  even p roduc t s  of its componen t s .  In the f i r s t  nonvanish ing  
o r d e r  

X ---- Gta (~,, h, f~'O n~nk (5 .6)  

12 and h a r e  p s e u d o v e c t o r s .  Taking  accoun t  of this  we m a y  r ead i l y  coav inee  o u r s e l v e s  that  the only t rue  
s c a l a r  of the f o r m  (5.6) l i n e a r  with r e s p e c t  to ~ is 

X = g (s ~ (nh) (n x h)41 (5.7) 

A f t e r  subs t i tu t ing  (5.5) and (5.7) into (5.4) the  l a t t e r  was  mul t ip l i ed  by nin k and in tegra ted .  This 
me thod  of de t e rmin ing  the funct ion g(X) (analogous to the  C h a p m a n -  Enskog  method  in the kinet ic  t heo ry  
of gases )  leads  to the r e su l t  

Knowing the d i s t r ibu t ion  funct ion (5,5) we m a y  ca Icu la te  the e o r r e c t i o n  nik to the t e n s o r  Nik ~ due to 
the mot ion  of the m e d i u m .  Ins tead  of (4.4) we find 

nlh = (ninhx}0 = g (s (~uh~ + ~klhl)hz (5.9) 

with the g of (5.8). Making use  of (5.9) we obtain the following fo r  the ro ta t iona l  v i s c o s i t y  (see (4.5)) 

3 ~ ~ ~' 1 2 ~ / ~ - F , , ,  

The a s y m p t o t i c s  of the funct ion f2  a r e  s i m i l a r  to (4.7) 

] ~/4aX 2, X ~ i (5.11) 

The re la t ionsh ip  f2(X) is shown as  the b roken  l ine in F ig .  1. 
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Fig. 2 

F o r  a suspension of par t i c les  with a cubic magne tocrys ta I l ine  
an iso t ropy  an analogous calculat ion was p resen ted  in [101 for  the case  
X << 1. Instead of (5.11) the t e r m  8/175 X 2 was obtained. This is ve ry  
close to the s/180 X2 for  the uniaxial c rys t a l  (5.11). 

6. We may  note the c loseness  of the functions ~r(~) de te rmined  
by means  of Eqs~ (4.5) and (5.10) ove r  the whole range  of X values .  A 
s i m i l a r  si tuation held when calculat ing the m a g n e t o v i s c o s i t y o f  suspen-  
sion of r igid dipoles (X >> ~): the phenomenoIogicaI  resu l t  [1] 

3 ~--th~ ~ =  ~H/kT (6.1) q~(~)=yq0~ ~+ta~  ' 

was  c lose  to the kinetic express ion  [5]. 

F o r  finite values of ~ and X the rotational v i scos i ty  is a function of both these  va r i ab les  

The v iscos i ty  of the ~magnetized" [in the sense  of (2.4)] suspension calculated in this paper  should 
be r e g a r d e d  as Vr (~, X), and rjr(~ ) f rom (6.1) as V,r (~, ~) .  The curve of the l a t t e r  is shown in Fig.  2 as a 
continuous line. 

E v e r y  f e r rom agne t i c  suspension is cha r ac t e r i z ed  by a specif ic  value of the p a r a m e t e r  X = X0, d e t e r -  
mined by the ma te r i a l  and s ize  of the pa r t i c l e s .  Also dependent on X 0 (Fig. !) is the l imit ing v iscos i ty  
r, r(r162 X0), to which ~Jr(~, X0) should tend asympto t ica l ly  on increas ing  the external  field. In the region 

<< X0 the functions 7,r(~ , X0) and ~r(~, ~) should be close together .  It may  reasonably  be expected that the 
broken  curve  in Fig. will give a qual i ta t ively c o r r e c t  descr ip t ion  of VCr(~) fo r  a fixed X. 

A compar i son  between exper imenta l  data re la t ing to the magne tov iscos i ty  of suspensions  and the 
theore t ica l  r e su l t s  may  be used in o rde r  to de te rmine  such essen t ia l ly  " so l id - s t a t e"  p a r a m e t e r s  as the 
an i so t ropy  constant  and the sa tu ra ted  magnet izat ion of a d i spersed  f e r romagne t i c  m a t e r i a l .  

The authors  wish to thank L. N. Maurin, G~ Z~ Gershuni ,  and M. A. Martsenynk for  advice and d is -  
cuss ions .  
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