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I O N I C  AND MAGNETIC ORDERING I N  FIRST ROW TRANSITION 

METAL FLUORIDES 

R. F. WILLIAMSON, K. N. BAKER, AND W. 0. J. BOO 
Department of Chemistry, The Universi ty  of 
Miss i s s ipp i ,  Universi ty ,  MS 38677, U.S.A. 

Abstract  Divalent f l u o r i d e s  of f i r s t  row t r a n s i t i o n  
metals,  MF2(rut i le)  and KMF3(perovskite) have provided 
the means f o r  studying 90, 135, and 1800 magnetic 
superexchange i n t e r a c t  ions.  Their  l i m i t a t i o n  has 
been t h a t  i n t e r a c t i o n s  a r e  between i d e n t i c a l  ions 
and, consequent1 a r e  usua l ly  ant i ferromagnet ic .  
Recent1 
i n  LiM"k1''FG ( t r i r u t  il e 1 and KM1lM1llFQ ( t e t r agona 1 
bronze) .  These s t r u c t u r e s  a re  r u t i l e  l i k e  and 
perovski te  l i k e  r e spec t ive ly  and t h e i r  i on ic  o rde r  
makes them i n t e r e s t i n g  candidates  f o r  studying 
superexchange i n t e r a c t i o n s  between d i s s i m i l a r  ions. 
These i n t e r a c t i o n s  a r e  o f t en  ferromagnetic.  

M2+-M3" i on ic  order ing has been e s t a b l i s h e d  

INTRODUCTION 

Divalent f l u o r i d e s  of f i rs t - row t r a n s i t i o n  metals MFZ1 and 

KMF32s304 (M = V, Mn. Fe, Co, N i ,  Zn) c r y s t a l l i z e  i n  the 

r u t i l e  and perovski te  l a t t i c e s ,  r e spec t ive ly .  For M = C r  

and Cu, the r u t i l e  l a t t i c e  i s  d i s t o r t e d  from t e t r agona l  t o  

m o n o ~ l i n i c , ~ ' ~  and the perovski te  l a t t i c e  from cubic t o  

te t ragonal . '  

t o  an octahedral  c r y s t a l  f i e l d ;  hence, 3d energy s t a t e s  

a r e  separated i n t o  two l e v e l s :  a lower l eve l  which i s  

th ree fo ld  degenerate ( t2g),  and an upper l e v e l  which i s  

twofold degenerate ( e  ). I n  the r u t i l e  compounds, small 

c r y s t a l  d i s t o r t i o n s  remove some of t he  degeneracy. The 

important M-F-bl magnetic i n t e r a c t i o n s  i n  r u t i l e  a r e  

I n  both s t r u c t u r e s ,  M2+ ions a re  subjected 

g 
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approximately 90° (J1) and 1350 (J2); and i n  perovski te ,  

they a r e  180O. One shortcoming of the  above systems i s  

t h a t  a l l  M-F-M superexchange i n t e r a c t i o n s  a r e  be tween l i k e  

ions; consequently, the  important i n t e r a c t i o n s  a re  almost 

without exception ant i ferromagnet ic .  

Goodenough’ and Kanamori,’ 90, 135, and 1800 M-X-M’ 

i n t e r a c t i o n s  (where M and M’ may be d i f f e r e n t  t rans i t ion-  

metal ions and X i s  a c losed-shel l  anion) can be predicted 

t o  be ant i ferromagnet ic  ( fe r r imagnet ic )  o r  ferromagnetic, 

depending upon e l e c t r o n i c  conf igura t ions  and c r y s t a l  f i e l d  

symmetry. I n  an octahedral  f i e l d ,  f o r  example, t h e  180° 

i n t e r a c t i o n s  11/2 f i l l e d  e -empty e ] and f l / 2  f i l l e d  t 

empty tzg] a r e  both predicted t o  be ferromagnetic. 

has long been needed a r e  i o n i c a l l y  ordered f l u o r i d e  

s t r u c t u r e s  i n  which first-row t r a n s i t i o n  metal ions ( M , M ’ )  

can be s u b s t i t u t e d  sys temat ica l ly  so t h a t  ant i ferromagnet ic ,  

ferr imagnet ic ,  o r  ferromagnetic order ing a r e  c l e a r l y  and 

q u a n t i t a t i v e l y  demonstrated. The f l u o r i d e  analogs of 

t r i rnt i le lOJ1l  and te t ragonal  tungsten bronze bronze12-16 

a r e  s t r u c t u r e s  which f u l f i l l  these c r i t e r i a .  

R. F. WILLIAMSON, K. N. BAKER AND W. 0. J. BOO 

According t o  q u a l i t a t i v e  r u l e s  proposed by 

2g- B 8 
What 

TEE TRIRUTILE OMPOUNDS 

The mineral t a p i o l i t e  (FeNbo.2Tal.806) and numerous 

synthe t ic  oxides of the  general  formula M 
c r y s t a l l i z e  i n  a t r i r u t i l e  l a t t i c e ,  were found t o  belong 

t o  space group P42/mnm (D;;).” The t r i r u t i l e  f l u o r i d e s  

(LiM11!dr1’F6) have a l s o  been reported t o  belong t o  space 

group P42/mnm (Di;).18-21 
occupy (2a)  l a t t i c e  s i t e s  and t h a t  M2’ and M3’ ions 

randomly occupy (4e )  s i t e s .  The c r y s t a l  s t r u c t u r e s  of the  

11 v %Oa, which 

This  implies t h a t  Li’ ions 
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IONIC AND MAGNETIC ORDERING 213 

F' 
LiM"M"'F, LiMllMlll 

M F2 ( R A N D O M )  (ORDERED) 

0 Y*+ LI+ L I+  

Q Y*+QR "+ 0 "+ 
0 Y'+ 

( 0 )  (b) t C )  

FIGURE 1. ( a )  r u t i l e  s t r u c t u r e  (b)  random t r i r u t i l e  
s t r u c t u r e  ( c )  ordered t r i r u t i l e  s t r u c t u r e  

a1 1OY Lie. 7 gZIl0.2 5 ( Zn1.2 5 Cro. 7 5 F621 and LiV2Fg1O have 

both been reported t o  belong t o  t h i s  space group; however, 

n e i t h e r  of these mater ia l s  i s  representa t ive  of 

Li~11~111F6 compounds i n  general .  

(W2) ; Figure l b  i l l u s t r a t e s  t r i r u t i l e  (Libfr1Mrr1F6) i n  

which M2' and $+ ions a r e  random; and Figure l o  

i l l u s t r a t e s  the  most l i k e l y  ordered arrangement of M2+ and 

M3+ ions wi th in  the t r i r u t i l e  l a t t i c e .  

s t r u c t u r e s ,  the  P- ions a r e  located between neighboring 

c a t i o n s  such t h a t  -900 M-F-M i n t e r a c t i o n s  occur between 

neares t  neighbors, and -1350 M-F-M in te rac ions  occur 

between second nearest  neighbors. 

each M2+ ion has two nearest  neighbors and e ight  second 

neares t  neighbors. 

$?+ are  paramagnetic ions,  then each paramagnetic ion has 

only one nearest  neighbor and four second neares t  

Figure l a  shows the l o c a t i o n  of ca t ions  i n  r u t i l e  

I n  these 

I n  MF2 (Figure l a ) ,  

I n  LiM11M111F6 (Figure l b ) ,  i f  M2' and 
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2 14 R. F. WILLIAMSON, K. N. BAKER AND W. 0. J. BOO 

8' e o 6 0  100 
T..K 

10 

FIGURE 2. Inverse magnetic s u s c e p t i b i l i t y  versus  
temperature f o r  LiV2F6. Data from re fe rence  10.  

neighbors which a r e  a l s o  paramagnetic. I f  M2+ and M3+ a r e  

i o n i c a l l y  ordered a s  i l l u s t r a t e d  in Figure l c  t he  nea res t  

neighbor and fou r  second nea res t  neighbors t o  an M2+ ion 

a r e  M3+ ions,  and v i ce  versa .  This  ordered s r u c t o r e  was 

a l s o  proposed f o r  LiFe2F6 by Greenwood, Howe, and Meni122 

based on Mossbauer s tud ie s .  I f  t h i s  i o n i c  order ing i s  

t r u e  f o r  the Lihf"hi1"F6 compounds in general ,  it should 

then be poss ib l e  t o  study many 90° and 1350 M2+-F--M3+ 

i n t e r a c t i o n s .  

The inverse magnetic s u s c e p t i b i l i t y  ve r sus  

temperature of LiV2F6, i s  shown i n  Figure 2. This  p l o t  

d i s p l a y s  two 1 inea r  regions.  

paramagnetic region extends down t o  -100 K and the  l i n e a r  

The high-temperature 
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IONIC AND MAGNETIC ORDERING 215 

Li V, F, 

FIGURE 3. Magnetic ordering mechanism for Liv2F6. 

region between -100 and 50 K can be explained as a second 
paramagnetic region if I J1 I >>  1 J2 I .  
magnetic coupling between nearest neighbors occurs first, 

forming dimers. 

supporting the conclusion that J1 is positive 
(ferromagnetic). Three-dimensional long-range ordering 

sets in at a loner temperature where the strength of J2 is 
sufficient to overcome kT. From the value of 0 (which is 

negative) we conclude that second nearest neighbor 

interactions are antiferromagnetic (J2 is negative). 

suceptibility passes through a maximum at 32 K, and no 

spontaneous magnetic moment was observed below this 

temperature, further supporting the above conclusions. 

The two-step ordering mechanism for LiV2F6 is dramatized 

in Figure 3. 

Under these conditions 

, 
The magnitude of CM is greater than CM, 

The 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

3:
29

 2
0 

Fe
br

ua
ry

 2
01

3 



216 R. F. WILLIAMSON, K. N. BAKER AND W. 0. J .  BOO 

FIGURE 4 .  Inverse magnetic s u s c e p t i b i l i t y  versus  
temperature f o r  LiMnVF6. Data from re fe rence  11. 

The inverse s u s c e p t i b i l i t y  versus  temperature of LiMnVF6 

i s  shown i n  Figure 4.  The high temperature region (70- 

300  9) i s  paramagnetic, with CM(exp) = 5.53.  This  value 

corresponds favorably with a spin-only value C& ( c a l c )  = 

5.38.  We assume, t h e r e f o r e ,  as we d id  f o r  Liv2F6,lo t h a t  

t he  o r b i t a l  moment of V3+ i s  quenched, and the  LiMnVF6 i s  

a spin-only system. Figure 4 shows t h a t  LiMnVF6 a l s o  has 

a second paramagnetic region between 20 and 40 K wi th  

Ch(exp) = 1.92. Again, t h i s  value corresponds favorably 
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u u  
YACNETICALLY 1 ORDERED 

d+- v a t  DIYERS 

tC) 

FIGURE 5 .  Magnetic order ing mechanism f o r  LihVF6. 

with a paramagnetic substance of S = 312 f o r  which Cb 

( c a l c )  = 1.88. Therefore, we conclude t h a t  magnetic 

coupling between nearest  neighboring Mn2+-V3+ p a i r s  

commences near  50 K forming dimers with a ground s t a t e  

t h a t  i s  ant i ferromagnet ic  ( fe r r imagnet ic ) ,  and J1 i s  

negative.  

and second nearest  neighbor i n t e r a c t i o n s  a re  ferromagnetic. 

In i t s  magnetically ordered s t a t e ,  one would predic t  t h a t  

LiMnVF6 could have a spontaneous moment a s  la rge  a s  3 pB. 

The measured moment, ex t rapola ted  t o  zero  f i e l d  and 0 K 
has a value of 2.6 pB. It i s  a resonable assmuption, 

therefore ,  t h a t  LiMnVF6 is i o n i c a l l y  ordered, and i t s  

space group is most l i k e l y  P42m (GV). 

From the  s ign of 8' we see t h a t  J2 is  pos i t ive ,  

The two- 
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218 R. F. WILLIAMSON, K. N. BAKER AND W. 0. J. BOO 

1 
X-1 

t a ~  

x-1 lp 
, 

, 0' PO¶ITlVC 
,/ *'>* 

cy > CU' 

0 0' 1 -  1 4  

Id1 I C I  

FIGURE 6. The four  p o s s i b i l i t i e s  f o r  two paramagnetic 
regions i n  t r i r u t i l e .  

s t e p  magnetic order ing mechanism f o r  LiMnVF6 i s  

i l l u s t r a t e d  i n  Figure 5 .  

I f  the condi t ion IJll>>lJ21 e x i s t s  i n  Lihf"M1I1F6, 

t h e r e  should be two paramagnetic regions,  and t h e  

r e s u l t i n g  x-' versus T p l o t s  poss ib l e  f o r  t he  four  

combinations of s igns  a r e  i l l u s t r a t e d  i n  Figure 6.  

I n  Figure 6a,  both J1 and J2 a r e  pos i t i ve .  Here, 8' 

Obviously Cy > CM. 
, 

must be p o s i t i v e  and 8 more pos i t i ve .  

I n  the magnetically ordered s t a t e ,  a l l  atomic moments 

should be p a r a l l e l ,  and t h e r e  should be a l a r g e  

spontaneous magnetic moment. 

In Figure 6b, J1 i s  p o s i t i v e  and J2 i s  negat ive,  a s  

was found t o  be the case f o r  Liv2F6 (Figure 2). 

6c. J2 i s  negat ive and J1 i s  p o s i t i v e ,  which is  the  case 

f o r  LiMnVF6 (Figure 5 ) .  

I n  Figure 
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IONIC AND MAGNETIC ORDERING 219 

F i n a l l y ,  Figure 6d i l l u s t r a t e s  the  case where both J1 

and J2 a r e  negative.  

more negative; 

spontaneous moment i n  the  magnetically ordered s t a t e .  

Here 8' should be negative and 8 
I % > CM; and there  should be no 

Most combinations of d iva len t  and t r i v a l e n t  f irst-row 

t r a n s i t i o n  metal f l u o r i d e s  (which a re  thermodynamically 

compatible) w i l l  combine with LiF t o  form the  t r i r u t i l e  

l a t t i c e  with composition LiM M 6. 

exceptions a r e  LiMnCrF6 and LiMdeFg, which form hexagonal 

l a t t i c e s  of a Na2SiF6 type;23 t h e  LiCdd1"F6 phases, which 

form s o l i d  so lu t ions  i n  r u t i l e  l a t t i c e s ; 1 9  and the 

LiCrM"'F6 phases, which form a s t r u c t u r e  y e t  t o  be 

de te rmi~ted .~ '  

11 I I I F  10,11,18-26 Noted 

TABLE I. Spin-Only Ions i n  the  T r i r u t i l e  L a t t i c e  

V2+ Mn2' N i 2 +  

v3+ d2-d3 d2-d5 d2-d8 

cr3+ d3-d3 does not form d3-d8 
t r  i r u t i l e  

not  thermo- does not form 

compatible 
pe3+ dynamically t r  i r u t  il e d5-d8 

The ques t ion  then a r i s e s :  what combinations of M2' 

and M3+ ions  which a r e  chemically compatible, s p i n  only, 

and form the  t r i r u t i l e  l a t t i c e  might a l s o  f u l f i l l  the  

condi t ion l J l l>>lJ21?  

combinat ions of spin-only ions and t h e i r  e l e c t r o n i c  

configurat ions.  

Table I l i s t s  the possible  

It has been es tab l i shed  t h a t  the above c r i t e r i a  a re  

met i n  LiV2F6 and LihVF6. Recently, we prepared a 
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220 

t r i r u t i l e  phase by combining VF2, CrF3, and LiF (LiVCrF6). 

Although t h i s  mater ia l  has not been character ized,  we 

predic t  t h a t  J1 w i l l  be g r e a t e r  i n  magnitude than J2, a s  

i n  VF2 (J1 - -11 k, J2 - -1 k) .28 

LiNiVF6, LiNiCrF6, and LiNiFeF6 have been reported t o  

R. F. WILLIAMSON, K. N. BAKER AND W. 0. J .  BOO 

The three  compounds 

c r y s t a l l i z e  i n  the  t r i r u t i l e  l a t t i c e ,  19.23.24 and the 

magnetic s u s c e p t i b i l i t i e s  of LiNiCrF6 and LiNiFeF6 have 

been measured from 90 t o  400 K.19 

temperature was observed f o r  LiNiPeF6 above 90 K, but a 

p l o t  of x-' versus T c l e a r l y  suggests  the  exis tence of 

two paramagnetic regions.  This  implies  lJll>>lJ21, and 

t h e  projected 8 and 8' values  i n d i c a t e  t h a t  J1 is negat ive 

and J2 is p o s i t i v e  (Figure 60) .  The p l o t  0 f X - l  versus  T 
reported f o r  LiNiCrF6 is l i n e a r  from 400 down t o  90 K,  

with no apparent magnetic order ing i n  t h i s  range. A 8 

value of - -40 K, however, i n d i c a t e s  some r e l a t i v e l y  

s t rong ant i ferromagnet ic  i n t e r a c t i o n s  i n  t h i s  compound. 

No magnetic data  a re  ava i lab le  f o r  LiNiVF6. 

t r i r u t i l e  compounds are  a l s o  present ly  under inves t iga t ion  

in our laboratory.  

No long-range order ing 

These three  

TBE TElXAGONAL. TUNGSTPN BRONZE PHASES 

The f luor ide  perovski tes ,  KMF3, a l s o  have a s t r u c t u r a l  

counterpar t  i n  which -180O M2+-F--M3+ magnetic 

i n t e r a c t i o n s  may be s tudied.  This  is the  f luor ide  analog 
I1 I11 of te t ragonal  tungsten bronze with composition KM M F6. 

Recently, Banks, Nakaj ima and Williams" determined the  

c r y s t a l  s t r u c t u r e  of K0.54Mn0,54Fe0,46F3, which belongs t o  

space group W2bc (C4). In t h i s  s t r u c t u r e ,  the  t r a n s i t i o n  

metal ions occupy. th ree  d i s t i n c t  l a t t i c e  s i t e s ,  a s  

i l l u s t r a t e d  i n  Figure 7. There a r e  three  kinds of -1800 
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IONIC AND MAGNETIC ORDERING 22 1 

IONIC O R D E R I N G  

b - 
t 

M"2 

"O.SOF 'O.SOF3 0 F.' 

FIGURE 7 .  Ionic  order ing in K0~50Mn0~50Fe0,50F3. From 
reference 12. 

magnetic i n t e r a c t i o n s  in d 1 d r r F 6 :  

and M2+-F--M3+: f o r  a p e r f e c t l y  ordered c r y s t a l ,  the  

r e l a t i v e  number of these i n t e r a c t i o n s  is 1:1:13, 

respec t ive ly .  

two M2+ neares t  neighbors on M ( 1 )  s i t e s ,  two M3+ neares t  

neighbors on M(2) s i t e s ,  and two M3+ nearest  neighbors on 
M(3)sites.  Since an analogous condi t ions hold t r u e  f o r  

each M3+ ion loca ted  on M(3) s i t e s ,  the  s t r u c t u r e  c o n s i s t s  

l a r g e l y  of l i n e a r  t r imers  of M2' ions and t r imers  of M3+ 

ions which l i e  in the  a plane. One fea ture  of the  

a11M111F6 compounds not present  in m3 is c o n s t r a i n t s  t o  

magnetic ordering. One of these c o n s t r a i n t s  is ind ica ted  

M2+-F'-M2', M3+-F--M3+, 

Each M2+ ion located on an M(3) s i t e  has 
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0 
T . * K  

FIGURE 8 .  Inverse magnetic s u s c e p t i b i l i t y  versus  
temperature f o r  KMnCrF6. Data from reference 16. 

by the  c i r c l e  i n  Figure 7.  Although s i n g l e  c r y s t a l  X-ray 

s t r u c t u r e  determinat ions have not y e t  been poss ib le  f o r  

most of the  d1M1"F6 compounds s tudied,  magnetic 

proper t ies  i n  some cases  c l e a r l y  r e f l e c t  ion ic  order ing 

(and magnetic order ing)  t rends.  

The inverse magnetic s u s c e p t i b i l i t y  of KMnCrF6 versus  

temperature over the range 0 t o  150 K i s  i l l u s t r a t e d  i n  

Figure 8. Of i n t e r e s t  i n  t h i s  f i g u r e  a re  the two l i n e a r  

regions.  The upper region is  t h e  usual high-temperature 

paramagnetic region. The second l i n e a r  region is  a l s o  a 

paramagnetic region, which i s  possible  because of the 

spec ia l  condi t ion  1J2+,2+1 - 1J3+,3+1 >> 1J2+,3+1. Each 
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IONIC AND MAGNETIC ORDERING 223 

M A G N E T I C  ORDERING 

KMn Cr Fs 

FIGURE 9. Msgnetic ordering i n  KhhCrF6. From 
reference 26. 

Mn2+ ion on M(3) s i t e s  forms magnetically ordered t r imers  

with i t s  two neares t  neighboring Mn2+ ions on M ( 1 )  s i t e s .  

These i n t e r a c t i o n s  a r e  ant i ferromagnet ic ,  hence, t h e  three  

Mn2+ ions,  each with a s p i n  of 512. form a t r imer  with a 

r e s u l t a n t  s p i n  of 512. 

on an M(3) s i t e ,  which forms a magnetically ordered t r imer  

with i t s  two neares t  neighboring Cr3+ ions on M(2) s i t e s ,  

but  with a r e s u l t a n t  sp in  of 312. With the formation of 

The same occurs f o r  each Cr3+ ion 
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224 R. F. WILLIAMSON, K. N. BAKER AND W. 0. J. BOO 

magnetically ordered t r imers ,  t h e  number of paramagnetic 

species  with S = 512 is  reduced from t e n  t o  six: l ikewise,  

the number with S = 312 is  a l s o  reduced from t e n  t o  s ix .  

This  f e a t u r e  is r e f l e c t e d  i n  the Curie constants  such t h a t  

5 = 0.6 CM. 

correspond reasonably well with Calculated values.  

magnetically ordered s t r u c t u r e  of KMnCrFs i s  dramatized on 

Figure 9 .  The ca lcu la ted  spontaneous magnetic moment f o r  

t h i s  arrangement i s  4.8 pB and the  observed moment was 3.8 pB. 

# 

A l l  of the  experimental values f o r  KMnCrF6 

The 

The t e t ragonal  bronze l a t t i c e  forms f o r  most 

thermodynamically compatible combinations of d iva len t  and 

t r i v a l e n t  f i rs t - row t r a n s i t i o n  metal f l u o r i d e s  when 

reacted 1:1:1 with KF. 

phases,29 which form the modified pyrochlore s t r u c t u r e  

(I"iFeF6 may form the  bronze s t r u c t u r e ) ,  and the KCrM111F6 

p h a ~ e s , ~ '  which form a hexagonal l a t t i c e .  

t r i r u t i l e ,  t h e  o r b i t a l  moment of V (d ) i s  t o t a l l y  

quenched. Table I1 l i s t s  the poss ib le  combinations of 

spin-only ions t h a t  form the te t ragonal  bronze s t r u c t u r e  

and t h e i r  e l e c t r o n i c  configurat ions.  

Exceptions a r e  t h e  WiM111F6 

A s  i n  
3+ 2 

TABLE 11. Spin-Only Ions Which Form the Tetragonal 
Bronze L a t t i c e .  

V2+ Mn2+ N i 2 +  

v3+ 

does not form 
te t ragonal  
bronze d2-d5 

~ r 3  + d3-d3 d3-d5 

s t r u c t  ure 

does not form 
te t ragonal  
bronze 
s t r u c t u r e  

not thermo- 

compatible 
Fe3+ dynam ica  1 ly d5-d5 d5-d8 
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CONCLUSIONS 

Concomitant ion ic  order ing makes LiM%'11F6 and 

d1M1"F6 i n t e r e s t i n g  candidates  f o r  studying magnetic 

superexchange i n t e r a c t i o n s  between d i s s i m i l a r  paramagnetic 

ions. Other f e a t u r e s  t h a t  make these compounds a t t r a c t i v e  

f o r  q u a n t i t a t i v e  s t u d i e s  include: (1) magnetic order ing 

occurs between 4.2 and 300 K in a l l  of these mater ia l s ,  

(2)  d i f f e r e n t  magnetic i n t e r a c t i o n s  can of ten  be separated 

thermally,  and ( 3 )  many of the compounds of i n t e r e s t  a r e  

spin-only . 

The authors  g r a t e f u l l y  acknowledge the  National Science 
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