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LOWER VALENCE FLUORIDES OF VANADIUM, CHROMIUM, AND 
IRON A MF ( A  = K ,  Rb, o r  Cs: M = V. C r ,  o r  Fe; AND 
x = 0 $0 3 ) .  

W. 0.  J. BOO, R. F. WILLIAMSON, AND K. N. BAKER 
Department of Chemistry, The Universi ty  of 
Miss i s s ipp i ,  Universi ty ,  MS 38677, U. S.A. 
Y. S. HONG 
Department of Chemistry, The Chung Cheng I n s t i t u t e  of 
Technology, Taiwan, Republic of China 

Abstract  Some of t he  more i n t e r e s t i n g  a spec t s  of t he  
AxMF3 compounds a re  t h e i r  tendencies t o  d i sp l ay  small 
l a t t i c e  d i s t o r t i o n s ,  s u p e r l a t t i c e  s t r u c t u r e s ,  and 
composition-dependent p rope r t i e s .  A l l  of t hese  
phenomena a re  a r e s u l t  of i on ic  ordering, of which 
the re  a r e  th ree  kinds 1) ordering of p a r t i a l l y  
f i l l e d  A+ s i t e s ,  ( 2 )  M'+-M3+ e l e c t r o n i c  order ing,  and 
( 3 )  cooperat ive Jahn-Teller ordering. Hexagonal 
tungsten bronze-like phases ( A  = K, Rb, o r  C s  and 
x - 0.2-0.3). and modified pyroohlore phases ( A  = Rb 
o r  C s ,  and x - 0.4-0.6) c r y s t a l l i z e  f o r  M = V, C r ,  
and Fe. Tetragonal tungsten bronze-like phases form 
i n  KxVF3 (x = 0.45-0.56) and KxFeF3 ( x  = 0.40-0.60). 
but  a new hexagonal phase 
octahedral  c r y s t a l  f i e l d  V5+ and Cr2' a r e  Jahn-Teller 
ions,  and t h e i r  presence has a profound e f f e c t  on the  
l a t t i c e  t h a t  i s  formed. Comparisons a re  made between 
the  AxVF3, AxCrF3, and A,FeF3 systems. 

orms i n  K CrF3. I n  an 

INIXODUCTION 

The phase systems AxMF3 ( A  = K, Rb, o r  C s  and M = V , l S 2  

C r , 3  o r  Fe4s5 )  were reported several  years  ago. 

system, the hexagonal bronze s t r u c t u r e  spans the 

composition I - 0.2 t o  0.3, and the  modified pyrochlore 

s t r u c t u r e  forms f o r  A = Rb o r  Cs a t  x - 0.4 t o  0.6. The 

t e t r agona l  bronze s t r u c t u r e  e x i s t s  f o r  KxVF3 ( x = 0.45 t o  

I n  each 
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196 W. 0. J.  BOO, R. F. WILLIAMSON, K. N. BAKER AND Y. S. HONG 

0.56) and KxFeF3 ( x  = 0.40 t o  0.601, but a y e t  

undetermined hexagonal s t r u c t u r e  forms f o r  KxCrP3 ( x  - 0.4 

t o  0 . 6 ) .  

We have recent ly  completed a more d e t a i l e d  

c h a r a c t e r i z a t i o n  of the  AxVF3 

examining t h e  A,CrF3 systems.' 

on the V, C r ,  and Fe systems reveal  c e r t a i n  common 

c h a r a c t e r i s t i c  f o r  the  AxMF3 compounds. These include: 

small c ry  s t  a1 d i s t o r t  ions,  super1 a t  t i c e  s t r u c t u r e s ,  and 

compo s i t ion-dependent proper t i e s  . 
mixed d iva len t - t r iva len t  compounds a re  i n t e r e s t i n g  a s  a 

group because of the  unique e l e c t r o n i c  s t r u c t u r e s  of t h e  

paramagnetic ions (Table I ) .  In the  octahedral  c r y s t a l  

f i e l d  provided by f l u o r i d e  ions, V3+ and Cr2+ become Jahn- 

T e l l e r  ions, but n e i t h e r  of the Fe ions i s  a Jahn-Teller 

ion. These f e a t u r e s  a re  r e f l e c t e d  i n  the  s t r u c t u r e s  and 

i n  many of the  physical p r o p e r t i e s  of the  AXMI?, compounds. 

and have begun 

Comparisons of work done 

Furthermore, these 

TABLE I. Elec t ronic  Configurations i n  Octahedral 
Coordination 

V2+ 
v3 + 

Cr2+ 
cr3+ 

(weak Jahn-Teller ion) 

( t  I3(e  ) ( s t rong  Jahn-Teller ion) 
( t i 3 3  

TEE HEXAGONAL BRONZE-LIKE FLUORIDES 

In the hexagonal bronze f luor ides ,  observable s u p e r l a t t i c e  

X-ray r e f l e c t i o n s  a re  assoc ia ted  with order ing of A+ ions 

i n  h a l f - f i l l e d ,  two-thirds f i l l e d ,  and three-fourths  

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 



LOWER VALENCE FLUORIDES OF V, Cr, and Fe 197 

f i l l e d  s i t e s .  These correspond t o  s to i ch iomet r i c  

compounds wi th  formulas m6F18D A2MgF27, and AM4F12, 

r e s p e c t i v e l y ,  and a r e  optimum near  compositions x = 0.167, 

0.222, and 0.250, r e spec t ive ly .  In some cases ,  s e v e r a l  

s e t s  of s u p e r l a t t i c e  X-ray r e f l e c t i o n s  a re  p re sen t  f o r  a 

s i n g l e  sample. 

s u p e r s t r u c t u r e  a r e  the  same a s  those of t h e  pa ren t  MF3 

u n i t  c e l l  (which is  sometimes d i s t o r t e d  from hexagonal t o  

orthorhombic) , but m6F18 i s  body-centered, whereas, t h e  

pa ren t  l a t t i c e  i s  p r imi t ive .  The a and b dimensions of 

A2MgF27 a r e  the  same a s  t h e  parent  l a t t i c e  but t h e  c 
dimension i s  inc reased  from two l a y e r s  t o  th ree  l a y e r s ,  

and the  s t r u c t u r e  i s  base-centered. AM4F12 i s  p r imi t ive ,  

bu t  i t s  dimensions a re  much l a r g e r  t han  the  o t h e r s  w i th  g 

doubled, 1 t r i p l e d ,  and g doubled. The approximate 

dimensions of t h e  parent  l a t t i c e  and t h e  t h r e e  modulated 

s t r u c t u r e s  a r e  shown i n  Table 11. 

The c e l l  dimensions of t h e  Ahf6F18 

Table 11. Orthorhombic Unit C e l l  Dimensions of the  
Parent  L a t t i c e  and the  of Modulated S t r u c t u r e s  Which 
Form i n  the  Hexagonal Bronze-like AxMF3 Compounds 

f - a - 12.9 
- b - 1.4 Parent  P r imi t ive  Ortho, 

L a t t i c e  2 l a y e r s  deep - c - '7.4 

- a - 12.9 
a - 7.4 A+ S i t e s  112 F i l l e d ,  Body 

AM6F18 Centered Ortho, 2 Layers Deep - - c - 7.4 Is 
- a - 12.9 1 
b - 1.4 1 
- c - 11.3 % 

A+ S i t e s  213 F i l l e d ,  Base 
+MsF27 Centered Ortho, 3 Layers Deep - 

a - 2 5  8 1 - 22:2 8, 
c - 15.0 1 

A+ S i t e s  314 F i l l e d ,  P r imi t ive  - AM4F12 Ortho, 4 Layers Deep - 
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198 W. 0. J.  BOO, R. F. WILLIAMSON, K. N. BAKER AND Y. S. HONG 

I II 
FIRST KIND SECOND KIND 

FIGURE 1. TWO Possible kinds of distortion to the ortho- 
hexagonal unit cell. 

Jahn-Teller distortions generate novel effects in the 

AxVF3 and AxCrF3 compounds, but there are several 
significant differences between the two Jahn-Teller ions in 
the hexagonal bronze-like fluorides. 
Jahn-Teller ion and Cr2+ is strong; second, one is a +3 ion 
the other a +2 ion; and third, the fraction of V ions which 
are V3+ is -0.8 to 0.7, where the fraction of Cr ions which 
are Cr2+ is -0.2 to 0.3. 

First, V3+ is a weak 

Cooperative Jahn-Teller ordering can distort the 

ortho-hexagonal unit cell to orthorhombic in two ways as 
illustrated in Figure 1. The dimensions of the andistorted 
ortho-hexagonal unit cell are related to the hexagonal unit 

cell as follows: 
- b(he.1, and s(ortho) = g(hex). It is possible to describe 
quantitatively the distortion present in a structure by 

defining a distortion ratio. 

la(ortho) I = 31121a(hex) 1 ,  b(ortho) = 

We have defined this ratio 
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LOWER VALENCE FLUORIDES OF V, Cr, and Fe 199 

f o r  the ortho-hexagonal u n i t  c e l l  a s  la1/31/21bl. For a 

d i s t o r t i o n  of the  f i r s t  kind, t h e  r a t i o  is  g r e a t e r  than 

uni ty ,  and i f  the d i s t o r t i o n  is of t h e  second kind, the  

r a t i o  i s  less than unity.  

The d i s t o r t i o n  r a t i o s  f o r  the  t h r e e  modulated 

s t r u c t u r e s  observed i n  t h e  V and C r  systems are  shown i n  

Table 111. Some addi t iona l  comments should be made. Both 

TABLE 111. Modulated S t ruc tures  and t h e i r  
D i s t o r t i o n  Rat ios  Observed i n  the AXW3 and A,CrF3 
Systems. 

AM6F18 k!MsF27 m4F12 

1.007 1.006 --- a )  
KxW3 ( 
RbXW3 ( a )  1.005 1.004 0.991 

KxCrF3 (b) --- __-- ----- 

--- ---- ----- CsxVF3 ( a I 

Rb,CrF3 ( b )  1 .ooo 0.978 0.980 

CsxCrF3 (b )  1 .OOO 0.997 0.993 

( a )  Data from Reference 7; (b)  Data from Reference 9 

kinds of d i s t o r t i o n  a r e  present  i n  the  V systems. In the  

CsxVF3 system ( a t  a l l  compositions) and i n  the  KxVF3 ( f o r  

l a r g e r  values of x) no modulated s t r u c t u r e s  were formed: 

however, d i s t o r t i o n s  of these compounds were always of the 

second kind. In the C r  systems the only kind of 

d i s t o r t i o n  observed i s  of the  second kind. Although no 

modulated s t r u c t u r e s  form for  the  KxCrF3 system, the  Jahn- 

T e l l e r  e f f e c t  d i s t o r t s  the  l a t t i c e  t o  monoclinic. In the  

RbxCrF3 and Cs,CrF3 systems, it i s  poss ib le  by cont ro l led  

synthes is  t o  induce order ing of A+ ions i n  p a r t i a l l y  

f i l l e d  s i t e s  (modulated s t r u c t u r e s ) ,  i n  which case the 
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200 W. 0. J.  BOO, R. F. WILLIAMSON, K. N. BAKER AND Y. S. HONG 

l a t t i c e  i s  d i s t o r t e d  t o  orthorhomibc (second kind) ,  o r  t o  

e l iminate  A+ order ing i n  which case the l a t t i c e  remains 

undis tor ted  (hexagonal). 

Although they are  usua l ly  interdependent,  t h e r e  a re  

three  d i s t i n c t  types of ion ic  order ing possible  i n  the 

hexagonal bronze-like AXW3 compounds: 

p a r t i a l l y  f i l l e d  A+ s i t e s ,  ( 2 )  M2+-M3+ e l e c t r o n i c  

order ing,  and ( 3 )  cooperative Jahn-Teller ordering. It 

has a l ready been es tab l i shed  t h a t  A+ order ing i s  unique t o  

each of the three  modulated s t r u c t u r e s  (Table 11). It 

follows t h a t  s ince the M2+/M3+ r a t i o  i s  d i f f e r e n t  f o r  each 

of the  three ,  M2'-M3' e l e c t r o n i c  order ing ( i f  it is 

present )  must a l s o  be unique i n  each case.  From Table I11 

we see t h a t  the d i s t o r t i o n  r a t i o s  f o r  RbCrgF18 and 

Rb2CrgF27 a r e  s i g n i f i c a n t l y  d i f f e r e n t .  

Jahn-Teller ordering i n  the AxCrF3 compounds must be 

dependent on M2+-M3' e l e c t r o n i c  order ,  (because the Cr2+ 

ion i s  d i l u t e )  we conclude t h a t  e l e c t r o n i c  order ing i s  

d i f f e r e n t  i n  Ahf6F18 and A2MgF27. 

t o  Rb2VgF27 and RbV4FI2, i n  which case the d i s t o r t i o n  is 

of the  f i r s t  and second kind, respec t ive ly .  We. 

therefore ,  have experimental evidence t h a t  M2+-M3+ 

e l e c t r o n i c  order ing i n  Ahf6F18, A2MgF27, and AM4F12 i s  

unique i n  each case. 

e l e c t r o n i c  order ing should be the  same i n  any given 

modulated s t r u c t u r e ,  the  Jahn-Teller d i s t o r t i o n  may be 

q u i t e  d i f f e r e n t  f o r  V and C r .  From Table 111, t h e  

d i s t o r t i o n  i n  ACr6FI8 d i f f e r s  from t h a t  i n  AV6F18, and the 

d i s t o r t i o n  i n  A2CrgF27 i s  q u i t e  d i f f e r e n t  from t h a t  i n  

klVgF27. 

(1) ordering of 

Since cooperative 

Similar  arguments apply 

While the  A+ order ing and M2'-M3' 
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LOWER VALENCE FLUORIDES OF V, Cr, and Fe 

From Table 111, one can conclude t h a t  a l l  t h r e e  

201 

t ypes  of i on ic  order ing a r e  present  i n  AV6F18, AZVgF27, 

AV4F12, A2CrgF27, and ACr4FI2. 

order ing of p a r t i a l l y  f i l l e d  A+ s i t e s ,  but must a l s o  have 

some form of Cr2+-Cr3+ e l e c t r o n i c  ordering. 

i s  not shown i n  Table 111, some combinations of i o n i c  

order ing a r e  present  even i f  the modulated s t r u c t u r e s  a re  

absent.  

e l e c t r o n i c  order ing and cooperat ive Jahn-Teller order ing 

a r e  present  a t  a l l  compositions; and CsxVF3 ( a t  a l l  

compositions) and KxVF3 ( f o r  l a r g e r  x ) ,  i n  which only 

cooperat ive Jahn-Teller order ing i s  present .  

ACr6F18 d i sp lays  only 

Although it 

These include KxCrF3 i n  which both Cr2-Cr3+ 

More s u b t l e  evidence of M2+-M3+ e l e c t r o n i c  order ing 

i n  the hexagonal bronze-like f l u o r i d e s  i s  evident from the 

low temperature magnetic data .  

example, a s i z e a b l e  induced magnetic moment i s  found i n  

%VgF27.7 I n  samples of t he  RbxCrF3 system, cons i s t ing  
p r imar i ly  of RbCr6F18 o r  Rb2CrgF27, magnetic coupling 

occurs  i n  steps.' 

i t s  nea res t  neighboring Cr3+ ions forming a ferromagnetic 

dimer, followed a t  l one r  temperatures by three-dimensional 

long-range ( a n t i f e r r o )  magnetic ordering. Both of these 

e f f e c t s  r e f l e c t  the f a c t  t h a t  M2' and M3+ ions occupy 

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

I n  the  AXW3 systems, f o r  

Each Cr2+ ion f i r s t  couples with one of 

Ion ic  order ing in the  hexagonal bronze-like f l u o r i d e s  

must depend t o  a l a r g e  ex ten t  on how t h e  ma te r i a l s  a r e  

prepared. It i s  l i k e l y  t h a t  under the proper cond i t ions  

A+ ordering and Fe2+-Fe3+ e l e c t r o n i c  order ing could be 

induced i n  the AxFeF3 compounds. 

reported,  approximately 90% of each sample was i o n i c a l l y  

ordered (90% orthorhombic) and 104, remained hexagonal: i n  

I n  t h e  RbxCrF3 compounds D
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202 W. 0. J. BOO, R. F. WILLIAMSON, K. N. BAKER AND Y. S. HONG 

the  CsxCrF3 compounds, the  samples prepared were 

approximately 509b orthorhombic and 509b hexagonal. 

Ordering could be optimized i f  annealing temperatures were 

known, and i n  some instances ,  order ing could be 

s e l e c t i v e l y  eliminated--that is, l i m i t e d  t o  one o r  two of 

the three types by using quenching techniques. 

TEE TETRAGONAL BRONZE-LIKE FLUORIDES 

We bel ieve  t h a t  KxVF3 (x = 0.45 t o  0.56) i s  the  only 

candidate sofar  t h a t  may c r y s t a l l i z e  i n  a t e t ragonal  

bronze s t r u c t u r e  with concomitant ion ic  ordering. The 

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

f o r  KxCrF3 because Cr2+ i s  a st rong Jahn-Teller ion. 

of the  three  types of ion ic  order ing described i n  the 

previous s e c t i o n  has been v e r i f i e d  f o r  the  te t ragonal  

bronze f l u o r i d e s  of Pe.4s5 

p a r t i a l l y  f i l l e d  K+ s i t e s  was found i n  the  te t ragonal  

bronze f l u o r i d e s  of vanadium, although it i s  l i k e l y  t h a t  

the  preference f o r  pentagonal-shaped s i t e s  over square- 

shaped s i t e s  reported by Magneli" f o r  KxW03 is appl icable  

t o  the f l u o r i d e s  as well.  There a r e  a l so  no Jahn-Teller 

d i s t o r t i o n s  i n  the te t ragonal  KxW3 phase. 

None 

No evidence of ordering of 

Banks, Nakaj ima, and Williams" reported t h a t  

te t ragonal  K0.54Mn0.54Fe0,46F3 belongs t o  space group 

W2bc (C:,) and the two t r a n s i t i o n  metal c a t i o n s  occupy 

three  d i s t i n c t  octahedral  s i t e s .  In t h i s  compound, one 

s e t  of 8 ( c )  Wyctoff p o s i t i o n s  a r e  occupied s o l e l y  by Mn2+ 

ions,  a second s e t  of 8 ( c )  p o s i t i o n s  by Fe3+ ions,  and 

4 ( b )  pos i t ions  a r e  occupied by e i t h e r  Mn2+ o r  Fe3+. The 

ion ic  ordering i s  such t h a t  each Mn2+ ion loca ted  on the  

f i r s t  s e t  of 8 ( c )  s i t e s  has f i v e  neares t  neighboring Fe3+ 
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LOWER VALENCE FLUORIDES OF V, Cr, and Fe 203 

K O .  4OV F3 K0.60V F3 

FIGURE 2. .Two mechanisms f o r  magnetic order ing i n  
t e t r a g o n a l  KxVF3 a t  t h e o r e t i c a l  compositions x = 0.4 
and 0.6 

ions which a r e  loca t ed  on t he  second s e t  of 8 (c )  s i t e s ,  

and v i ce  versa; the s i x t h  n e a r e s t  neighbor i s  l o c a t e d  on a 

4(b) s i t e  and may be e i t h e r  Mn2+ o r  Fe3+. 

The magnetic p r o p e r t i e s 6  of KxVF3 can be explained on 

the  b a s i s  of t h i s  i on ic  order.  In f a c t ,  t h e r e  i s  

support ing evidence6 t h a t  W2bc ( C t v )  i s  the c o r r e c t  space 

group over i t s  e n t i r e  composition span. One add i t iona l  

conclusion which i s  important  a t  composition x = 0.50 is:  

i ons  on 4(b) s i t e s  which a r e  random w i t h i n  the 

a r e  ordered along t h e  c d i r e c t i o n .  

above V2+-V3+ e l e c t r o n i c  order ing t r e n d s  a r e  t r u e  are:  

the number of V2+-V3+ n e a r e s t  neighbors a r e  maximized. and 

the number of V2+-V2+ and V3+-V3+ nea res t  neighbors a r e  

minimized. Assuming p e r f e c t  order ing a t  i dea l  

compositions x = 0.4, 0.5, and 0.6, the r e l a t i v e  number of 

plane 

The general  cond i t ions  which appear t o  be met i f  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 



204 W. 0. J .  BOO, R. F. WILLIAMSON, K.  N.  BAKER AND Y. S. HONG 

V2+-V2+, V3+-V3+, and V2+-V3+ near  neighbors a r e  0:3:12, 

1:1:13, and 3:0:12, r e spec t ive ly .  

From t h e  r u l e s  of Goodenough12 and Kanamori,13 one 

would p red ic t  t h a t  t he  superexchange i n t e r a c t i o n s  f o r  

V2+-V2+, V3+-V3+, and V2+-V3+ should a l l  be 

ant i ferromagnet ic .  The magnetic s u s c e p t i b i l i t y  da t a  a r e  

c o n s i s t e n t  with these p red ic t ions  with 8 values  ranging 

from -55 t o  -96 K and TN values  nea r ly  constant  a t  45 t o  

50 K.6 I f  we make a simple assumption t h a t  f o r  

magnetic i n t e r a c t i o n s  w i t h i n  the  plane 

v2+-v2+ > v'+-v~+ > ~ 3 + - ~ 3 + ,  we can j u s t i f y  two magnetic 

order ing mechanisms f o r  t he  idea l  compositions x = 0.4 and 

x = 0.6. These two mechanisms a re  i l l u s t r a t e d  i n  Figure 2 

and the j u s t i f i c a t i o n  of each depends on the  assumption 

t h a t  V2+-V3+ e l e c t r o n i c  order ing on 8 ( c )  s i tes  is  

independent of composition. I n  each of t he  two mechanisms 

the magnetically ordered s t r u c t u r e  c o n s i s t s  of square 

columns of f e r r imagne t i ca l ly  ordered V 2 + - ~ 3 +  ions on 8 ( c )  

s i t e s .  A t  x = 0.4, coupling between square columns i s  such 

t h a t  t h e i r  moments a re  add i t ive ;  a t  x = 0.6, coupling 

between square columns i s  such t h a t  t he  ferr imagnet ic  

moments of nea res t  neighboring squares columns a r e  

a n t i p a r a l l e l .  A t  some c r i t i c a l  composition t h e r e  should be 

a change from the  f i r s t  mechanism t o  the second. The 

magnetic measurements revealed t h a t  i n  a f i e l d  of 1 0  kG a 

magnetic moment of magnitude x pB was observed i n  samples 

of composition x = 0.45, 0.4625, and 0.4750.6 

x = 0.4875, the  magnetic moment i s  approximately zero. The 

experimental  magnetic da t a ,  t he re fo re ,  supports  the 

assumption t h a t  V2+-V3+ e l e c t r o n i c  order ing e x i s t s  i n  the  

t e t r agona l  bronze-like phase KxVF3. 

Above 
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LOWER VALENCE FLUORIDES OF V. Cr, and Fe 

CUBIC ORTHORHOMBIC 

I E 

205 

FIGURE 3. D i s t o r t i o n  of the cubic modified pyrochlore 
s t r u c t u r e  t o  orthorhombic symmetry 

TEE MODIFIED PYROCELORES 

It has f r equen t ly  been observed14 t h a t ,  al though t h e  cubic 

modified pyrochlore s t r u c t u r e  forms f o r  many combinations 

of b?+. M3+ ions,  only when M2+ and M3+ a re  d i f f e r e n t  

ox ida t ion  s t a t e s  of the same element does the s t r u c t u r e  

d i s t o r t  t o  lower symmetry. Since the d i s t o r t i o n  occurs i n  

t h e  Fe systems as wel l  as V and C r .  we conclude t h a t  i n  Fe 

i t  i s  a consequence of simple M2+-M3+ e l e c t r o n i c  order ing.  

It i s  easy t o  propose a model f o r  t h i s  kind of i o n i c  

o rde r ing  s ince i n  t h i s  s t r u c t u r e  rows of M2+, M3+ ions l i e  

along t h e  s i x  (110) d i r e c t i o n s .  I n  any proposed model f o r  

M2'-M3' e l e c t r o n i c  order ing,  we should maximize the  number 
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206 W. 0. J. BOO, R. F. WILLIAMSON, K. N. BAKER AND Y. S. HONG 

of M2'-M3' neares t  neighbors and minimize the  number of 

M2+-M2+ and M3+-Y3+ neares t  neighbors. 

composition x = 0.50 we arrange the  ions i n  four  of the s i x  

(110) d i r e c t i o n s  so they a r e  a l t e r n a t e l y  M2+-M3+. then the 

ions i n  the  two remaining <110> d i r e c t i o n s  w i l l  cons is t  of 

rows of M2+ ions a l o q  one d i r e c t i o n  and rows of M3+ ions 

along t h e  other .  For example, i f  we a l t e r n a t e  the  two ions 

along t h e  [ l o l l ,  [To l l ,  [ O l l l .  and [Ox11 d i r e c t i o n s ,  then 

we w i l l  have c rea ted  rows of M2+ ions long t h e  [1101 

d i r e c t i o n  and rows of M3+ along the  [I101 d i r e c t i o n .  

t h i s  ordered arrangement, t h e  r e l a t i v e  number of 

$'-hi2': M3+-M3+: M2+-M3+ neares t  neighbors i s  1:1:4, 

respec t ive ly .  The rows of M2' ions and M3+ ions w i l l  

u l t imate ly  d i s t o r t  the  cubic uni t  c e l l  t o  orthorhombic 

symmetry, a s  i l l u s t r a t e d  i n  Figure 3. In t h i s  f igure ,  the  

dashed l i n e s  represent  the  cubic  u n i t  c e l l  and the s o l i d  

l i n e s  marked a and b represent  t h e  new u n i t  c e l l  before  

d i s t o r t i o n  t o  orthorhombic symmetry. 

ions and M3+ ions l i e  along the  cubic [ l l O l  and IT101 

d i r e c t i o n s ,  respec t ive ly ,  t o  a f i r s t  approximation, t h e  

d i s t o r t i o n  should be only wi th in  the  plane a s  ind ica ted  

by the  four arrows. From t h i s  f igure ,  one concludes the 

dimensions of t h e  orthorhombic n n i t  c e l l  r e s u l t i n g  from 

the  d i s t o r t i o n  would be 21/21al>l=l> 21/21b1. In other  

words, the  length of a increases  by approximately the  same 

amount t h a t  decreases,  and E is  e s s e n t i a l l y  unchanged. 

Again, i t  i s  convenient t o  def ine  d i s t o r t i o n  r a t i o s ,  but 

i n  t h i s  case,  it i s  necessary t o  def ine  a d i s t o r t i o n  r a t i o  

f o r  each of the three  orthorhombic dimensions. I f  there  

were no d i s t o r t i o n s ,  2f/21gI=I=I= 21/21bl=(2V)1'3. The 

I f  a t  the  

I n  

Since the rows of M2+ 
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LOWER VALENCE FLUORIDES OF V,  Cr, and Fe 201 

V Cr Fe 

FIGURE 4. 
compounds. Data from references 3.4, and 8 .  

Distort ion rat ios  of the Rbo.soMF3 

CS-MF, 

. 1 0 5 -  

V Cr Fe 

FIGURE 5 .  
compounds. Data from references 3.4. and 8 .  

Distortion r a t i o s  for the C S ~ . ~ ~ M F ~  
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208 W. 0. J. BOO, R. F. WILLIAMSON, K. N. BAKER AND Y. S. HONG 

d i s t o r t i o n  r a t i o s  a re ,  therefore ,  defined a s  6, = 

lgl/(2V)1/3, respec t ive ly .  

Rbo.soMF3 ( M  = V, C r ,  o r  Fe) a r e  p l o t t e d  on Figure 4 ,  and 

the  r a t i o s  f o r  Cso.50MF3 a r e  shown on Figure 5. 

from these f i g u r e s  t h a t  f o r  Rbo s0FeF3 and Cso.SOPeF3, 

predicted by our model ( i . e .  only M2+-M3+ e l e c t r o n i c  

order ing is present ) .  The d i s t o r t i o n  r a t i o s  f o r  V and C r  

do not f i t  t h i s  simple model and we conclude, therefore ,  

t h a t  in addi t ion  t o  M2+-M3+ e l e c t r o n i c  order ing,  

cooperative Jahn-Teller e f f e c t s  a r e  present  as  wel l  in 

these systems. 

Jahn-Teller d i s t o r t i o n  is l a rge .  It should be pointed out 

t h a t  in the  case of Rbo soFeF3 and C S ~ , ~ ~ F ~ F ~ ,  the 

orthorhombic and 1 d i r e c t i o n s  correspond t o  the  

d i r e c t i o n s  of rows of Fe2+ and rows of Fe3+ ions, 

respec t ive ly .  I n  the  case of t h e  V and C r  modified 

pyrochlores,  141 may be def ined a s  being l a r g e r  than lbl 
but  we cannot be sure which is the  d i r e c t i o n  of the  rows of 

M2' ions and which is the  d i r e c t i o n  of the  rows of M3+ 

ions. 

e l e c t r o n i c  configurat ions,  and one would again expect the  

Jahn-Teller d i s t o r t i o n  assoc ia ted  with each t o  be 

d i f f e r e n t .  

cooperative Jahn-Teller order ing cont r ibu te  t o  the c r y s t a l  

d i s t o r t i o n  of t h e  modified pyrochlore s t r u c t u r e ,  and it  is 

uncer ta in  a s  t o  whether the  two e f f e c t s  a r e  addi t ive  o r  

opposed. 

21/21&l/(2v)1/3, 6b = 21/21b1/(2v)1/3, and 6, = 

The d i s t o r t i o n  r a t i o s  f o r  

We see 

-. 
6, > 6, > 6b' 6, -. 1/6b# and 6, is appr0Ximatdy Wlity as  

It is obvious t h a t  f o r  Rbo.50CrF3 the 

$' and Cr2+ have d i f f e r e n t  charges and d i f f e r e n t  

Both M2'-M3' e l e c t r o n i c  order ing and 
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LOWER VALENCE FLUORIDES OF V, Cr, and Fe 209 

CONCLUSIONS 

Ionic  order ing superimposed on the  parent  l a t t i c e  of a 

c r y s t a l  w i l l  almost always lower the symmetry of the 

c r y s t a l .  The hexagonal bronze f l u o r i d e s  and modified 

pyrochlore c r y s t a l  systems a r e  lowered from hexagonal t o  

orthorhombic and from cubic t o  orthorhombic, respect ively.  

I n  the te t ragonal  bronze f l u o r i d e s  of V, ion ic  order ing 

does not change the c r y s t a l  system, but  it changes the 

space group t o  one of lower symmetry. 

Three kinds of ionic  ordering a r e  c h a r a c t e r i s t i c  of 

t h e  AxVF3 and AxCrF3 compounds. 

e l e c t r o n i c  order ing was observed f o r  the modified 

pyrochlore f l u o r i d e s  of Fe, ordering of p a r t i a l l y  f i l l e d  

A+ s i t e s  i s  a l s o  a p o s s i b i l i t y  i n  some of the AgeF3 

compounds. The types of i o n i c  order ing found thus  f a r  i n  

t h e  AXm3 compounds a re  summarized i n  Table N. 

Ionic  Ordering i n  A,W3 Compounds 

Although only M2+-M3+ 

TABLE N. 

(1) P r t i  lly F i l l e d  A+ S i t e s  
(2)  Mi+-M'+ (Elec t ronic  Order) 
( 3 )  Cooperative Jahn-Teller Order 

V C r  Fe 

Hexagonal Bronze (1) , ( 2 ) , ( 3 )  (1) , (2)  , ( 3 )  ? 

? Tetragonal Bronze ( 2 )  

Modified Pyrochlore ( 2 ) , ( 3 )  (21, ( 3 )  ( 2 )  

--- 
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