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The compounds K,M11xM1111-xF3 ( x  = 0.4-0.6; M" = Mn, Ni; MI1' = V, Cr) were prepared and studied. The tetragonal tungsten 
bronze structure formed for M" = Mn and M"' = V, Cr, and the modified pyrochlore structure formed for MI1 = Ni and M111 
= V, Cr, except for &.soNio.soCro.MF3, which formed the tetragonal bronze structure. From their magnetic behavior, we conclude 
that all of the tetragonal bronze compounds are ionically ordered and belong to space group P4gc (Ck). Magnetic ordering in 
these compounds occurs in two steps. Linear trimers (MI1)) and (MI1')' form first, giving rise to a quasi-paramagnetic region, 
followed at lower temperatures by long-range magnetic ordering. The 180' M2t-F-M3t magnetic interactions appear to be 
ferromagnetic. Samples of compositions Na, 2s&.2sM"o,soM"'o,50F3 and Nao,soM~~o,50M~~~o,~oF3 were also prepared and studied. 

Introduction 
Magnelil reported the structure of tetragonal tungsten bronze, 

K,W03 (x = 0.4-0.6), to belong to space group P4/mbm (Dh) .  
In this structure, tungsten ions are indistinguishable and occupy 
both 8j and 2c sites. Banks, Nakajima, and Williams2 reported 
that &,54Mn,,54Fe,,46F3 belongs to space group P42bc (Ck). This 
lowering of symmetry is a consequence of ionic ordering of Mn2+ 
and Fe3+ in the fluoride analogue. The Mn2+ ions are found on 
one set of 8c sites, designated M(  l ) ,  and Fe3+ ions are found on 
a second set of 8c sites, designated M(2). Both Mn2+ and Fe3+ 
ions randomly occupy 4b sties, designated M(3). 

Mounting evidence indicates that ionic ordering of the type 
found in &,,4Mno,54Feo,46F3 is common in fluoride analogues of 
tungsten bronze. From their magnetic behavior, we have con- 
cluded that K,VFJ and K,Mn,Crl-,F3,4 as well as K,Mn,Fel-xF3,5 
belong to space group P4,bc (Ck) over their entire composition 
spans (x = 0.4-0.6). Only the occupation of 4b sites is affected 
by composition change. At x = 0.50, occupation of the 4b sites 
is random in the ab plane; however, M2+ and M3+ ions on 4b sites 
along the c direction are ordered. 

The ionically ordered structure of ~.~oM110.soM1110.,0F3 in the 
ab plane is illustrate on Figure 1. The magnetic data has also 
allowed us to make quantitative conclusions regarding the mag- 
nitude and sign of the magnetic exchange constant, J, between 
neighboring paramagnetic ions. All near-neighbor interactions 
in the tetragonal bronze structure are approximately 1 80°, and 
for K~.~~M110.~oM1110.~OF3, the interactions M2+-F--M2+, 
M3+-F-M3+, and M2+-F-M3+ occur in the ratio 1:1:13. From 
their magnetic susceptibilities, we deduced for KV2F, (J2+,2+l = 

for KMnCrF6 1J2+,2+1 = 1J3+,,+1 >> lJ2+,3+j.4 Furthermore, all of 
the magnetic interactions in these compounds are antiferromag- 
netic except J2+,3+ in &.soMno.soCro.50F3 (Le., Mn2+-F-Cr3+), 
which is weakly ferromagnetic. 

We reported the magnetic properties of the trirutile compound 
LiMnVF6.6 In the trirutile structure as in the rutile structure, 
there are two important magnetic interactions: J,, between 
nearest-neighboring metal ions, and J2, between second-nearest 
neighbors. In this compound, lJll >> lJ21; hence, magnetic ordering 
occurs in steps: dimers form first between nearest-neighboring 
(Mn,V) pairs, and three-dimensional, long-range ordering occurs 
at  a lower temperature. One of the interesting features of this 
mechanism is the existence of a quasi-paramagnetic region at  
temperatures where the dimers are stable but above the tem- 
perature at  which long-range magnetic ordering sets in. In a plot 
of x-' vs T, this quasi-paramagnetic behavior is supported by the 
existence of a second linear region. 

In KMnCrF,, a situation exists similar to that in LiMnVF,. 
The ionic ordering displayed on Figure 1 reveals that if a M(3) 

IJ2+,3+I IJ3+,3+L3 for KMnFeF6 lJ3+,3tl > IJ2+,3+I > 1J2+,2+19' and 
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site is occupied by a Mn2+ ion, it has two nearest-neighboring Mn2+ 
ions on M( 1) sites or if a M(3) site is occupied by a Cr3+ ion, it 
has two nearest-neighboring Cr3+ ions on M(2) sites. Since the 
(Mn,Mn) and (Cr,Cr) magnetic interactions are believed to be 
much stronger than the (Mn,Cr) interactions, we conclude that 
magnetically-coupled linear trimers, (Mn), and (Cr),, form first, 
followed by three-dimensional, long-range ordering at  a lower 
temperature. Only 6 of every 10 metal ions would form trimers, 
one (Mn), and one (Cr),. Since the magnetic interactions within 
these trimers are known to be antiferromagnetic, the resultant 
spin moments of (Mn), and (Cr)3 would be 5/2  and 3/2, respec- 
tively. Of the 10 metal ions the number of species with resultant 
spins of 5 / 2  would be 3 [one (Mn)3 and two Mn2+] and the number 
with spins of 3/2 would also be 3 [one (Cr), and two Cr3+]. 
Therefore, a quasi-paramagnetic temperature region should exist 
below the temperatures where the trimers are formed but above 
the temperature at  which long-range ordering sets in, with a CM' 
value quantitatively equal to 0.6 CM. To establish the existence 
of the quasi-paramagnetic region, we have remeasured the 
magnetic susceptibility of ~,soMno.soCro.soF3 over smaller tem- 
perature intervals. 

Assuming that other fluoride analogues of tetragonal tungsten 
bronze will be ionically ordered as illustrated on Figure 1, the rules 
of Goodenough' and Kanamor? make it possible to select com- 
binations of first-row transition metal ions which may become 
magnetically ordered in two steps and may even demonstrate 
ferromagnetic behavior. In addition to remeasuring (Mn,Cr), we 
have chosen to prepare and study the phase systems 
K,M11xM1111-xF3 (x = 0.4-0.6) with combinations (Mn,V), 
(Ni,Cr), and (Ni,V). 

Babel, Pausewang, and Viebahn9 reported that &,50Nio,so- 
Cro,soF3 (KNiCrF6) crystallizes in the modified pyrochlore 
structure. Babello later demonstrated that when KNiF, is reacted 
with CrF, a t  800 'C, under a pressure of 30 kbar, the product 
has the tetragonal tungsten bronze structure. Since these authors 
only reported samples of composition x = 0.50, we elected to 
examine the phase system from x = 0.40 to 0.60 in the event that 
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Table I. Lattice and Magnetic Constants 

lattice consts CM, cm3 deg mol-' 
"pd (&0.05%), A TN, K 8, K obsd calcd 6 0 ,  CCB 

&.5OMn0.5OCrO.5OF3 a = 12.649 
c = 7.935 
a = 12.681 
c = 7.860 
a = 12.701 
c = 7.862 
a = 12.718 
c = 7.916 
a = 12.795 
c = 7.998 
a = 12.845 
c = 8.052 
a = 10.294 
a = 10.258 
a = 10.236 
a = 10.225 
a = 12.450 
c = 7.822 
a = 10.403 
a = 10.398 
a = 10.382 
a = 10.366 
a = 10.531 
a = 12.518 
c = 7.807 
a = 10.272 
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Figure 1. Ionically ordered structure of &,~oM"o,50M"'o.~oF~. M" ions 
occupy M(l )  sites, MI1' ions occupy M(2) sites, and M(3) sites are 
occupied by either MI1 or MI1' ions. 

the tetragonal bronze structure might form at either extremity. 
The systems KxMnxVI,F3 and KxNi,VI-xF3 (x = 0.40-0.60) have 
not been previously reported. 

The modified pyrochlore structure usually forms for compounds 
of composition Rb0&"0.&"'o,3F3 or C~.3M"o.&."'~.~F3, but 
it is curious that it forms for ~ . soM~~o.soM"~o.soF3,  since the K+ 
ion is small. The modified pyrochlore structure may be thought 
of as a geometrical packing of tetrahedra and truncated tetrahedra 
in the ratio 1:l where the M2+ and M3+ ions are located at all 
vertices of the polyhedra and F ions are located approximately 
in the centers of the edges of the polyhedra. The alkali metal ions 
Rb+ and Cs+ are known to occupy the truncated tetrahedral sites, 
but there is some question as to where the K+ ions might reside. 
To answer some questions regarding the size effect of the alkali 
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metal ions on structure, we have included studies of the compounds 
N~.2~Ko.2JM"O.5OM'"o.soF3 and N a o . ~ M 1 1 ~ . ~ M " 1 ~ , ~ F 3  (MI1 = Mn, 
Ni; MIt1 = V, Cr). 
Experimental Section 

The magnetic susceptibility of &~~oMno,~oCro,~oF3 was remeasured 
from 4.2 to 70 K at temperature intervals of approximately 2 K. 

Samples of K,Mn,Vl,F3, K,Ni,Crl,F3, and K,Ni,Vl,F3 ( x  = 0.40, 
0.45, 0.50, 0.55, 0.60), as well as samples of compositions 
Nao25&,25M110,50M"'~,soF, and Nao.~oM1~o.~oM~~10.~oF3 (M" = Mn, Ni; 
MI1( = V, Cr), were prepared and studied. Stoichiometric amounts of 
NaF, KF, MF2, and MF3 were vacuum encapsulated inside molybdenum 
containers. The KxM11xM1111-xF3 samples were prepared in 3.2 cm long 
X 1.9 cm diameter containers, and the other samples in 3.2 cm long X 
0.65 cm diameter containers. The sealed Mo containers were f i r 4  at 850 
"C for 14 days. Weight checks were made after each step to ensure that 
compositions of products were unchanged from nominal values. All 
samples were examined by optical microscopy for homogeneity and im- 
purities to assure there was no reaction between the products and the 
container material. X-ray powder diffraction data were obtained by 
Guinier-Hagg techniques using Cu Ka, radiation and Si as an internal 
standard. Precision lattice constants were determined by least-squares 
analyses. 

Magnetic susceptibility measurements were made from 4.2 to 300 K 
and between 0 and 10 kG with a Foner type PAR vibrating-sample 
magnetometer equipped with a Janis liquid-helium dewar and gallium 
arsenide temperature controller. Magnetic fields were measured with an 
F.W. Bell Hall-probe gaussmeter, Model 8860. Corrections for core 
diamagnetism were made from ionic susceptibility tables of Mulay.'I 
Results 

K,,5~~,50Cro ,soF3.  A plot of x-' vs T from the remeasured 
susceptibility of ~ . s o M ~ . s o C r o . s o F 3 ,  over the range 4.2-70 K is 
shown on Figure 2. This figure clearly shows a linear region 
between 25 and 50 K with CM' = 1.99 and 8' = 19 K. The ratio 
CM'/CM = 0.636. The lattice and magnetic parameters of 
&,SOM~,sOCro,50F3 are given in Table I. The parameters include 
TN (long-range magnetic ordering temperature), 8 and CM 
(Curie-Weiss constants obtained from the high-temperature 
paramagnetic region), 8' and CM' (Curie-Weiss constants from 
the quasi-paramagnetic region), and uo (the spontaneous magnetic 
moment). 

K,.Mn,Vl,F3. Optical and X-ray analyses indicate the samples 
of nominal composition Ko.4sMno.45Vo.ssF3, Ko.soMn~.s~V~.s~F3, 

( 1  1) Mulay, L. N. Magnetic Susceptibility; Interscience: New York, 1963; 
p 1782. 
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Figure 2. Inverse magnetic susceptibility of K,,soMno.soCro,soF3 vs tem- 
perature from 4.2 to 70 K. 

&.55M%.55V0.45F3% and &.60M%.60V0.40F3 to be homogeneous and 
single phased. The color of the samples was light green. All X-ray 
diffraction lines of these four samples were fitted to tetragonal 
tungsten bronze type structures. The sample &.40M%.40V0.mF3 
contained two phases. Most of this sample consisted of a tet- 
ragonal tungsten bronze phase, with a small amount of a hexagonal 
tungsten bronze phase. X-ray results of the five samples are shown 
in Table I. 

The range of chemical composition of the tetragonal phase was 
determined to be x = 0.44-0.60 from a linear plot of the interlayer 
distances, c’, vs -log x (Figure 3). The previously reported values 
of c‘for KxMnxCrl-xF33 are included on the same plot for com- 
parison. 

Magnetic susceptibilities of the five powdered samples were 
similar, and none displayed a maximum over the temperature 
range 4.2-300 K. All five samples, however, displayed small 
spontaneous magnetic moments at low temperatures, which al- 
lowed us to determine TN values. The inverse susceptibility vs 
T and magnetic moments extrapolated to zero field, u, vs T of 
a powdered sample of &,soMno,50Vo,soF3 are shown on Figure 4. 
As was the case for KxMnxCr,,F3, the KxMnxVI,F3 compounds 
display two linear regions. 
KxNixCr,-xF3. The samples of KxNixCrl,F3 formed the cubic, 

modified pyrochlore structure for x = 0.40,0.45,0.50, and 0.55. 
The value of a for &,soNio~SoCro,soF3 is within reasonable 
agreement with that published by Babel et aL9 The sample 
&,ai,,60Cr0.40F3 formed the tetragonal bronze structure. Optical 
and X-ray analyses indicated the samples of composition x = 0.40, 
0.45, and 0.50 were homogeneous and single phased. The sample 
of composition x = 0.55 was primarily cubic but contained less 
than 1% of the tetragonal bronze phase, while the sample x = 
0.60, which was primarily tetragonal, contained small amounts 
of the cubic modified pyrochlore phase. All five samples were 
bright green in color. Lattice dimensions are shown in Table I. 

A plot of densities calculated from the X-ray data vs x was 
found to be linear for the modified pyrochlore phase (Figure 5 ) ,  
which established a check that the composition of this phase exists 
within the range x = 0.40-0.55. 

- L o g  x 
Figure 3. Linear plots of interlayer distances, c’, vs -log x for the 
K,Mn,VI-,F3, K,Mn,Cr,-,F,, and K,Ni,Cr,,F3 compounds. 

I I 

e’ 5 0  100 
T .  K 

0 

Figure 4. Inverse susceptibility vs temperature and magnetic moments 
extrapolated to zero field vs temperature for ~.soMno.soVo,SoFp. 

The interlayer distances, c’, vs -log x of K,,&i,,.aoCro.,F3, along 
with literature values for KNiF312 and the tetragonal tungsten 
bronze phase &,mN~,50Cro,soF310 formed under high pressure, are 
shown on Figure 3. 

The magnetic susceptibilities of the modified pyrochlore samples 
( x  = 0.40,0.45,0.50,0.55) from 4.2 to 300 K appeared similar. 
None displayed spontaneous magnetic moments or showed other 
evidence of magnetic ordering above 4.2 K. Figure 6 shows the 

( 1  2 )  Knox, K. Acta Crysfuffogr. 1961, 14, 583. 
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Figure 5. Linear plots of calculated density vs x for K,Ni,Crl-,F3 and 
K,Ni,Vl-,F3. 
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plot of x-' vs T for ~ ,50Ni0 ,50Cr0 ,50F~ 
The magnetic susceptibility of &,&b,&.r0,40F3 passes through 

a maximum at 63 K. A plot of x-' vs T (Figure 7) displays two 
linear regions, one above 150 K and a second between 63 and 150 
K. The magnetic parameters of the five KxNi,Crl-,F3 samples 
are included in Table I. 

KxNixVI,F3. Optical and X-ray analyses indicate all of the 
KxNixVI-,F3 samples (x = 0.40, 0.45, 0.50, 0.55, 0.60) to be 
homogeneous, single phased, and cubic. The color of the five 
samples was bright green. All X-ray diffraction lines of these 
samples were fitted to a cubic, modified pyrochlore structure. The 
X-ray data for K,,60Nb.60V0.40F3, however, showed the additional 
weak lines (21 l), (310), (520), (722), and (730). These lines do 
not obey the conditions, all hkl odd or all hkl even, required of 
a face-centered lattice. A plot of calculated density vs x for the 

b.5ONi0.SOCr0.SOF3~ 

0 100 3 0 0  

1. K 

Figure 7. Inverse susceptibility vs temperature for &,60Ni0,60Cr0,aF3. 

K,Ni,VI-,F3 compounds is included on Figure 5 .  
The magnetic susceptibility of Ko3Nio50Vo,5oF3 does not pass 

through a maximum between 4.2 and 300 K. A plot of x-' vs 
Tis  included on Figure 6. The region between 4.2 and 75 K was 
measured twice, and although this region appears linear on Figure 
6, it really has distinct curvatures. The lattice constants for all 
of the KxNi,VI-,F3 compounds, and the magnetic constants for 
~.50Nio.soVo.50F3, are disclosed in Table I. 

N ~ , z s ~ . 2 s M " o . 5 ~ i ~ ~ o , ~ o F 3  (M" = Mn, Ni; MIii = Cr, V). 
Homogeneous, single-phased compounds did not form for the 
compositions MI' = Mn, Miit = V and MI1 = Ni, MI1' = V, but 

Cro,50F3 each formed homogeneous, smglephased, green matenal. 
Optical and X-ray analyses revealed the former compound to have 
the tetragonal tungsten bronze structure (like &.soMq,soCro.mF3) 
and the latter compound to have a modified pyrochlore type 
structure (similar to Ko.soNb.soCro.50F3). The X-ray powder data 
for Nao,25~,2sNb~mCro~soF3 contained a few weak lines which did 
not obey the conditions hkl all odd or all even. The magnetic 
constants for Nao,zs~.25Mq.soCro.soF3 are in Table I. 

N~,5~ii0,50Mii10,50F3 (MIi = Mn, Ni; MIii = V, Cr). Homo- 
geneous, singlephased compounds formed for MI1 = Mn and Miti 
= V, Cr. All X-ray powder diffraction lines of these compounds 
were indexed to hexagonal unit cells (Nao.50Mno.50Cro 5oF , ahex 

= 5.058 A). The lattice dimensions of Nao.50Mno.50Cro.50F3 are 
in excellent agreement with those reported by Courbion, Jacoboni, 
and DePape.I3 

Single-phased compounds did not form for MI1 = Ni and MIti 
= V, Cr. The predominant phase in each of these samples had 
a weberite type structure. 

Discussion 
Tetragonal Tungsten Brbnze Phases. The tetragonal tungsten 

bronze phase forms for KxMn,Crl-,F3 (x = 0.42-0.57), 

the "pounds Na0.25Ko.25Mn0.50Crp.S0F3 and Na0,25&l,25Ni0:50- 

= 9.026 A, chcx = 4.993 A; Nao.~oMno.50F3, (Ibex = 8.9714 A, chcx 

(13) Courbion, G.; Jacoboni, C.; DePape, R. Acra Crystallogr. 1977, 633, 
1405. 
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Figure 8. Proposed magnetic structures of &.soMno.soCro.soF3, &.soMnc 
coupling; single bars represent ferromagnetic coupling. 

KxMnxVl,F3 ( x  = 0.44-0.60), KXNi,Crl-,F3 (at x = 0.60), and 
for Nao,25&,2,Mno,50Cro,50F3. The composition limits of the first 
two systems were determined from plots of c’vs -log x. Magnetic 
data support the existence of similar M2+-M3+ ionic ordering in 
these com unds and that their structures belong to space group 
P42bc ( C 4 J  

A plot of x-’ vs T of &.soMno.soCro.soF3 between 4.2 and 70 
K (Figure 2) clearly indicates the region between 30 and 50 K 
is linear. The unit cell of &.,oMn0.50Cr0,50F3 contains 10 MnZ+ 
ions and 10 Cr3+ ions. At about 60 K, relatively strong anti- 
ferromagnetic coupling between neighboring MnZ+ ions occurs 
forming linear trimers, (Mn)? with resultant spins of 5 / 2 .  Coupling 
of Cr3+ ions occurs in this same temperature region forming linear 
trimers, (Cr)3, with resultant spins of 3/2. The formation of linear 
trimers reduces the number of each paramagnetic species from 
10 to 6 (10 Mn2+ ions to 4 Mn2+ ions and 2 (Mn)3 trimers, and 
10 Cr3+ ions to 4 Cr3+ ions and 2 (Cr)3 trimers). The fact that 
CM: = 0.60CM supports the conclusion that a quasi-paramagnetic 
region exists between 30 and 50 K. 

At 31 K, long-range magnetic order sets in as a result of 
(Mn,Cr) ferromagnetic coupling. A proposed magnetic structure 
for &,50Mno.50Cro,50F3 is illustrated on Figure 8. Intratrimer 
coupling in (Mn)3 and (Cr)3 is antiferromagnetic, which is rep- 
resented by double bars. Ferromagnetic coupling (Mn,Cr) is 
illustrated by single bars. 

Magnetic ordering in &.soMno.soVo.soF3 occurs in two steps, 
as in ~ , & ~ ~ 9 C r o , 3 3 F 3 .  However, we conclude that its long-range 
magnetic structure must be different from that of (Mn,Cr), since 
it displays a relatively small spontaneous magnetic moment. In 
(Mn,V), antiferromagnetic interactions form linear trimers, (Mn)3 
and (V)3, near 40 K, with resultant spins of 5/2 and 1, respectively. 
This gives rise to the quasi-paramagnetic region between 20 and 
35 K seen on Figure 4. The ratio CM’/CM = 0.598 is remarkably 
close to the theoretical value of 0.6. The proposed magnetic 
structure of (Mn,V) is shown on Figure 8. Upon comparison of 
the proposed structures of (Mn,Cr) and (Mn,V) on Figure 8, it 
is conceivable that external magnetic fields may induce small 
magnetic moments in (Mn,V). 

At the composition x = 0.50, neighboring linear trimers along 
the crystallographic c axis should alternate 
(M1ii)3.... At compositions other than x = 0.50, the possibility 
exists for antiferromagnetic coupling between like trimers. The 
compositions x = 0.40 and 0.60 represent the extremes at which 
trimers are all (Miii)3 and all respectively. Each of the 
five KxMnxVl,F3 compounds were measured at small temperature 
intervals from 4.2 to 60 K, and each displays two linear regions 
on plots of x-’ vs T. The large values of CM’ for x # 0.50 (Table 
I) suggests that coupling between like trimers along the c axis 
does not occur above TN. 

Of the five KxNixCrl,F3 samples, the tetragonal bronze 
structure formed only at x = 0.60. A plot of x-’ vs T (Figure 
7) is consistent with an ionically ordered structure upon which 

H” 

Ni 

C r  

0.50V0.50F3 K0.60N io 60C ro4oF3 

,.~OVO,S~F,, and K0.60Ni0.&r0.40F3. Double bars represent antiferromagnetic 

magnetic coupling forms linear trimers, (Ni)3, near 150 K. Two 
linear regions are present on Figure 7, and long-range magnetic 
ordering sets in at 63 K. No spontaneous magnetic moment was 
observed, but the positive 8’ value (30 K) indicates that the 
Ni2+-F-Cr3+ interaction is ferromagnetic. A proposed magnetic 
structure for (Ni,Cr) is illustrated on Figure 8. 

The plot of calculated density vs x for (Ni,Cr), on Figure 5 ,  
shows the density of the cubic phase is considerably smaller than 
the tetragonal phase. This is consistent with Babel’s experiment 
in which he formed the tetragonal phase under 30 kbar and 800 
OCO1O However, we included Babel’s c’value on Figure 3 and we 
believe the composition of this compound is not x = 0.50 but 
something between x = 0.50 and 0.60. 

The magnetic susceptibility measurements made on Nao,zs- 
~,2sMno,50Cro,soF3 indicate magnetic ordering behavior similar 
to that in & . 9 M ~ . 9 C r o . ~ 3 .  A plot of x-l vs T displays two l i a r  
regions with CM’/CM = 0.624 and a 8’ value of +10 K. These 
features along with a sizable spontaneous moment (0.87 ps) leads 
us to believe its magnetic structure is the same as (Mn,Cr) on 
Figure 8. 
Modified Pyrochlore Phases. The modified pyrochlore phase 

forms for KxNixCrl,F3 ( x  = 0.40-0.55), KxNixV,-,F3 ( x  = 
0.40-0.60), and Nao.z5&.2sN~.soCro.soF3~ The fact that these 
modified pyrochlore compounds are cubic suggests there is no 
M2+-M3+ ionic ordering. 

The X-ray data shown in Table I reveal that the dimensions 
of the cubic unit cell decreased as x increases over the region x 
= 0.40-0.55. This effect is present in both (Ni,Cr) and (Ni,V). 
The calculated density of these compounds was found to be linear 
with respect to x (Figure 5). The lattice dimensions and calculated 
density of &.aNi0.aV0.40F3, however, are dramatically different 
from these trends. 

There are two possible sites in the modified pyrochlore structure 
for the K+ ion: tetrahedral sites (with M coordination of 4) and 
truncated tetrahedral sites (with M coordination of 12). These 
sites occur in the ratio 1:1, and at x = 0.50, each truncated 
tetrahedral site is believed to contain one K+ ion. At compositions 
above x = 0.50, some of the K+ ions may occupy tetrahedral sites 
as well, and this would explain why the dimensions of the unit 
cell are larger for x = 0.60. Additional lines in the X-ray dif- 
fraction powder pattern ( x  = 0.60) suggests that the occupied 
tetrahedral sites are ordered, and this ordering lowers the sym- 
metry of the crystal from face-centered cubic to primitive cubic. 

The compound Nao.2s&.2sNio.soCro.soF3 displays structural 
behavior similar to K,,60Nb,aoVo,,F3. Its lattice dimensions are 
large, however, compared with those of &,soNb,soCro,,F3 (Table 
I), and there are extra lines in its X-ray powder pattern. It is 
difficult to imagine that Na+ ions could occupy anything but the 
tetrahedral sites, and as was the case for &,60Ni0,aV0,40F3 de- 
scribed above, occupation of the tetrahedral sites increases the 
dimensions of the unit cell. The compounds Nao,soN~,soCro,soF3 
and Nao,soNio,soVo,soF3 do not form the modified pyrochlore 
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structure, which probably means that at least some of the truncated 
tetrahedral sites are occupied by larger A+ ions in order for the 
structure to form. 

The modified pyrochlore and tetragonal tungsten bronze 
structures demonstrate how physical properties depend on 
structure. The most striking difference between the magnetic 
properties of the two structures (Table I) is the large negative 
8 values of the modified pyrochlores as opposed to mostly small 
positive 8 values for the tetragonal bronze compounds. This 
difference is a consequence of the relative number of MZ+-F-M2+, 
M3+-F-M3+, and M2+-F-M3+ near-neighbor interactions, which 
is 1 : 1 :2 in the cubic, modified pyrochlore structure and 1 : 1 : 1 3 in 
the ordered, tetragonal bronze structure. It is because of the 
relatively large number of M2+-F-M3+ near-neighbor interactions 
(which are ferromagnetic) that the 8 values of the tetragonal 
bronze compounds are positive. 

It is not surprising that long-range magnetic ordering was not 
observed in the modified pyrochlore phases since this structure 
gives rise to so many magnetic constraints (frustrations). Dif- 
ferences in the magnetic properties of &.50Nio.soCro.soF3 and 
K,,50Nio,50Vo,50F3, however, are surprising. From Figure 6, it 
appears that a considerable amount of magnetic coupling occurs 
in (Ni,V) near 100 K. We assume this is antiferromagnetic 
coupling between neighboring Ni2+ ions. What is strange is that 
no such effect is seen in (Ni,Cr). One possible explanation is that 

(Ni,V) goes through some crystallographic phase change between 
100 and 300 K. 
Conclusions 

The most important conclusion of this work is that M2+-M3+ 
ionic ordering is common in first-row transition metal fluorides 
having the tetragonal tungsten bronze structure. In KxMnxCr,-xF3, 

(Jz+,z+l = IJ3+,3+I >> lJ2+,3+1. This difference in magnitude of 
magnetic coupling energies causes magnetic ordering to occur in 
steps. Although neutron diffraction studies are necessary to 
unambiguously confirm the magnetic structures, it appears that 
linear trimers form first, giving rise to a quasi-paramagnetic region, 
followed by long-range magnetic ordering at  a lower temperature. 
The 180° M2+-F-M3+ interactions (M2+ = Mn, Ni; M3+ = V, 
Cr) are ferromagnetic. The modified pyrochlore structure 
sometimes forms with smaller alkali metal ions like K+ and Na+. 
At some compositions, these compounds form ordered structures 
of lower symmetry, although they remain cubic. 
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The crystal structure of layered, tetragonal VO(H2As04)2 (a = 9.1305 (1) A, c = 8.1318 (2) A) has been refined in space group 
M/mcm from laboratory X-ray powder diffraction data by the Rietveld method, giving RW4= 10.1% and RF = 5.5%. Disorder 
of the vanadium atoms over two sites results from infinite .V=O-.V=O- chains orienting In the fc-directions at random, due 
to the flexibility of the arsenate groups that link neighboring chains. The two modes of ordering the vanadyl chains to give structures 
with P4/ncc and 14cm symmetry, both of which have been reported, are also discussed. The structure of the lithium derivative 
Li4VO(As04)2 (a = 9.0293 (2) A, c = 9.0053 (4) A), obtained by ion exchange, has P4/ncc symmetry due to partial ordering 
between vanadyl chains and has been refined to Rwp = 13.8% and RF = 9.3%. The lithium ions occupy irregular five-coordinate 
sites between vanadyl arsenate layers. The different behavior of the VO(H2X04)2 compounds (X = P, As) toward ionic exchange 
reactions is discussed in the light of these results. 

Introduction 
Vanadium phosphorus oxides have a rich and complex structural 

chemistry owing to the variable oxidation state of vanadium and 
the variety of observable phosphorus to vanadium ratios. These 
compounds have been extensively studied due to their interesting 
catalytic propertie~l-~ and their ability to act as host materials 
for ion exchange and intercalation reactions." Butane and butene 
can be oxidized to maleic anhydride with air over vanadium 
phosphate  catalyst^.^^^ The consensus of the studies is that the 
best catalysts have vanadium in the +4 oxidation state and a P/V 
ratio of approximately 1 and (VO)2P207, which exhibits these 
values, has been detected in active catalysts with high selectivities. 

Although vanadium phosphates have been widely studied,* 
possible arsenic analogues have received less attention. We have 
recently reported the synthesis and characterization of vanadyl 
dihydrogen arsenate VO(H2As04)2 and the lithium derivative 
Li4VO(A~04)2 obtained by a "chimie douce" r e a ~ t i o n . ~  The 
crystal structure of the apparently htructural  vanadyl dihydrogen 
phosphate, VO(H2P04)2, has been reported,I0 but according to 
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the literature this compound does not exchange H+ with Li+ or 
other cations." We have therefore investigated the structures 
of VO(H,ASO,)~ and Li4VO(A~04)2 to clarify the differences 
between the crystal chemistries and ion-exchange reactions of the 
arsenate and phosphate compounds. 
Experimental Section 

The synthesis and chemical analysis of VO(H2A~04)2 and Li4VO- 
(As0J2 were carried out as described el~ewhere.~ Both preparations 
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