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IONIC AND MAGNETIC ORDERING IN FIRST ROW TRANSITION
METAL FLUORIDES

R. F. WILLIAMSON, K. N. BAKER, AND ¥, 0. J. B0O
Department of Chemistry, The University of
Mississippi, University, MS 38677, U.S.A.

Abstract Divalent fluorides of first row transition
metals, MFz(rut11e) and KMFs(perovsk1te) have provided
the means for studying 90, 135, and 180° magnetic
superexchange interactions. Their limitation has
been that interactions are between identical ions
and, conscquenth, are usually antiferromagnetic,
Recentl* ionic ordering has been established
in LiMI MIIIF (tr1rut1le) and gy IIyIl1g (tetragonal
bronze). These structures are rutile like and
perovskite like respectively and their ionic order
makes them interesting candidates for studying
superexchange interactions between dissimilar ioms,
These interactions are often ferromagnetic.

INTRODUCTION

Divalent fluorides of first-row transition metals MF21 and
KMF,2+3+4 (M = V, Mn, Fe, Co, Ni, Zn) crystallize in the

rutile and perovskite lattices, respectively. For M = Cr
and Cu, the rutile lattice is distorted from tetragonal to

monoclinic.s‘6

and the perovskite lattice from cubic to
tetragona1.7 In both structures, M2t ions are subjected
to an octahedral crystal field; hence, 3d energy states
are separated into two levels: a lower level which is
threefold degenerate (tZg)' and an upper level which is
twofold degenerate (eg). In the rutile compounds, small
crystal distortions remove some of the degemeracy. The

important M-F-M magnetic interactions in rutile are

211



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:29 20 February 2013

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

approximately 90° (J;) and 135° (J,); and in perovskite,
they are 180°, One shortcoming of the above systems is
that all M-F-M superexchange interactions are between like
ions;, consequently, the important interactions are almost
without exception antiferromagnetic.

According to gualitative rules proposed by
Goodenough8 and Kanamori.9 90, 135, and 180° M-X-M'
interactions (where M and M’ may be differeat transition—
metal ions and X is a closed-shell anion) can be predicted
to be antiferromagnetic (ferrimagnetic) or ferromagnetic,
depending upon electronic configurations and crystal field
symmetry. In an octahedral field, for example, the 180°
interactions [1/2 filled © —empty °g] and [1/2 filled tZg'
empty tZg] are both predicted to be ferromagnetic. What
has long been needed are ionically ordered fluoride
structures in which first-row transition metal iomns (M,M’)
can be substituted systematically so that antiferromagnetic,
ferrimagnetic, or ferromagnetic ordering are clearly and
quantitatively demonstrated. The fluoride analogs of

16,11 12-16

trirutile and tetragonal tungsten bronze bronze

are structures which fulfill these criteria.

THE TRIRUTILE COMPOUNDS

The mineral tapiolite (F°Nb0.2T“1.806) and numerous
synthetic oxides of the general formula MIIMXOG, which
crystallize in a trirutile lattice, were found to belong
to space group P4,/mnm (Diﬁ)-17 The trirutile fluorides
(LiMIIMIIIFG) have also been reported to belong to space
group P4,/mnm (D}a).ls_ZI This implies that Li%* ions
occupy (2a) lattice sites and that M2* and M3* ions

randomly occupy (4e) sites. The crystal structures of the
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FIGURE 1. (a) rutile structure (b) random trirutile
structure (c¢) ordered trirutile structure

alloy Li0.75Zn0.25(Zn1.25Cr0.75)F621 and LiV2F610 have
both been reported to belong to this space group, however,
neither of these materials is representative of
LiMIIMIIIF6 compounds in general.

Figure 1a shows the location of cations in rutile
(MF,); Figure 1b illustrates trirutile (LiMIIMIIIR) in
which M2+ and M3+ ions are random; and Figure 1lc¢
illustrates the most likely ordered arrangement of m2* and
M3+ ions within the trirutile lattice. In these
structures, the F~ ions are located between neighboring
cations such that ~90° M-F-M interactions occur between
nearest neighbors, and ~135° M-F-M interacions occur
between second nearest neighbors. In MF2 (Figure 1a),
each M2* ion has two nearest neighbors and eight second
nearest neighbors. In LiMIIMIIIF6 (Figure 1b), if w and
M3+ are paramagnetic ions, then each paramagnetic ién has

only one nearest neighbor and four second nearest
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FIGURE 2. Inverse magnetic susceptibility versus
temperature for LiV2F6. Data from reference 10,

neighbors which are also paramagnetic. If M2+ and M3* are
ionically ordered as illustrated in Figure 1lc, the nearest
neighbor and four second nearest neighbors to an M2+ ion
are M3* ions, and vice versa., This ordered structure was
also proposed for LiFe2F6 by Greenwood, Howe, and Menil22
based on Mossbauer studies. If this ionic ordering is
true for the LiMIIMIIIF6 compounds in gemneral, it should
then be possible to study many 90° and 1350 M2*-p M3+
interactions,

The inverse magnetic susceptibility versus
temperature of LiV2F6, is shown in Figure 2. This plot
displays two linear regions. The high-temperature

paramagnetic region extends down to ~100 K and the linear
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FIGURE 3. Magnetic ordering mechanism for LiV2F6.

region between ~100 and 50 K can be explained as a second
paramagnetic region if 17,1>>17,]. Under these conditions
magnetic coupling between nearest neighbors occurs first,
forming dimers. The magnitude of Cﬁ is greater than CM’
supporting the conclusion that J1 is positive
(ferromagnetic). Three-dimensional long-range ordering
sets in at a lower temperature where the strength of J, is
sufficient to overcome kT, From the value of © (which is
negative) we conclude that second nearest neighbor
interactions are antiferromagnetic (Jz is negative). The
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.
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FIGURE 4. Inverse magnetic susceptibility versus
temperature for LiMnVFG. Data from reference 11,

The inverse susceptibility versus temperature of LiMﬁVFG
is shown in Figure 4. The high temperature region (70—
300 K) is paramagnetic, with CM(exp) = 5,53. This value
corresponds favorably with a spin-only value Cy (calc) =

5.38. Ve assume, therefore, as we did for LiV2F6,10

that
the orbital moment of V3* is quenched, and the LiMnVF6 is
a spin-only system. Figure 4 shows that LiMdVF6 also has
a second paramagnetic region between 20 and 40 K with

Cﬁ(exp) = 1.92. Again, this value corresponds favorably
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FIGURE 5. Magnetic ordering mechanism for LiMnVF6.

with a paramagnetic substance of S = 3/2 for which Cﬁ
(calc) = 1.88. Therefore, we conclude that magnetic

n2+--V3+ pairs

coupling between nearest neighboring M
commences near 50 K forming dimers with a ground state

that is antiferromagnetic (ferrimagnetic), and Jl is
negative. From the sign of ©' we see that J'2 is positive,
and second nearest neighbor interactions are ferromagnetic.
In its magnetically ordered state, one would predict that
LiMnVF¢ could have a spontaneous moment as large as 3 pp.
The measured moment, extrapolated to zero field amd 0 K
has a value of 2.6 up. It is a resonable assumption,
therefore, that LiMnVF¢ is ionically ordered, and its

space group is most likely Pd,nm (C:v). The two-
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FIGURE 6.

()

The four possibilities for two paramagnetic
regions in trirutile.

step magnetic ordering mechanism for LiMnVF6 is
illustrated in Figure §.
If the condition [T 1517, exists in LiMIIMIIIg,

there should be two paramagnetic regions, and the

resulting X-l versus T plots possible for the four

combinations of signs are illustrated in Figure 6.

In Figure 6a, both Jl and J, are positive.

Here, ©'

must be positive and © more positive. Obviously Cﬁ > Cye.

In the magnetically ordered state, all atomic moments

should be parallel, and there should be a large

spontaneous magnetic moment.

In Figure 60, Jl is positive and 12 is negative, as

was found to be the case for LiV,F. (Figure 2).

In Figure

6¢c, 12 is negative and Jl is positive, which is the case
for LiMnVF, (Figure 5).
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Finally, Figure 64 illustrates the case where both J,
and J, are negative. Here 6’ should be negative and O
more negative; Cy > C&: and there should be no
spontaneous moment in the magnetically ordered state.

Most combinations of divalent and trivalent first-row
transition metal fluorides (which are thermodynamically
compatible) will combine with LiF to form the trirutile
lattice with composition LiMIIMIIIF6.10'11'18-26 Noted
exceptions are LiMnCtF6 and LiMnFeFG, which form hexagonal
23 the LiCuMIIIF6 phases, which
19 4nd the

LiCrMIIIF6 phases, which form a structure yet to be
27

lattices of a Na,SiFg type;

form solid solutions in rutile lattices;

determined.

TABLE I. Spin-Only Ions in the Trirutile Lattice

y2* Mn2* Ni2*
o3t a3-43 does not form a3-48
trirutile
+ not thermo- does not form
Fe3 dynamically trirutile a5-48
compatible

The question then arises: what combinations of u2*
and M3+ ions which are chemically compatible, spin only,
and form the trirutile lattice might also fulfill the
condition |11|>>|12|? Table I lists the possible
combinations of spin-only ions and their electronic
configurations.

It has been established that the above criteria are

met in LiV2F6 and LiMnVF6. Recently, we prepared a
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trirutile phase by combining VF,, CrF3, and LiF (LiVCrFG).
Although this material has not been characterized, we
predict that Jl will be greater in magnitude than J2, as
in VFy (Jy ~ -11k, Jp ~ -1 k).28 The three compounds
LiNiVF6, LiNiCrFG, and LiNiFeF6 have been reported to
crystallize in the trirutile lattice,19:23:24 5pq the
magnetic susceptibilities of LiNiCrF6 and LiNiFeF6 have
been measured from 90 to 400 K.19 No long—range ordering
temperature was observed for LiNiFeF6 above 90 K, but a
plot of )(‘1 versus T clearly suggests the existence of
two paramagnetic regions. This implies |3 1>>17,1, and
the projegted 6 and 6’ values indicate that Jl is negative
and J, is positive (Figure 6¢). The plot of X1 yersus T
reported for LiNiCrF6 is linear from 400 down to 90 K,
with no apparent magnetic ordering in this range. A O
value of ~ —40 K, however, indicates some relatively
strong antiferromagnetic interactions in this compound.

No magnetic data are available for LiNiVFs. These three
trirutile compounds are also presently under investigation

in our laboratory.

THE TETRAGONAL TUNGSTEN BRONZE PHASES

The fluoride perovskites, KMF3, also have a structural
counterpart in which ~180° M2+—F_—M3+ magnetic
interactions may be studied. This is the fluoride analog
of tetragonal tungsten bronze with composition KMIIMIIIFG.

Recently, Banks, Nakajima and Williamsl2

determined the
crystal structure of xo.54Mn0.54F°0.46F3' which belongs to
space group P42bc (Cg). In this structure, the transition
metal ions occupy. three distinct lattice sites, as

illustrated in Figure 7. There are three kinds of ~180°
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IONIC ORDERING
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FIGURE 7. Ionic ordering in KO.SOMn0.50F°0.50F3' From
reference 12,

magnetic interactions in KMIIMIIIF6: M2top-M2t, w3t-p o3t
and M2+—F"—M3+; for a perfectly ordered crystal, the
relative number of these interactions is 1:1:13,
respectively. Each M2* jon located on an M(3) site has

two M2* pearest neighbors on M(1) sites, two M3t nearest
neighbors on M(2) sites, and two M3* nearest neighbors on
M{(3)sites. Since an analogous conditions hold true for

each M3* jon located on M(3) sites, the structure consists
largely of linear trimers of u2* ions and trimers of M3+
ions which lie in the ab plane. One feature of the
KMIIMIIIF6 compounds not present in KMF3 is constraints to

magnetic ordering. One of these constraints is indicated
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FIGURE 8. Inverse magnetic susceptibility versus
temperature for KMnCrFs. Data from reference 16.

by the circle in Figure 7. Although single crystal X-ray
structure determinations have not yet been possible for
most of the KMIIMIIIF6 compounds studied, magnetic
properties in some cases clearly reflect ionic ordering
(and magnetic ordering) trends.

The inverse magnetic susceptibility of KMnCrF6 versus
temperature over the range 0 to 150 K is illustrated in
Figure 8. Of interest in this figure are the two linear
regions. The upper region is the usual high—temperature
paramagnetic region. The second linear region is also a
paramagnetic region, which is possible because of the

special condition |12+'2+| ~ |J3+ 3+| > |12+,3+l‘ Each
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MAGNETIC ORDERING
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FIGURE 9. Megnetic ordering in KMnCrFG. From
reference 16.

Mn2+ ion on M(3) sites forms magnetically ordered trimers

2+

with its two nearest neighboring Mnm jons on M(1) sites.

These interactions are antiferromagnetic, hence, the three

Mn2+ ions, each with a spin of 5/2, form a trimer with a

resultant spin of 5/2. The same occurs for each c3t jon

on an M(3) site, which forms a magnetically ordered trimer

3+

with its two nearest neighboring Cr ions on M(2) sites,

but with a resultant spin of 3/2., With the formation of
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magnetically ordered trimers, the number of paramagnetic
species with S = 5/2 is reduced from ten to six; likewise,
the number with S = 3/2 is also reduced from tenm to six.
This feature is reflected in the Curie constants such that
Cﬁ = 0.6 CM' All of the experimental values for KMnCrF6
correspond reasonably well with calculated values. The
magnetically ordered structure of KMnCrF6 is dramatized on

Figure 9. The calculated spontaneous magnetic moment for

this arrangement is 4.8 ip and the observed moment was 3.8 nge

The tetragonal bronze lattice forms for most
thermodynamically compatible combinations of divalent and
trivalent first-row transition metal flworides when
reacted 1:1:1 with KF, Exceptions are the KNiMIIIF6

29

phases, which form the modified pyrochlore structure

(KNiFeF6 may form the bronze structure), and the KCrMIIIF6

21 which form a hexagonal lattice. As in

phases,
trirutile, the orbital moment of V3+(d2) is totally
quenched. Table II lists the possible combinations of
spin—-only ions that form the tetragonal bronze structure
and their electronic configurations.
TABLE II. Spin—Only Ions Which Form the Tetragonal
Bronze Lattice.

\Zad Mn2t Ni2t

does not form
tetragonal
bronze
structure

v3* a2-43 a2-45

does not form

3+ 3_43 3_45 tetragonal
Cr d”-d d°-d bronze
structure

not thermo-
Fe3* dynamically a5-45 a5-48
compatible
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CONCLUSIONS

Concomitant ionic ordering makes LiMIIMIIIF6 and
KMIIMIIIF6 interesting candidates for studying magnetic
superexchange interactions between dissimilar paramagnetic
jons. Other features that make these compounds attractive
for quantitative studies include: (1) magnetic ordering
occurs between 4.2 and 300 K in all of these materials,
(2) different magnetic interactions can often be separated

thermally, and (3) many of the compounds of interest are

spin-only.

ACENOWLEDGMENT

The authors gratefully acknowledge the National Science
Foundation (Grant DMR 79-00313) for financial support.

REFERENCES

1. J. W. Stout and S. A. Reed, J. Am. Chem. Soc., 76,
5279 (1954).

2. K. Knox, Acta Cryst., 14, 583 (1961).

3. A. Okazaki and Y. Suemune, J, Phys. Soc. Japan, 16,
671 (1961).

4. R. F. Williamson and W. 0. J. Boo, Inorg. Chem., 16,
646 (1977).

5. K. H. Jack and R, Maitland, Proc. Chem. Soc. London,
232 (1957).

6. C. Billy and H. M. Haendler, J. Am, Chem. Soc., 719,
1049 (1957).

7. A. J. Edwards and R. D. Peacock, J. Chem. Soc., 4126
(1959).

8. J. B. Goodenough, Magnetism and the Chemical Bond,
Intersicence Ppblishers, New York, 1963, pp. 165-185.

9. J. Kanamori, Phys. Chem, Solids, 10, 87 (1959).

10. R. M. Metzger, N. E, Heimer, C. S. Kuo, R. F.
Williamson, and W. O. J. Boo, Imorg. Chem., 22, 1060
(1983).




Downloaded by [Tomsk State University of Control Systems and Radio] at 13:29 20 February 2013

226

11,

12,
13,

14,
15.

16.

17.
18,

19.
20.
21.
22.
23.
24,
25.
26.
217.
28.

29,

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

R. F. Williamson, E. A, Arafat, K. N. Baker, C. H,
Rhee, J. R, Sanders, T. B. Scheffler, H. S. Zeidan,
and W. 0, J. Boo, (manuscript submitted to Inorgamic
Chemistry).

E. Banks, S. Nakajima, and G. J. B. Williams, Acta
Cryst.., B35, 46 (1979).

E. Banks, M. Shone, Y. S. Homg, R. F. Williamson, and
W. 0. J. Boo, Inorg., Chem,, 21, 3894 (1982).
Unpublished results on the system K Ni Cry_

Y. S. Hong, R. F. Williamson, and W. 0. J. ﬁoo. Inorg,
Chem., 19, 2229 (1980).

E. Banks, R. F. Williamson, and W. 0. J. Boo,
(manuscript submitted to Inmorganic Chemistry).

0. Von Heidenstam, Arkiv, Chem,, 28, 375 (1967).

R. dePape and P, Hagemmuller, C. R. Acad, Sc. Paris,
267, 1711 (1968).

W. Viebahn, W. Rudorff and R, Handler, Chimia, 23, 503
(1969).

J. Portier, F. Menil, and A. Tressaund, Mater. Res,
Bullon _5_) 503 (1970)-

W. Viebahn, P. Epple, Z. Anorg. Allg, Chem., 427, 45
(1976) .

N. N. Greenwood, A. T. Howe, and F. Menil, J. Chem.
Soc., (A) 2218 (1971).

V. J. Gaile, W. Rudorff, and W. Viebahn, Z. Anorg.
Allg. Chem,, 430, 161 (1977).

W. Viebahn, W. Rudorff, and H. R. Kormelson, Z.
Naturforsch, 22b, 1218 (1967).

J. Portier, P. Menil, and J. Grannec, C. R. Acad.
Sci., 269, 327 (1969).

R. F. Williamson, and W. 0. J. Boo, Inorg. Chem., 19,
31 (1980).

Material presently under investigation in our
laboratory.

H. Y. Lau, J. W. Stout, W. C. Koehler, and H. R.
Child, J. Appl. Phys., 40, 1136 (1969).

Unpublished results on KNiCrF¢ and KNiVF¢.




