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The tetragonal tungsten bronze-like system K . Mn!L,Cr'!',__F, was studied at compositions x = 0.42, 0.45, 0.50, 0.55, and
0.57. Magnetic properties at x = 0.50 are consistent with a Mn?*~Cr** ionically ordered structure, space group P4,bc.
Magnetic susceptibilities from 4.2 to 300 K displayed no maxima. Observed Cy values were identical with calculated values
within experimental error. Magnetic ordering temperatures, Ty, ranged from 25 K (x = 0.42) to 34 K (x = 0.57), but
O and gy are maximum at x = 0.50. The magnitude of the magnetic moment at x = 0.50 is 64 = 1.9 ug (powder sample)
and 2.1 pp (single crystal). The single crystal showed no anisotropy at 4.2 K. A proposed model explaining the magnetic
behavior at x = 0.50 has magnetic ions located on two sets of 8¢ sites (8 Mn?** and 8 Cr**) antiparallel to those on 4b
sites (2 Mn?* and 2 Cr*), generating a calculated moment of 2.4 ug/formula unit Ko soMnt, oCril, o F5 (4.8 up for KMnCrF).

Introduction

Compounds of first-row transition metals with fluorine (MF,
and MF,) have received widespread attention primarily be-
cause of their interesting magnetic properties. The AMF,
compounds (where A, is K, Rb, Cs, or T1) have been equally
interesting. These materials share the common tendency to
order antiferromagnetically between 4.2 and 300 K. Although
they have served well as models for magnetic behavior, their
limitation is that all M—F-M interactions are between identical
metal ions. According to Goodenough? and Kanamori,?® 90
and 180° M-X-M’ interactions (where M and M’ are two
different transition-metal ions and X is a closed-shell anion)
can be predicted to be antiferromagnetic or ferromagnetic
depending upon electronic configurations and crystal fields.
The Goodenough-Kanamori rules have not gained universal
acceptance, however, for lack of experimental evidence.
Studies of ordered structures in which different mixed-metal
ions have been systematically substituted are needed so that
the nature of M—F-M" interactions and related effects can be
understood.

Recently, a class of ternary fluorides K, MY M™,_ F, (where
x varies from 0.4 to 0.6) having tetragonal tungsten bronze-like
structures have been reported.>'? These structures can ac-
commodate M?* and M3* ions that either are homonuclear
or are of two different metals, and they are often described
as perovskite-like since all MF octahedra are corner sharing
and all M—F-M bond angles are close to 180°. For experi-
mental reasons, it is also significant that they order magnet-
ically above 4.2 K.
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Table I. Chemical Analysis of K, Mn,Cr,_,F; Compounds

formula

ele- % %
ment found calcd exptl theor

K 13.66 13.76 K, ,Mn, ,Cr, F,, K, ,Mn,,Cr, F;
Mn 19.47 19.33
Cr 2234 22.36
F  44.53 44.56
K 14,96 15.04 K, oMng, soCro 50Fs.00 Ko soMno,50Cro 50 Fs
Mn 21.24 21.13
Cr 19.89 20.00
F 4391 43.84
K 16,19 16.28 K, Mn, sCro4sFs 00 Ko 5sMng 5Cro o,
Mn 22.69 22.87
Cr 17.68 17.71
F 4344 43.14

Magnéli'? reported the structure of tetragonal tungsten
bronze K, WO;, space group P4/mbm, in which tungsten ions
occupy both 8j and 2¢ sites. Banks, Nakajima, and Williams'®
reported that K, ;sMnl ;,Fe''', ,.F; belongs to space group
P4,bc. In this fluoride analogue of tungsten bronze, the Mn?*
and Fe®* ions occupy three octahedral sites. The Mn?* ions
were found on one set of 8c sites designated M(1) and on 4b
sites designated M(3). The Fe’* ions were found on a second
set of 8¢ sites designated M(2), as well as on 4b sites, M(3).
This ionically ordered structure is illustrated in Figure 1 for
the ideal composition Ky oMYy oM™, soF5. It is significant
that ionic ordering within 8¢ sites is such that all nearest
neighbors of Mn?* ions are Fe3* ions and vice versa. Hong,
Williamson, and Boo® suggested that this ionic ordering ex-
plains very nicely the magnetic properties of K, V1L VI, F,
(x = 0.45-0.56). In K,VF; all M—F-M magnetic exchange
interactions appear to be antiferromagnetic, consistent with
the Goodenough—Kanamori rules.

This paper reports structural and magnetic properties of the
mixed-ion system K Mn!L,Cr!l, F,. Conclusions regarding
ionic and magnetic ordering are based on X-ray and magnetic
data.

Experimental Section

Samples of composition x = 0.40, 0.45, 0.50, 0.55, and 0.60 were
studied. Preliminary investigations were made on materials made
at Brooklyn Polytechnic Institute of New York (A series); their
preparation has been described previously.® The sizes of samples from
the A series, however, were not sufficient to do a complete charac-
terization, in particular, the chemical analyses. A second set of samples
was prepared at The University of Mississppi (B series) by vacuum
encapsulating starting materials (KF, MnF,, and CrF;) inside mo-
lybdenum containers using electron beam welding techniques. The
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Table II. Lattice and Magnetic Constants for Tetragonal K,Mn,Cr,_F,
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lattice constants (x0.05%), A

Cm, cm® deg mol™*

compd Cu Ke, radiation Cr Ke, radiation T, K o, K obsd caled 0y, UB
Ko.42Mng ,,Cry o F,4 a=12.563 a=12.567 25 -11 2.92 2.89 1.30
c=17.826 c=17.826
Ko.esMn, 4,Cro oo F, 2=12.588 a=12.587 2 -2 3.04 2.97 175
c=17.863 c=17.861
Ko.soMg oCro 5o Fs a=12649 a=12.652 31 0 3.13 310 1.90
¢=7.935 c=17.937
Ko,ssMn sCr, o F, =12.720 a=12717 33 -9 3.28 3.23 1.63
¢c=17.988 c=17.987
Ko s,Mn, (,Cr, .. F, a=12.761 a=12.758 34 -10 3.26 3.28 1.29
c¢=8.019 c¢=8.016
r T T T
42t R
[
.\<truqonal
Figure 1. Proposed ionic ordering for Kg soM1, oM™, (o Fs.
sealed Mo containers were fired at 850 °C for 16 days. All samples . .
were examined by polarized microscopy for homogeneity and im- 0.4 0.6

purities. A crystal of composition Kg soMng 5oCrq soF3 (KMnCrFy)
from the A series, weighing 26 mg, was established to be single.
Precision lattice constants were obtained by Guinier—-Hagg techniques
using both Cu Ke, and Cr Ke; X radiations. Samples were analyzed
chemically by Galbraith Laboratories. Elemental analyses were by
atomic absorption for potassium and volumetric methods for man-
ganese and chromium, and fluorine was obtained by difference.
Experimental formulas were calculated by setting the relative com-
positions of Mn + Cr = 1. Magnetic 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 gauss meter, Model
8860. All samples were corrected for core diamagnetism from ionic
susceptibility tables of Mulay.'4

Resuits

Optical and X-ray analyses indicated the presence of im-
purity phases of hexagonal K,Mn,Cr,_,F; (x = 0.40) and
KMnF, (x = 0.60). The impurities were too finely divided
to be removed mechanically, therefore, these two samples were
not analyzed chemically. Chemical analyses of samples with
x = 0.45,0.50, and 0.55 (B series) are given in Table . In
each case, chemical analyses are identical with theoretical
values within experimental error. Guinier—-Higg results are
shown in Table II. Although no superlattice reflections were
observed by X-ray diffraction which would double the ¢ axis,
the magnetic data indicates K,Mn'\,Cr'!l,_ F; has the same
structure as K, Mn!! Felll, _F;. Therefore, ¢ should be two
layers deep in the fluoride analogues as opposed to one layer
deep in the tungsten bronze structure. The chemical com-
positions of the tetragonal phases in samples with theoretical

(14) L. N. Mulay, “Magnetic Susceptibility”, Interscience, New York, 1963,
p 1782.
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Figure 2. Linear plot of interlayer distance ¢’ vs. — log x for
K,Mn,Cr,_,F; compounds.

values x = 0.40 and x = 0.60 were obtained from a linear plot
of the interlayer distances (¢”) vs. (~log x) (Figure 2). The
straight line on this plot includes ¢’ values from samples x =
0.45, 0.50, and 0.55 plus the limiting values, x = 1.00, from
KMnF, (¢’ = a = 4.182 A).)* The linear equation is

¢ =0.720 log x + 4.182

The values of ¢’ for samples with theoretical x values 0.40 and
0.60 give corrected compositions x = 0.42 and 0.57, respec-
tively.

Magnetic susceptibilties of the five powdered samples and
the single crystal were similar in appearance, and none dis-
played a maximum over the temperature range 4.2-300 K.
All samples displayed large magnetic moments at low tem-
peratures. The inverse susceptibility vs. 7 and the magnetic
moments extrapolated to zero field (¢) vs. T of a powdered
sample of Kg.5oMnl soCrill, o F5 are shown in Figure 3. The
temperature at which the extrapolated value goes to zero is
defined as Ty. This is based on the assumption that the crystal
field involved is several orders of magnitude greater than the
externally applied field (~10 kG), and the temperature at
which the thermal energy overcomes that of the crystal field
should be defined as the magnetic ordering temperature. From
Figure 3, Ty is seen to be 31 K. The true magnitude of the
moment is the value of the moment extrapolated to zero field
and 0 K (op). From Figure 3, the value of oy for K50~
Mnll  Crilly  F; (B series) is 1.9 ug. A summary of magnetic
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Figure 3. Inverse susceptibility vs. temperature and magnetic moments
extrapolated to zero field vs. temperature of KgsoMng 5oCrg soFs.

constants is given in Table II. No corrections were made on
magnetic data of samples containing small amounts of impurity
phases. Since neither of these impurities display spontaneous
magnetic moments, values of oy for K ,,Mng 4,Crg ssF; and
Kg.57Mng 5;Crq.43F3 shown in Table II and Figure 6 would be
slightly larger but not significantly different. The susceptibility
of the single crystal (A series, x = 0.50) appeared almost
identical with that of the powder (B series, x = 0.50), but its
magnetic moment extrapolated to zero field and 0 K was
slightly larger than that of the powder. At 4.2 K, the crystal
showed no anisotropy as it was rotated from a position in which
its crystallographic ¢ axis was parallel to the field to one in
which it was perpendicular to the field. At temperatures below
their respective 7Ty values, magnetic moments returned to zero
upon removal of the external field.

Discussion

The dominating superexchange mechanism in the
K .Mn!L, Crl!,_ F, system is believed to be correlation and is,
therefore, ideal for testing the Goodenough—Kanmori rules.
The possible = and ¢ 180° contributions to M—F-M’ corre-
lation interactions are shown in Figure 4. From this figure,
one sees three contributions to Mn''~F-Mn" (d°-d°) inter-
actions: one o (*/, filled e, with !/, filled ¢;) and two = (*/,
filled t,, with !/, filled tzs, which are strongly and weakly
antiferromagnetic, respectively. Therefore, the Mn!'~F-Mn!!
interactions resulting from the sum of these three contributions
should be very strongly antiferromagnetic. Likewise, there
are three contributions to a Crl“F~Cr!!l (d*-d3) interaction:
one ¢ (empty ¢, with an empty e;) and two = (!/; filled t,,
with !/, filled t,p), all of which are weakly antiferromagnetic.
The resultant CrlI-F—Cr!!! interactions should be moderately
antiferromagnetic. The Mn™F-Cr™ (d°—d?) interactions have
one o (!/, filled e, with an empty e,, moderately ferromag-
netic) and two = (*/ filled ty, with '/, filled t,;, weakly an-
tiferromagnetic). Consequently, the resultant Mn!'-F-Cr1!

Banks et al.

M F M

weak antiferro very very weak antiferro

Figure 4, Correlation superexchange mechanisms for 180° ¢ [d-

(eg)-p—d(ey)] and 7 [d(t;;)-p—d(ty,)] interactions. Empty orbitals
are shown as broken lines and the absent electrons as open arrows.

Figure 5. Proposed magnetic structure of Ko soMng sgCrgsoFs. The
direction of the spin is indicated as (+) or (-).

interactions should be weakly to very weakly ferromagnetic.

The results of magnetic measurements made on K -
Mny 54Cry 5oF; are illustrated in Figure 3. Plots of data for
the other four powder samples and the single crystal were
qualitatively similar. Magnetic constants, like the lattice
constants, are composition dependent. Table II shows that
Ty and Cy increase with x, which is accounted for by the
increased concentration of Mn?*. The table also shows
maximum O and ¢, values for composition x = 0.50. If we
assume the ionic structure of K, soMng 54Cry 5oF3 to be that
shown in Figure 1, then the number of Mn!'-F-Mn!, Cr'!!-
F-Cr!I, and Mn!'-F-Cr!!! bonds per unit cell are 4:4:52, re-
spectively, since the unit cell is two layers deep. If all near-
est-neighboring Mn"-Mn!! pairs are arranged antiparallel, all
nearest-neighboring Cr'"~Cr!! pairs antiparallel, and the
maximum number of Mn"-Cr'! pairs parallel, the resulting
structure is that shown in Figure 5. It should be emphasized
that this is a proposed model and the correct magnetic
structure can only be determined by neutron diffraction. In
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this structure, all of the 60 bond conditions per unit cell,
including those between layers, are satisfied except for eight
Mn-F~CrT bonds in which the Mn** and Cr** spin moments
are forced to be antiparallel. This condition provides a very
weak constraint to magnetic ordering and probably lowers the
temperature at which long-range ordering occurs by only a
few degrees. It is noteworthy that magnetic ordering in the
K Mn,Cr,_,F; compounds involves three types of magnetic
interactions (two antiferromagnetic and one ferromagnetic).
As was pointed out earlier, one would predict the strengths
of these interactions to be different in energy by about an order
of magnitude. Specifically, Mn—-Mn > Cr-Cr > Mn—-Cr.
Kanamori?® warns, however, that in addition to any particular
mechanism such as correlation, symmetry and orthogonality
relationships of cations and intervening anions must be con-
sidered. The truth of this statement becomes apparent if one
compares Ty values of the KMF,; perovskites of the first-row
transition-metal series. In this structure, all metal ions are
surrounded octahedrally by six F~ ions and all M~F-M in-
teractions (which are antiferromagnetic) are 180°. The values
are as follows: KVF;,!8 t,.° (Ty = 130 K); KCrF;,'" ty %, (Ty
= 40 K); KMnF,,!® t).%¢,? (Ty = 88 K); KFeF;,'® (t))t,,%,?
(Ty = 113 K); KCoF3,'® (t,)tr,e,2 (T = 114 K); KNiF,, 1
(tae)eg? (T = 275 K); KCuF3,"™® (t5,%)(e,2)e, (T = 243 K).
[The paired electrons are shown in parentheses, i.c., (t5°) ¢,?
for KNiF;.] In each case where there is mixing of unpaired
t,; and e, electrons, the magnetic interaction is weakened, as
reflected by a lower value of Ty. We should expect near-
est-neighboring Mn"-Mn" ions in the K,Mn,Cr,_,F; com-
pounds (on the basis of the Ty of KMnF;) to couple near 100
K. One would expect d>-d? interactions of Cr'-CrM to not
differ significantly from V"-V! interactions in KVF;.
Therefore, one would expect Cr'-Cr!'l coupling in
K, Mn,Cr,_,F; to also occur near 100 K. There are, unfor-
tunately, no previous examples of d°-d? interactions in the
literature to support qualitative conclusions regarding
Mn!"-Cr!!l' interactions. Our conclusions are that in
K. Mn,Cr,_.F;, Mn'-Mn!" and Cr'~Cr!!! short-range anti-
ferromagnetic order first commences near 100 K. Ferro-
magnetic coupling (Mn"~Cr'™) occurs at a lower temperature,
resulting in three-dimensional long-range order. This com-
bination of ordering steps eliminates the possibility of observing
a maximum in x at Ty. The defined Ty for these compounds
is that temperature where three-dimensional long-range or-
dering, which is accompanied by a spontaneous moment, oc-
curs. There is some question that the long-range ordering
temperature should be called T rather than Ty since it is
believed to occur as a consequence of ferromagnetic interac-
tions. However, since the O values are negative (except for
x = 0.50, in which © = 0), the combined strengths of the
antiferromagnetic interactions exceed the ferromagnetic ones,
and on that basis alone, we have used Ty.

A theoretical magnetic moment of the ordered structure can
be calculated from the relationship

oo = 2.5,g; (parallel) - 2.S;g; (antiparallel)
i J

where S; are the spins of Mn?* (d°) and Cr** (d°) aligned
parallel, S; are those aligned antiparallel, and g; and g; are
assumed to be 2.0. If g is the net sum of spin moments per
unit cell of the structure illustrated in Figure 5, its magnitude
is 48 uy. For the formula K oMng 54Crg 5oF3, the moments
is 2.4 uy. Figure 6 is a plot of the experimental ¢4’s. The
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Figure 6. Magnetic moments extrapolated to zero field and 0 K vs.
x of K,Mn,Cr,_,F; compounds.

dashed line represents the ideal situation where perfect ordering
exists on 8c sites with all of its Mn?* and Cr** spins parallel
but antiparallel to all spins located on 4b sites. The data
clearly indicate this model is incorrect for compositions other
than for x = 0.50. As seen in the plot, the values 1.9 (powder)
and 2.1 ug (single crystal) approach the calculated value 2.4
up. These results are qualitatively consistent with the
Goodenough-Kanamori rules as illustrated in Figure 5. The
data in Figure 6 clearly show that o, tends toward O at the
theoretical limiting compositions x = 0.40 and 0.60. If the
ionic structure were known at these compositions, one could
further speculate what the magnetic structures might be by
an analysis similar to that illustrated in Figure 5.

Although the magnetic structure proposed for the compo-
sition x = 0.50 is speculative, the K,Mn!,Cr!!, __F; materials
do demonstrate typical ferromagnetic behavior. In addition
to large o, values and O values close to 0, these compounds
demonstrate an absence of magnetic anisotropy (the magnetic
moments always align themselves with the field). Further-
more, when the external field is removed at temperatures below
Tn» the magnetic moment completely disappears, which in-
dicates ferromagnetic domains are formed.

Neutron diffraction measurements to determine the mag-
netic structure of KMnCrF are in progress.
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